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PREFACE

Being the most abundant natural source of energy, solar energy is considered the future of
the global renewable energy sector. However, unlike direct utilization of solar energy (for
example, daylighting applications), energy-converted utilization of solar energy is limited
to the low energy density of input solar radiation for the required conversion, which can be
either thermal or electrical. The most straightforward approach that can be adopted to
address this issue is concentrating solar radiation on a finite area using techniques of optical
light concentration. Conventional light concentrators like parabolic mirrors rely on large-
sized optics and produce a distant focal point. The systems thus suffer from bulkiness, low
cost-effectiveness, and mounting costs. Optics size reduction and minimizing the overall

bulkiness were always topics of research in the field of light concentrators.

To mitigate the limitations of conventional light concentrators, planar optics such as Fresnel
lenses and mirrors emerged as compact light concentrator solutions. However, to address
the issue of the focal gap, there was a need for innovative approaches rather than using
imaging optics directly. In this regard, waveguide-based planar light concentrator (PLC)
has evolved as the best solution, which enables a single point of energy collection, a zero
focal length concept, dispersed light collection from the waveguide, and reduced sizing of
the whole light concentrating system. Despite these advantages of waveguide-based PLCs,
current designs face challenges including the need for precise microfabrication techniques,
bulkier elements (larger width-to-length ratio), multiple optical elements with the need for
precise alignments, or limited solar acceptance. Chapter 1 of the thesis will give a solid

introduction to the waveguide-based PLCs, with emphasis on the geometric optics designs.

With the discussion on waveguide-based PLCs, a novel optical design featuring skewed V-
groove patterns has been developed for use in low-concentration solar energy systems. The
first-of-its-kind design approach differs from the existing methods in its light transport
mechanism and has the following attributes: 1) Utilization of a non-sequential design (one
optics element is not followed by any other) approach, employing a single optics element;
this avoids the need for precise positioning of the optics 2) Low-concentration optics (less
than 10X GC), eliminating the need for intricate thermal management systems; 3) A
straightforward waveguide-based construction, allowing for production through a single
manufacturing process; 4) Higher solar acceptance in an axis eliminating the need for 2-

axis tracking; 5) A zero focal length configuration that negates the necessity for spacing

XiX



before the collectors; 6) Unidirectional light concentration design for higher concentration
factor. The design and detailed mathematical model have been developed and discussed in
Chapter 2. The mathematical model will be utilized as the base for the evaluation of the

optics and for setting parameters and their optimization for the final simulation models.

Chapter 3 emphasized the fabrication possibilities of the SV-PLC optics with various
manufacturing methods. Three different manufacturing processes are employed for the
fabrication of SV-PLC optics. 1) Laser cutting, 2) Stereolithography 3D printing, 3)
Injection molding. The chapter produces a thorough understanding of the different methods
of fabrication, ranging from rapid prototyping to industrial-scale manufacturing. The
advantages and limitations of each process have been discussed to carry the design solution

from initial technological evaluation to mass production.

The SV-PLC optics evaluation has been conducted in Chapter 4. The different fabrication
routes have been evaluated using optical microscopy and direct light transmittance
measurement. The simulation models have been developed based on the mathematical
modeling in the COMSOL Multiphysics Ray Optics platform. The optics simulation
models were used to accurately predict the performance of SV-PLC. The optical efficiency
and final light concentration were analyzed as performance indicators. Two-dimensional
simulation is used to gauge the effectiveness of SV-PLC and expanded to 3D simulations
for the analysis of angular acceptance along an axis. The SV-PLC optics fabricated with
the best manufacturing route were experimentally evaluated using an amorphous silicon

solar cell, under both standard conditions and direct solar radiation.

Chapter 5 discusses and demonstrates a novel Building Integrated Photovoltaic glazing
concept using SV-PLC optics, which integrates active dynamicity and power generation in
a single platform. The technology utilizes SV-PLC as the energy-generating component,
which is integrated with optofluidics to attain active dynamism. The refractive index
matching technique between SV-PLC optics and optofluid is used to create the dynamism
in the window. The window solution works in two modes: 1) Power generating opaque
mode with privacy and 50 % diffuse daylighting, and 2) Transparent mode without privacy
and 90 % direct light transmittance for daylighting.

Finally, the thesis will be summarized and discussed in future research and development

possibilities in Chapter 6.
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Chapter 1 Introduction & Literature Review

1.1 Introduction

1.1.1 Light concentrators: From sun to stable light sources

Being the most abundant natural source of energy, solar energy is considered the future of
the global renewable energy sector. However, unlike direct utilization of solar energy (for
example, daylighting applications), energy-converted utilization of solar energy is limited
to the low energy density of input solar radiation for the required conversion, which can be
either thermal or electrical [1]. With the global expansion of urbanization, the area
utilization of these solar power conversion systems and their environmental impacts are
also becoming a major concern [2-4]. The most straightforward approach that can be
adopted to address this issue is concentrating solar radiation on a finite area using
techniques of optical light concentration [5-7]. The optical arrangement that carries out the
process of increasing the energy density or intensity (W/m?) of light to a smaller area is

called a light concentrator.

The potential of concentrated solar power was marked in history around 214-212 BC when
Archimedes used bronze mirrored shields to concentrate solar radiation on the invading
ships [8]. The myth was later proved scientifically by Dr. Loannis Sakkas, with 60 bronze-
coated mirrors to concentrate solar radiation on a ship approximately 200 ft away to catch
fire [9]. Even though it all started with the myth of a defence application, the first
documented utilization of concentrated solar power for energy application was marked in
1866, when Augustin Mouchout produced steam for engines with parabolic troughs [10].
He also built solar concentrator systems, such as solar pumps and solar ovens, during the
same period of the 1860s and 1870s [11]. From there, light concentrators have shown
immense potential for application in light energy control or management. Within the class
of solar concentrators, various potential optical design solutions have been identified,
including central receiver heliostats [12], Fresnel lenses and mirrors [13, 14], and others
[15]. Modern optics demand more compact technologies, such as micro-optics-based [16]
or waveguide-based systems [17], to reduce the size of optical elements and eliminate the
need for focal gaps, making them adaptable to built environments like buildings [18-20],

vehicles [21], and others.

Current era utilizes light concentrators for a wide domain such as for energy [22-24],
agriculture [25, 26], instrumentations such as microscopes [27] and solar simulators [28],
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architectural lighting [29], medical applications [30], UV treatment [31], cameras [32],
displays [33]. Thus, the prospectus of light concentrators is not limited to outdoor solar
energy applications. Solar concentrators differ from other artificial light concentrating
systems in aspects of their incoming light spectral range and the angle of light incidence.
Sun, as a light source, has parallel light rays (considering the major direct normal
irradiance), but with varying light incidence throughout the day and seasons [34]. Due to
this varying angle of light incidence, solar trackers are incorporated with many of the light
concentrating systems, which have low solar angular acceptance (or solar acceptance) [35].
Acrtificial light, like LEDs, bulbs, and lamps, on the other hand, is static but spreads light
rays, and needs to have other optical arrangements to make the light a parallel source. The
solar irradiance constitutes 52%-55% of the near-infrared (NIR; >780 nm) region, 42%-
43% of the visible light (380-780nm), and 3%-5% of the ultraviolet (UV; <380 nm) region
[36]. The spectrum of artificial light depends on the application. For example, lighting
application requires only the visible region of the spectrum; hence, LED sources are mostly
used, whereas applications like solar simulators require a wide spectrum, hence, sources

like Xenon lamps are used.

1.1.2 Light Concentrators: The system selection

Light concentrators essentially consist of an optical element (geometrical, luminescent, or
diffraction-based) of an area (A1) that can collect and confine the incoming light irradiation
of a specific energy density (Econcentrator) t0 @ much smaller area (A2) of a light receiver,
thereby increasing its energy density (Ereceiver) With an energy 10ss (eioss), as represented in
Figure 1.1.

4
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Figure 1.1. Schematic representation of light concentrators.

The selection of a light concentrator system for solar applications depends on the

performance features and size constraints as follows:
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Geometric Concentration Ratio (GCR)/ Geometric Concentration (GC): It is the ratio of
the light concentrator area or inlet aperture area (input area) to the light receiver area
(concentrated light output area). It gives the direct correlation of the final energy density,

excluding the losses, providing the design merit.

Input area

B Output area

(1.1.1)

According to the GCR value, the light concentrators are classified into three [37]:
Low-concentration systems: Typically having a GCR of 1 to 10
Medium-concentration systems: Typically having a GCR of 10 to 100
High-concentration systems: Typically having a GCR > 100

Optical efficiency (OE): This is a merit value that determines how much light energy (for
the concerned spectral range) is transported from the inlet aperture to the final output area.
OE encompasses the merits of different optical elements, optical material efficiency, and
system fabrication efficiency. It is the ratio of the power of radiation received at the receiver

to that of the light concentrator. It incorporates the loss of energy in the system.

}\'max
_ Output power  Ereceiver f)\'min Eoui(R).d(0)

Input power E concentrator f}f: ax Ein ) d)

(1.1.2)

Eout (A) measures the output energy of the photons that can be obtained from the output
plane, and Ein (L) measures the input energy of the system. Amax and Amin denote the

maximum and minimum wavelengths of the concerned spectral coverage.

Final concentration ratio (FCR)/Final concentration (FC): This is the final performance
factor of the whole concentrator system; i.e., the ratio of the intensity of the output radiation

(at the receiver) to that at the light concentrator. It is the product of GC and OE.
FC =GC*OE

(1.1.3)

Acceptance angle: The acceptance angle of a system refers to the incident light angular

range up to which the performance (OE) of the concentrator does not degrade to a required

5
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percentage limit. The acceptance angle value is only used for dynamic light sources like
solar rays or systems where the concentrator changes its position/ orientation with respect

to the radiation direction.

Spectral selectivity: It refers to the spectral range in which the concentrator works reliably.
For light concentrators that work on optical phenomena such as diffraction, fluorescence,
or total internal reflection (TIR), spectral selection is voluntarily utilized or involuntarily

happens.

Spatial distribution: This represents the uniformity (of both spectrum and intensity) of the

final radiation received at the receiver end.

Physical features and constraints of the concentrator and the receiver: The selection of the
concentrator design depends on the FC and projected area of the concentrated light. Upon
application, the physical constraints such as the shape constraints of the receiver and
concentrator, tracking possibilities, maximum focal length, and scope of receiver cooling
need to be considered [38-40].

1.1.3 Light energy and optical phenomena

Light energy, being an electromagnetic radiation, possesses energy and delivers the fastest
mode of energy transfer. The interaction and transfer of light energy through materials and
medium interfaces depend on both the material’s optical properties with the specific
electromagnetic radiation, the material’s surface properties, and the light incident

conditions. The different light matter interactions that can occur are [41]:

1. Absorption: In absorption phenomena, a specific range of wavelengths will be
absorbed by the material, which is near the energy levels of electrons in the matter. The
absorbed electromagnetic energy will either heat the material or be re-emitted. The
absorption coefficient (extent to which light of a particular wavelength is absorbed) of the
material, along with the path length of the electromagnetic radiation in the material,
determines the absorbed energy.

2. Reflection: Reflection is the phenomenon of bouncing back incident

electromagnetic radiation to the same medium from a surface. Reflection can be of two

types:

a. Specular reflection: Types of reflection that occur in polished surfaces, where parallel

light beams sustain the continuity after reflection, as shown in Figure 1.2a. The governing

6



Chapter 1 Introduction & Literature Review

law (Law of reflection) states that the angle of reflection (6, angle made by reflected light
ray with the normal to the surface) will be equal to the incident angle (6r, angle made by

incident light ray with the normal to the surface).

b. Diffuse reflection: Diffuse reflection occurs at irregular surfaces where light rays do not

follow a regular direction, but scatter after reflection.

a) Normal b)
Incident ray Reflected ray Incident ray Reflected ray

Figure 1.2. Schematic showing ray direction in a) Specular reflection and b) Diffuse

reflection.

3. Refraction: In refraction phenomena, light tends to deviate from its original
direction at the interface of two media with different refractive indices, as shown in Figure
1.3. Snell’s law of refraction determines the directional change that occurs, and is as

follows:

sin Gi n,

sinf; n

(1.1.4)
If n2 > ny, light is directed towards the normal to the interface, and if n2 < ny, light is directed

away from the normal.

During refraction, i.e., when light travels from one medium to another, not all of the light

energy will be transmitted; some part will be reflected, known as Fresnel reflection.
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Fresnel reflection
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Figure 1.3. Schematic showing ray direction in refraction.

By Fresnel Law,

2n; cos 6;

J_:
n; cos 0; +n, cos 6;

(1.1.5)

2n, cos 6;

t =
I n; cos 6; +n, cos 6;

(1.1.6)

where t. and ty are Fresnel light transmission coefficients for s and p polarized light,
respectively. From that, we have the final transmittance value for s (T.) and p (T) polarized

light as:

_nycos b e

=
n; cos 6;

4n4 cos 6; * n, cos 6,

= L= [n, cos 6; + n, cos 6,]?
(1.1.7)
T ol
o T = 4n4 cos 6; * n, cos 6,
'™ [n, cos 6, + n, cos 6;]?
(1.1.8)
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Figure 1.4 shows a typical reflectance and transmittance graph for an air-glass interface (RI
of glass is taken as 1.5). As shown, the s-polarized light will have reduced transmittance
upon the increase in the angle of incidence. The decrease in transmittance is prominent
after a certain value (in the graph, it is around 52°) of angle of incidence. However, the p-
polarized light tends to behave differently. Upon an increase in angle of incidence, there
will be an increase in transmittance, up to a point (Brewster’s angle) where there will be
100% light transmittance, and after that, there will be a sharp reduction. In totality, the light
transmittance will be reduced with the angle of incidence, which will be prominent with

higher values of angle of incidence.

Fresnel transmittances/reflectances
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!
!
!
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!
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e
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angle of incidence
Figure 1.4. The typical reflectance and transmittance vs angle of incidence plot for an air-

glass interface. Source: Original by Shergjohansen (CC-BY-SA 4.0).

4. Total Internal Reflection (TIR): TIR is a light reflection phenomenon (Figure 1.5)
that occurs when light travels from a higher to a lower RI material, where the incident light
angle (0) is higher than a critical angle (6c). TIR is considered to be a perfect reflection,

where 100% of the light is reflected back to the denser medium at the interface.
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TIR
el ec 82 «
nl g g o
L
6,>06.>6,

Figure 1.5. Schematic showing the principle of TIR.

Figure 1.6 shows a typical reflectance and transmittance graph for a glass-air interface (Rl
of glass is taken as 1.5). As shown, the graphs tend to show a similar profile up to a certain
angle of incidence. After that, 100% of the light will be reflected, which marks the point of

critical angle for TIR.

Fresnel transmittances/reflectances
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Figure 1.6. The typical reflectance and transmittance vs angle of incidence plot for a glass-
air interface showing the point of TIR. Source: Original by Sbergjohansen (CC-BY-SA
4.0).

5. Diffraction: Diffraction occurs when electromagnetic waves are passed through an

obstacle or aperture, where the line of propagation of the waves changes its direction

10
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without any energy loss. Diffraction is wavelength-dependent, and the size of the obstacle
or aperture should be smaller than the concerned wavelength.

6. Photoluminescence [42]: It is light emission caused by light irradiation on a
material, where the material has the property to emit radiation at a different wavelength.
Upon irradiation, the material will have the excitation of electrons into states with a higher
energy, from where the radiative decay (i.e., attaining a lower energy state through
radiation) will happen. When the decay time is up to milliseconds, it is called fluorescence;

otherwise phosphorescence.

1.1.4 Optical methods for light concentration

Optical methods for light concentrators include any optical arrangement that utilizes the
different optical phenomena to concentrate light rays to a smaller area, increasing the
energy density. Based on the basic principle of light concentration, the methods are

classified as:

1. Reflective imaging concentrators: These types of concentrators use the principle of
imaging reflective optics, where reflective objects such as parabolic troughs [43], dishes
[44], etc., concentrate light to a focal point, where it is collected.

2. Reflective non-imaging concentrators: These types of concentrators use non-
imaging optics, where the direction of individual rays is dispersive, rather than focusing to
a point. Optics such as Fresnel reflectors [45], hyperboloid [46], compound parabolic
concentrators [47], etc., are utilized for this.

3. Refractive imaging concentrators: These types of concentrators use imaging optics
based lens systems, such as convex lenses [48], Fresnel lenses [49], microlenses [50, etc.,
to concentrate light to a finite area.

4. Hybrid concentrators: Hybrid concentrators use multiple stages of optical
arrangement for light concentration, where the primary aim is to reduce the bulkiness of
the system. Some of such systems include the refractive (microlens)-reflective (imaging)
type [51], reflective-waveguide [52], refractive-waveguide (TIR or mirror or dispersive)
[53-56], diffractive optics-waveguide [57], etc.

5. Luminescent concentrators: These types of concentrators contain luminescent
material dispersed in/ coated on a planar optical matrix. Light of a specific wavelength
emitted from the luminescent material will be transported through TIR within the matrix

and concentrated to the lateral side of the optical matrix [58, 59].
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1.1.5 Planar Light Concentrators (PLC)

Conventional light concentrators like parabolic mirrors rely on large-sized optics and also
outline the requirement of distance for the focal point [60]. The systems thus suffer from
bulkiness, low cost-effectiveness, and mounting costs. Optics size reduction and
minimizing the overall bulkiness were always the topics of research in the field of light
concentrators [61]. The maturation of innovative design concepts in light concentrators
(predominantly solar concentrators) for different end applications has been marked
throughout their historical development [62, 63]. However, the system selection is always
done according to the required output and receiver specificities [6]. Thermal energy
conversion systems typically utilize a single receiver system from multiple or single optics
elements, creating high energy concentration for applications like thermal power plants/
water heating [64, 65]. However, for applications such as Concentrated Photovoltaics
(CPV) and daylighting, low (<10X) and medium (10X to 100X) concentration optics can
also be beneficial, with multiple receivers [51, 66]. Apart from that, the utilization of such
systems in built environments such as buildings [18, 19] and vehicles [21] requires compact

optics and less overall bulkiness.

To mitigate the limitations of bulky imaging optics-based systems [65, 66] for light
concentrators, planar optics such as Fresnel lenses and mirrors emerged as compact light
concentrator solutions [13, 38, 67, 68]. However, to address the issue of the focal gap, there
needs to be innovative approaches rather than using imaging optics directly. A similar
approach of multiple collector systems has created designs such as the multiple
lenses/microlenses, which still reduced the bulkiness [69-74]. However, the collection of
energy from multiple points and aligning the optical elements became very crucial in these

designs. Also, the system size is much larger than the optics size due to the focal length.

In this regard, waveguide-based PLC has evolved as the best solution, which enables a
single point of energy collection, dispersed light collection from the waveguide, and
reduced sizing of the whole light concentrating system [75, 52]. Recently, PLC technology
has been well acknowledged globally, and many research efforts have been put forward to
develop new designs and material solutions, indicating the prospect of CPV technology.
Recognizing its importance, the US Department of Energy acknowledged the potential of
waveguide-based PLC through the Advanced Research Projects Agency-Energy (ARPA-
E) project in 2016 [76].

12
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1.1.6 Waveguide-based PLC

The waveguide-based PLC has made a leap forward for light concentrator technologies
with its innovative concept of zero focal length [77]. The current waveguide-based PLC
essentially consists of a planar (shape can be extended from flat plate to circular, or other
shaped, with regular or irregular cross-section) light-guiding element, enabling light
transport through reflection at surfaces through TIR or mirror reflection. The condition of
light transport is determined by the primary optics, which enable the amount and nature
(spectral selection) of light output, which is collected from the lateral face. Figure 1.7 shows
the schematic representation of typical conventional light concentrators and waveguide-
based PLC, showing their distinction [77].

Conventional light Waveguide based light
concentrator system concentrator system
o
@ ’—\_/
\@/‘— \ : i
o /
W Ry co?
d wer 0% e
e\ ul
Lt & 0 wave®

(@ Conventional bulk concentrating optics

Light receiver at Q Primary optics for initial light redirection
e distant
focal point @Planar Waveguide

Figure 1.7. Schematic representation of typical conventional light concentrators and
waveguide-based PLC. Source: Reproduced with permission from [77]. Copyright © 2022,

Elsevier.

1.1.6.1 Classification of waveguide-based PLC

Within the last two decades, the field of waveguide-based PLC has evolved from geometric
optics integration to optical material integration, such as luminescent solar concentrators
(LSC) [78, 79], and nano-design solutions for diffraction-based PLC [80]. The utilization
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of waveguide-based PLC for CPV has huge applicability due to its lower cost per energy.
Figure 1.8 shows the classification of waveguide-based PLC technologies [77]. Depending
on the primary optics, they are classified as geometric optics-based PLC (which utilizes
reflective and refractive elements for light concentration and is coupled to the waveguide),
LSC (which utilizes luminescent molecules for light concentration with spectral
selectivity), and diffraction optics-based PLC (which use diffraction gratings for light

redirection and spectral selection).

Waveguide based Planar Light Concentrator

Incident solar radiation Primary optical feature for light
redirection/ concentration

Q Concentrated/ redirected light
from primary optics

9 Concentrated light output
® Optical waveguide

from waveguide

(3]
Geometric Optics based PLC LSC Diffraction Optics based PLC
* Primary Optics types: * Primary Optics utilise « Diffraction grating are used as
i) Single elemental reflective luminescent materials for primary optics for light
ii) Multi-elemental reflective light harvesting redirection
iif) Multi-elemental refractive
* Luminescent materials are + Optical waveguide may/ may not
« Optical waveguide may/ may not incorporated within the include additional light coupling
include additional light coupling waveguide or coated over the element

element surface

Figure 1.8. Representative scheme of waveguide-based PLC with its classification. Source:

Reproduced with permission from [77]. Copyright © 2022, Elsevier.

In geometric optics-based PLC, the primary optics can redirect and concentrate light in
planes of specific size and number using multi-modes of reflection, refraction, and TIR.
The initially focused/directed light can be either directed directly to the waveguide or
specific optical features inside/ outside the waveguide, for light redirection towards the
plane of concentration. The planar light guiding element can be attached to the primary
optics as a single unit or can be separated with additional optical features of light transport.
Guiding the light within the element can be achieved mostly with TIR, except for reflecting

surfaces. The definitive optical design vouches for the GC factor, OE, and acceptance
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angle. Diverse approaches have been carried out for geometric optics-based PLC based on
the mode of operation, such as microlens-dispersive element combination, and reflective

surfaces (detailed in the Geometric Optics-based PLC section).

An LSC is a device that harvests light using a linear down-conversion/non-linear up-
conversion process that uses luminophore materials that are either dispersed within or
coated (with/without additional host material) over a transparent waveguide matrix.
However, in practice, down-conversion-based LSC is primarily adopted to develop high-
efficiency LSC-based CPV devices. The concept of utilizing down conversion for LSC was
first put forward by Weber and Lambe in the 1970s, and within the last two decades, further
developments have been encountered with the new classes of luminescent and transparent
host matrix materials [81, 82]. In LSC, the transparent matrix serves as an optical
waveguide for redirecting and concentrating solar radiation to the lateral face where a solar
cell is attached. The approach of LSC-based PLC is mostly used for developing Building
Integrated Photovoltaics (BIPV) glazing elements. Since fluorescence is the major optical
down-conversion phenomenon utilized in LSC, in which highly emissive fluorophores are
incorporated in the host matrix, it is also commonly termed a fluorescent concentrator.
During the course, LSC has gained significant attention as a key driver in the research and
development of photovoltaic systems, owing to its improved spectral response, economical
approach, and potential to offer enhanced power conversion efficiency (PCE) of solar cells
[81-84]. In comparison with the other concentrating PV systems, LSC eliminates the
complexity of the adoption of efficiency-boosting techniques such as optics and tracker
systems and the difficulties associated with the module assembly. This becomes possible
due to the flexibility offered by the LSC, as it works under every solar angle and also
collects diffuse light, thereby acting as an enabler for developing innovative technologies
for building integrated applications. In recent years, LSC acquired a unique position in the
BIPV sector as a viable, promising solar technology for glazing elements, due to its lower
cost and improved aesthetic values compared with existing glazing solutions [85]. The
relatively low-cost transparent plastic matrix materials (like Poly(methyl methacrylate)
(PMMA)) can considerably reduce the area cost of the existing BIPV glazing solutions,
offering a low cost per energy generation [82]. Hence, the LSCs are a revolutionary solar
energy technology in the building architecture by facilitating semi-transparent,
electrodeless PV glazing systems without diminishing the aesthetic value of the buildings

and the standard of living of the indwellers. Large-scale applications, such as windows with
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colored as well as transparent LSCs, can be easily accommodated to add visual comfort or
daylight inside the buildings accordingly. Accounting for these benefits and the ease of
‘invisible’ integration of PV into urban structures to generate electricity and preserve the
aesthetic and functional aspects, LSC can get wide public acceptance in the near future
[58].

Diffraction is a phenomenon based on the wave theory of light, which splits the different
wavelengths of light present in a polychromatic light source. While discussing the
waveguide-based solar concentrators, several PLCs have been designed based on the
diffraction and light interference principle. Diffraction-based concentrators are dominantly
dependent upon the brightness theorem, which governs the order of diffraction and
diffraction efficiency [86, 87]. The holographic technique is the most commonly used
fabrication technique for diffraction gratings in bulk planar materials. Planar waveguide-
based diffraction solar concentrators use holograms or diffraction gratings alone or in
combination with Fresnel lenses or conventional lenses for redirecting and focusing the
light to the waveguide, to concentrate light on the lateral face. One of the key selling points
of the diffraction-based planar concentrator is its ability to concentrate the light with
spectral selectiveness, utilizing the varied diffraction angle for different wavelengths. The
basic working element of a diffraction-based PLC includes a diffraction grating that
diffracts light with respect to the wavelength at an angle (diffraction angle), which can be
altered by making a variation in the grating period and grating thickness. Unlike any other
PLC, diffraction grating-based PLC can be developed as an ultra-thin element with less

bulky systems, adding to its advantage of low weight and cost.

When analyzed, the lower solar acceptance angle poses a severe drawback for geometric
optics-based and diffraction-based PLCs, limiting their adaptability in built environments
with limited room for solar tracking. Hence, it is observed that LSC-based PLCs are more
explored for Concentrated Photovoltaics (CPV) systems for BIPV applications (glazing
solutions) due to their simple architecture, unconditional solar acceptance, ability to collect
diffuse radiation, and the possibility of aesthetic improvements. However, the reported PCE
and OE for LSC-based CPV systems seem to curb the enthusiasm. Hence, vigorous efforts
on optical materials screening and development in conjunction with system design
modulations are necessary for LSC-based CPV systems in the future. The involvement of
multi-mode light collection approaches, for example, integrating LSC with

geometrical/diffraction optics, is a promising approach to improve the system efficiency.
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Further, it is observed that the current status of research is limited to lab-scale
demonstrations, with very few successful on-field deployments. Hence, future research
directions can be streamlined to cater to standard glazing size with required material
stability, mechanical strength, and thermal characteristics to enable faster technology
commercialization. When comparing the size of optics, diffraction-based systems offer
very thin optics elements; however, the system is only beneficial if it is required to screen
the incoming radiation, such as for connecting to Dye-Sensitized Solar Cells (DSSC).
However, when comparing the implementation potential, geometric optics-based systems
are more explored because of their higher GC, OE, broad spectral selectivity, low
degradation factors, and economic viability. The general features of the different

technologies are tabulated below in Table 1.1.

Table 1.1. General features of different waveguide-based PLC technologies.

Features Geometric Optics LSC Diffraction
Optics
GC Low (<10X) to High|Low (<10X) to|Low
(>100X) High (>100X)
OE Depends on the system | Very low (<10%), | Very low (<10%),
(>80% can be achieved) since it is spectrally | since it is
selective spectrally
selective
Spectral Broad band Narrow selection Design depended
Selection on selection
Acceptance | Usually low (<10°); but | Very high (since it | High  (achieved
angle acceptance can be achieved | is not directionally | 30° to 100°)
in a single axis (<60°), | dependent)
depending on the design
Diffuse light | Low (since it is directional) | Very high High (since the
collection acceptance angle
is high)
System Low (since it depends on | High  (since it|Low (since it
Degradation |the optical phenomena | depends on the | depends on the
optics
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such as refraction, | luminescent arrangement
reflection, etc.) material stability) rather than

material property)

Cost Depends on the design and | Cost depends on | Consider cheaper,
material used. The | material in use. One | one typical value
conventional commercial | typical value is | for CPV is 1$/W
systems uses expensive | 5%/m? [88]. LSC is | [89].  However,

optical elements like | cost effective when | these types of

mirrors and require heavy | implemented in | solar
mounting structures. built structures, | concentrators are
such as buildings. less explored .

Comprehending the advantages offered by Geometric Optics-based PLC systems, they can
be considered a more straightforward approach to implementing PLC technologies for

various applications in the future.

1.2 Literature Review
1.2.1 Geometric Optics-based PLC

To evaluate and select the method of designing a geometric optics-based PLC (with

waveguide design), the following classification is made:

1.2.1.1 Refraction-based designs

Generally, refractive-type PLC systems consist of an array of convergent lenses
(microlenses), and the output light rays from the lenses are connected optically with a light
dispersive/coupling element (gratings, prisms, or scattering surfaces) in a light-guiding
layer. The multiple light dispersive elements (usually air prisms) in the light-guiding layer,
positioned in line with the incoming concentrated light, disperse the light and are guided
by the guiding layer to the receiver at the lateral face. By using planar slab waveguides, the
length of the concentrator can be extended unlimited, but the system suffers from
decoupling losses that can occur at the subsequent coupling elements (as shown in Figure
1.9b) [16]. The decoupling loss is directly correlated to the coverage area of the coupling
element. To eliminate the decoupling losses, the guiding layer can be converted to wedge-

shaped, eliminating the process of multiple TIR within the guiding layer (Figure 1.9a) [16,
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90]. However, the aspect ratio of the wedge-shaped guiding layer limits its usage for longer-

length concentrators.
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Figure 1.9. Ray tracing in a refractive type PLC with a) a wedge-shaped light guiding layer
to avoid decoupling loss and (b) a uniform planar light guiding layer showing decoupling
loss. Source: Reproduced with permission from [16]. Copyright © 2010, OSA.

Figure 1.10 shows the typical geometrical features of a micro lens-based PLC (with planar
light waveguiding) system, where H and L are the width and length of the waveguide, P

denotes the position of the lens, 2r is the lens diameter, and ¢ is the ray propagation angle.
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Figure 1.10. Geometric features in a lens-based refractive type PLC. Source: Reproduced
with permission from [16]. Copyright © 2010, OSA.

To calculate the total efficiency, Equation 1.9 denotes the OE from input position P, which
includes the back surface interactions, where Ciens is the concentration of the primary lens.
Equation 1.10 includes the efficiency factor with Fresnel reflection loss (R) and material
absorption, where a is the absorption coefficient of the matrix material. Equation 1.11
denotes the total efficiency, integrated over all coupled ray angles confined within the

waveguide. The equation denotes that the efficiency has a direct correlation with the width
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and length of the concentrator, i.e., a combination of higher length and width yields higher

efficiencies.

P 1 : o
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Tremblay et al. fabricated 120° apex symmetric prisms to collect the rays coming out at
60¢ to the horizontal, making no shadowing effect with adjacent prisms [16]. Also, certain
parts of rays deviating more from the primary lens optics undergo TIR and travel to the
lateral face (Figure 1.11a). For aligning the two optics, a self-aligned fabrication technique
was used, which utilizes UV light that focuses light from the primary spherical lens to cure
the polymer prism, which is already embossed with the pattern. Thus, the need for optical
alignment is eliminated with the whole fabrication process. The fabricated prism is shown
in Figure 1.11b. Optimized designs showed a theoretical light concentration of 300X with
an OE of 81.9%. The major loss occurring for the optics system is the decoupling loss, and
this is for a coupling region of size 78 um. Upon increasing the size to 156 um, there will

be a reduction of 22% in the OE due to the increased decoupling loss.

Figure 1.11c shows the prototype demonstration of a whole concentrator system having a
light concentration of 37.5X and 32.4% OE. The observed low OE can be attributed to
manufacturing defects resulting in optical defects and faults in the lens array. Since the
whole system relies on the positioning of the lens prism alignment (requires <20 um lateral
alignment and <0.01° rotational accuracy for the designed 300X concentration), the design
tends to make a low acceptance angle and requires precise 2-axis tracking. The requirement
of precise alignment for such systems limits their applicability in large-area optical

concentrating systems and also for BIPV.
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Figure 1.11. a) Possible ray pathways in a 120° apex symmetric prism showing maximum
transport of light rays to the lateral side. b) Optical and SEM images of 120° apex
symmetric prisms fabricated through a self-aligned fabrication technique (irregularities of
50um are shown, causing the optical losses). ¢) Photographs of the prototyped refractive
type PLC in outdoor settings showing light concentration when aligned properly at 90° to

the sun. Source: Reproduced with permission from [16]. Copyright © 2010, OSA.

Bouchard et al. substituted the conventional spherical lens with a cylindrical lens, resulting
in the reduction of the concentrator’s cost of tracking by improving the acceptance angle
in a single axis [91]. This also reduced the final geometrical concentration value. This
design produces a compact, lightweight, and efficient concentrated photovoltaic system
with a uniform distribution of flux and shows the possibility of low-cost roll-to-roll
production. The model showed a peak concentration level of 8.1X with an OE of 80%, by
conducting ray tracing using LightTools, during the daytime from 8:30 a.m. to 4:30 p.m.
The proposed concentrator shows an acceptance angle of £9° on the North-South axis and

+540 on the East-West axis.

21



Chapter 1 Introduction & Literature Review

Xie et al. also evaluated their cylindrical lens-based PLC design using the Zemax ray
tracing tool [92]. The design of the concentrator is as shown in Figure 1.12, in which the
light guiding layer is embedded with an air prism at the top surface as the light coupling
element, and it is separated from the lens array with an air gap. At a geometrical
concentration ratio of 50, the suggested concentrator system achieved 70% air prism optical
couplers. Further, an acceptance of 7.5° was obtained with the utilisation of a cylindrical

lens as the primary concentrator.

Incident sunlight
(Showing only one lens)

Decoupling loss Cylindrical lens array

7 Planar waveguide
~—L-Air-gap
—Coupling prism

Figure 1.12. Cross-section view of the planar waveguide solar concentrator with the
cylindrical microlens as primary concentrator and air prism as a coupling element, showing
the ray tracing of incoming rays in a lenslet. Insets show the light coupling in the air prism
(right) and the decoupling effect occurring due to TIR from the subsequent waveguide
(left). Source: Reproduced with permission from [92]. Copyright © 2014, OSA.

Moore et al. presented a “stepped-shape” of injection facets (plane of couplers) based
planar solar concentrator design with the major advantage of diminishing ray leakages from
the waveguide, as shown in Figure 1.13 (shows two subsequent layers) [93]. The simulated
design was able to transport 90% of light to reach the PV cells without undergoing any loss
and achieved a geometrical concentration of 112.5X.
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Figure 1.13. Subsequent layers of stepped planar light guides showing the offset of
injection facets. Source: Reproduced with permission from [93]. Copyright © 2010, SPIE.

Apart from CPV application, the appropriateness of the usage of planar solar concentrators
for the application in the natural daylighting system was investigated by Ong et al. [94].
The designed micro-optics solar concentrator is built up using a module of lens arrays and
a waveguide of a planar slab structure with a uniform cross-section (Figure 1.14). The lens
array concentrates light on the light couplers, which are embedded on the waveguide’s
bottom surface, and subsequently redirects it to the optical fibers. TIR is used to route the
collected light into the planar waveguide, which is achieved by incorporating a layer
between an array of lenses and a waveguide with a low index or air space. Roll-to-roll
printing methods are compatible with the periodic array of lenses and constant waveguide
cross-sections. The major consideration in the design of a uniform concentrator cross
section is the injection of light that is focused, which should have high efficiency with
minimal decoupling losses when it propagates through the length. Plain void structures are
adopted in the proposed design to avoid decoupling losses caused by coupling features

when redirecting light.

S~ Planar
Waveguide

Fiber Optic Ribbon

Figure 1.14. Schematic of refractive-type concentrator-based solar collector with lens
array, planar waveguide, and fiber optic ribbon. Source: Reproduced with permission from
[94]. Copyright © 2016, IEEE.
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A simple concentrating photovoltaic system with a Fresnel lens array and double
waveguide was proposed by Vu et al. [73]. The coupler prisms are coated with a dichroic
mirror coating for the reflection of light with varied energy bands. The array of Fresnel
lenses focuses the sunlight and redirects prisms through the upper waveguide, which has
the property of reflecting the middle band of the solar spectrum, which then propagates
within the first waveguide and is transported to the solar cell (GalnP/GaAs dual junction
solar cell). Subsequently, the transmitting lower energy band enters the second waveguide
and is reflected by the dichroic mirror-coated prism at the second waveguide to redirect to
the solar cell (GalnAsP/GalnAs dual junction solar cell) of different absorption ranges. The
simulation result shows that the system design has an OE of 84.02% for the middle energy
band of the solar spectrum and 80.01% for the low energy band. The system has an

acceptance angle of + 0.5°.

Zagolla et al. further improved the concept of refractive-type PLC with the introduction of
self-tracking within the system [95]. The design has a dichroic membrane layer that
separates the solar spectrum (the visible region is reflected, and NIR (>750 nm) is
transmitted). The active component of the concentrator is the actuator, which has a metal
array of holes filled with black paraffin wax, the dichroic membrane layer. The paraffin
wax absorbs the transmitted IR part and expands when a phase change occurs, which
contributes to the actuation. Upon melting of the paraffin wax, its expansion in an upward
direction occurs, thereby filling the air gap between the dichroic membrane and waveguide
and converting it into a light coupler element. The direction of the expansion is constrained
only in one direction by the metal holes. The formed light couplers redirect the light into
the planar waveguide and propagate via TIR and reach PV cells attached to its edge. The
scheme of the design and different stages of the mechanism are shown in Figure 1.15. The
demonstrated system shows an effective light concentration of 3.5X over 80% of the

desired acceptance angle of £16°.
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Figure 1.15. Representation of the stages in the self-tracking planar solar concentrator
showing the mechanism. Stage 1: Splitting of rays by a dichroic mirror, paraffin wax
absorbs transmitted light (> 750 nm), Stage 2: At the melting point of the wax, it melts and
expands, converting it into a coupler to the incoming light, Stage 3: Actuation mechanism
happening at the different position according to the sun’s position. Source: Reproduced

with permission from [95]. Copyright © 2014, OSA.

To eliminate the need for positioning the primary lens optics and coupler, Kim et al.
proposed a curved light guiding layer connected optically with the multi-lens system
through an optical funnel, as inspired by the ommatidium in the eye of insects [56]. The
optimised design of the concentrator, as shown in Figure 1.16a, can achieve a light
concentration factor up to 39 with an acceptance angle of +15° (the concentrator design
considered was about 20 cm in length and thickness under 1.1 cm). Figure 1.16b shows the
light propagation with a normal and oblique angle of 40° in the designed concentrator. It
has proven difficult to enhance both the angle of acceptance and the concentration factor
in traditional flat concentrators. This challenge is overcome by this bio-inspired
concentrator. The architecture and optical behavior of ommatidium, which is in the insect’s
compound eye, led to create a unique flat solar concentrator, where microlenses act as a

light-gathering element. Ommatidium of insects has a transparent cornea which acts as a
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lens, and a rod-like transparent cylindrical structure, which is the rhabdom. Collection of
light along with focusing is done by the lens, and the rhabdom acts as a waveguide.
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Figure 1.16. a) Schematic representation of cylindrical microlens and curved light

Curved
lightguide »

Bottom plate — .
lightguide

waveguide-based refractive type solar concentrator. b) Ray tracing showing high angular
tolerance of 40° in the y-z plane for light concentration. Source: Reproduced with
permission from [56]. Copyright © 2014, Optical Society of America.

1.2.1.2 Reflection surface-based designs

Reflective type systems utilize either reflective mirrors/ surfaces or TIR to provide the light
concentration in the optical designs. It can be designed for single-elemental or multi-

elemental as follows:

1.2.1.2.1 Multi-elemental reflective type PLC

In this type, reflective surfaces are used for light redirection/concentration, which is
optically distant from the waveguide, making a multi-elemental waveguide-based PLC.
Much similar to the Sun Simba concentrator, a two-staged planar solar concentrator was
presented by Kuo et al., which consists of transparent waveguide sheets stacked with an
array of arc-segment structures (i.e., a sheet collector with arc-segment structures), as
shown in Figure 1.17a [52]. An appreciable coupling efficiency with high concentration
ratios and wide angular tolerance is obtained by the arc segment structures, which are
carried by the stacked waveguide sheets as TIR collectors in the first stage. When light
enters arc segment structures, it undergoes reflection and concentrates the light in the sheet

waveguide below, where the light undergoes more of a skewed propagation. The second
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stage (movable) of the system is to collect the concentrated light through light guiding
channels and subsequently focus it on the solar cell placed at the end using a compound

parabolic collector (shown in Figure 1.17b).

Additionally, embedded prisms of higher refractive index (taken as 1.77) are also used to
reduce the skewness of the incoming light for better OE and reduced losses. The whole
design is structured as a concentric circle towards the center. The incident angle has been
varied from 0° to 12° to attain the angle distribution of light within £15° for uniform light
distribution to the solar cells. An average OE of 0.87 and a 738X concentration ratio were

obtained from the simulation results of the designed system.
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Figure 1.17. a) 2D and 3D representative ray tracing in the PLC of the sheet collector with
arc-segment structures. b) Side view and perspective view of the complete stacked-up
assembly of PLC with arc-segment structures (SASC), embedded prisms, light guide
channels, compound parabolic collector, assembled with a solar cell. Source: Reproduced

with permission from [52]. Copyright © 2020, Optical Society of America.
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1.2.1.2.2 Single-elemental reflective type PLC

Here, reflective optics are incorporated within or outside the waveguide for light
concentration/redirection to the waveguide. A reflective array of V-shaped grooves on a
planar optical waveguide can be considered one of the most straightforward approaches for
redirecting light to lateral directions. The reflection from the grooves can be either through
reflective coatings or by TIR. Wei et al. proposed a planar solar concentrator with reflective
arrays of V-grooves placed at the bottom of an optical slab, and in which solar cells are
positioned at the edges, making a single-element compact configuration [96]. The system
(scheme as shown in Figure 1.18a) essentially consists of an optically transparent material
with a planar surface at the top and metal-coated (Aluminium coating with SiO> passivation
layer, with average reflectance of 83.9% in 400-1000 nm wavelength range) reflective v-
grooves at the bottom. Incident light falling on the system is reflected by the grooves and
directed to the solar cells placed at the top portion of the lateral side of the concentrator, as

shown in Figure 1.18b.
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Figure 1.18. a) Schematic of the V-groove PLC. b) Schematic of the ray trajectories of
light rays incident on the V-groove surface. ¢) Photograph of fabricated V-groove. d) Ray
tracing conducted on the designed V-groove PLC using LightTools ray tracing tool. Source:

Reproduced with permission from [96]. Copyright © 2016, Elsevier.

A complete geometrical design for the specific PLC can be described based on the

equations described below;
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(1.1.12)
W = 2d sin Oi
(1.1.13)
(Qi+ W; COS Gi)wi sin 0;
Si+1 = d )
f- ¢/ -w; sin 6;
(1.1.14)

Where, the major design parameters are shown in Figure 1.18c, and the design parameters
concerned with the design for in groove are groove angle (8;), groove width (wi), the
vertical distance between the concentrator bottom and center of the solar cell (f), the
distance between the solar cell and the groove ridge (Qi), and inter-groove distance between
ith and (i+1)wn groove (si+1) for eliminating the subsequent refection of light from adjacent
grooves. The concentrator is designed and fabricated (as shown in Figure 1.18c) with
PMMA (refractive index 1.507 ~ 1.483 in the range of wavelength 400 nm-1000 nm) as
the transparent matrix and Aluminium and Silicon dioxide as reflective coatings with a
theoretical reflectance of 83.9%. The simulated ray tracing conducted for the fabricated
design is as shown in Figure 1.18d, using LightTools ray tracing software. The major design
parametric limitation of V-groove PLC is the concentrator’s aspect ratio, as there are no
multiple reflections for guiding the light rays through the optical slab. Subsequently, this
may yield a very high optical material requirement due to the higher width compared to the
length of the system. The fabricated design shown in Figure 1.18c has an incident aperture
size of 30 mm x 30 mm and a solar cell size of 30 mm x 5 mm, yielding a GCR of 5. The
OE was expected to be 67.7% from the ray-tracing simulation, considering the reflection
efficiency of the coating and Fresnel losses. However, the fabricated system showed a 50%
OE when experimentally measured. This optical loss was attributed to fabrication
inaccuracies like distorted valleys of grooves, the surface roughness of the optical materials
used for the optics matrix, other discrepancies such as light collimation of the solar
simulator, etc., as discussed in the article. Also, the acceptance angle is low (2°), indicating
the limitation of VV-groove designs. The major advantage of these types of design is that the

whole system is single elemental, eliminating the need for elemental inter-alignment.
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Another approach to fabricate a single elemental reflecting waveguide-based PLC is by
creating a light-trapping layer embedded with solar cells. Dijka et al. utilised a concentrator
array as an external light-trapping unit with solar cells [97]. The concentrator is a regular-
shaped reflecting surface with a metallic coating (silver coating with reflectance of 95%)
that concentrates and directs light to the solar cells. The rays that are reflected from the
solar cells are reflected back to it from the bottom of the concentrator, making a cage for
light trapping. A schematic of the design with a parabolic reflector as the concentrating
element is shown in Figure 1.19a. The analysis was carried out with different concentrator
geometries of square, hexagonal, circular, and parabolic, with the same GC of 6X
(photographs of the prototype are shown in Figure 1.19b), which was fabricated through
3D printing. The printed parts are chemically polished and coated with silver to yield the
reflecting surface. The theoretical analysis shows that circular concentrators in the
hexagonal array have better optical performance, i.e., light transmissivity towards the solar

cell, especially at higher concentration ratios.
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Figure 1.19. a) Schematic of the reflective and cage type PLC with a parabolic surface as
the reflector. b) Fabricated square, hexagonal, and circular reflectors, with a silver coating
(10 euro cent coin placed at right for size comparison). Source: Reproduced with
permission from [97]. Copyright © 2015, The authors, Published by Elsevier.

The critical parameters for external light trapping are the transmittance of the concentrator,

the number of reflections that can occur, the reflectivity of a solar cell, and the reflectivity
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of the cage surface. The performance of the optical light trap is represented as the

absorptance of the solar cell (AT),

ASC

Atr= Tc.
! ¢ 1'RSC(I'C-I)Rcage

(1.1.15)

where T¢ is the concentrator transmittance, ASC is the absorbance of the solar cell, Rsc

and Rcage are the reflectance of the solar cell and cage, respectively.

The design, optical finish, and reflectivity of the concentrator surface determine the
concentrator’s OE, i.e., the transmissivity towards the solar cell. Figure 1.20 represents the
number of reflections that occurred by rays that are transmitted through a hexagonal
concentrator of 15X concentration, where the hue of the color code representation ranges

from 0 to 13 times of reflection.

Figure 1.20. The number of reflections occurred per ray for 3000 rays in a hexagonal light
concentrator. The position of rays is considered before the ray release; the range of
reflections is 0 to 13, represented as the hue of the dots. Source: Reproduced with

permission from [97]. Copyright © 2015, The authors, Elsevier.

Experimentally, the utilization of the external light trapping mechanism showed a path
length enhancement of more than twice, yielding an improvement of up to 69% for the
external quantum efficiency in an organic solar cell, with an increase of 13% in short circuit
current. Sun Simba concentrator of Morgan Solar, is one of the commercially extended
single-element reflective PLCs [98]. This light concentrating and guiding system is made
with an optically transparent material like acrylic, consisting of two layers, as shown in
Figure 1.21 (Figure 1.21a shows the photographs of the Sun Simba concentrator, and Figure
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1.21b shows the typical design structure of the concept and the ray tracing of it) [98, 99].
However, the system can be considered as a single reflecting PLC entity, as the layers are
embedded together. The first layer is a light-insertion layer, where light is reflected and
concentrated as an output to the second stage of the light-guiding layer. The light output
aperture from the first layer can be modified with different geometric features of the
reflecting layer, like parabolic, cubic, hyperbolic, flat, etc. The light guiding layer can be
flat or wedge-shaped to collect the light rays and transport them to the centre of the system,
where the solar cell is attached. In wedge-shaped guiding layers, the thickness of the light
guide increases near the center, which allows light to more efficiently couple towards the
center without interacting with injection faces closer to the center. The whole design is
structured as concentric circles towards the center. As it is a single elemental reflective
PLC design with centre point light concentration, it faces a low solar acceptance angle, and
hence requires a precise 2-axis tracking system. However, this limitation can be
compensated for with a very high light concentration ratio and cheaper manufacturing
techniques employed. Morgan Solar claims an acceptance angle of +0.9° and a

concentration of 1000 suns with a combined acrylic and glass optical structure [100].
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a)

b)

Figure 1.21. a) Photographs showing solar concentration in the Sun Simba concentrator of
Morgan Solar. Source: Reproduced with permission from [99]. Copyright © 2014, © The
Authors. Published by SPIE. b) Ray tracing in a typical single-element reflective type PLC
design by Morgan Solar, showing the concentration of light in the lateral direction. Source:
[98].

The waveguide-based PLCs are designed either longitudinally [93, 94] or radially [52, 101].
Longitudinal approaches are mainly used for creating designs with better solar angular
acceptance [56, 91]. However, radial designs (that concentrate light on the center), even
though they lack angular acceptance, can produce very high GC. Additionally, radial
designs that concentrate light on the center have more application possibilities, such as for
daylighting systems. However, creating a single elemental radial design seems to be the
most challenging in waveguide-based PLCs, as the design freedom is very limited. The
PLC developed by Morgan Solar is one such system [98, 99]. Even though it requires 2-
axis solar tracking, any such innovative approach will be a boon considering their final

light concentration value, and ease of fabrication and operation.
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1.3 Statement of the problem, research gap, and solution hypothesis

To mitigate the limitations of bulky imaging optics-based systems for light concentrators,
planar optics such as Fresnel lenses and mirrors emerged as compact light concentrator
solutions. However, to address the issue of the focal gap, there was a need for innovative
approaches rather than using imaging optics directly. In this regard, waveguide-based PLC
has evolved as the best solution, which enables a single point of energy collection, a zero
focal length concept, dispersed light collection from the waveguide, and reduced sizing of
the whole light concentrating system. Despite these advantages of waveguide-based PLCs,
current designs face challenges including the need for precise microfabrication techniques,
bulkier elements (larger width-to-length ratio), multiple optical elements with the need for

precise alignments, or limited solar acceptance angles.

As of now, the existing design innovations conducted on planar waveguide-based CPVs
have more prominence for geometric optics-based designs. However, the primary design
challenge is to achieve a scalable design solution without compromising on geometrical
concentration, OE, and solar acceptance. More importantly, it is observed that very few
design solutions are reported for larger optics areas (i.e., effective size greater than 10 cm).
Even though designs with very high theoretical geometrical concentration (~1000X) ratios
are reported, the translation to fabrication and assembly of flawless optics systems seems
to be a major challenge, especially for designs with intricate shapes and multiple elements.
Considering the product orientation, the applicability of geometric optics-based PLC
systems is always under question when translating it to applications in built environments
such as buildings, where integration and compactness should go hand in hand with the
seasonal performance. Although products with optimized design and orientation are
considered, a smaller number of systems only utilize tracking in buildings, which should
be emphasized. Optics design adaptable for both longitudinal and radial concentration will

be beneficial in the wider development of products for multi-applications.

Apart from the performance factors, the technical validation of the systems seems
challenging on the laboratory scale. From a research and development point of view, the
initial design validations can be either carried out with computer simulation models, or
cheaper and rapid prototyping methods such as laser machining, 3D printing, etc. Even
though simulation models satisfy the validation, optics manufacturing cannot be considered

foolproof, especially in the prototyping stages. Carrying out the prototyping in major
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manufacturing processes like injection molding seems to be costlier. Hence, the process
development should be made better with a wider material library for prototyping methods
such as 3D printing, for parameters such as dimensional accuracy, surface finish, and better

surface profiles.

In line with the general introduction and literature survey conducted, the general hypothesis

for a design solution for geometric optics-based waveguide PLC can be stated as follows:

1) A single elemental system that provides the provision for a single-step
manufacturing route.

2) A non-sequential system to eliminate the need for precise optical positioning during
the process of manufacturing or assembly.

3) Provision of solar acceptance, at least in a direction.

4) Flexibility to longitudinal and radial design, upon the application or required
concentration.

5) Scalable with an industrial manufacturing route.

Herein, a novel optical design featuring skewed V-groove patterns has been developed for
use in low-concentration solar energy systems. The first-of-its-kind design approach differs
from the existing methods in its light transport mechanism and has the following attributes:
1) Utilization of a non-sequential design (one optics element is not followed by any other)
approach, employing a single optics element; this avoids the need for precise positioning
of the optics 2) Low-concentration optics (less than 10X GC), eliminating the need for
intricate thermal management systems; 3) A straightforward waveguide-based
construction, allowing for production through a single manufacturing process; 4) Higher
solar acceptance in an axis eliminating the need for 2-axis tracking; 5) A zero focal length
configuration that negates the necessity for spacing before the collectors; 6) Unidirectional
light concentration design for higher concentration factor; 7) Design flexibility from

longitudinal to radial design for higher concentration in expense of solar acceptance.
The objectives of the thesis are as follows:

» Introduction of the design concept of SV-PLC optics
» Mathematical modeling of SV-PLC for parameter optimizations in different

materials
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» Design validation, parametrization, and theoretical evaluation of SV-PLC optics
through ray tracing simulation

» Evaluation of different fabrication routes of SV-PLC

» Experimental validation of SV-PLC showing its application potential

> Introduction to a novel concept of Dynamic Power Window using SV-PLC optics

and its demonstration

1.4 Thesis Outlook

The thesis is designed in six chapters. With the comprehensive introduction and literature
review carried out on geometric optics-based waveguide PLCs in the first chapter, the
second chapter comprises developing a novel single-element optics design system that can
accommodate the rectification of existing design limitations. The detailed mathematical
model of the system is carried out for parametric dependent studies and efficiency
evaluation. The third chapter pertains to the elaboration of the possible fabrication
methods and corresponding design protocols of the PLC design. The fourth chapter
corresponds to the characterization methods for the practical evaluation of the fabricated
PLC optics. The performance study of the SV-PLC optics is carried out both in standard
and outdoor conditions. A novel technology concept of Dynamic Power Windows (a
window technology concept that combines both active transparency switching and power
generation in a single platform) has been introduced and demonstrated in the fifth chapter.
The thesis will be summarised and inferred in the sixth chapter, along with the discussion

on future possibilities in design and product development.
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2 Skewed V-groove based Planar Light Concentrator (SV-PLC) and its
Mathematical Modeling

2.1 Abstract

Waveguide-based Planar Light Concentrator (PLC) technologies have embarked on its
presence as an innovative light concentrator technology due to their compactness and
application potential. A novel waveguide-based low-concentration PLC design, based on a
skewed V-groove, has been introduced, which is single-elemental and non-sequential. The
Skewed V-groove planar optics is a new leaf for PLC technologies with its uniqueness of
single-element and non-sequential design approach. The introduced geometric optics-based
design consists of a planar waveguide of a higher refractive index (RI) with a linear array
of skewed V-grooves of void. The design and light transport mechanism in the SV-PLC
have been discussed. A detailed mathematical model is developed based on the ray travel
(single ray model) with corresponding design parameters for establishing the path of light
rays (direction and position) and predicting the effectiveness of the PLC. The efficiency of
the PLC has been discussed based on the mathematical model of a single typical groove.

The workflow methodology of the chapter is illustrated in the flow chart below.

Establishing SV-PLC optics
design

Defining the light transport
mechanism

Defining the losses in the
optics design

Optics efficiency projection
through single groove
mathematical model

2.2 Introduction

Parametric optimization
through mathematical
modelling

Defining the design
parameters

Mathematical modeling is one of the elementary design optimization tools and performance
predictors for optics systems [102, 103] such as light concentrators [104, 105]. Basic
mathematical models are always carried out along with computer simulations to create a
proper understanding of the theoretical mechanism and light transport pattern for predicting
the Optical efficiency (OE), focal length, and light intensity distribution [106, 107]. The
interdependency of different parameters can also be studied using mathematical models
and utilized to reduce the steps of simulation studies. This can save time and cost when

iterative studies need to be done for design parameters and optical materials to create
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effective light concentrator solutions. This is most effective with unconventional optics
systems where manufacturing cost limits experimental optimization. In summary,
mathematical modeling of light concentrators is essential for design innovations, material

selection, and performance improvements in optical systems.

Light concentrator technologies generally adopt reflection, refraction, dispersive reflection,
diffraction, emission, and total internal reflection (TIR) as light transport mechanisms [61,
108-110]. Modern optics solutions utilize a combination of these phenomena to create
design compactness and flexibility, and improve the application potential. Waveguide-
based PLC technologies are set to have a foot in the arena as an innovative solution
following their compactness and application potential [77]. From the status of the current
waveguide-based PLCs, it is evident that the existing design innovations conducted on
planar waveguide-based PLCs have more prominence for geometric optics-based designs.
The design freedom provided by geometric optics-based PLCs makes it adaptable for low
(<10X), medium (10X to 100X), and high (>100X) concentration optics. The review of the
studies suggests that the prediction of the effectiveness of the newer designs is carried out
predominantly with simulations, rather than directly with prototypes. The design

approaches employed for geometric optics-based PLCs are:

1. Single-elemental reflective: The method uses reflective elements or faces to
transport the light within the waveguide. The models use specular reflection as the basic
tool for light transport. VV-groove reflective surfaces [96] and cage-like structures [97] are
utilized for this. The PLC developed by Morgan Solar is one of the superior single-
elemental reflective designs when considering the GC it can provide [98, 99]. The
mathematical models are developed based on the Law of Reflection and trigonometric
considerations.

2. Multi-elemental reflective: Unlike single-elemental reflective mode, these
waveguide-based PLCs have waveguides separated or distanced from the reflective
surfaces [52]. The specular reflective surface often uses a profiled geometry to transport
the light rays to the entry points of the waveguide. The mathematical models are developed
based on the Law of Reflection, geometric profiles of the reflective surface, and
trigonometric considerations.

3. Multi-elemental refractive: This method generally uses refractive optics
(convergent lens) that converge the light rays to light dispersive elements for transporting

the light rays to the waveguide [16, 56, 91, 94]. The dispersive elements are reflective
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surfaces, which are mirrored surfaces or air prisms (producing TIR) placed in the
waveguide itself [92, 93]. The mathematical models are developed based on the Law of
Refraction, Law of Reflection, Fresnel equations for light transfer between media, and
trigonometric considerations.

The optics design (skewed V-groove) discussed in this chapter encompasses a single
elemental and non-sequential design in an optical slab (waveguide) that creates lateral light
transport within the waveguide. A detailed mathematical model has been developed to
establish the path of light rays, optimize the multiple design parameters involved, and

preliminarily validate the effectiveness of the PLC.

2.3 Design & Methodology

The proposed design is a non-sequential single-element optics system that essentially
consists of an array of skewed V-groove voids in an optically transparent slab. In order to
establish the ray travel pattern for lateral light concentration in the skewed V-groove based
Planar Light Concentrator (SV-PLC), a simulated model of a single ray (hormal incident)
carried out in COMSOL Multiphysics 6.1 is shown in Figure 2.1a. As illustrated, when a
light ray hits the VV-groove's reflecting face (as shown in Figure 2.1a), it will undergo TIR.
This process steers the light horizontally through the SV-PLC, with multiple refractions at
adjacent grooves causing an upward shift in the light rays within the SV-PLC, thereby
enabling efficient light transport. Ultimately, the rays redirected from the array of grooves

lead to intensified light collection at the lateral edge of the SV-PLC.
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Figure 2.1. a) Typical ray transport mechanism within an SV-PLC, illustrated using a ray-
tracing simulation model; b) Principal loss mechanisms in an SV-PLC optics; ¢) Key design

parameters for SV-PLC optics.

To conduct the mathematical modeling or simulation studies in the SV-PLC, the parametric
optimization and fixation should be carried out initially, contemplating the different loss

mechanisms that can occur.

The different losses that occur in an SV-PLC are depicted in Figure 2.1b. The angle of
incidence at the different faces determines the Fresnel loss (Lfresnel, represented as dotted
lines), i.e., which is the light reflection loss during transmission. Additionally, material
absorption loss (Lass) significantly affects SV-PLC efficiency as light travels through the
material. Beyond Fresnel and material absorption losses, there can also be leakage loss
(Lieax) at the SV-PLC's base, as depicted in Figure 2.1b. Lresnet and Lieak are influenced by
the design parameters of SV-PLC. Therefore, optimizing the design according to the

material characteristics can enhance its efficiency and improve the final light concentration.

The key parameters of the SV-PLC optics (shown in Figure 2.1c¢) and the methodology for

their optimization are given below.
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Reflecting face angle (0): The angle 6 must be fixed such that the incident angle at the
reflecting face should exceed the critical angle necessary for TIR to occur. To ensure
maximum light transmission with the fewest refractions possible, it should be maintained
a minimal 0 value (increasing 0 creates a more downward path of rays in the SV-PLC,

making more Lresner 10SS).

Refracting face angle (a): The reflective face angle, a, is the most critical factor in the SV-
PLC optics to achieve the desired OE and FC, which is parameterized for the mathematical

modelling and simulation studies.

Difference of Height of the slab & Height of the optical element (H-h): Reducing the size
of the optical elements (groove height, h) or increasing the height of the PLC (H) offers
significant benefits by increasing the (H-h) factor, thereby extending the rays' path length.
Consequently, this results in an increase in the length of the SV-PLC; hence, the final

concentration (FC) of light (this will be discussed).

Inter-groove spacing (S): The inter-groove spacing is always set to a maximum value
without any Liea loss in the SV-PLC.

To create a mathematical model for the study of SV-PLC, the pattern of possible ray travel
should be analyzed first. Subsequently, the design parameters should be introduced along

with their dependence on the overall optical system performance.

The typical SV-PLC optics and a random ray travel pattern are shown in Figure 2.2. Herein,
the grooves a ray is passing through are numbered as “ab”, where a represents the groove
number (from the ray's point of view), and b represents the face number (reflecting faces
are taken as 2, and refracting faces are taken as 1). This annotation is used throughout with
every parameter in this chapter, like h11 shown in Figure 2.2. The incident face is annotated
with the letter “i”, like hj shown in Figure 2.2.

The number of grooves a ray passes is determined by the design parameters 0 and o, along
with the position of the ray impinging in a groove (i.e., h;). Accordingly, different rays pass
through a different number of grooves (depending on the h;), resulting in varied final
intensity due to the Lresner 10ss. This fact should be incorporated into the mathematical

modeling to get a realistic picture of the light concentration in SV-PLC.
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Figure 2.2. Typical ray path in SV-PLC optics, showing the annotation method for the

grooves and parameters (examples shown as h; and hiy).

Thus, to understand and simulate the models for the ray travel across the designed SV-PLC,
the realization of a mathematical model predicting the ray position and ray power at the
different interfaces is required. Since the design is dependent on the RI of the material, the
mathematical models developed (for normal incidence of light rays) are used to compare
the effectiveness of light concentration of common optical materials like PMMA, Glass,
and Polycarbonate (PC) with RI taken approximately to single values, 1.49, 1.52, and 1.58

respectively.
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2.4 Results and Discussion

The section is subdivided into individual parameters as below to gain a better
understanding.

2.4.1 Optimisation of 0

1 2

Figure 2.3. Schematic representation of ray travel (in blue color) in an SV-PLC optics

showing the angular parameters and variables at the incident face, where the light ray is

internally reflected at the reflecting face.

A = 0 (Corresponding angles)
A+B =90° (Considered ray at an angle of 90° with the PLC face)
= B =90°-0
B+C =90° (Angle made by normal to the groove face)
= 0=C
(2.1)
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As defined by Snell's law, the critical angle for TIR to occur is given by,

n 1
0, = sin”! (—a> = sin”! (—)
nm nm

(2.2)

where n, and nm are the RI of air and the optical material, respectively.

Angle C (i.e., 6 (from Equation 2.1)) should be greater than 6, for TIR to occur. As
mentioned in Section 2.3, 0 should be kept to a minimum to ensure maximum light
transmission with fewer refractions; 0 is kept just over 6c. Hence, for standard optic
materials like PMMA (RI: 1.49), Glass (RI: 1.52), and PC (RI: 1.58), the 6 is set to 43°,
42°, and 40°, respectively.

2.4.2 Derivation of cumulative light transmission (T¢)

T value is the final light intensity of a ray propagating out of the groove area in an SV-
PLC. Neglecting the Labs loss, Tc shows a direct correlation with Liresnel happening at the
different interfaces of the SV-PLC. Hence, it can be considered as a design-dependent
variable. The dependent parameter of T is the Rl of the material, and the dependent
variable is the incident angle at the different interfaces of light refraction. The incident
angles (iab, where ab represents the face number (refer to the Design & Methodology section
of this chapter for annotation representation information) at the different faces determine
the Lsresnel OCcurring through the light transport. The derivation of the incident angle is as

below:

2.4.2.1 Derivation of incident angle (ian)
From Figure 2.3,

C =D (Law of reflection of light)
C+D+B, =90° (Considered ray at an angle of 90° with the PLC face)
= B, =90°-20
(2.3)

where [ represents the angle made by a light ray with the horizontal.
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1 2

Figure 2.4. Schematic representation of ray travel (in blue color) in an SV-PLC optics
showing the angular parameters and variables at the first groove interface, where the light
ray undergoes refraction.

F = a (Corresponding angles)

E = B. (Alternate interior angles)

E+F+1;; =90° (Angle made by normal to the groove face)

= i) =90%a-B,

=  1i;; =20-a (using Equation 2.3)

(2.4)

At the (11) interface,

ol Ny, .
r;; = sin [sm(ln) * (n—>] (Snells Law)

(2.5)
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F+90°+ G = 180° (Straight line)
= G =90°-a

G+p,, =1y (from Figure 2.4)
= B, =111-90°+a

(2.6)

Figure 2.5. Schematic representation of ray travel (in blue color) in an SV-PLC optics

showing the angular parameters and variables at the second groove interface, where the

light ray undergoes refraction.

B,,tH+I=180° (Interior angles of a triangle)
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H+6 = 180° (Consecutive interior angles)
= [=6-B,,
[+i,,190° = 180° (Straight line)

= i12=r11+(x-9

(2.7)
At the (12) interface,
I, = sin’ [sin(ilz) * (Ifll_a)] (Snell sLaw)
r1,1B,,17=90° (Angle made by normal to the groove face)
J =0 (Alternate interior angles)
= B, =90%0-r),
(2.8)

Figure 2.6. Schematic representation of ray travel (in blue color) in an SV-PLC optics
showing the angular parameters and variables at the third groove interface, where the light
ray undergoes refraction.
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L+K+i,;+90° = 180° (Straght line)
L = a (Corresponding angles)

K =f,, (Alternate interiror angles)
= i =90%0-B,

= i21 = 0+r12-0t

(2.9)
Similarly,
B. =90°-26 (Equation 2.3)
B, = 0at1y-90°
(2.10)
B,, = 90°-6-r,
(2.11)
In general,
1, = 20-a, where a=b=1
(2.12)
fab = Tfarp-2)[o-c1yp(-1)°(0-6), where (a or b)>1
(2.13)
r,, =sin’’ [sin(iab) * (Trll_m)] ,where b=1
(2.14)
I, =sin’’ [sin(iab) * <E)] ,where b=2
Ny
(2.15)

Hence, the dependent parameters for ia, are the RI of the material, 6, and a values. Since 0
has been fixed (refer to the Design & Methodology section) for the selected materials (Rl
1.49, 1.52 & 1.58) for evaluation, the o parameter has been varied to conduct the
mathematical model-based study. The a value for the respective materials is taken above
their corresponding 6 angle up to 75°, above which the length of the SV-PLC is much

smaller (will be discussed in this chapter).
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The incident angles at different interfaces are calculated for the different refraction face
angles (using Equations 2.12 and 2.13) and tabulated in Tables 2.1, 2.2, and 2.3, for
materials with RI 1.49, 1.52, and 1.58, respectively. The tabulated values are used for the
determination of transmitted ray power from each interface using Fresnel equations
(equations 2.16 to 2.19). The grey region marked represents the region for back reflection
loss (Ler), where the ray will be completely lost because of the TIR occurring at the bottom

region of the refracting faces.

Table 2.1. Incident angles at the different faces of the SV-PLC with varying o angles for
material of RI 1.49.

Material Refractive Index: 1.49 | Reflective face angle, 8: 43°

a 111 112 121 122 131 132 lag 132 Isg Is le1 ls2 171 172

44.0000 | 42.0000 | 86.7786 | 41.0581 | 79.2035 | 40.2323 | 75.2706 | 39.4632 | 72.2939 | 38.7350 | 69.8220 | 38.0391 | 67.6737 | 37.3701 | 65.7546

45.0000 | 41.0000 | 79.8874 | 39.3428 | 72.8658 | 37.8844 | 68.2184 | 36.5453 | 64.5404 | 35.2928 | 61.4227 | 34.1081 | 58.6788 | 32.9790 | 56.2055

46.0000 | 40.0000 | 76.3208 | 37.6905 | 68.6580 | 35.6839 | 63.3692 | 33.8605 | 59.1256 | 32.1681 | 55.4992 | 30.5766 | 52.2880 | 29.0660 | 49.3781

47.0000 | 39.0000 | 73.6911 | 36.0920 | 65.3822 | 33.5937 | 59.5367 | 31.3404 | 54.8082 | 29.2592 | 50.7439 | 27.3084 | 47.1268 | 25.4605 | 43.8337

48.0000 | 38.0000 | 71.5580 | 34.5363 | 62.6509 | 31.5877 | 56.3085 | 28.9427 | 51.1456 | 26.5074 | 46.6851 | 24.2283 | 42.6964 | 22.0706 | 39.0476

49.0000 | 37.0000 | 69.7426 | 33.0154 | 60.2835 | 29.6488 | 53.4868 | 26.6405 | 47.9231 | 23.8758 | 43.0927 | 21.2896 | 38.7522 | 18.8401 | 34.7620

50.0000 | 36.0000 | 68.1514 | 31.5239 | 58.1790 | 27.7650 | 50.9592 | 24.4153 | 45.0180 | 21.3393 | 39.8343 | 18.4609 | 35.1530 | 15.7310 | 30.8271

51.0000 | 35.0000 | 66.7282 | 30.0575 | 56.2744 | 25.9274 | 48.6549 | 22.2533 | 42.3524 | 18.8798 | 36.8258 | 15.7194 | 31.8088 | 12.7163 | 27.1466

52.0000 | 34.0000 | 65.4365 | 28.6128 | 54.5271 | 24.1289 | 46.5259 | 20.1442 | 39.8735 | 16.4833 | 34.0097 | 13.0479 | 28.6573 | 9.7750 | 23.6535

53.0000 | 33.0000 | 64.2505 | 27.1872 | 52.9072 | 22.3643 | 44.5380 | 18.0799 | 37.5433 | 14.1390 | 31.3445 | 10.4327 | 25.6531 | 6.8907 | 20.2978

54.0000 | 32.0000 | 63.1518 | 25.7785 | 51.3924 | 20.6290 | 42.6657 | 16.0536 | 35.3334 | 11.8383 | 28.7988 | 7.8630 | 22.7615 | 4.0498 | 17.0404

55.0000 | 31.0000 | 62.1263 | 24.3849 | 49.9657 | 18.9193 | 40.8895 | 14.0600 | 33.2219 | 9.5736 | 26.3480 | 5.3292 | 19.9547 | 1.2407 | 13.8488

56.0000 | 30.0000 | 61.1631 | 23.0047 | 48.6139 | 17.2322 | 39.1940 | 12.0943 | 31.1913 | 7.3390 | 23.9721 | 2.8236 | 17.2092 | -1.5470 | 10.6946

57.0000 | 29.0000 | 60.2536 | 21.6366 | 47.3262 | 15.5650 | 37.5668 | 10.1527 | 29.2273 | 5.1289 | 21.6546 | 0.3388 | 14.5049 | -4.3230 | 7.5513

58.0000 | 28.0000 | 59.3908 | 20.2794 | 46.0941 | 13.9153 | 35.9976 | 8.2318 | 27.3179 | 2.9387 | 19.3810 | -2.1314 | 11.8233 | -7.0961 | 4.3933

59.0000 | 27.0000 | 58.5690 | 18.9322 | 44.9102 | 12.2812 | 34.4779 | 6.3284 | 25.4530 | 0.7641 | 17.1385 | -4.5933 | 9.1470 | -9.8755 | 1.1940

60.0000 | 26.0000 | 57.7834 | 17.5939 | 43.7686 | 10.6608 | 33.0004 | 4.4398 | 23.6234 | -1.3989 | 14.9154 | -7.0525 | 6.4589 |-12.6702 | -2.0757

61.0000 | 25.0000 | 57.0299 | 16.2638 | 42.6640 | 9.0527 | 31.5587 | 2.5636 | 21.8214 | -3.5539 | 12.7006 | -9.5148 | 3.7412 |-15.4901 | -5.4496

62.0000 | 24.0000 | 56.3051 | 14.9411 | 41.5920 | 7.4552 | 30.1472 | 0.6975 | 20.0394 | -5.7044 | 10.4831 | -11.9861 | 0.9748 |-18.3458 | -8.9687

63.0000 | 23.0000 | 55.6060 | 13.6252 | 40.5487 | 5.8672 | 28.7609 | -1.1606 | 18.2706 | -7.8539 | 8.2521 |-14.4723 | -1.8620 |-21.2495 | -12.6860

64.0000 | 22.0000 | 54.9300 | 12.3155 | 39.5306 | 4.2873 | 27.3955 | -3.0127 | 16.5085 | -10.0058 | 5.9960 |-16.9799 | -4.7942 | -24.2155 | -16.6746

65.0000 | 21.0000 | 54.2749 | 11.0114 | 38.5348 | 2.7146 | 26.0466 | -4.8608 | 14.7468 | -12.1636 | 3.7026 |-19.5160 | -7.8529 |-27.2613 | -21.0414

66.0000 | 20.0000 | 53.6386 | 9.7124 | 37.5585 | 1.1479 | 24.7105 | -6.7066 | 12.9789 | -14.3306 | 1.3581 |-22.0886 | -11.0776 | -30.4090 | -25.9591

67.0000 | 19.0000 | 53.0194 | 8.4180 | 36.5991 | -0.4138 | 23.3835 | -8.5521 | 11.1983 | -16.5108 [ -1.0532 | -24.7068 | -14.5214 | -33.6879 | -31.7439

68.0000 | 18.0000 | 52.4157 | 7.1278 | 35.6544 | -1.9713 | 22.0621 |-10.3991 | 9.3981 |-18.7082 | -3.5499 |-27.3816 | -18.2597 | -37.1390 | -39.1188

69.0000 | 17.0000 | 51.8261 | 5.8414 | 34.7224 | -3.5256 | 20.7428 | -12.2493 | 7.5710 |-20.9269 | -6.1547 | -30.1263 | -22.4079 | -40.8230 | -50.9699

70.0000 | 16.0000 | 51.2492 | 4.5585 | 33.8009 | -5.0775 | 19.4223 |-14.1046 | 5.7088 |-23.1721| -8.8966 |-32.9576 |-27.1599 | -44.8396
71.0000 | 15.0000 | 50.6838 | 3.2785 | 32.8883 | -6.6280 | 18.0971 |-15.9671 | 3.8025 |-25.4490 |-11.8134 | -35.8974 | -32.8957 | -49.3765
72.0000 | 14.0000 | 50.1289 | 2.0013 | 31.9827 | -8.1778 | 16.7636 |-17.8387 | 1.8416 |-27.7641 | -14.9576 | -38.9753 | -40.6087 | -54.9011
73.0000 | 13.0000 | 49.5835 | 0.7265 | 31.0825 | -9.7277 | 15.4184 | -19.7216 | -0.1861 | -30.1249 | -18.4052 | -42.2338
74.0000 | 12.0000 | 49.0466 | -0.5463 | 30.1860 | -11.2785 | 14.0574 |-21.6181 | -2.2955 | -32.5404 | -22.2760 | -45.7384
75.0000 | 11.0000 | 48.5174 | -1.8173 | 29.2916 | -12.8312 | 12.6765 | -23.5307 | -4.5047 | -35.0216 | -26.7791 | -49.6005

Total internal reflection occurs

at the interface, causing loss Ly,
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Table 2.2. Incident angles at the different faces of the SV-PLC with varying o angles for
material of RI 1.52.

Material Refractive Index: 1.52 | Reflective face angle, 6: 42°

a 111 112 121 122 131 132 lag 122 Is1 Isy le1 ls2 171 172

43.0000 | 41.0000 | 86.9458 | 40.0535 | 79.0528 | 39.2239 | 75.0199 | 38.4506 | 71.9712 | 37.7177 | 69.4401 | 37.0168 | 67.2403 | 36.3426 | 65.2750

44.0000 | 40.0000 | 79.7547 | 38.3349 | 72.5525 | 36.8670 | 67.7920 | 35.5172 | 64.0241 | 34.2534 | 60.8290 | 33.0568 | 58.0158 | 31.9153 | 55.4788

45.0000 | 39.0000 | 76.0858 | 36.6771 | 68.2338 | 34.6544 | 62.8147 | 32.8134 | 58.4640 | 31.1024 | 54.7434 | 29.4914 | 51.4463 | 27.9608 | 48.4565

46.0000 | 38.0000 | 73.3828 | 35.0725 | 64.8689 | 32.5510 | 58.8759 | 30.2727 | 54.0237 | 28.1653 | 49.8489 | 26.1871 | 46.1298 | 24.3110 | 42.7403

47.0000 | 37.0000 | 71.1896 | 33.5100 | 62.0606 | 30.5311 | 55.5540 | 27.8533 | 50.2510 | 25.3837 | 45.6639 | 23.0690 | 41.5565 | 20.8744 | 37.7942

48.0000 | 36.0000 | 69.3221 | 31.9822 | 59.6240 | 28.5776 | 52.6466 | 25.5286 | 46.9266 | 22.7213 | 41.9527 | 20.0907 | 37.4762 | 17.5950 | 33.3539

49.0000 | 35.0000 | 67.6841 | 30.4834 | 57.4558 | 26.6787 | 50.0389 | 23.2801 | 43.9248 | 20.1529 | 38.5804 | 17.2209 | 33.7445 | 14.4349 | 29.2662

50.0000 | 34.0000 | 66.2181 | 29.0094 | 55.4913 | 24.8256 | 47.6584 | 21.0942 | 41.1661 | 17.6604 | 35.4605 | 14.4366 | 30.2688 | 11.3665 | 25.4318

51.0000 | 33.0000 | 64.8863 | 27.5571 | 53.6874 | 23.0113 | 45.4562 | 18.9606 | 38.5963 | 15.2299 | 32.5343 | 11.7205 | 26.9852 | 8.3688 | 21.7812

52.0000 [ 32.0000 | 63.6628 | 26.1237 | 52.0132 | 21.2305 | 43.3971 | 16.8711 | 36.1767 | 12.8504 | 29.7588 | 9.0589 | 23.8466 | 5.4250 | 18.2623

53.0000 | 31.0000 | 62.5284 | 24.7070 | 50.4460 | 19.4787 | 41.4552 | 14.8190 | 33.8779 | 10.5133 | 27.1018 | 6.4404 | 20.8168 | 2.5210 | 14.8335

54.0000 | 30.0000 | 61.4687 | 23.3052 | 48.9685 | 17.7522 | 39.6104 | 12.7988 | 31.6775 | 8.2109 | 24.5377 | 3.8557 | 17.8664 | -0.3554 | 11.4597

55.0000 | 29.0000 | 60.4728 | 21.9167 | 47.5670 | 16.0479 | 37.8470 | 10.8059 | 29.5573 | 5.9370 | 22.0457 | 1.2962 | 14.9705 | -3.2152 | 8.1095

56.0000 | 28.0000 | 59.5316 | 20.5402 | 46.2306 | 14.3631 | 36.1521 | 8.8363 | 27.5026 | 3.6862 | 19.6081 | -1.2453 | 12.1069 | -6.0688 [ 4.7526

57.0000 | 27.0000 | 58.6381 | 19.1746 | 44.9505 | 12.6956 | 34.5152 | 6.8864 | 25.5009 | 1.4534 | 17.2095 | -3.7759 | 9.2552 | -8.9261 | 1.3585

58.0000 | 26.0000 | 57.7863 | 17.8187 | 43.7192 | 11.0433 | 32.9274 | 4.9533 | 23.5413 | -0.7657 | 14.8361 | -6.3019 | 6.3954 |-11.7975| -2.1057

59.0000 [ 25.0000 | 56.9715 | 16.4718 | 42.5305 | 9.4044 | 31.3812 | 3.0340 | 21.6145 | -2.9754 | 12.4747 | -8.8300 | 3.5071 |-14.6935| -5.6780

60.0000 | 24.0000 | 56.1894 | 15.1328 | 41.3791 | 7.7773 | 29.8700 | 1.1260 | 19.7116 | -5.1795 | 10.1129 | -11.3665 | 0.5683 |-17.6261 | -9.4046

61.0000 | 23.0000 | 55.4365 | 13.8013 | 40.2604 | 6.1605 | 28.3878 | -0.7731 | 17.8249 | -7.3820 | 7.7380 |-13.9180 | -2.4454 | -20.6086 | -13.3457

62.0000 | 22.0000 | 54.7097 | 12.4763 | 39.1703 | 4.5526 | 26.9295 | -2.6654 | 15.9467 | -9.5865 | 5.3368 |-16.4918 | -5.5630 |-23.6566 | -17.5843

63.0000 | 21.0000 | 54.0065 | 11.1574 | 38.1054 | 2.9524 | 25.4903 | -4.5531 | 14.0696 | -11.7969 [ 2.8952 |-19.0958 | -8.8199 | -26.7895 | -22.2450

64.0000 | 20.0000 | 53.3244 | 9.8440 | 37.0624 | 1.3589 | 24.0657 | -6.4383 | 12.1864 | -14.0172 | 0.3973 | -21.7386 [ -12.2623 | -30.0321 | -27.5339

65.0000 | 19.0000 | 52.6615 | 8.5356 | 36.0385 | -0.2292 | 22.6516 | -8.3230 | 10.2894 | -16.2514 | -2.1749 | -24.4306 | -15.9531 | -33.4176 | -33.8456

66.0000 | 18.0000 | 52.0158 | 7.2317 | 35.0311 | -1.8128 | 21.2439 | -10.2092 | 8.3708 |-18.5040 | -4.8432 | -27.1842 | -19.9835 | -36.9930 | -42.1687

67.0000 | 17.0000 | 51.3858 | 5.9318 | 34.0377 | -3.3930 | 19.8387 |-12.0988 | 6.4222 |-20.7799 | -7.6346 | -30.0143 | -24.4977 | -40.8307 | -58.7639

68.0000 [ 16.0000 | 50.7699 | 4.6356 | 33.0563 | -4.9706 | 18.4322 |-13.9941 | 4.4340 |[-23.0845 | -10.5836 | -32.9403 | -29.7509 | -45.0540
69.0000 | 15.0000 | 50.1668 | 3.3427 | 32.0847 | -6.5466 | 17.0205 |-15.8970 | 2.3958 |-25.4241|-13.7370 | -35.9879 | -36.2890 | -49.9152
70.0000 | 14.0000 | 49.5754 | 2.0526 | 31.1208 | -8.1218 | 15.5995 |-17.8099 | 0.2952 |[-27.8058 | -17.1603 | -39.1926 | -45.8865 | -56.1848
71.0000 | 13.0000 | 48.9944 | 0.7651 | 30.1629 | -9.6973 | 14.1651 |-19.7352 | -1.8823 | -30.2383 | -20.9533 | -42.6073
72.0000 | 12.0000 | 48.4229 | -0.5203 | 29.2091 [-11.2739 | 12.7129 | -21.6755 | -4.1546 | -32.7319 [ -25.2805 | -46.3169
73.0000 | 11.0000 | 47.8598 | -1.8038 | 28.2577 |-12.8524 | 11.2381 |-23.6336 | -6.5439 |[-35.2999 | -30.4550 | -50.4785
74.0000 | 10.0000 | 47.3044 | -3.0857 | 27.3068 | -14.4339 | 9.7355 |-25.6126 | -9.0792 | -37.9589 | -37.2433 | -55.4622
75.0000 [ 9.0000 | 46.7556 | -4.3664 | 26.3547 |-16.0192 | 8.1993 |-27.6162 | -11.7996 | -40.7316 | -49.7846 | -63.1555

Total internal reflection occurs
at the interface, causing loss Ly,
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Table 2.3. Incident angles at the different faces of the SV-PLC with varying o angles for

material of Rl 1.58.

111

112

121

Material Refractive Index: 1.58 | Reflective face angle, 8: 40°

122 131 132 lag 132 Isg Is

le1

ls2

171

172

41.0000 | 39.0000 | 85.0438 | 38.0770 | 78.0662 | 37.2499 | 74.0467 | 36.4751 | 70.9553 | 35.7386 | 68.3685 | 35.0326 | 66.1093 | 34.3521 | 64.0842
42.0000 | 38.0000 | 78.6439 | 36.3437 | 71.4729 | 34.8702 | 66.6138 | 33.5091 | 62.7354 | 32.2305 | 59.4308 | 31.0169 | 56.5116 | 29.8566 | 53.8722
43.0000 | 37.0000 | 74.9968 | 34.6773 | 67.0356 | 32.6381 | 61.4555 | 30.7736 | 56.9469 | 29.0346 | 53.0754 | 27.3927 | 49.6340 | 25.8289 | 46.5050
44.0000 | 36.0000 | 72.2557 | 33.0629 | 63.5509 | 30.5128 | 57.3487 | 28.1974 | 52.2983 | 26.0478 | 47.9355 | 24.0237 | 44.0360 | 22.0987 | 40.4715
45.0000 | 35.0000 | 70.0093 | 31.4896 | 60.6272 | 28.4689 | 53.8692 | 25.7399 | 48.3306 | 23.2129 | 43.5194 | 20.8362 | 39.1956 | 18.5759 | 35.2211
46.0000 | 34.0000 | 68.0838 | 29.9501 | 58.0801 | 26.4899 | 50.8121 | 23.3747 | 44.8202 | 20.4940 | 39.5861 | 17.7845 | 34.8554 | 15.2047 | 30.4810
47.0000 | 33.0000 | 66.3868 | 28.4388 | 55.8056 | 24.5642 | 48.0606 | 21.0837 | 41.6383 | 17.8663 | 35.9961 | 14.8371 | 30.8660 | 11.9471 | 26.0915
48.0000 | 32.0000 | 64.8619 | 26.9518 | 53.7386 | 22.6831 | 45.5407 | 18.8536 | 38.7033 | 15.3119 | 32.6605 | 11.9712 | 27.1308 | 8.7752 | 21.9481
49.0000 | 31.0000 | 63.4721 | 25.4859 | 51.8351 | 20.8399 | 43.2022 | 16.6741 | 35.9592 | 12.8167 | 29.5178 | 9.1692 | 23.5826 | 5.6673 | 17.9765
50.0000 | 30.0000 | 62.1915 | 24.0384 | 50.0637 | 19.0292 | 41.0089 | 14.5371 | 33.3656 | 10.3698 | 26.5231 | 6.4171 | 20.1711 | 2.6058 | 14.1193
51.0000 | 29.0000 | 61.0009 | 22.6072 | 48.4013 | 17.2466 | 38.9341 | 12.4358 | 30.8921 | 7.9621 | 23.6421 | 3.7030 | 16.8568 | -0.4245 | 10.3293
52.0000 | 28.0000 | 59.8862 | 21.1906 | 46.8300 | 15.4885 | 36.9570 | 10.3648 | 28.5150 | 5.5861 | 20.8472 | 1.0168 | 13.6066 | -3.4371 | 6.5644
53.0000 | 27.0000 | 58.8359 | 19.7870 | 45.3359 | 13.7518 | 35.0612 | 8.3193 | 26.2152 | 3.2351 | 18.1156 | -1.6505 | 10.3916 | -6.4448 | 2.7847
54.0000 | 26.0000 | 57.8413 | 18.3950 | 43.9078 | 12.0338 | 33.2332 | 6.2951 | 23.9767 | 0.9033 | 15.4273 | -4.3073 | 7.1848 | -9.4598 | -1.0513
55.0000 | 25.0000 | 56.8951 | 17.0135 | 42.5365 | 10.3321 | 31.4621 | 4.2888 | 21.7858 | -1.4146 | 12.7646 | -6.9615 | 3.9596 |-12.4951 | -4.9894
56.0000 | 24.0000 | 55.9914 | 15.6416 | 41.2143 | 8.6448 | 29.7383 | 2.2969 | 19.6306 | -3.7236 | 10.1105 | -9.6210 | 0.6885 |[-15.5642 | -9.0843
57.0000 | 23.0000 | 55.1250 | 14.2782 | 39.9346 | 6.9699 | 28.0538 | 0.3166 | 17.5003 | -6.0284 | 7.4484 |-12.2938 | -2.6591 | -18.6826 | -13.4062
58.0000 | 22.0000 | 54.2919 | 12.9226 | 38.6921 | 5.3058 | 26.4013 | -1.6549 | 15.3848 | -8.3337 | 4.7617 |[-14.9884 | -6.1188 |-21.8683 | -18.0527
59.0000 | 21.0000 | 53.4884 | 11.5740 | 37.4818 | 3.6510 | 24.7745 | -3.6202 | 13.2744 [-10.6439 | 2.0321 |-17.7140 | -9.7344 |-25.1432 |-23.1710
60.0000 | 20.0000 | 52.7114 | 10.2317 | 36.2994 | 2.0041 | 23.1675 | -5.5818 | 11.1596 |-12.9639 | -0.7601 |-20.4811 |-13.5631 [-28.5358 | -29.0106
61.0000 | 19.0000 | 51.9581 | 8.8953 | 35.1413 | 0.3638 | 21.5748 | -7.5422 | 9.0308 |-15.2986 | -3.6382 [-23.3018 | -17.6845 | -32.0848 | -36.0703
62.0000 | 18.0000 | 51.2261 | 7.5639 | 34.0040 | -1.2712 | 19.9913 | -9.5037 | 6.8778 |-17.6532 | -6.6301 | -26.1907 | -22.2177 | -35.8463 | -45.7303
63.0000 | 17.0000 | 50.5134 | 6.2373 | 32.8845 | -2.9020 | 18.4119 |-11.4688 | 4.6898 |[-20.0338 | -9.7709 |-29.1661 | -27.3592 | -39.9094
64.0000 | 16.0000 | 49.8180 | 4.9148 | 31.7798 | -4.5297 | 16.8318 |-13.4399 | 2.4547 |-22.4467 | -13.1069 | -32.2518 | -33.4837 | -44.4363
65.0000 | 15.0000 | 49.1383 | 3.5961 | 30.6874 | -6.1555 | 15.2459 |-15.4196 | 0.1587 |[-24.8996 |-16.7021 |-35.4802 | -41.5201 | -49.8047
66.0000 | 14.0000 | 48.4726 | 2.2806 | 29.6048 | -7.7804 | 13.6493 |-17.4106 | -2.2145 |-27.4014 | -20.6517 | -38.8980 | -56.9333 | -58.0291
67.0000 | 13.0000 | 47.8196 | 0.9680 | 28.5295 | -9.4054 | 12.0365 |-19.4158 | -4.6843 |-29.9628 | -25.1084 | -42.5786
68.0000 | 12.0000 | 47.1780 | -0.3421 | 27.4594 |-11.0317 | 10.4019 |-21.4383 | -7.2754 [-32.5973 | -30.3516 | -46.6512
69.0000 | 11.0000 | 46.5465 | -1.6501 | 26.3923 |-12.6602 | 8.7394 |-23.4816 | -10.0195 | -35.3220 | -37.0135 | -51.3957
70.0000 | 10.0000 | 45.9242 | -2.9563 | 25.3259 |-14.2921 | 7.0423 |-25.5496 | -12.9592 | -38.1598 | -47.5353 | -57.8309
71.0000 | 9.0000 | 45.3100 | -4.2612 | 24.2580 |-15.9284 | 5.3027 |-27.6467 | -16.1550 | -41.1426
72.0000 | 8.0000 | 44.7028 | -5.5649 | 23.1865 | -17.5704 | 3.5119 |-29.7781 |-19.6982 | -44.3176 . . .

Total internal reflection occurs at the interface,
73.0000 | 7.0000 | 44.1019 | -6.8679 | 22.1092 |-19.2192 | 1.6595 |-31.9498 |-23.7389 | -47.7610 s Ly,
74.0000 | 6.0000 | 43.5063 | -8.1705 | 21.0236 | -20.8762 | -0.2670 | -34.1690 | -28.5602 | -51.6125
75.0000 | 5.0000 | 42.9151 | -9.4730 | 19.9274 |-22.5427 | -2.2828 | -36.4446 | -34.8422 | -56.1974

2.4.2.2 Calculation of cumulative transmission (Tcab)

To calculate the light intensity at the different faces, the Fresnel equation (refer to Equations

1.7 and 1.8) of light through the interfaces is used as follows:

4nmaterial Cos(ial) >l<nair COS(I‘al)
[nmaterial Cos(ial) +nair Cos(ral)]2

La =

4nair COS(iaz) >l<nmaterial COS(I‘az)
[nair Cos(iaZ) +nmateria1 COS(I‘az)]Z

la2 ™

4nmaterial Cos(ial) *nair COS(I‘al)
Il .
al [nmaterial COS(I‘al) +nair COS(la] )]2
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4nair Cos (iaZ) >knmaterial Cos (raZ)
[nair COos (ra2) +nmaterial COos (iaZ ) ] 2

La2

(2.19)
The mean of T. and Ty is the T. value of an interface. Tlal,TlaZ,T"al,T"a2 are

transmittance of s and p polarized light rays at different faces, where al and a2 represent
the annotation of faces as discussed in the Design & Methodology section.

Te¢ (in %) at the different interfaces of the different parameter settings of the SV-PLC with
materials with Rl 1.49, 1.52, and 1.58 is tabulated as shown in Tables 2.4, 2.5, and 2.6,
respectively. The red-marked region shows very meagre T values, which are attributed to
the higher incident angles at the interfaces, causing high Liresnel l0sses. The tabulated values,
along with the number of grooves the individual rays (range of rays in length) are passing,
and the length of the SV-PLC, determine the basis of the developed mathematical model,

which will be discussed in the following sections.

Table 2.4. Cumulative light transmission (%) at the different faces of the SV-PLC with

varying a angles for material of RI 1.49.

Material Refractive Index: 1.49 | Reflective face angle, 6: 43°

(%)Tcu

(%)TCIZ

(%)Tca

(%)TCZZ

(%)TC31

(%)T(BZ

(%)TOU

(%)Tcs

(%)TC51

(%)TCSZ

(%)TC61

(%)TCGZ

(%)TC71

(%)TC72

44.0000
45.0000
46.0000
47.0000

83.4371

64.5634

58.4395

51.3100

47.7232

43.6463

41.1233

38.3407

36.3840

34.2854

32.6767

30.9918

29.6193

28.2091

48.0000

86.7833

70.2099

64.7778

58.1468

54.7254

50.7602

48.2096

45.3893

43.3171

41.1098

39.3421

37.5118

35.9593

34.3850

49.0000

89.0398

74.2352

69.3249

63.1521

59.8631

56.0331

53.4639

50.6447

48.4829

46.2096

44.3170 | 42.3849

40.6907

38.9957

50.0000

90.6420

77.2342

72.7106

66.9315

63.7362

60.0323

57.4404

54.6324

52.3935

50.0732

48.0773

46.0672

44.2579

42.4688

51.0000

91.8206

79.5408

75.3032

69.8558

66.7221

63.1267

60.5070

57.7105

55.4029

53.0453

50.9620 | 48.8889

46.9849

45.1200

52.0000

92.7102

81.3586

77.3328

72.1638

69.0673

65.5626

62.9116

60.1239

57.7548

55.3653

53.2077

51.0819

49.1001

47.1724

53.0000

93.3948

82.8192

78.9502

74.0154

70.9388

67.5088

64.8248

62.0427

59.6187

57.2009

54.9803

52.8096

50.7636

48.7836

54.0000

93.9297

84.0114

80.2586

75.5217

72.4525

69.0838

66.3668

63.5872

61.1145

58.6711

56.3974 | 54.1878

52.0892

50.0651

55.0000

94.3525

84.9977

81.3304

76.7618

73.6915

70.3729

67.6239

64.8443

62.3289

59.8622

57.5436 | 55.3003

53.1588

51.0971

56.0000

94.6900

85.8228

82.2182

77.7933

74.7163

71.4386

68.6595

65.8777

63.3252

60.8371

58.4811

56.2082

54.0315

51.9381

57.0000

94.9613

86.5200

82.9607

78.6593

75.5718

72.3275

69.5205

66.7352

64.1505

61.6427

59.2556 | 56.9568

54.7510

52.6305

58.0000

95.1808

87.1142

83.5869

79.3923

76.2922

73.0751

70.2427

67.4526

64.8405

62.3146

59.9014 | 57.5799

55.3490

53.2056

59.0000

95.3591

87.6245

84.1193

80.0174

76.9036

73.7086

70.8533

68.0577

65.4221

62.8796

60.4444 | 58.1030

55.8486

53.6858

60.0000

95.5045

88.0658

84.5752

80.5540

77.4262

74.2491

71.3736

68.5717

65.9162

63.3585

60.9037

58.5451

56.2653

54.0864

61.0000

95.6233

88.4499

84.9681

81.0176

77.8759

74.7133

71.8200

69.0115

66.3389

63.7673

61.2937

58.9201

56.6081

54.4159

62.0000

95.7206

88.7861

85.3089

81.4205

78.2655

75.1144

72.2056

69.3903

66.7026

64.1183

61.6244 | 59.2379

56.8786

54.6754

63.0000

95.8003

89.0821

85.6062

81.7725

78.6051

75.4630

72.5407

69.7185

67.0166

64.4209

61.9015

59.5044

57.0686

54.8563

64.0000

95.8655

89.3439

85.8670

82.0816

78.9028

75.7678

72.8336

70.0045

67.2880

64.6821

62.1271

59.7212

57.1539

54.9336

65.0000

95.9188

89.5766

86.0970

82.3545

79.1653

76.0355

73.0907

70.2549

67.5215

64.9067

62.2977

59.8848

57.0798

54.8508

66.0000

95.9623

89.7843

86.3011

82.5965

79.3979

76.2721

73.3173

70.4748

67.7199

65.0974

62.4025

59.9845

56.7219

54.4801

67.0000

95.9977

89.9706

86.4829

82.8121

79.6052

76.4820

73.5170

70.6683

67.8833

65.2546

62.4185

59.9970

55.7629

53.4955

68.0000

96.0264

90.1382

86.6458

83.0051

79.7907

76.6691

73.6929

70.8383

68.0095

65.3758

62.3001

59.8763

53.1536

50.8243

69.0000

96.0495

90.2898

86.7925

83.1786

79.9574

76.8366

73.8467

70.9866

68.0920

65.4550

61.9540 | 59.5285

41.8401

39.4077

70.0000

96.0681

90.4273

86.9252

83.3352

80.1076

76.9868

73.9792

71.1142

68.1186

65.4801

61.1716 | 58.7434

71.0000

96.0828

90.5525

87.0458

83.4771

80.2432

77.1219

74.0899

71.2207

68.0677

65.4298

59.3969

56.9616

72.0000

96.0944

90.6670

87.1559

83.6062

80.3656

77.2433

74.1771

71.3046

67.9007

65.2659

54.5222

52.0782

73.0000

96.1034

90.7720

87.2568

83.7241

80.4759

77.3523

74.2372

71.3624

67.5457

64.9175

74.0000

96.1104

90.8686

87.3497

83.8320

80.5746

77.4494

74.2640

71.3881

66.8597

64.2429

75.0000

96.1156

90.9578

87.4355

83.9313

80.6619

77.5350

74.2475

71.3722

65.5187

62.9217

Total internal reflection occurs at the
interface, causing loss Ly,
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Table 2.5. Cumulative light transmission (%) at the different faces of the SV-PLC with

varying o angles for material of RI 1.52.

Material Refractive Index: 1.52 | Reflective face angle, 8: 42°

(%)Tcu

(%)TC12

(%)TC21

(%)Tcr

(%)Tcss

(%)TCSZ

(%)Tcar

(%)TC42

(%)Tesy

(%)TCSZ

(%)TCSI

(%)TCEZ

(%8)Tcn

(%8)Tcr

43.0000
44.0000
45.0000
46.0000

83.2595

64.4222

58.1679

51.0020

47.3039

43.1730

40.5534

37.7141

35.6736

33.5209

31.8400 | 30.1058

28.6719

27.2183

47.0000

86.5772

70.0240

64.4288

57.7374

54.1739

50.1303

47.4551

44.5548

42.3740

40.0913

38.2301 | 36.3318

34.7000

33.0666

48.0000

88.8088

74.0065

68.9064

62.6515

59.1955

55.2655

52.5493

49.6300

47.3403

44.9738

42.9715 | 40.9563

39.1697

37.4031

49.0000

90.3901

76.9668

72.2317

66.3512

62.9686

59.1461

56.3894

53.4644

51.0826

48.6546

46.5369 | 44.4316

42.5206

40.6504

50.0000

91.5512

79.2393

74.7721

69.2061

65.8687

62.1386

59.3401

56.4125

53.9505

51.4733

49.2594 | 47.0816

45.0696

43.1162

51.0000

92.4261

81.0271

76.7565

71.4537

68.1401

64.4869

61.6459

58.7152

56.1831

53.6643

51.3698 | 49.1320

47.0378

45.0165

52.0000

93.0981

82.4611

78.3346

73.2526

69.9478

66.3573

63.4746

60.5395

57.9459

55.3910

53.0292 | 50.7406

48.5797

46.5020

53.0000

93.6223

83.6297

79.6086

74.7125

71.4061

67.8665

64.9439

62.0029

59.3559

56.7690

54.3510 | 52.0190

49.8041

47.6794

54.0000

94.0358

84.5949

80.6502

75.9116

72.5967

69.0981

66.1382

63.1900

60.4968

57.8814

55.4167 | 53.0476

50.7888

48.6248

55.0000

94.3652

85.4010

81.5113

76.9067

73.5791

70.1134

67.1192

64.1628

61.4301

58.7890

56.2858 | 53.8845

51.5900

49.3930

56.0000

94.6294

86.0811

82.2299

77.7402

74.3972

70.9579

67.9326

64.9675

62.2011

59.5368

57.0017 | 54.5726

52.2483

50.0235

57.0000

94.8426

86.6597

82.8350

78.4440

75.0844

71.6661

68.6131

65.6388

62.8439

60.1588

57.5971 | 55.1439

52.7928

50.5449

58.0000

95.0154

87.1558

83.3483

79.0428

75.6663

72.2645

69.1871

66.2033

63.3844

60.6804

58.0958 | 55.6220

53.2435

50.9764

59.0000

95.1558

87.5841

83.7870

79.5556

76.1626

72.7738

69.6750

66.6817

63.8424

61.1215

58.5156 | 56.0240

53.6124

51.3295

60.0000

95.2702

87.9563

84.1645

79.9977

76.5888

73.2100

70.0927

67.0900

64.2329

61.4968

58.8688 | 56.3621

53.9030

51.6071

61.0000

95.3635

88.2816

84.4912

80.3809

76.9573

73.5860

70.4527

67.4408

64.5675

61.8178

59.1629 | 56.6437

54.1076

51.8009

62.0000

95.4396

88.5673

84.7758

80.7149

77.2778

73.9120

70.7648

67.7440

64.8544

62.0928

59.4006 | 56.8712

54.2008

51.8842

63.0000

95.5016

88.8197

85.0250

81.0077

77.5583

74.1963

71.0368

68.0075

65.0994

62.3274

59.5785 | 57.0411

54.1217

51.7940

64.0000

95.5521

89.0436

85.2446

81.2655

77.8052

74.4456

71.2746

68.2372

65.3058

62.5250

59.6846 | 57.1410

53.7262

51.3809

65.0000

95.5931

89.2431

85.4390

81.4937

78.0237

74.6653

71.4829

68.4379

65.4739

62.6860

59.6920 | 57.1439

52.6235

50.2410

66.0000

95.6262

89.4218

85.6120

81.6966

78.2180

74.8598

71.6649

68.6128

65.6010

62.8076

59.5458 | 56.9941

49.3545

46.8780

67.0000

95.6528

89.5823

85.7669

81.8778

78.3914

75.0327

71.8227

68.7643

65.6793

62.8823

59.1286 | 56.5726

25.4656

23.2545

68.0000

95.6741

89.7271

85.9062

82.0404

78.5467

75.1869

71.9571

68.8931

65.6940

62.8954

58.1601 | 55.5959

69.0000

95.6910

89.8583

86.0321

82.1869

78.6861

75.3246

72.0676

68.9989

65.6178

62.8200

55.8037 | 53.2204

70.0000

95.7043

89.9776

86.1464

82.3194

78.8111

75.4476

72.1518

69.0796

65.4007

62.6064

47.8683 | 45.2761

71.0000

95.7146

90.0865

86.2506

82.4397

78.9229

75.5571

72.2053

69.1308

64.9454

62.1584

72.0000

95.7225

90.1863

86.3461

82.5493

79.0221

75.6539

72.2201

69.1450

64.0445

61.2700

73.0000

95.7285

90.2779

86.4339

82.6495

79.1088

75.7383

72.1836

69.1098

62.1768

59.4252

74.0000

95.7330

90.3625

86.5148

82.7414

79.1826

75.8098

72.0748

69.0051

57.5686

54.8759

75.0000

95.7362

90.4407

86.5895

82.8256

79.2423

75.8676

71.8592

68.7972

34.2153

32.1547

Total internal reflection occurs at the
interface, causing loss Ly,
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Table 2.6. Cumulative light transmission (%) at the different faces of the SV-PLC with

varying o angles for material of RI 1.58.

Material Refractive Index: 1.58 | Reflective face angle, 8: 40°

(%)Tcu

(%)TC12

(%)Tco

(%)TCZZ

(%)T(Bl

(%)TC32

(%)TC41

(%)Tca

(%)TC51 (%)TCSZ

(%)TC61

(%)TCGZ

(%)TC71

(%)TC7Z

41.0000
42.0000
43.0000
44.0000

83.5277

65.3636

58.8261

51.5667

47.5835

43.2822

40.4108

37.3990

35.1419 | 32.8317

30.9670

29.0947

27.5068

25.9355

45.0000

86.5664

70.5158

64.5832

57.7708

53.8812

49.6413

46.6775

43.5783

41.1489 | 38.6839

36.6127

34.5553

32.7492

30.9815

46.0000

88.6194

74.1857

68.6961

62.2816

58.4600

54.3023

51.2645

48.1184

45.5533 [ 42.9811

40.7484

38.5554

36.5803

34.6660

47.0000

90.0770

76.9154

71.7455

65.6662

61.8840

57.8030

54.6976

51.5202

48.8424 | 46.1883

43.8254

41.5274

39.4187

37.3907

48.0000

91.1479

79.0104

74.0704

68.2692

64.5037

60.4873

57.3183

54.1161

51.3426 | 48.6225

46.1534

43.7712

41.5562

39.4379

49.0000

91.9544

80.6573

75.8821

70.3112

66.5464

62.5820

59.3537

56.1296

53.2745 | 50.4992

47.9431

45.4919

43.1923

41.0013

50.0000

92.5732

81.9766

77.3192

71.9396

68.1647

64.2415

60.9584

57.7139

54.7894 | 51.9670

49.3398

46.8312

44.4644

42.2142

51.0000

93.0548

83.0502

78.4761

73.2562

69.4644

65.5732

62.2404

58.9764

55.9932 | 53.1301

50.4449

47.8882

45.4681

43.1693

52.0000

93.4339

83.9352

79.4190

74.3333

70.5208

66.6540

63.2766

59.9941

56.9615 | 54.0629

51.3306

48.7334

46.2705

43.9319

53.0000

93.7347

84.6729

80.1961

75.2235

71.3884

67.5402

64.1232

60.8231

57.7491 | 54.8194

52.0489

49.4174

46.9191

44.5479

54.0000

93.9752

85.2937

80.8425

75.9660

72.1078

68.2733

64.8217

61.5048

58.3964 | 55.4393

52.6374

49.9769

47.4467

45.0488

55.0000

94.1683

85.8206

81.3849

76.5903

72.7095

68.8848

65.4033

62.0704

58.9335 | 55.9524

53.1232

50.4385

47.8746

45.4551

56.0000

94.3240

86.2712

81.8435

77.1191

73.2168

69.3988

65.8916

62.5436

59.3827 | 56.3805

53.5257

50.8206

48.2132

45.7761

57.0000

94.4497

86.6591

82.2342

77.5700

73.6477

69.8340

66.3048

62.9427

59.7608 | 56.7403

53.8572

51.1354

48.4604

46.0086

58.0000

94.5515

86.9952

82.5691

77.9568

74.0164

70.2050

66.6569

63.2816

60.0801 | 57.0437

54.1239

51.3884

48.5946

46.1294

59.0000

94.6338

87.2880

82.8581

78.2907

74.3340

70.5232

66.9590

63.5714

60.3491 | 57.2992

54.3242

51.5779

48.5571

46.0766

60.0000

94.7004

87.5444

83.1091

78.5805

74.6092

70.7978

67.2191

63.8202

60.5729 | 57.5117

54.4464

51.6916

48.1982

45.6928

61.0000

94.7540

87.7701

83.3282

78.8334

74.8493

71.0363

67.4438

64.0345

60.7528 | 57.6825

54.4607

51.6987

47.0814

44.5213

62.0000

94.7972

87.9697

83.5207

79.0551

75.0598

71.2444

67.6373

64.2188

60.8859 | 57.8087

54.3016

51.5325

43.3306

40.6219

63.0000

94.8318

88.1470

83.6908

79.2506

75.2454

71.4269

67.8026

64.3760

60.9630 | 57.8811

53.8194

51.0394

64.0000

94.8593

88.3052

83.8419

79.4237

75.4094

71.5875

67.9408

64.5073

60.9650 | 57.8808

52.6177

49.8148

65.0000

94.8811

88.4469

83.9769

79.5777

75.5547

71.7291

68.0513

64.6121

60.8552 | 57.7713

49.2594

46.4030

66.0000

94.8982

88.5744

84.0980

79.7153

75.6834

71.8540

68.1309

64.6877

60.5620 | 57.4809

27.8035

25.3349

67.0000

94.9114

88.6896

84.2074

79.8388

75.7969

71.9635

68.1733

64.7279

59.9337 | 56.8586

68.0000

94.9215

88.7939

84.3065

79.9502

75.8958

72.0587

68.1674

64.7221

58.6036 | 55.5388

69.0000

94.9291

88.8889

84.3967

80.0508

75.9803

72.1397

68.0944

64.6519

55.4214 | 52.3809

70.0000

94.9348

88.9757

84.4790

80.1420

76.0497

72.2059

67.9222

64.4862

43.4275 | 40.6002

71.0000

94.9388

89.0553

84.5543

80.2248

76.1021

72.2560

67.5941

64.1698

72.0000

94.9417

89.1285

84.6232

80.3001

76.1349

72.2872

67.0034

63.5987

73.0000

94.9436

89.1961

84.6861

80.3683

76.1435

72.2954

65.9290

62.5571

74.0000

94.9448

89.2587

84.7433

80.4298

76.1211

72.2741

63.8338

60.5219

75.0000

94.9455

89.3169

84.7949

80.4850

76.0574

72.2137

58.9775

55.8038

Total internal reflection occurs at the interface, causing loss Ly,

Figure 2.7 shows the graph of the cumulative light transmission percentage at different

faces for varied a values, where face number O represents the ray condition before any

refraction through the groove faces. With a values very close to 0 values, there is a drastic

reduction in transmitted light power in the initial refracting faces themselves. This is due

to the higher incident angles at these interfaces (refer to Table 1.1, 1.2, and 1.3), as the

angle of incidence increases, Fresnel reflection will be more (refer to Equations 1.7 and

1.8, Figures 1.3 and 1.5). With the increase in the a value, the reduction in transmitted ray

power is minimised as the incident angles at the different interfaces are reduced.
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Figure 2.7. Cumulative light transmission (%) at the different faces of the SV-PLC with
varying o angles for materials of RI 1.49, 1.52, and 1.58.

The maximum number of grooves a ray can pass within the SV-PLC decreases with the o
value, as shown in Figure 2.11 (refer to section 2.4.4 for determination of Ngmax value). This
is substantiated by the ray tracing simulation of an SV-PLC optics with varying o value.
Figure 2.8a shows a 2D ray tracing simulation of an SV-PLC optics in a material of Rl 1.49
with two a values (46° and 60°). The ray race shows that as the a value is increased, the
Ngmax Will be reduced due to the higher angular shift occurring in the ray. However, with
the increase in the a, L1oo (length of the SV-PLC, refer to section 2.4.5) will be reduced due
to the higher exit angle (angle made by the ray with the horizontal). In material selection,
the higher RI will result in more deviation at the interfaces, resulting in a minimum number
of groove passages (Figure 2.11), thus reducing the total Lsresnel l0SSes. Figures 2.8b and
2.8c show the 2D ray tracing simulation of SV-PLC optics with materials of Rl 1.49 and
1.58, respectively. The design considerations are taken similarly, except for the optimised
parameters (0 and S). The o value is fixed (taken as 46°) to provide the comparison. The
ray trace shows that for similar parameters, the material with higher RI provided fewer

interfaces of ray travel (7 grooves), compared to the material with lower RI (3 grooves).

57



Chapter 2 SV-PLC and its Mathematical Modeling

This provides less total Fresnel reflection loss for higher Rl material. However, the exit
angle of rays from the grooves is higher for SV-PLC with high Rl material. This reduces
the Lioo of the SV-PLC compared with the SV-PLC of lower Rl material, as shown in
Figures 2.8b and 2.8c.
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Figure 2.8. a) 2D ray tracing simulation of an SV-PLC with varying o angle (42° and 60°);
b) 2D ray tracing simulation of an SV-PLC in a material of RI 1.49 and a 46°; c) 2D ray
tracing simulation of an SV-PLC in a material of RI 1.52 and a 46°.
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To predict the effectiveness of an SV-PLC, every possible ray trajectory and condition from
a groove should be considered, i.e., not every ray assumes the same number of refractions.
To predict the condition of rays from a groove, the coordinates of rays at the different
interfaces should be traced. The height (hap) and the range of rays (constitutes the horizontal
distance, X", where n is the number of grooves the ray passes, which is 0 to Ngmax) form the
basis of the total groove analysis.

2.4.3 Derivation of hap

Consider the reflection of a random ray at the reflecting face of an SV-PLC, as shown in
Figure 2.9.

Figure 2.9. Schematic representation of ray travel (in blue color) in an SV-PLC optics
showing the height position of the ray at the different interfaces (top). The highlighted area
showing TIR at the incident face is detailed (bottom) with the parameters and variables.
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atb+ty =S
y = S-(a+b)
(2.20)
tan(B,) = dhi/ a
tan(M) = db; /, b
Where dh represents the vertical displacement of rays.
M = a (Corresponding angles)
=  atb=dh; [cot(Bi) + cot(a)]
(2.21)
y = (h-h;)[cot8 - cota]
(2.22)

. S+(h-h;)[cot(a) - cot(0)]
v cot(Bi) +cot(a)

where dh represents the vertical shift of the ray

(from Equations 2.20, 2.21, and 2.22)

Since B, =90°-26 (Equation 2.3)
_ S+(h-hj)[cot(a) - cot(0)]

i tan(20) + cot(a)

(2.23)

hy; =h;+dh;

Similarly, BaZ =90°-0-r,, (Equation 2.11)
S+(h-h,;)[cot(a) - cot(0)]
= dha2 =
tan(0+r,,) + cot(a)

(2.24)

hy; =hg ) tdhe.y,

Consider the first refraction occurring in the same ray as shown in Figure 2.10,
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Figure 2.10. Schematic representation of ray travel (in blue color) in an SV-PLC optics
showing the height position of the ray at the different interfaces (top). The highlighted area
showing refraction at the incident groove interface is detailed (bottom) with the parameters

and variables.

ATPQ ~ ATRS (AAA Similarity criterion)

h-hl 1 a-b
:> —_— e —
h W

(2.25)

tan(p,,) = M1/,

tan(N) = dh“/b

N =0 (Alternate interior angles)
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= a-b=dhy[cot(B,,)-cot(6)]
(2.26)
Also, w=h[cot(0) -cot(a)]
(2.27)

= dh, = (h-h;;)[cot(0) - cot(a)]
’ cot(B,,) - cot(0)

Since f,, = otr;-90° (Equation 2.10)

(from Equations 2.25, 2.26, and 2.27)

dh. = (h-hy;)[cot(a) - cot(0)]
> e tan(a-try) + cot(0)

(2.28)
hj, =hy+dhy,
Similarly, B, =otr,-90° (Equation 2.10)

dh — (h-h,)[cot(a) - cot(0)]
= 7 tan(atr,;) + cot(0)

(2.29)
ha2 = hal +dha1

2.4.4 Derivation of Ngmax

To calculate the maximum number of grooves (Ngmax) through which a light ray can travel

in a specific SV-PLC design, the total height of light ray travel is as follows:

Total height of light ray travel = h; + dh; — Y }-;dhy; + XY;-; dh,,, which should
be less than or equal to h, where n is the number of grooves through which the light ray is
traveling, and it satisfies the above equation. Figure 2.11 shows the variation in Ngmax With
a for different materials (RI 1.49, 1.52, and 1.58). Even though higher index materials show
lower Ngmax, 1.e., lower Fresnel losses, the length of the SV-PLC also needs to be

considered, which is also a determining factor of the FC.
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Figure 2.11. Plot depicting the relation of Ngmax and o for SV-PLCs with materials of RI
1.49, 1.52, and 1.58.

2.45 Determination of Ligo and Lmax

L1oo represents the maximum length of the PLC, which can translate 100% of the light
falling on the SV-PLC to the lateral face. Lmax represents the length of the SV-PLC, from
which a further increase in length does not produce any ray at the lateral face. It can include
the ray loss occurring through the grooves themselves. The distinction between Lioo and
Lmax IS depicted in Figure 2.12a. Both Lioo and Lmax are determined by light rays coming
from the bottom and top of the first groove, respectively. From Lioo to Lmax there will be an
increased reduction in the OE, at the expense of the FC (shown in Figure 2.12b; results are
simulated in COMSOL Multiphysics 6.1 (parameters: H: 10mm, h: 1mm; S: 0.98 (as per
the mathematical model discussed in the section 2.4.6), a: 49°, 0: 43°). This loss can be
justified by the very high FC in radial designs compared to linear designs (discussed in
Chapter 4).
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Figure 2.12. a) Schematic representation showing the distinction between Ligo and Lmax;
b) Plot showing the relation of length of SV-PLC with the final concentration (for radial

and linear designs) and Optical efficiency between Lioo and Lmax.

L100 is related to the exit angle of the ray that passes through the maximum possible number
of rays in a specific SV-PLC design. Thus, Lioo is wholly dependent on the different design
parameters of the SV-PLC. Figure 2.13 shows the variation of Ligo with varying a. (the rest
of the parameters are fixed) for materials of Rl 1.49, 1.52, and 1.58. Unlike L10o, Lmax only
depends on the 0 value (as Lmax is determined with the rays that are non-refracted), which

will be optimized to a minimum.
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Figure 2.13. Plot depicting the value of Ligo with varying o for SV-PLCs with materials of
R11.49, 1.52, and 1.58.

2.4.6 Optimisation of intergroove distance (S)

For determining the transported ray power across the length of a groove in SV-PLC, the
inter-groove spacing (S) for specific angular consideration of the faces is required. The
inter-groove spacing is always set to a maximum value without any direct ray leakage (refer
to Lieak l0ss in Figure 2.1) in the SV-PLC.

Consider the reflection and first refraction of a ray as shown in Figure 2.14. To maximize
the S value without any ray leakage, the ray should coincide with point 2 of the (12) face,

as shown in Figure 2.14.
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Figure 2.14. Schematic representation of ray travel (in blue color) in an SV-PLC optics

representing the maximum groove space without ray leakage from the bottom; the

parameters and variables are marked.

a-b=w

tan(U) = M1/,

U=p,, (Alternate interior angles)
=  tan(B,,) = hu/,

tan(a) = h“/b
= a-b=hy [COt(Bn) - cot(a)]

Also  w=h[cot(0) - cot(a)]
_ h[cot(0) - cot(a)]

= = cot(B”) - cot(a)

Since  B,, = atry1-90° (Equation 2.10)

- h[cot(a) - cot(0)]
= U tan(otry,) + cot(a)

Also hs+dhs = h]]
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_ S+(h-hy)[cot(a) - cot(0)]

dhg fan(20) + cot(a) (from Equation 2.23)
S op h;;[tan(20) + cot(a)]-h cot(a)
s tan(20)
(2.34)
S = (h-hy) cot(0)
(2.35)

Keeping the 0 and h values constant, the required S value is plotted against a (Figure 2.15).
For materials with low RI, like PMMA, the S value is less than the groove width (the
horizontal length of a groove) value to eliminate the Lieak l0ss. With the increase in RI of
the material, the S value reaches the groove width at higher a values. For much higher RI
materials, S will be the same as the groove width, hence the possibility of Liea 10ss is

directly eliminated for such materials, and thus helps in improving the Lo of the SV-PLC.

1.25
S = Groove width

1.20

1.15

1.10

1.056

S (mm)

1.00
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—RI1.49
o0 | | e Rl 1.52
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Figure 2.15. Plot showing the dependency of refraction face angle (o)) on the inter-groove
spacing (S) in SV-PLC for different materials with R1 1.49, 1.52, and 1.58.
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2.4.7 Derivation of X"

X" represents the horizontal length from the groove tip up to which a ray passes through n
number of grooves. X" helps to evaluate the effectiveness of an SV-PLC by calculating the

OE and FC by analyzing a single groove.

Consider the reflection of a ray as shown in Figure 2.16, showing zero fractions. To

calculate X°, the ray path should coincide with point 1 of face (11).

Figure 2.16. Schematic representation of ray travel (in blue color) in an SV-PLC optics
representing the maximum point of length (X°) from the tip of the groove for ray travel
without any refraction; the parameters and variables are marked.

h{+dh{ =h
Ho = S+(h—h?)[cot(a) -cot(0)] o Bouation 2,23
b tan(20) + cot(a) (from Equation 2.23)
o _ hltan(26) + cot(6)]-S
1 tan(20) + cot(0)
(2.36)
0
o_ b-h
tan(0)
(2.37)
= XO _ S
tan(20) tan(0)+1
(2.38)
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Consider the trajectory of a ray passing through a single groove (i.e., two refractions) as

shown in Figure 2.17. To calculate X2, the ray path should coincide with point 2 of face

(21).

Figure 2.17. Schematic representation of ray travel (in blue color) in an SV-PLC optics

representing the maximum point of length (X°) from the tip of the groove for ray travel

with single groove refractions; the parameters and variables are marked.

Also

B S+(h-h%2)[cot((x) - cot(0)]

1 .
dhj, = tan(8-+r.,) + cot(a) (from Equation 2.24)
S oplo h[tan(6+r;,) + cot(0)]-S
127 tan(84r;,) + cot(B)
(2.39)
hh'dh%l = h%z
h-hl )[cot((x) - cot(0)]
1 _ ( 11 .
dhj; = tan(atryy) + cot(0) (from Equation 2.29)
Lol hi,[tan(a+ry;) + cot(8)]+h[cot(a) - cot(0)]
= tan(a+ry;) + cot(a)
(2.40)

hi+dh! =h},

S+(h-h}) [cot(a) - cot(0)]

1
dh; tan(20) + cot(a)

(from Equation 2.23)
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hi,[tan(20) + cot(a)]-h[cot(x) - cot(B)]-S

= b= tan(20) + cot(0)
(2.41)
. h-h!
tan(0)
(2.42)
Similarly,
For the final groove,
. _ hltan(8+r,;) + cot(8)]-S
27 tan(04r,,) + cot()
(2.43)

By using the same method of derivation, for the even face of the corresponding intermediate
grooves,

hip+1)1[tan(8 + 1y3) + cot(a)] — h[cot(a) — cot(6)] — S

n _

bz — tan(6 + ry,) + cot(9)
(2.44)
ba[tan(a+ry) + cot(8)]+h[cot(a) - cot(0)]
hy, =
tan(a+ry;) + cot(a)
(2.45)
For the corresponding incident groove,
hn = h}; [tan(26) + cot(a)]-h[cot(a) - cot(B)]-S
! tan(20) + cot(0)
(2.46)
L h-h
~ tan(0)
(2.47)

2.4.8 Optical evaluation of SV-PLC designs with the mathematical model

Considering the ambiguity created by the interdependence of different factors with the
variables as discussed, the total merit of the grooves along with SV-PLC should be
evaluated properly with OE, GC, and FC and length variables (Lioo & Lmax), Which is
evaluated mathematically in this chapter. For determining the efficiency of an SV-PLC, the
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transported ray power from a typical groove (considered grooves with the possibility of
light traveling with the maximum possible interface) should be studied. For this, the range
(distance, X") of rays undergoing n (from 0 to a maximum number of grooves through
which the rays can pass in a design) refractions should be studied individually. From
Equation 2.47, this range has been determined. The T, of light rays from a single groove
was also determined earlier. The total intensity (XTcX") from a groove has been tabulated
for different materials with varying o in Tables 2.7 to 2.9. The factor XTcX"/S (OE of a
typical groove) has been used to normalize the result with the length, and its value for
different materials with varying o is shown in Figure 2.18a (also tabulated in Tables 2.7 to
2.9). It shows that increasing a drastically increases the light intensity from a groove up to
a limit. Further increasing a does not show much increment. This can be attributed to the
higher Fresnel losses at the interfaces at lower o angles (refer to Tables 1.4 to 1.6). At lower
a values, the angle of incidence at the groove interfaces will be higher (refer to Tables 1.1
to 1.3). When considering the Fresnel laws (refer to Equations 1.3 and 1.5 and Figures 1.7
and 1.8), higher angles of incidence provide drastically higher light transmission loss,
which is non-linear. This creates a drastic increase in light intensity with the increase in o
initially. However, higher a provides a lesser angle of incidence at different groove
interfaces, which does not cause much optical transmission loss compared to the other case.
Hence, the graph tends to straighten after a certain value of a. Also, the fact that it reduces

the Lioo (Figure 2.13) value should also be pointed out (refer to Figure 2.8a).

For conducting the selection of an SV-PLC, the FC (OE of a typical groove X Ligo/H, i.e.,
OEXGC) should be plotted against the length of the concentration (herein, the study has
been conducted for Ligo). Figure 2.18b shows the effectiveness factor (simulated results) of
different SV-PLC designs on different materials. The factor can be correlated to the
theoretical FC factor of the SV-PLC. Even though the FC graph shows an overall decrease
in the longer range, it also produces irregular steps in the short range. This can be attributed
to the irregularity in the Ligo value (Figure 2.13), as different designs have different ray
directional paths depending on the number of grooves the rays pass. Herein, the design
considerations are kept for the SV-PLC length of Lo, Since after Lioo there will be a drastic
reduction in the OE even though the GC is high (as shown in Figure 2.12b), as much of the
light rays will not reach the lateral face and will be lost through the bottom of the SV-PLC.
This is the reason that there is a reducing trend in FC upon the a after Lioo, and the design
has been considered for the Lioo length of SV-PLC.
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Table 2.7. Tabulation of Optical efficiency (normalized with inter-groove spacing)

(XTcX"/S) with varying a angles for material of RI 1.49.

Material Refractive Index: 1.49 | Reflective face angle, 6: 43°

o hs s x° X TeX' X TeX? X3 TeoX x* TaX* X x° Tt X’ TaoX | Nemax | ITX" | ZTX/S
47.0000 | 0.0767 | 0.9895 | 0.0684 | 0.0684 | 0.0973 | 0.0628 | 0.1174 | 0.0602 | 0.1329 | 0.0580 | 0.1456 | 0.0558 | 0.1563 | 0.0536 | 0.1658 | 0.0514 | 0.1057 | 0.0298 7 0.4401 | 44.4804
48.0000 | 0.0799 | 0.9861 | 0.0682 | 0.0682 | 0.1036 | 0.0727 | 0.1271 | 0.0739 [ 0.1448 | 0.0735 | 0.1592 | 0.0723 | 0.1714 [ 0.0705 | 0.1821 | 0.0683 | 0.0297 | 0.0102 7 0.5096 | 51.6761
49.0000 | 0.0822 | 0.9836 | 0.0680 | 0.0680 | 0.1094 | 0.0812 | 0.1360 | 0.0859 | 0.1558 | 0.0873 | 0.1718 | 0.0870 | 0.1854 | 0.0857 | 0.1571 | 0.0666 6 0.5618 | 57.1098
50.0000 | 0.0837 | 0.9820 | 0.0679 | 0.0679 | 0.1150 | 0.0888 | 0.1444 | 0.0967 | 0.1662 | 0.0998 | 0.1838 | 0.1004 | 0.1989 | 0.0996 | 0.1058 | 0.0488 6 0.6019 | 61.2918
51.0000 | 0.0845 | 0.9812 | 0.0679 | 0.0679 | 0.1203 | 0.0957 | 0.1525 | 0.1065 | 0.1762 | 0.1112 | 0.1954 | 0.1128 | 0.2121 | 0.1125 | 0.0569 | 0.0278 6 0.6344 | 64.6511
52.0000 | 0.0846 | 0.9810 | 0.0678 | 0.0678 | 0.1254 | 0.1021 | 0.1603 | 0.1157 | 0.1859 | 0.1219 | 0.2069 | 0.1244 | 0.2252 | 0.1247 | 0.0095 | 0.0048 6 0.6614 | 67.4145
53.0000 | 0.0842 | 0.9815 | 0.0679 | 0.0679 | 0.1305 | 0.1081 | 0.1679 | 0.1243 | 0.1955 | 0.1320 | 0.2183 | 0.1354 | 0.2014 | 0.1152 5 0.6828 | 69.5727
54.0000 | 0.0833 | 0.9824 | 0.0679 | 0.0679 | 0.1354 | 0.1137 | 0.1754 | 0.1325 | 0.2051 | 0.1417 | 0.2298 | 0.1461 | 0.1688 | 0.0991 5 0.7010 | 71.3535
55.0000 | 0.0820 | 0.9838 | 0.0680 | 0.0680 | 0.1403 | 0.1192 | 0.1829 | 0.1404 | 0.2146 | 0.1510 | 0.2414 | 0.1565 | 0.1366 | 0.0818 5 0.7170 | 72.8777
56.0000 | 0.0804 | 0.9856 | 0.0682 | 0.0682 | 0.1451 | 0.1245 | 0.1903 | 0.1480 | 0.2242 | 0.1602 | 0.2533 | 0.1669 | 0.1045 [ 0.0636 5 0.7314 | 74.2038
57.0000 | 0.0784 | 0.9877 | 0.0683 | 0.0683 | 0.1498 | 0.1296 | 0.1977 | 0.1555 | 0.2340 | 0.1693 | 0.2656 | 0.1772 | 0.0723 [ 0.0446 5 0.7445 | 75.3751
58.0000 | 0.0760 | 0.9902 | 0.0685 | 0.0685 | 0.1546 | 0.1346 | 0.2052 | 0.1629 | 0.2439 | 0.1783 | 0.2782 | 0.1877 | 0.0399 [ 0.0248 5 0.7568 | 76.4245
59.0000 | 0.0735 | 0.9930 | 0.0687 | 0.0687 | 0.1593 | 0.1396 | 0.2127 | 0.1702 | 0.2541 | 0.1873 | 0.2913 | 0.1983 | 0.0069 | 0.0043 5 0.7683 | 77.3773
60.0000 | 0.0706 | 0.9960 | 0.0689 | 0.0689 | 0.1640 | 0.1445 | 0.2203 | 0.1775 | 0.2645 | 0.1964 | 0.2783 | 0.1908 4 0.7780 | 78.1137
61.0000 | 0.0675 | 0.9993 | 0.0691 | 0.0691 | 0.1688 | 0.1493 | 0.2280 | 0.1847 | 0.2752 | 0.2056 | 0.2582 | 0.1782 4 0.7869 | 78.7477
62.0000 | 0.0642 | 1.0029 | 0.0694 | 0.0694 | 0.1736 | 0.1541 | 0.2359 | 0.1921 | 0.2863 | 0.2150 | 0.2378 [ 0.1650 4 0.7955 | 79.3278
63.0000 | 0.0607 | 1.0066 | 0.0696 | 0.0696 | 0.1784 | 0.1589 | 0.2439 | 0.1994 | 0.2978 [ 0.2247 | 0.2170 | 0.1513 4 0.8039 | 79.8638
64.0000 | 0.0570 | 1.0106 | 0.0699 | 0.0699 | 0.1832 | 0.1637 | 0.2521 | 0.2069 | 0.3097 | 0.2346 | 0.1957 | 0.1370 4 0.8122 | 80.3639
65.0000 | 0.0531 | 1.0148 | 0.0702 | 0.0702 | 0.1881 | 0.1685 | 0.2605 | 0.2145 | 0.3221 [ 0.2449 | 0.1739 | 0.1222 4 0.8203 | 80.8345
66.0000 | 0.0490 | 1.0192 | 0.0705 | 0.0705 | 0.1931 | 0.1734 | 0.2691 | 0.2222 | 0.3351 | 0.2556 | 0.1515 | 0.1067 4 0.8284 | 81.2813
67.0000 | 0.0447 | 1.0238 | 0.0708 | 0.0708 | 0.1981 | 0.1783 | 0.2779 | 0.2302 | 0.3487 | 0.2667 | 0.1283 | 0.0906 4 0.8365 | 81.7090
68.0000 | 0.0402 | 1.0286 | 0.0711 | 0.0711 | 0.2032 | 0.1832 | 0.2870 | 0.2383 | 0.3630 | 0.2783 | 0.1042 | 0.0738 4 0.8447 | 82.1215
69.0000 | 0.0356 | 1.0336 | 0.0715 | 0.0715 | 0.2084 | 0.1882 | 0.2965 | 0.2466 | 0.3780 | 0.2905 | 0.0792 | 0.0562 4 0.8529 | 82.5225
70.0000 | 0.0308 | 1.0387 | 0.0718 | 0.0718 | 0.2137 [ 0.1933 | 0.3062 | 0.2552 | 0.3940 [ 0.3033 | 0.0530 | 0.0377 4 0.8613 | 82.9152
71.0000 | 0.0258 | 1.0441 | 0.0722 | 0.0722 | 0.2191 [ 0.1984 | 0.3163 | 0.2640 | 0.4109 [ 0.3169 | 0.0257 | 0.0183 4 0.8698 | 83.3027
72.0000 | 0.0206 | 1.0497 | 0.0726 | 0.0726 | 0.2246 | 0.2036 | 0.3268 | 0.2732 | 0.4257 | 0.3288 3 0.8783 | 83.6702
73.0000 | 0.0152 | 1.0554 | 0.0730 | 0.0730 | 0.2302 | 0.2090 | 0.3377 | 0.2827 | 0.4146 | 0.3207 3 0.8854 | 83.8842
74.0000 | 0.0096 | 1.0614 | 0.0734 | 0.0734 | 0.2360 | 0.2144 | 0.3490 | 0.2926 | 0.4030 | 0.3121 3 0.8926 | 84.0910
75.0000 | 0.0039 | 1.0676 | 0.0738 | 0.0738 | 0.2419 | 0.2200 | 0.3609 | 0.3029 | 0.3910 | 0.3032 3 0.8999 | 84.2917
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Table 2.8. Tabulation of Optical efficiency (normalized with inter-groove spacing)

(ZTX"/S) with varying a angles for material of RI 1.52.

a hs S x° TX° X! Taa? X Ted® X3 Tk x* T X° Ted® x° Tea Ngmax | ZTX" | XTeX/S
46.0000 | 0.0393 | 1.0664 | 0.1108 | 0.1108 | 0.1359 | 0.0875 | 0.1546 | 0.0788 | 0.1694 | 0.0731 | 0.1818 | 0.0685 | 0.1924 | 0.0645 | 0.1215 [ 0.0366 6 0.5200 | 48.7608
47.0000 | 0.0424 | 1.0628 | 0.1105 | 0.1105 | 0.1423 | 0.0996 | 0.1646 | 0.0951 | 0.1820 | 0.0912 | 0.1962 | 0.0874 | 0.2085 | 0.0836 | 0.0587 [ 0.0213 6 0.5888 | 55.3946
48.0000 | 0.0448 | 1.0602 | 0.1102 | 0.1102 | 0.1484 | 0.1098 | 0.1740 | 0.1090 | 0.1936 | 0.1070 | 0.2097 | 0.1041 | 0.2243 | 0.1009 6 0.6410 | 60.4578
49.0000 | 0.0463 | 1.0586 | 0.1100 | 0.1100 | 0.1542 | 0.1186 | 0.1829 | 0.1214 | 0.2048 | 0.1211 | 0.2227 | 0.1191 | 0.1840 | 0.0895 5 0.6797 | 64.2141
50.0000 | 0.0471 | 1.0577 | 0.1099 | 0.1099 | 0.1598 | 0.1266 | 0.1916 | 0.1326 | 0.2156 | 0.1339 | 0.2354 | 0.1328 | 0.1455 | 0.0749 5 0.7107 | 67.1959
51.0000 | 0.0472 | 1.0576 | 0.1099 | 0.1099 | 0.1653 | 0.1339 | 0.2000 | 0.1429 | 0.2262 | 0.1459 | 0.2481 | 0.1457 | 0.1082 | 0.0581 5 0.7363 | 69.6195
52.0000 | 0.0467 | 1.0581 | 0.1100 | 0.1100 | 0.1707 | 0.1407 | 0.2083 | 0.1526 | 0.2367 | 0.1571 | 0.2608 | 0.1579 | 0.0727 | 0.0397 5 0.7579 | 71.6323
53.0000 | 0.0458 | 1.0592 | 0.1101 | 0.1101 | 0.1760 | 0.1472 | 0.2165 | 0.1618 | 0.2473 | 0.1678 | 0.2736 | 0.1697 | 0.0356 | 0.0202 5 0.7768 | 73.3374
54.0000 | 0.0444 | 1.0607 | 0.1103 | 0.1103 | 0.1813 | 0.1534 | 0.2247 | 0.1706 | 0.2580 | 0.1783 | 0.2865 | 0.1810 4 0.7935 | 74.8068
55.0000 | 0.0426 | 1.0627 | 0.1105 | 0.1105 | 0.1866 | 0.1593 | 0.2329 | 0.1791 | 0.2688 | 0.1884 | 0.2639 | 0.1693 4 0.8067 | 75.9152
56.0000 | 0.0404 | 1.0651 | 0.1107 | 0.1107 | 0.1919 | 0.1651 | 0.2412 | 0.1875 | 0.2798 | 0.1985 | 0.2415 | 0.1569 4 0.8188 | 76.8786
57.0000 | 0.0380 | 1.0678 | 0.1110 | 0.1110 | 0.1971 | 0.1708 | 0.2496 | 0.1958 | 0.2911 | 0.2086 | 0.2190 | 0.1438 4 0.8300 | 77.7271
58.0000 | 0.0352 | 1.0709 | 0.1113 | 0.1113 | 0.2024 | 0.1764 | 0.2581 | 0.2040 | 0.3026 | 0.2187 | 0.1964 | 0.1300 4 0.8405 | 78.4841
59.0000 | 0.0322 | 1.0742 | 0.1117 | 0.1117 | 0.2077 | 0.1820 | 0.2667 | 0.2122 | 0.3146 | 0.2289 | 0.1735 | 0.1157 4 0.8504 | 79.1674
60.0000 | 0.0289 | 1.0779 | 0.1120 | 0.1120 | 0.2131 | 0.1874 | 0.2755 | 0.2204 | 0.3269 | 0.2394 | 0.1503 | 0.1008 4 0.8600 | 79.7914
61.0000 | 0.0254 | 1.0818 | 0.1124 | 0.1124 | 0.2185 | 0.1929 | 0.2844 | 0.2286 | 0.3398 | 0.2500 | 0.1266 | 0.0854 4 0.8694 | 80.3675
62.0000 | 0.0216 | 1.0859 | 0.1129 | 0.1129 | 0.2240 | 0.1984 | 0.2936 | 0.2370 | 0.3531 | 0.2610 | 0.1023 | 0.0693 4 0.8786 | 80.9048
63.0000 | 0.0177 | 1.0904 | 0.1133 | 0.1133 | 0.2295 | 0.2039 | 0.3030 | 0.2455 | 0.3670 | 0.2723 | 0.0774 | 0.0526 4 0.8877 | 81.4108
64.0000 | 0.0135 | 1.0950 | 0.1138 | 0.1138 | 0.2352 | 0.2094 | 0.3127 | 0.2541 | 0.3816 | 0.2841 | 0.0517 | 0.0353 4 0.8967 | 81.8918
65.0000 | 0.0091 | 1.0999 | 0.1143 | 0.1143 | 0.2409 | 0.2150 | 0.3227 | 0.2630 | 0.3969 | 0.2964 | 0.0250 | 0.0171 4 0.9058 | 82.3532
66.0000 0.1149 | 0.1149 | 0.2467 | 0.2206 | 0.3330 | 0.2721 | 0.4104 | 0.3072 3 0.9148 | 82.7845

0.1154 | 0.1154 | 0.2525 | 0.2262 | 0.3436 | 0.2813 | 0.3985 | 0.2990 3 0.9219 | 83.0569
68.0000 0.1154 | 0.1154 | 0.2573 | 0.2309 | 0.3528 | 0.2895 | 0.3845 | 0.2891 3 0.9248 | 83.3150
69.0000 0.1154 | 0.1154 | 0.2621 | 0.2355 | 0.3624 | 0.2978 | 0.3702 | 0.2788 3 0.9275 | 83.5611
70.0000 0.1154 | 0.1154 | 0.2669 | 0.2401 | 0.3722 | 0.3064 | 0.3556 | 0.2683 3 0.9301 | 83.7972
71.0000 0.1154 | 0.1154 | 0.2717 | 0.2448 | 0.3823 | 0.3152 | 0.3406 | 0.2573 3 0.9326 | 84.0250
72.0000 0.1154 | 0.1154 | 0.2766 | 0.2495 | 0.3927 | 0.3242 | 0.3252 | 0.2460 3 0.9351 | 84.2460
73.0000 0.1154 | 0.1154 | 0.2816 | 0.2542 | 0.4036 | 0.3336 | 0.3094 | 0.2344 3 0.9375 | 84.4614

0.1154 | 0.1154 | 0.2866 | 0.2590 | 0.4149 | 0.3433 | 0.2931 | 0.2222 3 0.9398 | 84.6723
75.0000 0.1154 | 0.1154 | 0.2917 | 0.2638 | 0.4266 | 0.3533 | 0.2763 | 0.2096 3 0.9421 | 84.8795
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Table 2.9. Tabulation of Optical efficiency (normalized with inter-groove spacing)

(ZTcX"/S) with varying a angles for material of RI 1.58.

a hs X° TX° X! TeX X2 TeX X TeX® x4 TeaoX! X2 TesX | Nemax | ITX" | ITX/S
44.0000 0.2062 | 0.2062 | 0.2218 | 0.1450 | 0.2365 | 0.1220 | 0.2493 | 0.1079 | 0.2604 | 0.0974 | 0.0169 | 0.0055 5 0.6839 | 57.4227
45.0000 0.2062 | 0.2062 | 0.2288 | 0.1614 | 0.2476 | 0.1430 | 0.2632 | 0.1307 | 0.2453 | 0.1069 4 0.7481 | 62.8099
46.0000 0.2062 | 0.2062 | 0.2355 | 0.1747 | 0.2580 | 0.1607 | 0.2764 | 0.1501 | 0.2150 | 0.1034 4 0.7951 | 66.7562
47.0000 0.2062 | 0.2062 | 0.2419 | 0.1860 | 0.2680 | 0.1760 | 0.2891 | 0.1671 | 0.1858 | 0.0957 4 0.8311 | 69.7777
48.0000 0.2062 | 0.2062 | 0.2481 | 0.1960 | 0.2777 | 0.1896 | 0.3016 | 0.1824 | 0.1576 | 0.0853 4 0.8594 | 72.1564
49.0000 0.2062 | 0.2062 | 0.2541 | 0.2049 | 0.2872 | 0.2019 | 0.3138 | 0.1964 | 0.1298 | 0.0729 4 0.8823 | 74.0750
50.0000 0.2062 | 0.2062 | 0.2599 | 0.2131 | 0.2965 | 0.2133 | 0.3260 | 0.2094 | 0.1025 | 0.0592 4 0.9011 | 75.6563
51.0000 0.2062 | 0.2062 | 0.2657 | 0.2207 | 0.3057 | 0.2239 | 0.3381 | 0.2217 | 0.0754 | 0.0444 4 0.9170 | 76.9854
52.0000 0.2062 | 0.2062 | 0.2713 | 0.2278 | 0.3148 | 0.2340 | 0.3504 | 0.2336 | 0.0483 | 0.0290 4 0.9305 | 78.1228
53.0000 0.2062 | 0.2062 | 0.2769 | 0.2345 | 0.3240 | 0.2437 | 0.3628 | 0.2451 | 0.0212 | 0.0129 4 0.9423 | 79.1125
54,0000 0.2062 | 0.2062 | 0.2824 | 0.2409 | 0.3331 | 0.2530 | 0.3694 | 0.2522 3 0.9523 | 79.9524
55.0000 0.2062 | 0.2062 | 0.2879 | 0.2471 | 0.3423 | 0.2621 | 0.3547 | 0.2444 3 0.9598 | 80.5787
56.0000 0.2062 | 0.2062 | 0.2933 | 0.2531 | 0.3515 | 0.2711 | 0.3400 | 0.2360 3 0.9663 | 81.1296
57.0000 0.2062 | 0.2062 | 0.2988 | 0.2589 | 0.3609 | 0.2799 | 0.3253 | 0.2272 3 0.9721 | 81.6196
58.0000 0.2062 | 0.2062 | 0.3042 | 0.2646 | 0.3703 | 0.2887 | 0.3104 | 0.2179 3 0.9774 | 82.0601
59.0000 0.2062 | 0.2062 | 0.3096 | 0.2702 | 0.3799 | 0.2975 | 0.2954 | 0.2083 3 0.9822 | 82.4603
60.0000 0.2062 | 0.2062 | 0.3150 | 0.2757 | 0.3898 | 0.3063 | 0.2802 | 0.1984 3 0.9865 | 82.8275
61.0000 0.2062 | 0.2062 | 0.3204 | 0.2812 | 0.3998 | 0.3152 | 0.2648 | 0.1881 3 0.9906 | 83.1677
62.0000 0.2062 | 0.2062 | 0.3258 | 0.2866 | 0.4100 | 0.3241 | 0.2491 | 0.1775 3 0.9944 | 83.4856
63.0000 0.2062 | 0.2062 | 0.3313 | 0.2920 | 0.4205 | 0.3333 | 0.2331 | 0.1665 3 0.9979 | 83.7853
64.0000 0.2062 | 0.2062 | 0.3368 | 0.2974 | 0.4313 | 0.3426 | 0.2168 | 0.1552 3 1.0013 | 84.0703
65.0000 0.2062 | 0.2062 | 0.3423 | 0.3028 | 0.4425 | 0.3521 | 0.2001 | 0.1435 3 1.0046 | 84.3433
66.0000 0.2062 | 0.2062 | 0.3479 | 0.3082 | 0.4540 | 0.3619 | 0.1830 | 0.1315 3 1.0077 | 84.6067
67.0000 0.2062 | 0.2062 | 0.3536 | 0.3136 | 0.4659 | 0.3720 | 0.1654 | 0.1190 3 1.0108 | 84.8626
68.0000 0.2062 | 0.2062 | 0.3593 | 0.3191 | 0.4783 | 0.3824 | 0.1473 | 0.1061 3 1.0138 | 85.1130
69.0000 0.2062 | 0.2062 | 0.3652 | 0.3246 | 0.4911 | 0.3932 | 0.1286 | 0.0928 3 1.0167 | 85.3594
70.0000 0.2062 | 0.2062 | 0.3711 | 0.3302 | 0.5046 | 0.4044 | 0.1093 | 0.0789 3 1.0196 | 85.6033
71.0000 0.2062 | 0.2062 | 0.3771 | 0.3358 | 0.5186 | 0.4160 | 0.0892 | 0.0645 3 1.0225 | 85.8463
72.0000 0.2062 | 0.2062 | 0.3832 | 0.3415 | 0.5333 | 0.4282 | 0.0684 | 0.0495 3 1.0254 | 86.0899
73.0000 0.2062 | 0.2062 | 0.3894 | 0.3474 | 0.5487 | 0.4410 | 0.0467 | 0.0338 3 1.0283 | 86.3359
74.0000 0.2062 | 0.2062 | 0.3958 | 0.3533 | 0.5650 | 0.4545 | 0.0241 | 0.0174 3 1.0313 | 86.5861
75.0000 0.2062 | 0.2062 | 0.4023 | 0.3593 | 0.5823 | 0.4686 | 0.0004 | 0.0003 3 1.0344 | 86.8434
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Figure 2.18. a) Optical efficiency of typical grooves (i.e., initial grooves with maximum

possible refraction) vs a plot for different materials (RI: 1.49, 1.52, and 1.58); b) Final

concentration vs a based on the Optical efficiency of typical grooves for the different

materials.
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2.5 Conclusions

A novel waveguide-based PLC optics design has been introduced in this chapter. The
design constitutes an array of skewed V-groove optics patterns in an optics slab, which
creates a unidirectional light transport to its lateral side. The design can be employed as an

optics solution, which is:

1) Non-sequential

2) Single-elemental

3) Translatable to both longitudinal (for better solar acceptance) and radial (for
medium concentration) designs (detailed in Chapter 4)

4) Manufactured with an industrial production route

The detailed mechanism of light transport and its mathematical model have been developed
in this chapter. The mathematical model helps in understanding the different parameters
and variables of SV-PLC optics. The model constitutes the base for simulation studies, as
there are a lot of parameters to be studied and optimized before developing the simulation
models. Detailed derivation and optimization have been conducted for the different
parameters. Finally, the effectiveness (i.e., the OE and FC) of the SV-PLC design has been
predicted with the present mathematical model of a single groove.
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3 Fabrication methods of Skewed V-groove based Planar Light
Concentrator Optics

3.1 Abstract

Optics manufacturing has been translated from conventional glass material to lightweight
polymer materials, due to the high flexibility offered in the manufacturing, ease, and cost
of manufacturing, and enhanced production rates. Compared to the fragility of glass,
polymer materials can be made adaptable for SV-PLC optics manufacturing, which is
composed of an array of grooved structures. The present chapter discusses the
manufacturing possibilities of SV-PLC optics in transparent polymer materials. Three
different methods have been adopted for the fabrication of SV-PLC optics in levels of rapid
prototyping up to industrial manufacturing. The optics design validation has been
conducted with a rapid prototyping method of laser machining in PMMA plates. The
limitations of lower cutting depth and thermal deformation with laser machining make the
process utilizable for initial optical validation. Further, large-area prototypes have been
developed with SLA 3D printing in optically transparent resin. Finally, the injection
molding technique was adopted as a large-scale manufacturing method of SV-PLC optics.
The different fabrication routes are explained in detail, drawing out the limitations and
advantages of the same for the SV-PLC optics. The workflow in the chapter is illustrated

in the flow chart below.

SV-PLC Fabrication

l l

Rapid Prototyping Large area prototyping Industrial manufacturing
Laser machining 3D Printing Injection molding

3.2 Introduction

Optics manufacturing is highly complex due to the requirement for high dimensional
precision, surface quality, and sustenance of material properties during the selected
manufacturing process [111, 112]. Optics elements can be manufactured predominantly
with three methods: 1) Machining [113. 114], 2) Additive manufacturing [115, 116], and
3) Molding and forging [117-119]. Additionally, surface improvements are attained with
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polishing and coating techniques [120-123]. Conventional machining process, such as
cutting and grinding, often involves ultra-fine polishing of optical surfaces using machining
or chemical methods. The processes have been more advanced recently, especially for
custom applications such as the fabrication of spectacle glasses, with computer-controlled
grinding [124]. Machining with methods like laser cutting has recently been more widely
used for rapid prototyping or precise fabrication in optics materials such as PMMA [125,
126]. Additive manufacturing recently evolved to incorporate more optical fabrication,
with more emphasis on the development of material libraries and precise machine
capabilities [127-129]. Molding in glass optics is conventionally carried out through hot
pressing for optics manufacturing [130], especially for lenses and mirror profiles.
Nowadays, methods like hot embossing [131] and injection molding [132] in polymer

optics materials are widely adopted if mass production is a requirement.

Apart from the manufacturing process, the selection of optics material is crucial when the
requirements are critical with the combination of precision, optical properties such as
transparency and refractive index (RI), mechanical and material stability under the
operating or manufacturing conditions, additional functional requirements such as the need
for additional optical coatings, etc. Glass material is often adopted for their advantage of
material stability and less interaction with harsh environments, making it a better option as
optical components for precision instruments or requirement under harsh conditions.
However, for mass manufacturing or if the lifespan required is less (such as optics for
spectacles), polymer materials are nowadays mostly used due to less sophistication and cost
in manufacturing. Compared to glass, it is easier to achieve complex designs using injection
molding of polymers such as PMMA or PC due to their high flowability and process
flexibility. Recently, innovative approaches such as injection molding and 3D printing in
silica glass material have been achieved through a glass powder and organic binder mix
optics matrix [133]. This can provide huge potential in optics manufacturing of complex
features in glass. The technology offers a very high surface finish (~3 nm) and transparency
(~ 92%), which is very much comparable to optical glasses. However, the manufacturing
process needs optimization and reproducibility for a large-scale optics manufacturing
process [129]. The surface finish and optical clarity depend on the method of fabrication;
for example, 3D techniques can suffer from less transparency and surface finish compared

to injection molding. Also, the process has an additional step of sintering compared to
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injection molding, increasing the cost of fabrication. Table 3.1 shows the general

comparison of glass and polymer materials for optics fabrication [134].

Table 3.1. General comparison of glass and polymer materials for optics fabrication.

Properties

Material comparison for SV-PLC optics

Light
transmittance

Compared to standard optical N-BK7 crown glass which has high
transmittance of 91.6% polymers also shows similar transmittance
values, such as PMMA (around 92%), PC (85-91%), Polystyrene
(PS, 87-92%), Cyclic Olefin Copolymer (COC, around 92%),
Cyclic Olefin Polymer (COP, around 92%) (data for material
thickness of 3.2 mm). A high transmittance value is required for SV-
PLC optics to reduce the light absorbance within the optics matrix.

RI

Crown glass: 1.51 - 1.52; polymer optics materials are available in
varied RI, such as PMMA: 1.49, PC: 1.58 — 1.59, PS: 1.58 — 1.6,
COC: 1.52-1.54,COP: 1.52 —1.53. Any RI material can be utilized
for SV-PLC optics, and the design parameters will be changed
accordingly.

Abbe number

Crown glass matrix has a high Abbe number of 64, compared to
polymer materials. PMMA, COC, and COP show a better Abbe
number of 56 compared to PC and PS (30 and 31, respectively). A
higher Abbe number yields low light dispersion, which is beneficial
for any optical system. Parameter designs should be fixed
accordingly, such that the functionality of SV-PLC should not be
sabotaged.

Thermal Glass is superior to polymer materials in terms of the coefficient of

expansion linear thermal expansion. For glass, it is around 0.7 °C, and for

coefficient polymers, it is around 7 °C. A lower thermal expansion material
has a better dimensional stability and fixed optical properties (such
as R1), which is beneficial for any optical system, especially for high
temperature applications.

Mechanical Glass matrices generally have higher tensile strength, however,

properties polymers have better flexibility, lower density, high impact

resistance, and ease of processing. Material flexibility is of utmost
importance for SV-PLC fabrication due to their intricate shape.

Design flexibility

Polymer materials offer high and complex design flexibility
compared to glass due to the process flexibility and material
advantage. This is important for SV-PLC fabrication due to their
complex design

Cost

Polymer materials like PMMA, PC, and PS offer both process
(requiring only low-temperature processes such as injection
molding) and material cost-effectiveness compared to glass.
Compared to PMMA, PC, and PS, COP and COC are more
expensive.
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Even though glass matrix offers better durability, thermal resistance, and optical properties
such as Abbe number, herein, the fabrication of SV-PLC optics has been explored in
polymer materials, since the geometry of a skewed V-groove is difficult to achieve and
preserve in brittle materials such as glass. In addition, the material and processes involved
in polymer manufacturing are flexible and much cheaper [135]. The techniques adopted are
laser machining, 3D printing, and injection molding, which are elaborated in the following
sections. Materials have been selected with similar Rl to compare the different processes.
PMMA (for laser machining and injection molding) and similar Rl materials (for 3D
printing) have been opted for the fabrication due to their superior optical properties,
including transmittance and Abbe number. Even though polymer materials provide better
design and manufacturing flexibility, over time, UV degradation in the material happens,
which can reduce the mechanical (tensile strength) and optical performance (transmittance)
[136, 137]. However, commercially, UV-stabilizing additives or UV-protection coatings

are used to extend the impact caused by UV-degradation in polymer materials.

3.2.1 Laser Cutting

Laser cutting is a non-contact thermal machining method, where a high-power focused laser
is traversed in an input path to get the desired cut in a material. When a laser beam hits the
material, it melts and penetrates through it. The laser is then allowed to move through the
desired pattern, making the material melt or vaporize, creating the separation of material
through the cut. Since the process depends only on the thermal capacity of the material,
rather than any other properties like electrical conductivity, laser cutting has been used for
wide applicability in both organic and inorganic materials. Compared to conventional
mechanical cutting processes, the Kerf width (amount of material removed) is minimal with
laser machining [138]. With laser cutting, the requirement of post-processing is very
minimal in most cases. For generally used applications such as cutting metals, plastics, or
leather, the process yields high surface quality, smaller heat-affected zones, and high
flexibility in designs in the vertical direction. However, for cutting materials such as
PMMA for optical applications, the effects produced must be carefully observed according
to the application [139, 140].

Figure 3.1 shows the schematic of the laser cutting process. A high-power laser generated
in the laser resonator is focused through a lens on the material to be machined through a

single or a series of mirrors placed in the focusing head. The laser is supplied coaxially
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with the laser through the nozzle to support the machining process. The workpiece is
positioned according to the focal length of the lens used, as it can provide maximum energy

density at the laser spot.

Laser

Resonator

Laser Focusing

Head —— B = > Focusing _
lens
Laser Gas §
Focal
Nozzle -+ Focussed  |ength |
- laser |
v

Figure 3.1. Schematic of a laser cutting process.

For smooth machining and better surface finish, it is important to set the parameters of
operating laser machining according to the material and its thickness [141]. The parameters

that control the laser-cutting process are:

1) Laser Power (P): Laser power refers to the total energy of the emitted laser per
second. Power is an important parameter because it defines the energy for the operation,
and thus, how deep the cutting process will be. Different laser systems provide different
power ratings. Optical materials like PMMA require a higher energy compared to wood. A
higher frequency system can provide even energy distribution in the material, which can
create even melting of edges, making it smooth and clear. The laser system can be in
continuous or pulsed mode. Pulsed lasers can provide higher energy than continuous ones,
as they can accumulate energy for a period. Thus, it can create a finer machining surface.

2) Laser wavelength (1): The wavelength, i.e., the type of laser, determines the range
of material that can be used for a particular machine. The material absorption and
reflectivity are the determining factors for the selection of a laser. Even though laser
systems such as neodymium: yttrium aluminium garnet (Nd:Y AG lasers) or fiber lasers are

available in the market, the most commonly used system is continuous wave CO; lasers
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(wavelength of 10.6um) since it has more material coverage (with its wavelength range),
relatively better beam quality with the high power rating, and fewer maintenance issues.
3) Laser spot size (¢): Laser spot size is the direct indication of the power of the laser,
i.e., how concentrated the laser light is falling on the workpiece. Finally, the Laser power
must be balanced with the spot size to achieve the right energy density to make the
machining process in a given material of a specific thickness. The spot size is also an
indication of the minimum Kerf width, and it defines the resolution of machining. For a

laser beam of wavelength A, lens focal length f, and beam diameter D,
Mz
6=1.27fA - (Rayleigh criterion) [138],

Where M? is the beam quality factor, which is the degree of beam variation from the ideal
Gaussian beam. Even though focal length is inversely proportional to the spot size, a focal
length shorter than 50 mm is not used, as it can cause lens damage due to the temperature.

4) Depth of focus (DOF):

Depth of focus is another important factor to be considered when cutting thicker materials.
It is calculated as the distance between the converging and diverging points of the laser,
where the size of the laser is 1.4 times that of the minimal spot size, as shown in Figure 3.2.

DOF =2.52. (&) [24]
Hence, for larger DOF, longer focal length lenses are required. However, to create higher
laser power, it may require a large area light collection, which increases the lens size, hence
the cost. The point of focus of the laser is kept nearer to the middle of the workpiece to

reduce the Kerf width and ensure uniformity of the cut throughout the depth.
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Figure 3.2. Schematic of a pointed laser beam in laser cutting, showing the depth of focus.
5) Laser speed (S):

The speed of the laser travel (i.e., distance travelled per time) is another important factor
that determines the quality and efficiency of the laser cutting. The speed required for a
machining process is related to the power of the laser and the thickness of the sample to be
machined. The speed is proportional to the power, i.e., the higher the power of the laser,
the working speed can be increased. The speed is also inversely proportional to the

thickness of the sample, i.e., the working speed should be reduced for thicker materials.
S o [24]

where S is the speed of traverse of the laser, P is the power, and t is the thickness of the

workpiece.

In a nutshell, for cutting material of thickness t, the higher the power of the laser, the lower
the speed required, and vice versa. When the speed is kept higher than the optimized value,
cutting ridges may appear on the faces. Also, when the speed is kept lower than the
optimized value, burning or irregularities due to the larger heat-affected zone prevail on the
cuts. This can also create increased kerf width due to the larger material vaporization zone

occurring due to the lower speed.
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6) Pulses per inch (PPI) (or Frequency): PPI is the number of times the laser will make
a pulse within a distance of laser travel. If the PPI is kept higher, it will make more
overlapping of laser cuts, hence providing a smoother finish. However, if the PPI is much

larger, it can cause melting, irregularities, and charring in the material.

The optimization of the mentioned laser parameters should be effectively carried out for a
material with a specific thickness to receive a high dimensional accuracy and surface finish
of the cut. For intricate shapes that have patterns or cutting lines adjacent to each other,

extra care must be taken to maintain dimensional accuracy.

3.2.2 3D Printing

Unlike other fabrication methods, the 3D printing method offers very high flexibility for
design customization without any additional cost [142]. Traditional optics manufacturing
methods, like grinding and polishing, do not offer applicability in complex and intricate
shapes or profiles. The 3D printing technology paves its way to mitigate this limitation and
can be used to fabricate complex shapes with decent precision and efficiency [143, 144].
Considering the cost and time of optics fabrication with conventional methods, 3D printing
can be best utilized as a rapid prototyping solution to check and validate the optics designs.
Apart from that, the material library provided for 3D printing can produce application-
oriented optics parts to create compact and lightweight systems [145, 146]. However, the
possibilities of mass production have also been recently explored more with this additive
manufacturing technology [147]. Although comparing the cost of fabrication (higher
material cost) for mass production with conventional methods like injection molding, 3D
printing will be well suited for customization applications, such as the development of

eyeglasses.

For optics manufacturing, the following class of methods of 3D printing can be adopted for

manufacturing transparent parts.

1) Fused Deposition Modelling (FDM): It is a method of 2D layering technique, where
materials are melted and made into 2D layers to create a 3D model. Thermosetting polymer
materials in filament or pellet forms are generally used for this. Common optical materials
include Polylactic acid (PLA), PMMA, PC, etc. The polymer filament is forced through a
heated nozzle, which melts and is transferred to a platform. The nozzle moves according to
the geometry input, where the 2D layers are deposited layer by layer to create the 3D

geometry. The layers get bonded through fusion in their melted state. The size of the nozzle
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determines the layer dimension, which will be visible in the final fabricated part. This
additive manufacturing technique requires post-processing to acquire any desired surface
finish, essential for any optic parts.

2) Vat Polymerization: This is a class of techniques that utilize the polymerization of
a photopolymer, layer by layer, to create the final 3D geometry. Ultraviolet (UV) light is
used for polymerization, which can be a laser light source (a process termed
Stereolithography (SLA)), or a projection system using Light Emitting Diodes (LEDs) (a
process termed Digital Light Processing (DLP)). SLA makes rastering of the light source
to create layers of polymerization, whereas the DLP technique uses a digital light projector
to project sectional layers, making a faster 3D printing process. Generally, SLA printing
has better resolution compared to DLP due to the large area configuration limitation of
DLP. Vat polymerization can provide a higher surface finish and accuracy compared to the
FDM technique, since it creates a continuous line of cured material, making it smoother.
The provision of material selection is limited with vat polymerization, compared to the
FDM technique, as the latter involves only direct heating. Many advancements are going
on in this technique. One such example is the utilization of a ceramic (amorphous silica)
slurry to polymerize and subsequently sinter to create a glass 3D printed part [133].

3) Selective Laser Sintering (SLS): This process involves a laser source to melt and
fuse powder material in the form of layers to create the final 3D geometry. Optic ceramic
material glass can be easily 3D printed with the SLS technique. Even though intricate
shapes can be manufactured with a better finish compared to the FDM technique, the

surface finish is inferior to vat polymerization techniques.

Table 3.2 shows the performance comparison of different 3D printing techniques, drawing
their applicability in optics manufacturing [148]. From this general comparison, it is
evident that the SLA technique has more advantages in optics parts manufacturing, because
of its better resolution and surface finish, which is a prerequisite for the SV-PLC

fabrication.
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Table 3.2. Table of comparison of the performance of different 3D printing technologies
[148].

3D Printing FDM SLA SLS
Technique
Accuracy Better Best Best
Resolution Average Best Better
Surface Finish Average Best Better
Design flexibility Average Better Best

3.2.2.1 Stereolithography (SLA)

The SLA technique uses a UV laser to cure transparent liquid resin layer by layer to create
the required optical part. The method is abstracted in Figure 3.3. The part to be fabricated
is built upon a mobile platform, where the platform will be moved vertically with a
resolution. Compared to other commonly used additive manufacturing technologies like
FDM, SLA produces better accuracy, surface finish, and precision. This can be attributed
to the resolution of layer thickness, which depends on the fineness of the vertical movement
of the stage. Generally, machines capable of producing a fine layer thickness of 50 to 150
um are used, however, precise machines use layer thickness in the range of 10 um.
Nowadays, microstereolithography techniques are also emerging, which can provide
resolution up to 2 um. The layer thickness also determines the printing speed in SLA, i.e.,
it is proportional to each other [149]. Laser spot size is another important factor that matters
for very fine shapes and patterns. Apart from the resolution of vertical movement and laser
spot size, the laser power and laser exposure time (i.e., the printing speed) are other factors
that affect the quality of the final product [150]. The increase in printing speed lowers the
exposure time, which may result in incomplete curing. However, reducing speed to a very
minimal level may result in excessive polymerization. The resin material is also a
dependent factor for the polymerization rate and depth of polymerization. Hence, an optical
condition should be assigned to the process to get parts with good surface finish,
dimensional accuracy, and material stability. Secondary UV treatment as a post-processing
method is also employed after the 3D printing to avoid the possibility of incomplete

polymerization.
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Figure 3.3. Schematic of SLA 3D printing.

3.2.3 Injection molding

For any product innovation to bloom, the efficient production feasibility should coincide
with the innovation. For easy reachability in the market, the product should be adaptable to
any current mass production routes. Injection molding is the most widely adopted efficient
plastic manufacturing technique when considering the production rate and capacity of the
mold. The utilization of injection molding can be extensively adopted for applications that
require optical materials. This can replace conventional glass manufacturing techniques in

many applications, which are tedious, expensive, and energy-consuming.

In operation, the injection molding technique involves the introduction of material in a
molten plastic state/ liquid state into the mold under pressure, where it is allowed to cool/
cure, and harden. The schematic of the injection molding machine is shown in Figure 3.4.
For thermosetting plastic optics materials such as PMMA or PC, the granules of the
polymer are initially fed to a hopper and passed through a heated barrel through the rotary
motion of the screw inside the barrel. The material is converted to its plastic state, and then
it is forced into the mold under pressure to fill the mold cavity. The filled material is then
allowed to cool under controlled conditions, which is dependent on the material properties.
The mold is then opened, and the sample is ejected from the mold cavity. The clamping
unit in the injection molding machine closes the mold during the injection and subsequent

cooling process.
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Figure 3.4. Schematic of an injection molding machine.

Setting the parameters of injection molding is crucial in obtaining a consistent, flaw-free
end product [151, 152]. The mold temperature, barrel temperature, injection pressure, and
clamping pressure are all fixed according to the material in use. For example, PMMA
material has a melting point above 160°C and starts the degradation process above 220°C.
Hence, the window of operation should be set between these temperature limits. If the
product to be molded has intricate shapes or thin walls, the material can be heated to higher
temperature points, which increases the flowability of the material. However, for optical
applications, the temperature should be adjusted such that there will not be any
discoloration or material degradation. For PMMA, the injection pressure should be kept
considerably high (typically 80 to 120 MPa), since PMMA has poor flowability and high
melt viscosity. Maintaining high injection pressure properly fills the cavity and provides
the strength and optical clarity for the final product. However, excessive pressure may
create stress marks in the product and reduce the life of the mold. The holding pressure is
usually kept between 40-60 MPa to withstand the injection pressure and avoid flashing,
and is usually kept at 50-65% of the injection pressure. Maintaining this pressure is crucial
to avoid sink marks (depression in the final product) and to create uniform weight and
dimensions. The holding pressure is determined according to the complexity and size of
the part and the injection pressure.

Mold temperature is another important process factor, especially for the production of
optical parts, as it is connected with the cooling and solidification of the parts. The surface

finish and dimensional stability of the molded parts are critically affected by the cooling
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rate provided by the mold section. For materials like PMMA that cool quickly, the mold
temperature is usually kept raised to 40°C - 80°C to avoid the shrinkage stress occurring in
the rapid cooling, which affects the optical clarity, dimensional uniformity, and surface
finish of the final product. Also, materials with a high shrinkage rate need higher cooling
time to reduce the defects occurring in the final part, hence, proper temperature control
should be maintained in the mold.

Apart from pressure and temperature, injection speed is another important parameter to be
checked for the injection molding process. It affects the surface quality and final product
stability. An optimal speed should be maintained for this. If the speed is too low, there will
be partial solidification before the complete filling of the mold, leading to defects and
instability. Too high a speed can create stress in the mold and may create warping and other

surface defects.

3.3 Materials & Methods

The fabrication of SV-PLC optics has been conducted on three levels: 1) Initial validation
of the optics design by rapid prototyping using the laser cutting process; 2) Prototype
validation using the 3D printing technique (direct 3D printing and solution casting with 3D
printed mold); 3) Industrial-scale injection molding process. The materials and methods of

fabrication are described below.
3.3.1 Laser Cutting
3.3.1.1 Machine details

The equipment employed was the Trotec Speedy 100 CO: laser machine (machining
conducted at Fab Lab Kerala in Technopark, Thiruvananthapuram). The machine

specifications are listed in Table 3.3.

Table 3.3. Specifications of the laser cutting machine.

Specification Description

Working area 610 mm X 305 mm

Maximum height of the workpiece 157 mm with a 2-inch lens

Accuracy + 15 um
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Laser system Air-cooled class 2 CO> laser
(laser wavelength: 10.6 um)

Laser power 60 W
Laser Pointer size 120 um
Software interface Job Control™ Expert

3.3.1.2 Material details

Commercially available cast PMMA sheets (brand: Gujpol-S) with an RI of 1.49 at 589 nm
and a visible transmittance of 92% (for 3 mm thickness) were used for the laser cutting.
The thickness of the PMMA sheet is limited to 8 mm according to the capacity of the
machine to provide a satisfactory cut (without obliqueness and many surface irregularities)

for the design.

3.3.1.3 Method details

18 mm

Laser Pointer

PMMA sheet BN

I
Figure 3.5. Schematic showing the method of fabrication of SV-PLC optics using laser

machining

The schematic of laser cutting is as shown in Figure 3.5, where a laser pointer is used to
cut through the material (8 mm thick PMMA sheet; size: 610 mm X 305 mm) in the SV-
PLC pattern. The design parameters were set as follows: 0 to 43°, a to 49°, H to 10 mm.
To improve the profile cut by the laser, the h value was increased to 4 mm. This adjustment
compensates for any local heat zones that can cause material softening and deformation
during machining [140]. The vector drawing of the design was fed into the TROTEC
JobControl X software. The parameters were fixed with the software by the trial-and-error
method to get a better finish with a straight and single cut. The optimized parameters for

the process include:
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1) Laser head speed of 15 mm/s
2) Laser power setting to maximum (60 W)
3) Laser pulses per inch (PPI) of 500

Once the 8mm width SV-PLC pieces were cut, they were cleaned with a water jet for any
residual removal, dried, and stacked together with Sylgard 184 optical sealant for final
visual inspection. The machined parts were then inspected using a Carson MM-380

microscope with 20X magnification to check for cut angles, defects, and finish.

3.3.2 3D Printing
3.3.2.1 Machine details

From the background study conducted in the Introduction section, SLA 3D printing can be
considered the best solution for getting higher accuracy, surface finish, and resolution.
Herein, SLA 3D printing fabrication has been carried out in the Magform SL-600 machine
(3D printing carried out at Quick Parts Solutions Pvt. Ltd., Mumbai). The machine

specifications are listed in Table 3.4.

Table 3.4. Magform SL-600 3D printer machine specifications.

Specification Description
Working size 600 mm X 600 mm X 400 mm
Accuracy 0.1 mm (for length < 100 mm)

0.001 X L mm (for length > 100 mm)
*Accuracy is dependent on other conditions like post-
processing, geometry, size, resin material, and other

machine parameters.

X-Y Resolution 25 um

Layer thickness 50 — 150 pm

Laser system Solid-state frequency tripled Nd:YVO4 (355 nm)

Software interface Magforms iBuild 2.0
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3.3.2.2 Material details

For any optical 3D printing material, its properties in the final prototype must be
comparable to those of PMMA (as a benchmark). Herein, Magforms Crysplus 1801 is
selected as the SLA photopolymer resin for the optics 3D printing. The properties of the

resin are listed in Table 3.5 in comparison with a standard cast PMMA sheet (Gujpol-S):

Table 3.5. Comparison of properties of Crysplus 1801 3D printer resin with a commercially
available PMMA sheet.

Properties Crysplus 1801 PMMA (Gujpol S)
Transparency 90.8% 92%
Tensile strength 48 Mpa 55.9-74.5 Mpa
Elongation at break 12% 2-7T%
Water absorption 0.48% 0.3%
Heat Distortion Temperature 52 °C 100 °C

The heat distortion temperature of Crysplus 1801 is far inferior to that of the standard
PMMA sheet, thus, the operation temperature should be below that point. Apart from that,
Crysplus 1801 has additional advantages such that it is less viscous (200 cps) and creates
no bubbles upon the printed part. The RI of Crysplus 1801 is similar to that of PMMA (~
1.49). The composition of Crysplus 1801 is described in Table 3.6.

Table 3.6. Composition of Crysplus 1801 3D printer resin.

Chemical Name CAS-No. Concentration
(%)

Cyclohexanol, 4,4-(1-methylethylidene)bis- 0583-72-3 10-60%
,polymer with (chloromethyl)oxirane
3.4-Epoxycyclohexanemethyl-3',4'- 2386-87-0 5-30%
epoxycyclohexylcarboxylate
3-Ethyl-3-oxetanemethanol 3047-32-3 5-30%
Polyols(polyether triols) 9003-11-6 0.1-10%
Propylene carbonate 108-32-7 0.1-10%
Photoinitiator(the mixture of benzophenone and | 947-193 1-10%
hexafluorophosphate) & 68156-13-8
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3.3.2.3 Method details

The 3D printing of SV-PLC has been carried out with two methods:
Method 1: Direct 3D printing of the SV-PLC

Method 2: Converting SV-PLC into several individual elements to conduct efficient post-

processing after 3D printing.

Figure 3.6 shows the illustration of method 1 and method 2 of 3D printing of SV-PLC.
Method 1 involves the complete PLC design 3D printed as a single entity. Method 2
involves converting an SV-PLC design to multiple individual geometries (marked from 1
to 9 in Figure 3.6). Individual elements are then optically joined together with Sylgard 184

optical sealant to receive the final SV-PLC optics.

Method 1

Method 2

(1
® © 0 6 6 0 6 ©

Figure 3.6. Schematic of 3D printing of SV-PLC optics through Method 1 and Method 2.

The steps of 3D printing carried out are described in the flow chart below (Figure 3.7). The
parts to be printed (whole SV-PLC design for method 1 and split parts for method 2) were
designed, and the Stl files were uploaded to the Magforms iBuild 2.0 software. The parts
were 3D printed in the Magforms SL 600 printer from the Crysplus 1801 resin bath with a

laser speed of 5800 mm per second. The printed parts were then cleaned properly using
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isopropyl alcohol (IPA) to remove the residual uncured resin from the surface. An
additional 20 minutes of curing was also provided in the Magforms PCA 600 post-
processing unit for the printed parts to complete the polymerization. The 3D-printed parts
were then taken to improve the surface finish with polishing and subsequent lacquer
coating. Polishing was carried out to remove the support marks and scratches from the part
surfaces with different grit sizes (the polishing method starts with grit sizes 320, 400,600,
and 800 and ends with 2000 grit size for a better finish). Finally, lacquer coating was carried
out with ESDEE Deco lacquer, and subsequently buffed to make the surface more
transparent and glossy. Compared to other surface finishing methods like chemical
polishing, coating techniques can yield better surface finish and optical clarity and surface
finish [153, 154].
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Figure 3.7. Flow chart representation of steps in 3D printing of SV-PLC optics through

Method 1 and Method 2.
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3.3.3 Injection molding
3.3.3.1 Machine details

The SV-PLC optics have been fabricated through injection molding in the PMMA matrix
(Acrypet VH of Mitsubishi Rayon Co. Ltd.), due to its better optical properties (92% visible
transmittance with Rl 1.49). To select the tonnage requirement of the machine, the

following calculation is made.

Tonnage = Projected Area x Clamp Factor, where the area (area of final molded part) is
measured in sg. inches and the clamp factor is projected in tons per sg. inch, which is
material dependent. For our SV-PLC optics, the area is 16.3 sg. inches. For PMMA, the
clamp factor is taken as 3-5 tons per sq. inch, making the requirement 49 to 82 tonnes.
Considering a safety factor of 1.5, the projected injection molding machine's requirement

is 150 tonnes.

The equipment employed for the manufacturing was the Shibaura TD 150T injection
molding machine (machining conducted at Raini Industries India Private Limited,
Chennai). The machine details and optimized operating parameters for the injection

molding are mentioned in Table 3.7.

Table 3.7. Machine specifications of Shibaura TD 150T injection molding machine and

operating parameters for the fabrication of SV-PLC.

Specification Description

Machine Tonnage 150 tonnes

Melt temperature/ Nozzle
temperature

~210°C

~ 80 °C to avoid rapid cooling and shrinkage
stress

~ 120 Mpa

Mold temperature

Injection pressure

3.3.3.2 Material and Methods details

The skewed V-groove pattern of the SV-PLC optics forms an interlocking structure during

the mold release in injection molding (as shown in Figure 3.8a). To circumvent this issue,
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the mold cavity is positioned at 45° to the horizontal movement of mold release, as shown
in Figure 3.8b.

a) Locking Pattern b)

Figure 3.8. a) Schematic of injection molding of SV-PLC optics with the mold core placed
vertically, making an interlocking pattern of skewed V-groove upon mold release. b)
Schematic of injection molding of SV-PLC optics with the mold core placed at 45° to

vertically, making the smooth release of the mold core from the SV-PLC optics.

The materials and machining details of the mold are specified in Table 3.8.

Table 3.8. Materials and machining details of the mold for the injection molding of SV-

PLC optics.

Specification Description

Manufacturing method of skewed

Wire EDM (0.2 mm wire diameter)
V-groove pattern

Core and Cavity — 1.2083 steel
Mold materials Mold base — P20 steel

Pride abrasive stone-600
Emery-1000

Emery2000

7-carat artificial diamond powder
Diamond buffing for R -0.06-0.07um

Polishing Methods

The design considerations for fabrication have been carried out to incorporate the

limitations of mold manufacturing and injection molding techniques. The difference
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between a and 6 was set to a higher value, rather than the optimized value, to increase the
width of the pin-like structure in the mold (reverse pattern of the groove). Decreasing the
width to the minimum values may cause mold damage. Apart from that, the height of the
groove was scaled three times to that of the simulation design (height of 3 mm) for better
fabrication feasibility of the mold, and for finishing the mold surface. The total height of
the SV-PLC optics was limited to 4.5 mm to avoid any warpage or optical clouding, as the
material thickness and rate of cooling contribute to the optical clarity of the final product.
To increase the thickness of the SV-PLC, additional PMMA plates (brand: Gujpol-S) were
optically coupled together with PDMS encapsulant. The SV-PLC optics have been
designed for a length of 100 mm, such that the thickness of the SV-PLC optics can be
flexibly increased to higher values to collect more rays. The final design and dimensions
of the SV-PLC optics are shown in Figure 3.9a. Figure 3.9b shows the final mold core
design for the fabrication of SV-PLC.

a)

VIEW

DETAIL B
SCALE2 1

Figure 3.9. a) The final design and dimensions of the SV-PLC optics. b) Final mold core
design for the fabrication of SV-PLC optics.
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3.4 Results & Discussion

Figure 3.10a shows a single piece of PMMA SV-PLC optics (with 6: 43°, a: 49°, H: 10
mm, h: 4 mm) fabricated by laser machining. To attain a better surface finish and avoid
obliqueness on the cuts, the thickness of the PMMA sheet was kept to 8mm. Since the laser
machining process has limitations in the depth of cutting, the complete SV-PLC optics have
been fabricated by optically assembling the individual 8 mm-thick pieces with transparent
epoxy resins. Figure 3.10b shows the completely assembled SV-PLC optics showing lateral
light redirection under direct sunlight. The optics validation has been conducted visually
with varying angles of incidence of light (approx. 0°, 15°, 30°, 40°) along an axis. Colored
PC sheets were attached with the SV-PLC optics for improved visual distinction. The major
drawback of the laser cutting technique is the limitation of cutting thickness, which makes
the individual pieces optically coupled, resulting in a high loss of light intensity through
the interfaces. Also, the material was subjected to slight thermal bulging due to the heat-
induced effects, especially at the adjacent groove faces. Yet, the laser machining method
can be adopted for quick validation of the optics, and the cost of customized fabrication
will be minimal. Detailed evaluation of the fabrication routes of SV-PLC optics was carried
out with optical microscopy and direct light transmission, which are elaborated in Chapter
4,

101



Chapter 3 Fabrication methods of SV-PLC Optics
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Figure 3.10. a) Photograph of a single piece of SV-PLC optics fabricated through laser
machining in a PMMA plate. b) Photographs showing visual validation of high angular
acceptance in SV-PLC optics fabricated through laser machining. Individual SV-PLC
pieces are optically coupled and attached to colored PC sheets to enhance the visual

distinction.

The SLA 3D printing of SV-PLC optics has been conducted in two methods. The directly
printed optics with Magforms Crysplus 1801 resin are shown in Figure 3.11a. As shown,
the light scattering surfaces formed at the groove interfaces in this method cannot be
polished, lacquer-coated, chemical-treated, or vapour-treated for surface improvement. The
light scattering point makes the incident light disperse in every direction, resulting in more
loss of light rays rather than lateral concentration. To mitigate this issue, the SV-PLC optics
have been split into individual components, 3D printed, and optically joined together in a
single 3D printed plate (as explained in section 3.3.2.3 of Materials and Methods). Figure
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3.11b shows the final part fabricated with the second method. Even though it yielded better
optical clarity, the polishing and lacquer coating yielded dimensional and shape variations,
with more rounded edges, as evident from the photograph. Vapor polishing or chemical
polishing should be explored more in the future to obtain the required surface finish without
compromising the optical quality for different 3D printing resins. Apart from that,
meticulously aligning individual elements of the optics and losses occurring at the
interfaces was found to be more disadvantageous. Even though large-scale optics (> 10 cm)
can be fabricated easily with the provision of easy customization through 3D printing, the
precision of fabrication depends more on the machine settings and post-processing. 3D
printing techniques can be non-arguably adopted for technology validation and prototype
development. Pointing out that the heat distortion temperature of the resin is 52 °C, for
applications like this, the resin should function well with the required environmental

conditions, other than the optical properties.

e o 0

7 “

Figure 3.11. a) SLA 3D printed SV-PLC optics with Crysplus 1801 resin using Method 1,
showing light scattering surfaces at the unpolished groove interfaces. b) SLA 3D printed
SV-PLC optics with Crysplus 1801 resin using Method 2, showing improved optical

clarity.
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Finally, the SV-PLC optics fabrication has been translated to industrial-scale injection
molding manufacturing. As detailed in the Materials and Methods section, the angle
between 0 and a was set to a higher value to increase the pin thickness in the mold. Also,
the thickness of the SV-PLC was limited to 4.5 mm to avoid warpage and optical clarity
issues. Hence, the parameters were 0: 44°, a: 55°, H: 4.5 mm, and h: 3 mm. The mold core
has been fabricated accordingly with a cavity thickness of 4.5 mm. Figure 3.12a shows the
CAD model of the mold with a blue-marked region as the SV-PLC optics part. The mold
core consists of the groove pins, which are aligned horizontally with a 45° tilt in the SV-
PLC optics. Since melt PMMA has much higher viscosity compared to other thermoplastic
materials, a nine-runner design area (as shown in Figure 3.12a and Figure 3.12b) is made
to properly fill the mold cavity, especially in the groove. The gate was placed at the bottom
face of the SV-PLC to avoid any large marks at the top face that would hamper the optical
efficiency of the SV-PLC. Also, the gate size was kept to a minimum (Figure 3.12b) of 1.7
mm X 4 mm. Figure 3.12c shows the final injection molded part to be released from the

mold cavity attached to the machine.

Runner Mold Core

Figure 3.12. a) CAD model of the SV-PLC optics mold for injection molding with the blue
marked region being the SV-PLC optics part. b) CAD model of the SV-PLC optics mold
for injection molding showing the mold core, runner, and gates. c¢) Final injection molded

SV-PLC optics part to be released from the mold cavity attached to the machine.
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Figure 3.13a shows the final injection molded SV-PLC optics, which show a better groove
profile compared to laser machining or 3D printing on initial visual inspection. As
mentioned in the Materials and Methods section, the size of the SV-PLC optics was kept
to a minimum of 4.5 mm to avoid warpage and issues with optical clarity. However, with
the (H-h) value of 1.5 mm, the losses from the SV-PLC optics will be very large, since
there is less room for light transport. The time-dependent ray tracing simulation result
(Figure 3.13b) of the injection molded SV-PLC optics (simulations carried out in COMSOL
Multiphysics Ray Optics Platform; the details are elaborated in Chapter 4) explains this,
showing higher ray leakage through the bottom. To improve the collection, additional
PMMA plates were optically coupled to the SV-PLC. This makes more room for light
transport, as the TIR does not happen at the SV-PLC top surface, but is transported to the
coupled PMMA and reflected at the top surface of PMMA, increasing the light collection.
Figure 3.13c shows the time-dependent ray tracing simulation result of the injection molded
SV-PLC optics coupled to a 5 mm PMMA plate. The improvement in the light collection
was clearly visible with reduced ray leakage through the bottom, with more room for light
transport. By increasing the thickness of the whole SV-PLC optics even more, it can again
improve the collection of light rays. Figure 3.13d and Figure 3.13e show the lateral light
concentration in the injection molded SV-PLC optics and the injection molded SV-PLC
optics coupled with a PMMA plate, respectively, under direct sun. The evaluation of the
SV-PLC optics has been detailed in Chapter 4.
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Figure 3.13. a) Injection molded SV-PLC optics part with a thickness of 4.5 mm. b) Time-
dependent ray tracing simulation of the injection molded SV-PLC optics (4.5 mm
thickness) showing high loss of light rays. c) Time-dependent ray tracing simulation of the
injection molded SV-PLC optics optically coupled with a 5 mm PMMA plate (total ~ 10
mm thickness) showing an improved collection of light rays. d) Photograph showing the
lateral light concentration in the injection molded SV-PLC optics under direct sun. e)
Photograph showing the lateral light concentration in the injection molded SV-PLC optics
coupled with the PMMA plate, under direct sun.

The cost comparison of the three methods of fabrication of SV-PLC optics is detailed in

Table 3.9. From the manufacturing quality (detailed in Chapter 4), replicability, and cost-
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effectiveness point of view, injection molding can be stated as the best fabrication route for

the SV-PLC optics, especially for mass manufacturing.

Table 3.9. Cost comparison of different fabrication routes of SV-PLC optics.

Fabrication method Cost of fabrication (INR per m; of SV-PLC optics)
Laser machining 5985 (1945 for fabrication, and 4040 for material)
3D printing 10,39,000 for material & fabrication

Injection molding 6,00,000 for mold development; 12,987 for material &
fabrication (cost can be reduced with the quantity)

3.5 Summary

SV-PLC optics have been successfully fabricated with laser machining, SLA 3D printing,
and injection molding. The laser machining process has limitations in the depth of cutting,
hence, individual pieces are optically coupled to each other, resulting in a loss of light
intensity through the interfaces. Also, the machining yields heat-induced bulges at the
groove interfaces. Apart from that, the method can be adopted for quick validation of the
optics with minimal cost of fabrication. The SLA 3D printing of SV-PLC optics has been
conducted in two methods. Method one adopted the direct 3D printing of the SV-PLC
optics. This method does not provide a provision for polishing and coating to improve the
surface finish. This yielded light-scattering surfaces at the groove interfaces, reducing the
efficiency of the SV-PLC optics. To mitigate this issue, the second method has been
utilized. In the second method, the SV-PLC optics have been split into individual
components, 3D printed, and optically joined together. The method provides optical clarity,
however, the polishing and lacquer coating yielded dimensional and shape variations, with
more rounded edges in the individual pieces. Also, aligning individual elements of the
optics and losses occurring at the interfaces is disadvantageous in this method. Even though
large-scale optics (> 10 cm) can be fabricated easily with easy customization, the precision
of fabrication sets the limit of 3D printing to large-area prototypes for technology
validation. When compared to the other two techniques of fabrication, injection molding
can be considered a better manufacturing process for SV-PLC optics on a larger scale and
with a better possibility of combining dimensional accuracy, surface profiles, and optical
clarity. The evaluation of the SV-PLC optics fabricated through different methods has been
conducted through optical microscopy and direct light transmission and is detailed in
Chapter 4.
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4 Evaluation of Skewed V-groove based Planar Light Concentrator
Optics

4.1 Abstract

Planar waveguide-based light concentrators are emerging as a compact solution to
conventional solar concentrators. However, it has its design limitations due to the conflict
between intricate designs and performance factors. The solution of SV-PLC offers a non-
sequential, single-elemental design, which can be translatable to both longitudinal (for
better solar acceptance) and radial (for medium concentration) designs. Apart from that, it
can be manufactured with a single industrial production route, as discussed in the previous
chapters. Herein, the different fabrication routes opted for the fabrication of SV-PLC have
been evaluated, and concluded that injection molding offered better optical clarity and
dimensional accuracy. The SV-PLC optics are evaluated with the performance indicators,
i.e., the optical efficiency (OE), final concentration (FC), acceptance angle in an axis, and
flexibility to adapt for both longitudinal and radial designs through simulation models using
the COMSOL Multiphysics Ray Optics platform. The simulation models validated the
mathematical models with slight variations in the OE and FC, due to the difference in the
method adopted for the models. Finally, the final light concentration and angular
acceptance are measured using an amorphous silicon solar cell optically coupled to the
injection-molded 10X GC SV-PLC optics. The chapter workflow is illustrated in the flow

chart below.

Laser machining 3D Printing Injection molding
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4.2 Introduction

With a global trend of reduced cost of photovoltaic installations [155], the significance of
CPV systems has shifted from large power plant installations to their applicability in built
environments. To accomplish the targets of the Paris Climate Agreement [156] and the
recent COP26 meeting [157], it is of the utmost essential to meet the energy demand in
industry, commercial, and residential building spaces by adopting renewable energy
technologies for Decentralized Distributed Generation (DDG). Most of the initiatives to
tackle this vast energy demand rely on the efficient utilization of solar energy, where light
energy management is an essential prerequisite. The role of PV in buildings [158-160],
building-vehicle integration [161, 162], and urban environments [163, 164] for city
planning has been indicated extensively for the past five years globally. Compact CPV
systems for BIPV, solar urban planning and developments, and solar vehicles are some of
the major focuses in this regard. In that, BIPV is considered the most promising approach
to utilize built spaces for solar energy conversion, where conventional building elements
are replaced with resembling PV products [165]. This can promote the widespread
construction of energy-efficient solar/green buildings, which are considered the backbone
of DDG.

In this context, waveguide-based compact PLC systems play a pivotal role in developing
efficient light trapping and guiding systems. Such systems are of utmost importance for
sustainable light energy management and BIPV product development from the point of
view of energy efficiency (through light concentration) and aesthetic appeal. Because of
their compact design architecture, PV concealed architecture, aesthetic inclusions, and
reduction in size and structural elements compared to conventional CPV technologies,
waveguide-based planar CPV systems can exhibit superiority in BIPV systems. However,
waveguide-based planar CPV systems are considered to be in their infant stage in the
technological forefront of PV solutions. The requirement of complex R&D development
and product-specific manufacturing automation is a major technical hindrance to product
development. Also, the BIPV implementation challenges, the requirement of product multi-

specifications, and vigorous technical planning for deployments such as building
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information modeling and solar-specific architectural innovations [34] create an ecosystem
of both opportunity and challenges for the future.

The typical designs followed similar approaches, i.e., the utilization of multiple cylindrical
[92], or spherical [16,166] microlenses, or mirror designs [55, 167] and dispersing elements
to redirect the light rays to the receiver by trapping them through a waveguide. Here also,
optical alignment and precise microfabrication seem to be the challenge as they involve
multiple optical elements to transfer the light rays to the waveguide. The waveguide-based
PLCs are designed either longitudinally [93, 94] or radially [52, 101]. Longitudinal
approaches are mainly used for creating designs with better solar angular acceptance [56,
91]. However, radial designs (that concentrate light to the centre), even though they lack
angular acceptance, can produce very high geometric concentration (GC). Creating a single
elemental radial design seems to be the most challenging in waveguide-based PLCs, as the
design freedom is very limited. Even though it requires 2-axis solar tracking, any such
innovative approach will be a boon considering their final light concentration value, and

ease of fabrication and operation.

From the introduction and status of the current waveguide-based PLC (refer to Chapter 1),
it is evident that the existing design innovations conducted on planar waveguide-based
CPVs have more prominence for geometric optics-based designs (advantages are discussed
in Chapter 1). Table 4.1 shows the summary of the review of different design configurations

(optics and optics materials) of geometric optics-based PLCs for comparative analysis.

Table 4.1. Summary of review on different design configurations (optics and optics

materials) of geometric optics-based PLC (in chronological order)

Research Optical
Reference, method Optical material Structure form Dimensions performance Acceptance
year E: Experimental | data (OE/PCE angle (*)
S: Simulated (%)), GC
Geometric Optics-based PLC
P: Primary Optics; W: Waveguide; C: Light coupler
FitTOtaI' 200 mm X 200
. interna
P: Acrylic . mm square
W: Acrylic reflecting (Generation 2) £075
+ surface
[98-100], . (parabolic/ GC claimed:
2007 E ﬁeﬁttrfoﬂ':ccgofr?_r cubic/ ~ 1000 X
G? * | hyperbolic/ 200 mm
ass flat) hexagonal +0.9
W: Wedge (Generation 3)
shaped
P: BK7 glass P: Hexagonal P:2.3mm OE: 81.9
[16], 2010 Eand S W: F2 glass lens array diameter F/1.1 GC: 300 X 1
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. W: Slab hexagonal lens
zr.r;//l.l lens Wave_guiC!e array OE: 324
W: BK7 C: Air prism W:75mmlong | GC:37.5X
) by 1 mm thick
P: Staggered
P, W: Er:;:(;rolens P: Lens aperture
RI 1.51 W Stenped of 3mmx 15
[93], 2010 | S Lide loyer mm GCi1125x | 1
Low index layer g Y W: Thickness of ’ '
RI1.38 . 2.42 mm
Low index
layer
P: Lens pitch
2.6 mm
P: Cylindrical W: 10.4 mm x North-South
P: 1.2 lens lens array W: 30 mm, core axis: +9
[91], 2012 S array Planar thickness of 1 OE: 80 East-West axis:
W:RI1.7 waveguide mm +54
C: Air prism C: width of 1.5
mm
P: Lens pitch - 5
mm
P: Array of Lens F/#: 1.81
. cylindrical lens | Air-gap
[92], 2014 S 5\'/,8579?;2:5 W: Planar thickness of 0.2 OE: 70 +75
' ’ waveguide mm GC:50 X '
C: Air prism W: Thickness of
1mm
C: Width of 90
um
P: Aspheric
lens pgir 85 {23;3(
P: Plastic W: Planar (Sir'nulated)
[95],2014 | EandS W: Fused Silica | waveguide 53 x 53 mm? £16
Actuator: + dichroic GC: 35 X (Experimental)
Paraffin wax membrane (Ex'pellfimental)
+ actuation
element
GC: 39
P: Cylindrical PCE: 20%
S P: Polymer microlens 20cmlong, 1.1 (module
[56], 2014 W: Polymer W: Curved cm thick efficiency) 15
light guide (Si based solar
cells)
Hexagonal
reflector
. P: Reflector showed better
P: Glass coated (square, light
[97], 2015 E W'_th silver . hfexagonal, - transmission +1
W: Caged air circular) -
W: Cage to waveguide
waveguide (used GC: 6
X)
GC:5X
PCE: 24.8 and
P, W: PMMA V grooved 30 x 30 mm? 25.1 at the two
C: Al and SiO; - with solar cell ends of
[96], 2016 d reflective single size of 30 x 3 concentration 2
Eand S coated re elemental P -
grooves mm (used Single-
junction GaAs
solar cells)
OE: changed
P: Square lens from1to 0.1
array P: Lens array with incident
Trigonometric W: Plan_ar period _of 2mm angle direction 0.38
[94], 2017 analysis and P: PMMA wave_gunqe W: Thickness of | of 0° to 40° (frigonometric
' simulation W: PMMA C: Air prism 2mm GC: Study analysis)
+ fibre optic C: Prism base conducted for
ribbon for width of 80 um | varied
daylighting concentrator
length
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P,C,W, P: Sheet
Compound collector with Optimised mode OE: 876
parabolic arc-segment with Length: GC.' 73'9
collector (CPC): | lensstructures | 413.7mm ’ 0.35t0 -1.65
[52], 2020 PMMA W: Concentric | Width: 300 mm -12to 12
' light guide Height: 25 mm In two
P, CPC: PMMA | channel with OE: 875 directional axis
C, W: NBK7 additional CPC | Length of CPC: GC.' 73'8
glass C: Embedded 21.2 mm ’
prism

The current technology gap for the waveguide-based PLC technology is to achieve an

optical solution that is:

1) Non-sequential

2) Single-elemental

3) Translatable to both longitudinal (for better solar acceptance) and radial (for
medium concentration) designs

4) Manufacturable with a single industrial production route

The evaluation of waveguide-based PLCs is generally considered with the following
factors:

Optical efficiency: This is a merit value that determines how much light energy (for the
concerned spectral range) is transported from the inlet aperture to the final output area. OE
encompasses the merits of different optical elements, optical material efficiency, and
system fabrication efficiency. It is the ratio of the power of radiation received at the receiver

to that of the light concentrator. It incorporates the loss of energy in the system.

B Output power _ Ereceiver

Input power E concentrator

(4.1)

Final concentration: This is the final performance factor of the whole concentrator system;
i.e., the ratio of the intensity of the output radiation (at the receiver) to that at the light
concentrator. It is the product of GC and OE.

FC=GC*OE

(4.2)

Acceptance angle: The acceptance angle of a system refers to the incident light angular
range up to which the performance (OE) of the concentrator does not degrade to a required

percentage limit.
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Design flexibility: Refers to the flexibility to adopt longitudinal or radial designs upon

application.

4.3 Design & Methodology
4.3.1 Simulation modeling

The optics simulation models are used to predict the performance of SV-PLC with common
optical materials like PMMA, Glass, and PC with Refractive Indices (RI) taken as 1.49,
1.52, and 1.58, respectively. Two-dimensional simulations have been conducted to gauge
the effectiveness of SV-PLC and expand to three-dimensional simulations for an in-depth
analysis of angular acceptance along a given axis (for linear design). The simulation studies
are conducted in the Ray Optics module of the COMSOL Multiphysics 6.1 platform.

The optimization parameters and variables for the skewed V-groove optical design are
generally 0, a, (H-h), S, L10o, and Lmax, as elaborated in Chapter 2. However, for conducting
the simulation studies for efficient evaluation of the SV-PLC, certain parameters need to
be fixed based on the mathematical modeling. From the mathematical correlations
developed, for efficient light transport to longer lengths, 6 is kept as small as possible, but
ensuring the reflection occurs at the face. The 0 value is equal to the incident angle at the
reflecting face (refer to Chapter 2). Thus, to keep 0 to a minimum, it is kept at the critical
angle of the material for total internal reflection (TIR) to happen. The space for light
transport (H-h, where H is the PLC height and h is the groove height) is one factor that
determines the L1oo Or Lmax Of the PLC. A higher H-h value provides higher room for light
collection, increasing the length, thus producing more light collection. Hence, for a fixed
H, the h value should be kept as low as possible, depending on the manufacturing
capability. Herein, (H-h) is made a constant for the comparison studies, and S is fixed to
minimum values (refer to Chapter 2). The inter-groove spacing (S) for an SV-PLC design
is kept as wide as possible up to the width of a groove (refer to Chapter 2) to avoid ray
leakage loss (Lieak). The fixing of S value is based on the mathematical model developed in
Chapter 2. The fixed parameters and associated variables are provided as input parameters
for the simulation. The final parameter, a, is the most critical parameter for optimizing SV-

PLC. The simulation studies are mainly carried out by parametrizing o, for Lo OF Lmax.

The designs of SV-PLC are considered for two types of configurations:
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1) Linear design for PLC with angular acceptance in an axis: Herein, the skewed V-
grooves are arranged in a linear pattern (Figure 4.1a), providing the unidirectional light
concentration to the lateral face (Figure 4.1b, showing the 3D time-dependent ray trace
simulation model). The light will spread from the lateral face if uncoupled from any
collector. Figure 4.1c shows the 2D time-dependent ray trace simulation of the SV-PLC for
linear design, where the light collector can be directly coupled to the lateral face. The linear

design will be evaluated for its OE, FC, and angular acceptance in the longitudinal axis.

a)

Concentric light
exit face

Linear array of

:‘: grooves
R i \\* I
[
iy |
c) w o
£ -

Distance (mm)

Figure 4.1. a) 3D geometric design of a typical linear SV-PLC; b) Time-dependent 3D ray
tracing simulation of a linear SV-PLC showing lateral light concentration to the edge; c)
Time-dependent 2D ray tracing simulation of the linear SV-PLC (cross-sectional profile of

Figure 4.1a).
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The following parameters and conditions were applied for the 2D simulation, for the linear
design configuration.

1. All the simulations were carried out for the SV-PLC length kept at L1oo (since for linear

designs the FC does not justify the OE reduction after Lioo).
2. The input power of light rays was set as 1W across the L1oo.

3. A uniform ray density was considered, with a spacing of 0.05 units (mm) distance per

ray across the Ligo.

4. Material absorption losses were excluded from consideration, focusing the study on the
design features of the SV-PLC.

5. The secondary rays (Fresnel reflection) were considered but not shown in the

simulation images.

6. The angle 0 was set to a minimum value as detailed in the design section, according to

the RI of the material.
7. For comparative analysis, values of H and h were set at 10 mm and 1 mm, respectively.

8. The spacing value S was maximized while ensuring zero Lieak as outlined in the design

section.
9. The a parameter was varied above the 6 angle up to a maximum of 75°.

2) Radial design for higher GC: The architecture of the radial design is shown in
Figure 4.2a. The array of skewed V-grooves is arranged in concentric circles in this design.
The concentrated light from every point is collected from the bottom of the centre of the
SV-PLC (Figure b, showing the 3D time-dependent ray tracing simulation model) with the
help of a mirrored surface, as shown in Figure 4.2a & Figure 4.2c. The light will spread
from the bottom of the SV-PLC if uncoupled to any collector, as shown in Figure 4.2b.
Figure 4.2c shows the 2D time-dependent ray trace simulation of the SV-PLC for radial
design, where the light collector can be directly coupled to the bottom of the centre of the
SV-PLC. The radial design is evaluated for its OE and FC.
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Figure 4.2. a) 3D geometric design of a typical radial SV-PLC; b) Time-dependent 3D ray
tracing simulation of a radial SV-PLC showing radial light concentration to the centre; c)
Time-dependent 2D ray tracing simulation of the SV-PLC (cross-sectional profile of Figure
4.2a).

Apart from the groove design, the collector end design should also be conceived for
maximum light collection in a minimal area without any design loss in radial SV-PLCs.
The design loss can be attributed to the low apex angle (y) of the mirrored surface, making
the concentrated light reflect back to the grooves, as shown in Figure 4.3a. By increasing
v, the loss can be avoided, compromising on the final light concentration (as the area of
collection is increased), as shown in Figure 4.3b. Thus, it requires the optimization of v,

which is dependent on the maximum exit angle (Bexit) Of the directed light from the grooves.
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Collection area

Figure 4.3. a) Design of the collection end of a radial SV-PLC showing incorrect y angle
creating loss of light rays; b) Design of the collection end of a radial SV-PLC showing the

proper direction of light rays to the collection area.

The Pexit is dependent on 0, a, RI of the material, and the maximum number of grooves the
rays pass through (Ngmax). Any B value (B represents the angle of the ray with the horizontal
after reflection or refraction) of a particular design can be determined as mentioned in the

mathematical equations in Chapter 2.

Consider a ray traveling with a maximum Pexit Value on the mirrored surface of the radial

SV-PLC design as shown in Figure 4.4.
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A
v

Collection area

Figure 4.4. Representative illustration of ray travel (in orange color) in the collector end of

an SV-PLC showing optimized apex angle (y) of the mirrored edge.

For light to redirect to the collection area, point C must coincide with the vertical line from
point B.

= p=90°y (Snellvs law of reflection of light)
Boyi TPT90°-y+90° = 180° (Sum of interior angles of a triangle)

=B, +90°-y+90°-y+90° = 180°

B 90°
>y = s
(4.3)
The final collection area of the radial SV-PLC is:
Area= n(H tan(BeXit))2
(4.4)

The following boundary conditions and parameter settings were applied for the 2D ray
tracing study for radial design:

1. All the simulations were carried out for the length of the PLC from 20 groove length to
Lmax (since radial design gives maximum light concentration, even though there is an OE
drop after Ligo).

2. The input power of light rays was set as 1W across the length taken for the OE study.
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3. Uniform ray density was considered, with a spacing of 0.05 units (mm) distance per ray
across the length of the PLC.

4. The angle 6 was taken as small as possible (refer to the Design section).
5. For comparative analysis, values of H and h were set at 10 mm and 1 mm, respectively.

6. The inter-groove spacing was kept as wide as possible without any ray leakage (refer to

design section).

7. The o parameter was varied from 45° to 55°, with a 1° period to generate the trend for

study.

8. The collection side of the PLC was designed as per the mathematical equations derived

in Chapters 2 and 4.

8. Material absorption losses were not considered for the study, as it is focused on the design

efficiency study of the system.

9. The secondary rays (Fresnel reflection) were considered but not shown in the simulation

images.

10. The mirrored surface at the collection point is taken as 100% reflective.

The OE (i.e., the output energy received at the lateral edge/input energy) and final light
concentration (OE X GC) are determined by measuring the power of light received at the
lateral edge (the lateral edge boundary is taken as the detector) in the 2D simulation models.
For linear designs, the FC remains the same in 3D considerations (since GC (input area/
output area) remains the same). For radial designs, the GC varies with the concentrator area
and angular considerations (light collector area is dependent on 0 and o). Hence, results
from the 2D simulation are converted with mathematical calculations to get the FC in a 3D

radial SV-PLC concentrator.

4.3.2 SV-PLC module fabrication evaluation

SV-PLC optics modules have been fabricated through laser cutting, 3D printing, and
injection molding, as explained in Chapter 3. Optical microscopic imaging is carried out
with a Carson MM-380 microscope with 20X magnification to check for cut angles,
profiles, defects, and finish. In addition, the direct transmittance is also measured with the

fabricated SV-PLCs as a qualitative measure of dimensional inaccuracies, as shown in
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Figure 4.5. The SV-PLC optics are kept at a distance of 25 cm from an integrating sphere.
The majority of the losses from the SV-PLC will be deviated outside of the integrating
sphere. However, a portion of the losses due to dimensional inaccuracies will be transmitted
to the integrating sphere, where it is detected. The light source used is a single-wavelength

light (540 nm) from a monochromator.

Defined
PLC losses
ngh}': fromt Integrating
monochromator —
Dimensional sphere
inaccuracy
losses
25cm

< >

Figure 4.5. Schematic of the optical characterization layout of SV-PLC for analyzing the

direct light transmission

4.3.3 SV-PLC Optics Characterisation

The OE of the selected SV-PLC is evaluated using a standard thin-film amorphous silicon
flexible solar cell (supplied by PowerFilm Solar, USA; active area: 1 cm X 1 cm; 4 mW
under 1 sun). The photograph and cell architecture are shown in Figure 4.6a. The solar cell
is optically coupled to the SV-PLC with PDMS, and electrical contacts are taken from the
rear end, as shown in Figure 4.6b. The output power from the bare cell and cell optically
coupled with the SV-PLC are evaluated under 1 sun conditions using an AM1.5G ACA
solar simulator (supplied by HOLMARC, India). For evaluating the cell performance under
concentrated light, the cell is initially characterized from low light to concentrated light

using a concave lens.
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Figure 4.6. a) Amorphous silicon thin film solar cell used for the characterization of the
SV-PLC and its dimensional details. b) Photograph of the SV-PLC optics module
assembled with the solar cell for electrical characterization and kept under a solar simulator

showing lateral light concentration.

The size of the simulator light source is 50 mm. To mitigate the non-uniformity of the solar
simulator light and to convert it to a rectangular shape, the light source is masked to a
definite geometric size at its entry point and also at the exit point. The schematic of this is
shown in Figure 4.7. The sample will be moved from point to point to evaluate the light
concentration. The final light concentration is calculated by adding up the results for the
whole length of the concentrator. To expedite the optics in real conditions, a solar tracker
setup is used for the study. All the measurements were taken around a light intensity of
1000 W/m?.
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Figure 4.7. Schematic of the optical characterization setup layout used for the electrical

output characterization of SV-PLC optics.

To conduct the angular acceptance study, a digital goniometer is used to vary the angle of
incidence to the SV-PLC optics, and the output power is measured accordingly. The
efficiency drop for different angles of incidence was measured relative to the respective 0°
light incidences, as different cases have different power outputs. Hence, the efficiency drop
is taken to 0 at 0°. The investigation focuses on the longitudinal axis and involves changing
the incident angle from 0° to 25° since the angular shift of the sun through different seasons
is £23.5°.

4.4 Results & Discussion

Following the mathematical modeling (refer to Chapter 2), a parametrized simulation has
been carried out in the COMSOL Multiphysics Ray tracing simulation platform. The study
mainly focused on analyzing the OE and FC with varying a values for different RI materials
(1.49, 1.52, and 1.58). The value input for other parameters is fixed according to the
mathematical models (refer to Chapter 2) and assumptions (refer to the Design and
Methodology section). The primary difference between the mathematical and simulation
models is that the mathematical model is based on a single groove (typical groove) analysis,

whereas simulation models are based on the whole SV-PLC optics. Figure 4.8 shows the
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comparison of results from both models, analyzing the OE (Figure 4.8a) and FC (Figure
4.8b) with a. Even though the graphs follow the same pattern, a slight variation is there.
This can be attributed to the difference in the basic method of modeling. The primary
difference between the mathematical and simulation models is that the mathematical model
is based on a single groove (typical groove) analysis, and extrapolated to the whole length
of the concentrator. Whereas, the simulation models are based on the whole SV-PLC optics.
Thus, the mathematical model does not include the final grooves that yield rays with fewer
refractions through the grooves compared to the typical groove. Hence, there will be an
upward shift to the values in the simulation models, and it tends to be more accurate. The
Root Mean Squared Error between the models for OE is 3.02%, 3.65%, and 3.28% for RI
1.49, 1.52, and 1.58, respectively. The Root Mean Squared Error between the models for
FCis 0.20, 0.31, and 0.56 for RI 1.49, 1.52, and 1.58, respectively. The model difference
will be distinctive for low a values, since Ngmax (maximum number of grooves a ray passes
through in an SV-PLC) will be higher. Even though the simulation models can be
considered more accurate, the mathematical model is used for understanding the SV-PLC
optics in detail, and for several parametric optimisations, which are used in the simulation

studies.
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Figure 4.8. Plots obtained from the mathematical and simulation models of the SV-PLC
optics show the relation of a) OE with a, and b) FC with a.

The 2D evaluation of the SV-PLC can be identified as the same for the linear design (refer
to the Design and Methodology section), since the ratio of SV-PLC top area and lateral area
remains the same in the 2D and linear designs. However, for radial designs, the GC value
or the ratio of the SV-PLC top area to the final light collection area will be different
according to the length of the PLC. Moreover, studies need to be conducted with lengths

higher than Lioo up to Lmax (refer to section Determination of L1oo and Lmax in Chapter 2).

For radial design, the 2D ray-tracing model of the radial SV-PLC has been conducted with
an output time of 1.5 nanoseconds and a period of 0.5 picoseconds to get an accurate model.
OE has been calculated as the ratio of the power received at the collector (taken as a
detector) and the input power. The simulations have been carried out with the length of the
PLC from 20 grooves to Lmax. Lmax for the present study is 260 mm for the material RI

taken as 1.49, 6 as 43°, H as 10 mm, and h as 1 mm (refer to the section Determination of
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L100 and Lmax in Chapter 2). For designing the collector section, i.e., determining the y
value, the maximum number of grooves (Gmax) any ray will pass is estimated through
simulation models for individual groove designs (i.e., varying ). Bexit for each design is
calculated separately from the refraction angle at the exit point (rexit). v and the final
collection area are calculated using Equation 4.3 and Equation 4.4, respectively. Figure
4.9a shows the plots of OE with varying GC (i.e., radius of the radial SV-PLC) with o
ranging from 45° to 55° for a material with RI 1.49. The dotted curve indicates the point of
OE drop, pointing to the position of Ligo. After Lioo, there will be a drastic reduction in OE
due to the increased losses. Figure 4.9b shows the FC value with varying radial SV-PLC
area with o ranging from 45° to 55° for material with RI 1.49, which can be considered a
method of selection of SV-PLC design. Except for a very low a design (i.e., 45°) with high
Fresnel reflection losses, low a designs tend to perform better in FC for a fixed concentrator
area. The plot can be used for design selection according to the manufacturing capability,
as lower a design faces difficulties in manufacturing since they reduce the groove thickness.
As an example, the dotted line in Figure 4.9b shows an FC of 50X. According to the results
for achieving 50X, the SV-PLC with o 46° requires approximately 1.8 times less
concentrator area compared with the PLC of o 54°. Any PLC design (with material RI of
1.49, Has 10 mm, and h as 1 mm) with an a value less than 54° cannot theoretically achieve
the 50X FC mark.
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Figure 4.9. a) OE vs GC plot of radial skewed V-groove PLCs with varying a in a material
of RI 1.49. b) FC vs Concentrator area plot of radial SV-PLC with varying o in a material
of RI 1.49.

The different fabrication routes adopted for the SV-PLC are elaborated in Chapter 3. The
fabrication evaluation is conducted with optical microscopy imaging and direct light
transmission study, as explained in the Design and Methodology section. Figure 4.10 shows
the optical microscopy images (20X) of the grooves of SV-PLC fabricated with laser
cutting, 3D printing, and injection molding. The images of samples of laser cutting revealed
several issues with the process, including low dimensional accuracy, profile deformation,

and low surface quality. The designed angle between the reflecting and refracting faces was
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6°, however, the final contour shows an angle of 2° after laser cutting. This was likely due
to damaged and deformed edges caused by local heat produced. The profile also seems to
be unsuitable for the laser cutting process, since the cuts for the profile are very close to
each other, creating heat-induced deformations. Analyzing images of 3D printing, they also
showed lower dimensional accuracy due to the edge irregularities and rounded-off edges.
The limitations of printing accuracy and additional polishing and lacquer coating processes
can lead to these limitations. When compared to the two processes, injection molding
yielded better straight-cut surface profiles with minimal rounded-off edges. The angular

difference between the faces (11°, o = 55°, 6 = 44°) was also accurate.

The limitations in fabrication using laser cutting and 3D printing compared to injection
molding were also validated with direct light transmittance measurement (Refer to the
Design and Methodology section). The direct transmittance offered by SV-PLC fabricated
by laser cutting is higher (38.5 £ 0.8%), followed by 3D printing (23.1 £ 1.4%) and
injection molding (12.8 + 0.5%). The dimensional inaccuracies contribute to the major

portion of this direct light transmittance.
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Figure 4.10. 20X optical microscopy images of SV-PLC optics fabricated through laser

machining, 3D printing, and injection molding showing groove profiles and defects.

After the evaluation of the SV-PLC optics fabricated through the different methods,
injection molded samples yielded samples were selected for the concentration studies due
to their better groove profiles. The injection molded samples (Specifications: H: 4.5 mm,
h: 3 mm, 0: 44°, a: 55°) were optically coupled with a PMMA plate of 5 mm with epoxy
resin to increase the H value to around 10 mm, to attain the size of the solar cell. The
samples were characterized to measure the final output power from the solar cell. Figure
4.11 shows the photograph of the characterization setup at the standard conditions (bottom
left) and real-time conditions (bottom right). All the measurements were taken around a
light intensity of 1000 W/m? (1 sun). The results show an FC of 2.3X and 2.2X in the STC
and real-time conditions, respectively, compared to the non-concentrated solar cell reading

at 1 sun condition.
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Figure 4.11. Photograph of the experimental setups (standard condition (left) and on-field
condition (right)) used for the electrical output characterization of SV-PLC optics, and
showing the corresponding results obtained. The top image shows the results of bare solar

cells under 1 sun conditions.

The angular acceptance study along the longitudinal axis has been conducted by both a
simulation study and experimentally (for 1.6X GC to accommodate the size and uniformity
of the solar simulator) under STC using a goniometer. Figure 4.12a shows a typical ray
tracing image of SV-PLC with an angular shift of 25° light incidence to the normal,
showing the lateral light concentration. Figure 4.12b presents the results of the simulated
single directional efficiency drop angular study for SV-PLC (RI: 1.49, 0: 43°, a: 49°, H: 10
mm, h: 1 mm) with GC of 10X, 7.5X, 5X, and 2.5X, and an experimental study in a 1.6X
GC SV-PLC. The efficiency drop for different angles of incidence was measured relative
to the respective 0° light incidences, as different cases have different power outputs. Hence,
the efficiency drop is taken to 0 at 0°. The investigation focuses on the longitudinal axis
and involves changing the incident from 0° to 25°. In the graph, the highlighted rectangle
represents the angular acceptance zone till 23.5°, which corresponds to the angular shift of
the sun (x 23.5°) through different seasons. The results showed a low-efficiency drop of
less than 10% within 15° and a maximum drop of 30% within the 23.5° zone. Figure 4.12c
shows the photographs of SV-PLC optics showing lateral light concentration with varying

angles of incidence under direct sunlight.
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Figure 4.12. a) Typical 3D ray tracing simulation of SV-PLC optics with inclined light
incidence (25°) in the longitudinal axis. c¢) Simulation and experimental study plot
demonstrating the efficiency drop in SV-PLC with varying incident angles in the
longitudinal axis. ¢) Photographs validating the high angular acceptance of SV-PLC in the

longitudinal axis.
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4.5 Conclusions

The evaluation of the SV-PLC optics has been carried out for different fabrication routes
through optical microscopy and direct light transmittance to assess the dimensional
accuracy and surface profiles of the skewed V-grooves. The results revealed injection
molding to be a more suitable manufacturing method for better groove profiles and optical
clarity. The simulation models have been developed for SV-PLC optics with different Rl
materials (1.49, 1.52, and 1.58). Accordingly, the FC of <5X can be achieved with the
linear design of SV-PLC (length up to L1oo only taken for evaluation) with a low-efficiency
drop of less than 10% within £15° angular shift in the light incidence and a maximum drop
of 30% within the £23.5° zone. More design modifications can be made in SV-PLC linear
designs, such as gradient-sized grooves (discussed in Chapter 6) to improve the FC. The
radial SV-PLC designs simulated revealed that it can achieve an FC up to 75X at the
expense of the angular acceptance. The simulated models (the method used whole SV-PLC
optics) align well with mathematical models (the method used a typical single SV-PLC
groove), except for the slight performance increment in simulation models because of the
methods adopted. Upon the experimental evaluation, the 10X GC injection molded SV-
PLC optics (H: 10 mm, h: 3 mm, length: 100 mm, 0: 44°, a:55°) showed a maximum FC
of 2.3X and 2.2X under standard conditions and on-field conditions, respectively, under 1
sun conditions. The experimental angular acceptance study (for 1.6X GC) also showed a

similar graphical trend to the simulation results.
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5 Dynamic Power Window Technology

5.1 Abstract

Dynamic windows are widely used in buildings/vehicles to obtain switchable transparency
modes, which enable advanced privacy settings as well as improve the energy efficiency of
the built environment. The incorporation of energy generation capability in dynamic
windows is a highly welcomed technological advancement, hence listed by the U.S.
Department of Energy (DOE) as a high-priority early-stage R&D topic. The current status
of state-of-the-art active dynamic renewable energy-generating window technologies
reveals a huge gap due to their multifunctionality and technological feasibility. As of now,
both BIPV window glazing and active dynamic window technologies suffer from cost
competitiveness and functional limitations. The exploitation of material experimentation
for BIPV windows either compromises their energy efficiency or transparency state, both
of which are conduits for their technological excellence. Considering the cost-
effectiveness, the implementation/ modification of existing dynamic window technology
will be impractical. However, the design-oriented approach has the greater advantage of
better BIPV techno-economics and cost reduction potential for active dynamicity.
Combining the two in a single platform will emerge as a prospective solution to the cause.
Herein, a novel window technology is demonstrated that enables switchable transparency
modes along with energy generation capability, a first-of-its-kind technology using Skewed
V-groove based Planar Light Concentrator (SV-PLC) optics and optofluidics transparency
switching. The solution attained transparency switching states (directly transmitted light)
of 90% (transparent state) to 15% (translucent state) for privacy, with an energy generation
of ~20 Wp/m? (using polycrystalline silicon solar cells). Apart from that, the window can
offer a 50% daylight transmittance (diffused transmitted light) in its translucent state. The

chapter workflow is illustrated in the flow chart below.
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5.2 Introduction

To accomplish the targets of the Paris Climate Agreement and the recent COP26 meeting,
it is of the utmost importance to meet the energy demand in industry, commercial, and
residential building spaces by adopting renewable energy technologies. Most of the
initiatives to tackle this vast energy demand rely on the efficient utilization of solar energy,
where light energy management is an essential prerequisite. Hence, the development of
efficient light trapping and guiding systems is of utmost importance for sustainable light
energy management, which promotes the widespread construction of energy-efficient
solar/green buildings. The concept of Building Integrated Photovoltaic (BIPV) is the most
promising method to use built space for solar energy capture, conversion, and distribution.
However, BIPV is limited to the rooftop or facade space due to the serious constraints of
the standard module; mainly, the components are opaque and have a standard size and
shape. The constraints of the standard module limit its use in the vertical glazing space of
skyscrapers, which require aesthetic appearance and on-demand transparency for energy-
efficient dynamic windows that can control daylight guiding into the built environment
[168].

Different PV materials and product design considerations have evolved in the R&D of
BIPV windows. Even though crystalline silicon PV is the best solution from an energy
generation point of view, the technology can be considered less exploitable for glazing
solutions due to the lack of visible light transmission (V7) [169]. For incorporating
comparatively better light transmittivity for daylighting, thin film solar cells (such as
cadmium telluride (CdTe), gallium arsenide (GaAs), and copper indium gallium selenium

compounds (CIGS)) and other third solar cells (such as dye-sensitized solar cells (DSSCs),
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perovskite solar cells (PSCs), quantum dot solar cells (QDSCs), etc.) have been
accommodated both in R&D and product level [170-172]. Another approach that was
carried out is the modification in system design, such as that of PV solar blinds, BIPV
windows with cut cell strips, etc., which also has its limitations of shading and low energy
performance [173-175]. Luminescent Solar Concentrators (LSC) are also employed as
semi-transparent planar concentrators that can be integrated with a photovoltaic cell to
generate energy [82, 176]. However, the low light collection and photon density of LSC
compared with direct sun exposure and optics-based concentrator technologies [59], limit
the scope of LSC, where high illuminance is required for enhancing the performance of PV
cells.

It is worth mentioning that the active dynamic performance in windows is also an essential
requirement for achieving better energy efficiency and privacy settings in a built
environment; this is mainly attained by controlling the light intensity using different
approaches, which utilize the principles of electrochromism, liquid crystal technology, and
suspended particle technology. Among them, the most commercially adopted products are
electrochromic (EC) [177, 178], Suspended Particle Devices (SPDs) [179], and Polymer-
Dispersed Liquid Crystals (PDLCs) [180, 181]. One of the major advantages of EC
windows is that the switching states can be stopped at intermediate levels without requiring
any power to maintain [182]. However, the switching time of EC windows is comparatively
very large, around 10 to 20 min for standard-size windows [183]. PDLC windows have a
faster discoloration speed than EC, and the transmittance can be adjusted depending on the
amount of voltage applied. However, PDLC requires the continuous application of power
to maintain a low transparency state, which is limited to 50%, and cannot be used for
privacy windows [184, 185]. Like PDLC, the switching speed is higher for SPD, and the
V1 can be controlled, but requires power to maintain the state [186]. Even though these
technologies are available in the commercial market, the transparency state is limited to
around 60% to 75% V1 [187]. Other technologies in this regard include Gasochromic,
Nanocrystal in-glass composite, Electrokinetic pixel, Elastomer-deformation tunable,
Liquid infill tunable windows, etc., except for Nanocrystal in-glass composite, these
technologies also possess limited V't in their transparent state [187]. Also, the cost analysis
of active dynamic window technologies in the market shows their limited feasibility for a
mass audience [188, 189]. In this regard, optofluidic smart glass offers a cheaper, simpler,

and more efficient dynamicity of 8% to 85% Vr states [188]. The window matrix is
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designed to block the light from transmitting through in its opaque state. The method of
dynamicity involves the incorporation of an optofluid that has a refractive index (RI)
matched with the optics-based opaque window matrix to make the transparent state. The
matrix design has a retroreflective pattern on it and has been 3D printed in an optically
transparent material (Veroclear, RI: 1.52). The fluid used is methyl salicylate, having an RI
similar to the matrix. Figure 5.1 shows the different states of optofluidic dynamic glass, in
which the first and last photographs show the opaque and transparent states achieved
through fluid incorporation. The middle figure shows the water-filled matrix, showing

diffused transmittance and the importance of Rl matching in optofluidic dynamic windows.
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Figure 5.1. Optofluidic-based dynamic window, showing its opaque state (left
photograph), diffuse transmittance state (middle photograph), and transparent state (right
photograph). Source: Reproduced with permission from [188]. Copyright © 2017, OSA.

Even though active dynamic windows are available in the market, and BIPV glazing
solutions are hitting the market with new advancements, till now, there is no such window
technology available where renewable energy generation, active dynamism for privacy, and
daylighting have been developed. The only closer concept carried out was Lance M.
Wheeler et.al., in 2017, demonstrated the proof of concept of a passively dynamic power-
generating window, that relies on a thin coating of a perovskite material for energy
generation, and methylammonium lead iodide-methylamine complex to demonstrate a
cohesive thermally switchable PV window when sunlight falls on it [190]. The transparency
switching was 68% to 3% V- over 20 cycles, and the energy conversion efficiency was
11.3% in the opaque state. The scalability and material stability are major concerns for this

type of power window, as perovskites are only in the development stage.

Herein, a novel concept of integrating active dynamicity and power generation in a single

platform is been introduced, as a BIPV glazing solution. The technology utilized SV-PLC
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as the energy-generating segment, which is integrated with optofluidics to attain active

dynamism.

5.3 Concept

The concept of DPW using SV-PLC can be conceived with the combination of energy
generation through planar light concentration from SV-PLC and optofluidic-based
dynamicity in transparency. Through that, DPW works in two modes of operation, as

represented in Figure 5.2:

1) Translucent mode (Figure 5.2a): This is the fluid-uncoupled energy generation
mode, where light will be redirected by the SV-PLC for energy generation. The
mode provides the Privacy-ON setting, and the losses from the SV-PLC (Refer to
Chapter 2) will be utilized for daylighting. Also, part of the diffused light will be
utilized for energy generation, and a part will be transmitted through the window.

2) Transparent mode (Figure 5.2b): This is the fluid-coupled transparent mode of
DPW, where direct and diffuse light will be transmitted through the window,
providing the Privacy-OFF setting with no power generation. By matching the RI
of the optics matrix with the optofluid, the light will follow the same path as the
incident direction, providing visual clarity. Any power generation in this mode can

be attributed to the collection of direct or diffuse light by the solar cell.
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Figure 5.2. Schematic representing the concept of DPW using SV-PLC optics in its a)
Translucent mode, having privacy ON, partial daylighting, and energy generation, and b)

Transparent mode, having privacy OFF and daylighting.

5.4 Materials and Methods
5.4.1 Design

The transparency switching in DPW is achieved through gravitational fluid flow with a
rotating window design. A fluid storage tank is placed adjacent to the SV-PLC unit to store
the optofluid in the unfilled translucent mode. When the window is rotated, the fluid flows
to the SV-PLC unit, filling the skewed V-groove voids to have the transparent state. The
different parts and design of the DPW are shown in Figure 5.3.
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Figure 5.3. Schematic showing different parts and architecture of DPW.

SV-PLC unit: The SV-PLC unit constitutes the SV-PLC optics (H: 4.5 mm, h: 3 mm, 6:
44°, o: 55°) array within a closed enclosure (fabricated with PMMA), with one end opening
to the optofluid storage tank, as shown in Figure 5.4. The solar cell array is isolated from
the enclosure and is on the lateral edge of the unit. The current design includes four SV-
PLC optics modules of size 105 mm X 100 mm, making the whole window of size 210 mm
X 200 mm. Six individual solar cells of size 17 mm X 34 mm X 3mm have been optically
coupled to the enclosure on one side of the unit, and electrically connected in series. The
series-connected cells from both are connected in parallel to each other. A gap of 2.5 mm
has been incorporated in the SV-PLC enclosure for the fluid flow from and to the storage

tank.
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Figure 5.4. Drawing showing a) front view of the SV-PLC unit with the dimensions and
solar cell architecture, b) top view of the SV-PLC unit with the dimensions, and gap for

optofluid flow.
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Optofluid storage tank: It is an arc-shaped enclosed PMMA tank with one end open to the
SV-PLC unit. The volume of the tank is kept above the volume of space to be filled in the
SV-PLC unit.

Window rotation arrangement: As mentioned, the transparency switching states in the
DPW have been achieved with the filled and non-filled state of the optofluid, which has
been carried out with gravity steering. A rotatable turntable bearing (outer diameter of 510
mm and inner diameter of 340 mm) unit has been attached to the window unit with a
PMMA plate to allow the rotation. To automate the motion, a 12 VV motor with a gear
arrangement is attached to the bearing unit, and the whole system is operated with a
connected electrical push switch. The gear system fabricated for the system has the

following dimensions:

e Driver gear (Pinion): Pressure angle: 20°, module: 1.6 mm, pitch diameter: 25.6 mm;
circular thickness: 2.2 mm; face width: 6.4 mm
e Driven gear: Pressure angle: 20°, module: 1.6 mm, pitch diameter: 356 mm; circular

thickness: 2.2 mm; addendum: 1.5 mm; face width: 6.4 mm

5.4.2 Materials

SV-PLC Unit: SV-PLC optics in PMMA material (Acrypet VH of Mitsubishi Rayon Co.
Ltd.; RI: 1.49) have been manufactured through injection molding (Refer to Chapter 3 for
details), which is used for the DPW demonstration. SV-PLC enclosure: SV-PLC optics
have been optically coupled to the enclosure with transparent epoxy resin. The enclosure
and optofluid storage tank have been fabricated using transparent PMMA sheets (brand:
Gujpol-S, RI: 1.49)

Optofluid: The optofluid selection for technology demonstration has been carried out under

three conditions:

1) High visible light transmission (> 90%)
2) RI approximately similar to that of PMMA (1.49)
3) Compatibility with PMMA

Commercially available RI matching liquid (Acrylic matching liquid (Product code: 5032)
of Cargille Laboratories, USA, with RI 1.4917) has been used as a standard fluid for the
DPW. Apart from that, commercially available a-tocopheryl acetate, having a RI of 1.492
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and visible transmittance above 90%, is also evaluated for the current technology
demonstration. The fluid is also shown to be inert with PMMA material.

Solar Cell: Commercially available solar cells of the required size are made to attach to the
lateral face of the SV-PLC enclosure. Polycrystalline silicon solar cells (17 mm X 34 mm
X 3mm) with a rating of 1V, 40 mA have been used.

Gear system: The gear system is fabricated using the FDM 3D printing technique in ABS

plastic material.

5.4.3 Characterisation methods
5.4.3.1 Direct transmittance of light and privacy

A direct transmittance of light study has been conducted to evaluate the privacy offered by
the DPW in its translucent state. The fluid selection for DPW is conducted with the selected
RI fluids through visual inspection. As represented in Figure 5.2, the image formation only
occurs when the rays exiting the SV-PLC follow the path in parallel. For the direct
transmission characterization, the light source from a monochromator is used with the
spectral scan in the visible region (400 nm to 700 nm). As represented in Figure 5.2, a major
portion of the exited light rays will be in an angular shift with the normal to the PLC. To
evaluate direct transmittance as a measure of privacy, an integrating sphere with a
photodetector is kept at a distance of 25 cm (Figure 5.5a), such that the SV-PLC losses will
be omitted from the measurement. The privacy offered by the DPW is also affirmed with
visual evaluation, in which the quality of the image formation is visually inspected with

varying object distances from the window pane (Figure 5.5b).
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Figure 5.5. a) Schematic showing the characterization method for evaluating privacy with
direct transmittance of light in DPW. b) Schematic showing the experimental evaluation

setup for analyzing the privacy offered by DPW in its opaque state.

5.4.3.2 Diffuse transmittance of light and daylighting Potential

As represented in Figure 5.2, in the translucent mode of DPW, there will be transmission
of light in diffusion mode. This is attributed to the losses from the direct light, and also the
penetration of diffused light. This mode of transmission will not form the image of the
object across the DPW, but can be utilized for daylighting. The diffuse transmission of light
is measured in DLI using an Apogee MS-100 Spectroradiometer. The light from the solar
simulator is used for the study. The 6 mm diameter sensor window is kept directly beneath
(with zero gap) the DPW, which is exposed directly to the simulator rays (Figure 5.6). The
method can collect all the diffused and direct light rays from the DPW and can be correlated

to the daylighting potential as the transmittance value.
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Figure 5.6. Schematic showing the characterization method for evaluating the daylighting

potential with diffuse transmittance of light in DPW.

5.4.3.3 Power generation

The power generation in DPW is measured at its peak in direct solar insolation, facing

normal to the sun.

5.5 Results & Discussion

The influence of optofluid in transparency switching through RI matching in DPW is
distinctly shown in Figure 5.7. The ray tracing simulation shows the different cases of
unmatching RI fluids (RI: 1.33 (water), 1.48, 1.485, 1.488) and matching RI fluid (R1 1.49)
as the optofluids. If the RI of the fluid matches exactly with that of the SV-PLC, there will
be no deflection of light, and the image formation will be perfect. As the RI difference
between SV-PLC and opto-fluid was increased, the image formation was more distorted,
as shown by the dispersing light with the distance. When there is a higher RI difference
between the SV-PLC and fluid (for example, water (RI: 1.33)), there will be no image

formation.
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Figure 5.7. Ray tracing simulation of SV-PLC optics grooves filled with varying RI
optofluids, showing the image distortion occurring with the distinction in the RI of
optofluid and SV-PLC.

Figure 5.8 shows the photographs of the experimental evaluation of image formation by
the selected opto-fluids for DPW. The object was kept at an equal distance (5 cm) from the
sample in every case. The top-left photograph shows the unfilled state of SV-PLC, where
the voids are not filled, causing light redirection. The top-right photograph shows the SV-
PLC voids filled with water (RI: 1.33). No image formation is made as the refracted light
from the PLC is made to diverge. The bottom left photograph shows the case SV-PLC voids
filled with acrylic matching liquid, which claims to have a good clarity of image. However,
some short-range distortion is visible in the image formed, due to some slight variation in
the RI. Also, there is high bubble entrapment within the fluid in the course of its motion,
due to the high viscosity of the fluid. Surface tension of the fluid in the channel and the
viscosity favors the bubble formation and drag the bubble movement within the liquid [191-
193]. Apart from that, the width of the fluid channel also determines (which is inversely
proportional) the fluid velocity and the bubble movement [191]. However, increasing the
channel width increase the optofluid volume required for the DPW. Hence, a low viscous
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fluid will always be beneficial for DPW for better flow control. a-tocopheryl acetate was
found to be the best choice of opto-fluid for DPW, providing less distortion and more clarity

in the image it forms (bottom right image of Figure 5.8).
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Figure 5.8. Photographs showing image formation offered SV-PLC in its unfilled state (top
left), and filled states with water (top right), acrylic matching liquid (bottom left), and a-
tocopheryl acetate (bottom right).

Figure 5.9 shows the assembled DPW prototype. The size of the window is 210 mm X 200
mm. The solar cell assembly and fluid tank are kept on the rear side, making it masked.
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Figure 5.9. Prototype of DPW technology

Figure 5.10a shows the transparency switched states in the DPW prototype, where it shows
the distorted image of the background in its translucent state. When the window is rotated,
a clean image of the background will be visible upon the filling of the SV-PLC groove with
optofluid. The switching time for the prototype was around 4.5 minutes, which is dependent
on the height of the DPW. The moderately high time for switching can be attributed to the
high viscosity of the optofluid used and the low fluid channel width. A more engineered
optofluid with low viscosity can provide very fast switching of the states. Also, design
changes such as increased channel width can substantially reduce the switching time [191],
compromising the total opto-fluid volume requirement. Apart from that, the viscosity of
the fluid at the operating conditions is also considered important, since temperature can
affect the fluid viscosity. The direct transmission of light measured in the visible region for
the unfilled and filled state (with a-tocopheryl acetate) of DPW is shown in Figure 5.10b.
The drastic change in the direct transmittance of light, i.e., ~15% in the translucent state to
~90% in the transparent state, suggests the high privacy switching offered by the DPW
technology using SV-PLC. Apart from the privacy offered by DPW, it can also provide the
daylighting component in both states. In the translucent state, the measured diffused
transmittance of the light is around 50.13 + 0.83%, which is switched to 90.50 + 0.85% in
the transparent state. The high diffuse transmittance of light can be attributed to the
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different losses occurring in the SV-PLC optics (Lleak, Lresner, and initial Fresnel reflection
loss at the top surface), and is also a measure of the same.
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Figure 5.10. a) Photographs showing the view of DPW in the translucent and transparent
states, showing its privacy offerings. b) Plot showing the transmittance (direct
transmittance of light) of the transparency switching states in DPW with a-tocopheryl
acetate as the optofluid.

The privacy offered by the window in its translucent state is also evaluated with an object
(size around 13 cm X 12 cm) and varying its distance from the window pane (as explained
in the characterization method section). The results are shown in Figure 5.11. By changing
the distance from 3 cm to 15 cm, the image of the object almost vanished. Upon increasing

the distance to 30 cm, the object cannot be spotted.
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Figure 5.11. Photographs showing the privacy offered by DPW in its translucent state with

varying distances of the object from the window pane.

Finally, the maximum power generation offered by the DPW prototype under field
conditions is around 20 Wp/m? (under one sun condition) using polycrystalline solar cells.
Improvement in power generation can be attained with better SV-PLC designs (refer to the
Future outlook chapter (Chapter 6)), improved manufacturing, better solar cells,

architecture, and their coupling with the DPW.

5.6 Conclusions

Dynamic Power Window, a novel concept and approach for integrating power generation,
active dynamism, and daylighting as a glazing solution, has been conceptualized and
demonstrated. The SV-PLC optics have been utilized as the optics platform for energy
generation and transparency modulation. The transparent state of the DPW has been
achieved by incorporating optofluid within the SV-PLC optics grooves having a matching
RI. The demonstrated DPW technology has distinct transparency switching states of 90%
to 15% (direct transmittance of light) in around 4.5 minutes. The maximum energy
generation potential has been ~20 Wp/m? using polycrystalline silicon solar cells with the
demonstrated prototype. Apart from that, the technology can offer a daylighting
transmittance (diffuse transmittance of light) of ~50% and 90% in the translucent and

transparent states, respectively.
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6.1 Summary

Planar optics, such as Fresnel lenses and mirrors, emerged as compact light concentrator
solutions to address the drawbacks of large imaging optics-based systems. However,
creative solutions were required to solve the focus gap problem instead of relying solely on
imaging optics. Since it allows for a single point of energy collection, the zero focal length
idea, diffused light collection from the waveguide, and reduced size of the entire light
concentrating system, waveguide-based PLC has emerged as the greatest option in this
regard. Notwithstanding these benefits, waveguide-based PLCs have drawbacks in their
current designs, such as the requirement for exact microfabrication methods, bulkier
components (having a higher width-to-length ratio), numerous optical components that

require exact alignments, or restricted solar acceptance angles.

The thesis focuses on designing and developing a novel compact Planar Light Concentrator
(PLC) optics solution to replace conventional bulky light concentrators. The design
essentially consists of an array of skewed V-grooves in an optics slab, and light falling on
it will be transported to the lateral face in a direction. The low-concentration system can be
effectively used in built environments such as Building Integrated Photovoltaics, where the
concept of focal length limits conventional light concentrators in their applicability. A basic
introduction to the current designs of waveguide-based PLCs was discussed in Chapter 1,
which defines the research gap. As of now, the existing design innovations conducted on
planar waveguide-based CPVs have more prominence for geometric optics-based designs.
However, the primary design challenge is to achieve a scalable design solution without
compromising on geometrical concentration, OE, and solar acceptance. The key attributes
of the skewed V-groove based PLC (SV-PLC) optics design include 1) Non-sequential
design approach employing a single optics element; this avoids the need for precise
positioning of the optics 2) Low-concentration optics, eliminating the need for intricate
thermal management systems; 3) Manufacturable through a single process; 4) Higher solar
acceptance in an axis eliminating the need for 2-axis tracking; 5) A zero focal length
configuration that negates the necessity for spacing before the collectors; 6) Unidirectional
light concentration design for higher concentration factor; 7) Design flexibility for

converting to radial design for higher concentration factor.
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The detailed mechanism of light transport and its mathematical model have been developed
in Chapter 2. Understanding the various SV-PLC optical parameters and variables is aided
by the mathematical model. Since many parameters need to be examined and optimized
before creating simulation models, the model serves as the foundation for simulation
investigations. For the various parameters, thorough derivation and optimization have been
carried out. Lastly, the current mathematical model of a single groove has been used to
forecast the efficacy, i.e., the Optical Efficiency (OE) and Final Concentration (FC) of the
SV-PLC design.

The various fabrication routes that can be used for the SV-PLC optics are described in depth
in Chapter 3. From quick prototyping to industrial manufacture, three distinct techniques
have been used to fabricate SV-PLC optics. Laser machining in PMMA plates, a quick
prototyping technique, has been used to validate the optics design. Furthermore,
stereolithography 3D printing in optically transparent resin has been used to create large-
area prototypes. In the end, SV-PLC optics were manufactured on a wide scale using
injection molding technology. The laser machining process has limitations in the depth of
cutting (8 mm, for mediocre cuts without obliqueness), hence, individual pieces were cut
and optically coupled to each other, resulting in a loss of light intensity through the
interfaces. Also, the machining yields heat-induced bulges at the groove interfaces. Apart
from that, the technique can be used for quick validation of the optics with minimal cost of
fabrication. After that, the SV-PLC optics were fabricated with SLA 3D printing by two
different methods. Method one adopted the direct 3D printing of the SV-PLC optics. This
method does not provide a provision for polishing and coating to improve the surface finish.
This yielded light-scattering surfaces at the groove interfaces, reducing the efficiency of
the SV-PLC optics. To mitigate this issue, the second method has been utilized. The SV-
PLC optics have been divided into separate parts, 3D printed, and optically connected in
the second technique. Although the technique produces visual clarity, the individual pieces
yielded rounded edges with dimensional and shape variances, caused by the polishing and
lacquer coating. Additionally, the system will suffer from higher losses due to improper
alignment of the individual elements and losses occurring at the interfaces. Large-scale
optics (> 10 cm) can be readily customized and manufactured, but the accuracy of the
process limits 3D printing to large-area prototypes for technology validation. The third

method, injection molding, can be regarded as a better manufacturing procedure for SV-
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PLC optics on a larger scale and with a greater chance of integrating dimensional accuracy,
surface profiles, and optical clarity when compared to laser machining and 3D printing.

Chapter 4 conducts the evaluation of the SV-PLC optics. The evaluation of different
fabrication routes was conducted through optical microscopy and direct light transmittance
to assess the dimensional accuracy and surface profiles of the skewed V-grooves. The
results revealed injection molding to be a more suitable manufacturing method for attaining
better groove profiles and optical properties. The simulation models have been developed
for SV-PLC optics in the COMSOL Multiphysics Ray Optics module. The simulated
models align well with the mathematical models developed for analyzing the OE, with a
slight performance increment in the simulation models because of the difference in the
methodology adopted. The FC of <5X can be achieved with the linear design of SV-PLC.
Analyzing the angular acceptance, a low-efficiency drop of less than 10% is only suffered
within £15° angular shift in the light incidence, and a maximum drop of 30% within the
+23.5° zone. However, the design can be elevated to an FC in the range of 75X with the
radial SV-PLC designs. Finally, experimental evaluations were carried out with a 10X GC
injection molded SV-PLC optics in both standard conditions and direct sunlight using an
amorphous silicon solar cell. The FC measured are 2.3X and 2.2X under standard
conditions and on-field conditions, respectively, under 1 sun conditions. The angular
acceptance study (under standard conditions) also shows a similar graphical trend to the

simulation results.

Energy efficiency in buildings is always connected with both energy conservation and
energy generation. Glazing provides a huge opportunity to integrate both in a single
platform, where light transmissivity switching provides the energy efficiency component,
and photovoltaic integration provides the energy generation. However, the integration of
photovoltaics compromises light transmissivity in glazings. Conventional methods like
electrochromism, suspended particles, or liquid crystals for transparency switching have
their limitations in cost and switching efficiency. Chapter 6 conceptualized and
demonstrated the Dynamic Power Window, a novel concept and approach for integrating
power generation, active dynamism, and daylighting as a glazing solution. The SV-PLC
optics were used for power generation and transparency modulation. The transparent state
of the DPW has been achieved by incorporating a matching RI optofluid (a-tocopheryl
acetate) within the SV-PLC optics grooves. The fluid flow has been driven by gravity in
the rotating window prototype model developed. The demonstrated DPW technology has
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distinct transparency switching states of 90% to 15% (direct transmittance of light) in
around 4.5 minutes. The maximum energy generation potential has been ~20 Wp/m? using
polycrystalline silicon solar cells with the demonstrated prototype. Apart from that, the
technology can offer a daylighting transmittance (diffuse transmittance of light) of ~50%

and 90% in the translucent and transparent states, respectively.

6.2 Future Perspectives

The present thesis could provide new insights into the straightforward design and
fabrication of SV-PLC optics and offer a wide range of opportunities for future research
for design approaches, product development, and extended studies. Some of the

possibilities are:

1. Gradient skewed V-groove design for higher optical efficiency: The proposition is to
have an array of skewed V-grooves with increasing size from the end near to collector
to the other end. This will increase the optical efficiency by reducing the percentage of

rays passing through the maximum number of grooves.

2. Development of radial Skewed V-groove Planar Optics for Medium Light
Concentrators: As shown with the simulation results, radial SV-PLC optics can achieve
an FC of up to 75X at the expense of the angular acceptance. However, translating the
optics to industrial manufacturing seems to be challenging. The possibility of fabricating
a sector of the circular design can be explored with injection molding since the circular,

skewed V-groove pattern makes an interlocking arrangement.

3. Fast transparency switching in DPW: The current switching time of the transparency in
DPW is around 4.5 minutes for a 0.2 m high window. The viscosity of the fluid plays a
major role in switching time, as the process depends on the flowability of fluid in the
channel. The possibility of low-viscosity liquids can be explored in the future for fast

switching of the transparency states in the DPW.

4. Concentrated Photovoltaics (CPV): The possibility of indoor and outdoor CPV product
development with proper solar cell architecture and thermal management should be

explored in the future.

5. Daylighting application: The possibility of daylighting can be explored with the radial
design of SV-PLC optics by connecting a light pipe to the center of the optics.
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This dissertation focuses on the design and development of a novel compact Planar Light
Concentrator (PLC) as a solution to conventional bulky light concentrators. The design
essentially consists of an array of skewed V-grooves in an optics slab, and light falling on
it will be transported to the lateral face in a direction. The low-concentrating system can be
effectively used in built environments such as Building Integrated Photovoltaics, where the
concept of focal length limits conventional light concentrators in their applicability. The
key features of the optics design include 1) Non-sequential design approach employing a
single optics element; this avoids the need for precise positioning of the optics 2) Low-
concentration optics, eliminating the need for intricate thermal management systems; 3)
Manufacturable through a single process; 4) Higher solar acceptance in an axis eliminating
the need for 2-axis tracking; 5) A zero focal length configuration that negates the necessity
for spacing before the collectors; 6) Unidirectional light concentration design for higher
concentration factor; 7) Flexibility for converting to radial design for higher concentration
factor. A basic mathematical model was developed for the evaluation of the optics, defining
the control parameters, and optimization of the parameters for the final simulation models.
Fabrication of the skewed V-groove based PLC (SV-PLC) has been carried out with three
different manufacturing processes: 1) Laser cutting, 2) Stereolithography 3D printing, and
3) Injection molding. The advantages and limitations of each process have been evaluated
to carry the design solution from initial technological evaluation to mass production. The
SV-PLC optics were experimentally evaluated using an amorphous silicon solar cell, under
both standard conditions and direct solar radiation. Finally, a novel Building Integrated
Photovoltaic glazing concept called Dynamic Power Window has been conceptualized and
demonstrated using SV-PLC optics, which integrates active dynamicity and power
generation in a single platform. The technology utilizes SV-PLC optics as the energy-

generating component, which is integrated with optofluidics to attain the active dynamism.
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Solar energy, being the most abundant natural source of renewable energy, is playing a
crucial role in the ongoing global renewable energy translation. However, energy converted
utilization of solar energy has its limitation of lower input energy density. Light
concentrators are the most sought-after technology for mitigating this limitation of solar
radiation. However, the conventional optics systems such as mirrors and lenses suffer from
bulkiness and low cost-effectiveness due to the large optics elements. Waveguide-based
planar light concentrator (PLC) is an approach, where the system bulkiness is greatly
reduced due to its prospectus of direct light collection from its lateral face. However, the
existing designs mostly consist of multiple optics elements, resulting in the need for precise
positioning and 2-axis point-to-point solar tracking. In this regard, we have designed and
prototyped a novel PLC optics solution that is single elemental and has high solar

acceptance in an axis.
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Solar energy, being the most abundant natural source of renewable energy, will play a
crucial role in the ongoing global renewable energy translation. However, energy converted
utilization of solar energy, which can be either thermal or electrical, technologies have the
limitation of lower input energy density. The area utilization of these solar power
conversion systems, costs, and their environmental impacts will also become a major
concern in the coming decades. The most sought-after and straightforward approach
adopted to address this issue of lower energy density is by concentrating solar energy to a

finite area using optics technology intervention.

Light concentration optics technologies have been classified with performance as low
concentration (2X — 100X), medium concentration (100X — 1000X), and high concentration
(>1000X) optics. Among them, low-concentration optics (LCO) have been identified with
simpler approaches and minimalized requirements of active cooling methods upon different
application systems. The additional prospectus of a compact system design of LCO
technologies can be considered for small power plants or low-capacity decentralized
solutions. Moreover, its applicability in built environments, such as for building
integration/ retrofits has been discussed more recently. Recently, the low-concentration
Planar Light Concentrator (PLC) technologies have been well acknowledged globally, and
many research efforts have been put forward to develop new designs and solutions,
indicating its prospect for Concentrated PV/Thermal technologies. Waveguide-based PLC
has evolved as a major contender in PLC technologies. Recognizing its importance, the US
Department of Energy acknowledged the potential of waveguide-based PLC through the
Advanced Research Projects Agency-Energy (ARPA-E) project in 2016.

However, design development and optimization of any PLC technologies require elemental
and subsequent system-level ray optics modelling, which is impractical with conventional
optics drawing and numerical modelling. Also, the angular performance study of optics

design, especially for solar applications is difficult to conduct conventionally. Herein, the
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proprietary optics design for the PLC has been evaluated using the Ray Optics Module of
COMSOL Multiphysics software. The multi-parameters have been well defined,
parametrized individually, and optimized with their causality, leading to different designs
correlated to different output requirements. The geometrical concentration factor
depending on the system size, the final output light concentration, and the solar acceptance
has been evaluated for the different design types and parameters and represented
graphically to gain a better system and optics design selection process. Further, the
secondary optics rays, analyzed through the simulation models give a better understanding
of the fundamental optics phenomenon concerned with the optics designs. Data processing
and data modelling has also been carried out through COMSOL post-processing elements

to have better data visualization.

In conclusion, the proprietary PLC design has been developed with ray tracing models
using COMSOL Multiphysics software. The optimized designs are fabricated and validated

practically as a low-concentration solar optics solution.

184



Results in Engineering 24 (2024) 102923

Contents lists available at ScienceDirect

Results in

Engine

Results in Engineering

journal homepage: www.sciencedirect.com/journal/results-in-engineering

ELSEVIER

Micro-article
Single elemental planar light concentrator using skewed V-groove optics

Animesh M. Ramachandran *°, Adersh Asok *”"

2 Centre for Sustainable Energy Technologies, CSIR-National Institute for Interdisciplinary Science and Technology (NIIST), Thiruvananthapuram, Kerala, 695 019, India
b Academy of Scientific and Innovative Research (AcSIR), Ghaziabad, 201002, India

ABSTRACT

Light concentrators are widely used to address the challenges of solar radiation’s limited energy density. However, traditional light concentrators suffer from
bulkiness, higher focal length, low solar acceptance, and cost factor due to the usage of large imaging optics elements. Waveguide-based planar light concentrators
(PLC) have been engineered as a solution to these challenges. They work by collecting light at the incident face and channeling it to the lateral face of the waveguides.
However, the existing PLC designs mostly consist of multiple optics elements, resulting in the need for precise positioning and point-to-point solar tracking.
Addressing these complexities, a new design for waveguide-based PLC is presented. It features a simplified array of skewed V-grooves within an optical slab,
essentially creating a single elemental optics. This novel skewed V-groove-based PLC (SV-PLC) introduces a low-concentration (i.e., <10X geometric concentration
(GQ)) solution that offers high angular acceptance along one axis. The current study aims to establish the novel design concept, validate, optimize, and assess the
design through the Ray-tracing simulation. Further, based on the simulation results, a functional prototype was successfully fabricated in PMMA using laser
machining. The results of the optical characterization of the SV-PLC showed that the Optical Efficiency (OE) was approximately around half the theoretical OE.
Angular-dependent ray trace results showed a lower OE drop (<10 %) for incident angles less than 15°, and a maximum drop of 30 % (for a 10X GC design) for an

incident angle of 23.5° (i.e., half the angle shift of the sun through seasons).

1. Introduction

Solar electricity conversion stands out as a leading solution for
renewable energy transformation, crucial for the required energy shift.
Its ease of adaptability and prospectus of Decentralised Distributed
Generation (DDG) highlight its significance [1,2]. Over the last two
decades, the cost of solar modules has declined by more than 95 % [3].
However, the quest for enhancing the spatial efficiency of solar cells and
reducing costs remains a critical issue [4]. Additionally, with the rapid
adoption of solar technology, waste management, and recycling have
emerged as pressing concerns for the industry in the upcoming decades
[5]. This situation underscores the urgent need for strategies that
maximize the effective use of solar cell area.

Concentrated solar power (CSP) technologies, due to their efficient
resource and energy utilization attributes, are intended to have a higher
impact on the renewable energy sector [6]. Originally developed for
converting thermal energy [7,8], a growing focus is now on directly
converting concentrated solar energy into electricity or
electricity-thermal energy, which can reduce the need for extensive
photovoltaic (PV) surface area and materials [9,10]. Compared to
luminescent [11] and diffraction optics-based [12] solar Concentrated
Photovoltaic (CPV) technologies, geometric optics (GO)-based CPV

systems are particularly impactful due to their higher energy concen-
tration factor and wide spectral selectivity [13]. These systems primarily
have an optical element of a specific acceptance angle for solar radiation
that concentrates the solar radiation onto a smaller desired area. While
traditional GO - concentrators utilize bulky mirrors and lenses, that
suffer from point-to-point solar tracking [6]. Efforts to scale down these
components typically involve either reducing the concentration factor or
increasing the number of elements used within the system [14].

In this context, GO-based Planar Light Concentrator (PLC) systems,
which employ compact light-concentrating optics, are making a signif-
icant impact due to their reduced built volume. This reduction in size is
mainly achieved by decreasing the optics’ dimensions and/or the focal
length [15,16]. Such advancements are propelling the use of PLCs in
CPV, beneficial for both large-scale power generation [17] and inte-
gration into building designs, such as in Building Integrated Photovol-
taics (BIPV) [18]. In PLCs, light waveguide-incorporated designs are
developed later, that efficiently capture and transport light to their
edges, where energy is concentrated and collected without any focal
gap. Despite these advantages of waveguide-based PLCs, current designs
face challenges including the need for precise microfabrication tech-
niques [19], bulkier elements (larger width-to-length ratio) [20], com-
plex optical alignments [21], or limited solar acceptance angles [22].
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Fig. 1. a) Typical ray transport mechanism within an SV-PLC, illustrated using a ray-tracing simulation model; b) Key design parameters for SV-PLC optics; c)

Principal loss mechanisms in an SV-PLC optics.

Current design approaches of GO-based PLC systems can be classified
as.

1. Multi-elemental refractive: This is the most common approach,
where refractive optics elements such as spherical or cylindrical
microlenses are made to optically align with some light-dispersive
elements such as prisms, wedges, mirrors, or scattering surfaces
positioned in the waveguide. The light rays are initially made to
focus on the dispersive elements through the microlenses, where it is
transported within the waveguide after light dispersion. Eric J.
Tremblay et al. fabricated one such system with spherical micro-
lenses and 120° apex symmetric prisms [19]. The theoretical study
shows an OE of 81.9 % for 300X GC, however, the prototype
developed showed 32.4 % optical efficiency for 37.5X GC. The
manufacturing and precise positioning of the specific optics elements
seems to be challenging here. Also, the system has a very low
acceptance angle and requires lateral alignment and rotational ac-
curacy because of its architecture. The replacement of the spherical
lens with cylindrical lens by S. Bouchard et al. provided high angular
acceptance (+£54°) in an axis at the expense of the GC [23]. The
simulated results in LightTools showed an OE of 80 % for 8.1X. More
studies are conducted in this similar approach with different design
architectures [21,24-29], however, its scalability and optics design
challenges remain unaddressed.

2. Multi-elemental reflective: This approach uses multiple reflective
elements to direct the rays to the waveguide, which is architecturally
separated. Kuo et al. showed one such design which uses waveguide
sheets stacked with an array of arc segment structures which is
reflective [30]. Light rays after reflection from the arc segment
structures, it is directed to the sheet waveguide, and further trans-
ported to the desired area with a series of optics arrangement. The
simulation studies conducted showed a GC of 738X with an OE of 87
%. The angular acceptance offered by the design is around +12°.
Here also, scalability and the positioning of optics elements seems to
be challenging with multiple light guiding layers.

3. Single-elemental reflective: This approach uses an arrangement of
reflective surfaces that transport the light rays to the waveguide,
where it is directed to the desired output area. A typical design can be

an array of reflective V-grooves on a planar optical waveguide [20].
Light falling on the grooves is redirected to the desired area (lateral
edge), upon the design considerations. The design is a
single-elemental approach, making the fabrication easier and elim-
inating the need for any inter-alignment of optics elements. The
major drawback of the design is the high aspect ratio (length--
to-height ratio) of the optics, and the lower acceptance angle (2°).
The ray tracing simulation study (using LightTools software) sug-
gested a moderate OE of 67.7 % for 5X GC. The PLC developed by
Morgan Solar is one of the superior single-elemental reflective de-
signs when considering the GC it can provide [22,31]. The archi-
tecture essentially consists of an array of reflective profiles placed
above the waveguide. The light redirected from the reflective sur-
faces is made to pass through the entry point to the waveguide,
where it is transported to the lateral side. The design offers a very low
acceptance angle of +0.9°, however, offers a very high GC (1000X)
[32]. A comprehensive review summarizing various
waveguide-based PLC designs, along with their advantages and
limitations, has recently been published [33].

Herein, a novel optical design featuring skewed V-groove patterns
has been developed for use in low-concentration solar energy systems.
The first-of-its-kind design approach differs from the existing methods in
its light transport mechanism and has the following attributes: 1) Uti-
lization of a non-sequential design (one optics element is not followed by
any other) approach, employing a single optics element; this avoids the
need for precise positioning of the optics 2) Low-concentration optics
(less than 10X GC), eliminating the need for intricate thermal manage-
ment systems; 3) A straightforward waveguide-based construction,
allowing for production through a single manufacturing process; 4)
Higher solar acceptance in an axis eliminating the need for 2-axis
tracking; 5) A zero focal length configuration that negates the neces-
sity for spacing before the collectors. Design, being the first of its kind,
has been assessed for its influence on performance factors such as OE,
and concentration factor through optical ray trajectory simulation
models, using COMSOL 6.1 Multiphysics simulation software. The
skewed v-groove-based PLC has been fabricated using rapid prototyping
laser cutting in PMMA plates, followed by a visual inspection and
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Fig. 2. Schematic representation of ray travel (in blue color) in a skewed V-
groove PLC showing the angular parameters and variables at the incident face,
where the light ray undergoes total internal reflection. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

characterization to evaluate the optics.

2. Design

Fig. 1a depicts the typical simulated ray trajectory for lateral light
concentration in SV-PLC using COMSOL Multiphysics 6.1. The design
essentially consists of an array of skewed V-groove voids in an optically
transparent slab. As illustrated, when a light ray hits the V-groove’s
reflecting face, it will undergo total internal reflection. This process
steers the light horizontally through the SV-PLC, with multiple re-
fractions at adjacent grooves causing an upward shift in the light rays
within the SV-PLC, thereby enabling efficient light transmission. Ulti-
mately, the rays redirected from the array of grooves lead to intensified
light collection at the lateral edge of the SV-PLC.

The different losses that occur in an SV-PLC are depicted in Fig. 1b.
The angle of incidence at the different faces determines the Fresnel loss
(Lfresnel, represented as dotted lines), i.e., which is the light reflection
loss during transmission. Additionally, material absorption loss (Laps)
significantly affects SV-PLC efficiency as light travels through the ma-
terial. Beyond Fresnel and material absorption losses, there can also be
leakage loss (Lieak) at the SV-PLC’s base, as depicted in Fig. 1b. Leesnel
and Lje,k are influenced by the design parameters of SV-PLC. Therefore,
optimizing the design to match the material characteristics can enhance
its efficiency and improve final light concentration capabilities.

Fig. 1c illustrates the various design parameters for optimizing an
SV-PLC. The methodology for this optimization of the parameters
includes:

Reflecting face angle (0): The angle 6 must exceed the critical angle
necessary for total internal reflection at the reflecting face. As defined by
Snell’s law, the critical angle for total internal reflection to occur is given
by, 6. = sin’l(RIair/RIm) or simply sin~!(1/ Rly,), where R, and Rl are

Results in Engineering 24 (2024) 102923

the refractive index of air and material respectively. Fig. 2 shows the
schematic of the ray tracing of a single ray impinging on the SV-PLC.

A =0 (Corresponding angles)

A +B=90° (Considered ray at an angle of 90° with the PLC face)
= B=90°-¢

B+ C = 90° (Angle made by normal to the groove face)

> 0=C

C+D+f; =90°

> B=90°-20

Thus, the incident angle at the interface of total internal reflection is
equal to the reflecting face angle. To ensure maximum light transmission
with the fewest refractions possible, we maintain a minimal 6 value. This
minimization reduces Fresnel losses, thereby increasing the intensity of
light rays reaching the lateral face. Consequently, for standard optic
materials like PMMA (RI: 1.49), Glass (RI: 1.52), and Polycarbonate (RI:
1.58), we set 0 to 43°, 42°, and 40° respectively.

Difference of Height of the slab & Height of the optical element (H-
h): Reducing the size of the optical elements offers significant benefits by
increasing the (H-h) factor, thereby extending the rays’ path length.
Consequently, this results in an increase in the Ljgg of the SV-PLC.

Length of the SV-PLC (Ljgp): L1go represents the maximum length of
the PLC, capable of translating 100 % of the light from the incident plane
onto the lateral face of the SV-PLC. It is a merit value rather than a
variable and depends on the design parameters shown in Fig. 1c. After
L1oo the SV-PLC undergoes partial loss of light rays from the bottom (as
represented in Fig. S1 of supplementary information showing a typical
ray tracing simulation of SV-PLC). Ly, (Fig. S2) represents the
maximum length up to which the length of the SV-PLC can be extended,
and it depends on only 0 for a constant (H-h) value. After Lyx there will
be no additional gain of light to the lateral face.

Inter-groove spacing (S): The inter-groove spacing is always set to a
maximum value without any Lje,k loss in the SV-PLC.

Refracting face angle (a): The refracting face angle, «, is the critical
factor in adjusting the optics of the SV-PLC to achieve the desired OE and
light concentration, which is parameterized for this study.

3. Materials & methods
1. Simulation modelling

The optics simulation models are used to predict the performance of
SV-PLC with common optical materials like PMMA, Glass, and Poly-
carbonate with Refractive Indices (RI) taken as 1.49, 1.52, and 1.58
respectively. We conduct two-dimensional simulations to gauge the
effectiveness of SV-PLC and expand to 3D simulations for an in-depth
analysis of angular acceptance along a given axis. Light rays are made
to incident normal to the SV-PLC, and the simulation is carried out
incorporating the interfacial light phenomena and the governing laws
(Law of Reflection, Law of Refraction, Fresnel equations for light
transmission through interfaces). The optical efficiency (OE, i.e., the
output energy received at the lateral edge/input energy) and final light
concentration (OE X GC (geometric concentration)) are determined by
measuring the power of light received at the detector (lateral edge
boundary is taken as the detector).

The ray optics module within COMSOL Multiphysics 6.1 was
employed for the simulations, and the following considerations for the
control parameters and boundary conditions were applied.

1. All the simulations are carried out for SV-PLC length kept at Ljo.
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1.25 2. The input power of light rays was set as 1W across the Ljgo. The
S = Groove width light ray is taken as a singular wavelength (660 nm).
120 | L o o o e e e e e e e el 3. Uniform ray density is considered, with a spacing of 0.05 units’
(mm) distance per ray across the Ljgo.
1.15 4. Material absorption losses were excluded from consideration,
1.10 focusing the study on the design features of the SV-PLC.
’E 5. The angle 0 was set to a minimum value as detailed in the design
£ 1.05 section, according to the RI of the material.
;; 6. For comparative analysis, values of H and h were set at 10 mm
1.00 and 1 mm, respectively.
7. The spacing value S was maximized while ensuring zero Ljeax as
0.95 ——RI1.49 outlined in the design section.
o0 [ e RI 1 :52 8. The o parameter was swept above the 6 angle up to a maximum of
----RI 158 75°%
0.85 9. The rays are made to freeze at the detector interface for

computing the final ray power received at the detector.

40 45 50 55 60 65 70 75 ; L . ;
9. Since the mesh size is independent of the simulation result (ray

a (o) power at the detector), a coarser mesh size is selected.
10. The time step for the simulation is kept at 0.0001 ns for proper
Fig. 3. Dependency of refraction face angle () on the inter-groove spacing (S) evaluation since a higher time step produces less accurate results.
in SV-PLC for different materials (RI: 1.49, 1.52, and 1.58; results from simu- 10. Simulations are carried out up to 0.32 nanoseconds, for every ray
. . 3

lation models). to reach the detector where it is made to freeze to obtain the

result.
2. Fabrication & Characterisation
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Fig. 4. a) A typical COMSOL Multiphysics simulation of ray-tracing within an SV-PLC showing complete lateral light concentration, a receiver placed on the lateral

face to determine OE and final concentration; b) OE vs refracting face angle («) plot in an SV-PLC for materials with RI 1.49, 1.52, and 1.58; c) Final light con-
centration vs « plot in an SV-PLC for the different RI materials.
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The design was initially validated using a laser cutting process on
PMMA sheets. Commercially available cast PMMA sheets (brand:
Gujpol-S) with an RI of 1.49 at 589 nm, a visible transmittance of 92 %
for 3 mm thickness, and a total thickness of 8 mm were used for creating
the pattern. The equipment employed was the Trotec Speedy 100 CO4
laser machine (accuracy of +0.015 mm) which can operate at a
maximum power of 60W for its 10.6 pm laser. The design parameters
were set as follows: 0 to 43°, a to 49°, H to 10 mm. To improve the profile
cut by the laser, the h value was increased to 4 mm. This adjustment
compensates for any local heat zones that can cause material softening
and deformation during machining. The thickness of the PMMA sheet is
limited to 8 mm according to the capacity of the machine to provide a
satisfactory cut (without obliqueness) for the design. The vector drawing
of the design is fed into the TROTEC JobControl X software. The pa-
rameters are fixed with the software by trial and error method to get a
better finish with a straight and single cut. The machined parts are then
inspected using a Carson MM-380 microscope with 20X magnification to
check for cut angles, defects, and finish. The optimized parameters for
the process include the laser head speed of 20 mm/s, with a laser power
setting of 60 W, and the pulses per inch (PPI) of 500. Once the 8mm
width SV-PLC pieces are cut, they are cleaned with a water jet for any
residual removal, dried, and stacked together with epoxy resin for final
visual inspection. In addition, colored Polycarbonate sheets are lami-
nated above the SV-PLC for easy visual inspection. The OE of the
fabricated SV-PLC pieces is evaluated using a standard thin-film amor-
phous silicon flexible solar cell (supplied by PowerFilm Solar, USA;
active area: 1 cm x 1 cm; 4 mW under 1 sun). The output power from the
bare cell and cell optically coupled with the SV-PLC are evaluated under
1 sun condition using an AM1.5G ACA solar simulator (supplied by
HOLMARC, India).

4. Results and discussion

Fig. 4a depicts the typical time-dependent 2D ray-tracing model of an
SV-PLC (RI: 1.49, a: 49°, H: 10 mm, h: 1 mm, ray density: 0.5 mm dis-
tance per ray (for analysis 0.05 mm distance per ray is used to improve
the accuracy of models)). The inter-groove distance, S is taken for zero
Licak- Fig. 3 shows the S value for different a values for the considered
materials. For higher RI material (RI: 1.58), the S value can be kept at
maximum equalling the groove width.

The discussed SV-PLC design is mirrored to create bi-directional
lateral concentration as shown in Fig. 4a. The receiver is identified as
the position of the detector within the simulation model, which mea-
sures the SV-PLC’s lateral power output. A parametric sweep was per-
formed on the a value to analyse the OE and final light concentration.
The results of the OE and final light concentration of the simulated
models are shown in Fig. 4b & ¢ (length of SV-PLC is taken as individual
Ligp of each design), respectively. The OE was calculated from the
output light power (received at the detector) to the input light power
(kept at 1 W) (the obtained results from the simulation are tabulated as
Table S1 in the supplementary information). As the « value is increased,
there was a drastic increase in the OE up to a limit, after that showing an
almost straightened value. The trend is consistent with different optical
materials under consideration, with slightly improved values for higher
RI materials. The initial drastic increase is attributed to the lower Leegnel
losses that occurred because of the reduced incident angles at the
different groove interfaces and the reduced number of interfaces that the
rays are passing. The graph tends to straighten after a limit due to less
change in the Fresnel loss at interfaces. Nevertheless, the Ligo value
(which also influences the final concentration of light) typically de-
creases as o increases due to higher angular shifts occurring at the in-
terfaces. The final light concentration, which is the product of the OE
and GC (GC = Ljgo/H) was plotted against «, as shown in Fig. 4c. The
graph shows a sharp increment initially, especially for higher RI mate-
rial, owing to the drastic increase in the OE as discussed.

Even though the final concentration graph shows an overall decrease

Results in Engineering 24 (2024) 102923

a
80
v ——RI1.49
v T R — RI 1.52
Vo ----RI1.58
— 60
£
€ 50
S 40
=
-l
30
20
| [
40 45 50 55 60 65 70 75
a(®)
b 8o , —r 80
g 701 : L F70
S A, | | e
§ 60 s, ' teo £
£ 50 BN ' [50 &
8 ] 1 AA | I 5
S 40 : a, | 40 ©
o L100 “, Lmax | £
2 304 | “‘“‘uﬂl 30 L‘L:
GE, 20 : I/'/'t'. I -20 -g
o | o , o
o 10 | 7.,,;"/ | 10 (o]
(O] s 1
"
0{ " 1 to
1 1

0 50 100 150 200 250
Length of SV-PLC (mm)

Fig. 5. a) Dependency of refraction face angle (a) on the L;oo value in SV-PLC
for different materials (RL: 1.49, 1.52, and 1.58; results from simulation
models); b) Drop in OE and increase in the GC with the length of SV-PLC up
to Liax-

in the longer range, it also produces irregular steps in the short range.
This can be attributed to the irregularity in the Lo value (Fig. 5a), as
different designs have different ray directional paths depending on the
number of grooves the rays are passing. Herein, the design consider-
ations are kept for the SV-PLC length of Lj¢, since after Ljg there will
be a drastic reduction in the OE even though the GC is high (as shown in
Fig. 5b, where the design considerations are RI: 1.49, 0: 43°, a: 49°, H: 10
mm, h: 1 mm), as much of the light rays will not reach the lateral face
and will be lost through the bottom of the SV-PLC. This is the reason that
we have a reducing trend in final concentration upon the o after L; oo and
we are considering the design for L; oo length of SV-PLC. In Fig. 5b, Lipax
represents the maximum length up to which the length of the SV-PLC
can be extended (after L. further increase in length does not provide
any light concentration). The final concentration (product of OE and GC)
can reach from 3.2X to 6X for Ligo to Lyax.

Fig. 6a shows the PMMA SV-PLC (RI: 1.49, 6: 43°, a: 49°, H: 10 mm,
h: 4 mm) fabricated using laser cutting. Optical microscopy revealed
several issues with the process including low dimensional accuracy,
profile deformation, and low surface quality (Fig. 6b). The designed
angle between the reflecting and refracting faces was 6°, however, the
final contour shows an angle of 2° after laser cutting. This was likely due
to damaged and deformed edges caused by local heat produced. The
profile also seems to be unsuitable for the laser cutting process, since the
cuts for the profile are very close to each other, creating heat-induced
deformations. The measured optical efficiencies with the theoretical
efficiency further validate these findings. The bare solar cell generates a
power of 5.82 mW under the simulated conditions; the SV-PLC optics
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Fig. 6. a) A photograph showcasing the SV-PLC fabricated through laser cutting of PMMA sheet; b) Optical microscope images (20X magnified) of the fabricated SV-
PLC using laser machining, showing the surface defects, low dimensional accuracy, and profile deformation; ¢) Photographs validating the high angular acceptance of
SV-PLC in the longitudinal axis; d) Simulation study plot of efficiency drop in SV-PLC with varying incident angles in the longitudinal axis.

have an OE of 37.9 % (theoretical OE: 66.3 %) for 1.6X GC (3.52 mW),
26.4 % (theoretical OE: 58.3 %) for 3.2X GC (4.92 mW), 21.82 %
(theoretical OE: 55.1 %) for 4.8X GC (6.01 mW), 18.8 % (theoretical OE:
45.4 %) for 6.4X GC (7 mW), and 15.43 % (theoretical OE: 36.4 %) (7.12
mW) for 8X GC. Apart from the limitations of the manufacturing process,
lower H-h value also contributes to lower efficiency at higher GC. When
compared, the measured OEs is around ~2 times less than that of the
theoretical OE.

Fig. 6¢ showcases the visual validation (at 0°, 15°, 30°, and 45° light
incidence) of the concept, illustrated with multiple laser-machined SV-
PLCs coupled together with transparent epoxy resin. The angle of inci-
dence is measured from the normal to the plane of SV-PLC, parallel to
the groove direction. For enhanced visual detection, colored poly-
carbonate sheets are attached on top of the PLC, as shown in the
accompanying photographs. Fig. 6d presents the results of the simulated
single directional angular study (efficiency drop) of the SV-PLC (RIL:
1.49, 0: 43°, a: 49°, H: 10 mm, h: 1 mm) with GC of 10X, 7.5X, 5X, and
2.5X, and an experimental study in a 1.5X GC SV-PLC. The efficiency
drop for different angles of incidence was measured relative to the
respective 0° light incidences as different cases have different power

outputs. Hence the efficiency drop is taken O at 0°. The investigation
focuses on the longitudinal axis and involves changing the incident
angle from 0° to 25°. In the graph, the highlighted rectangle represents
the angular acceptance zone till 23.5°, which corresponds to the angular
shift of the sun (+£23.5°) through different seasons. The results showed a
low-efficiency drop of less than 10 % within +15° and a maximum drop
of 30 % within the +£23.5° zone. The experimental result also showed a
similar trend even though the final laser cut optics have a slightly
irregular graph pattern. The observed irregularity can be attributed to
the presence of scattering points and irregular cuts due to the machining
limitations and the loss of intensity of transmitted light due to its passage
through individual SV-PLC elements. As a future applicability note, the
products based on SV-PLC optics should be explored more in concen-
trated solar energy applications with geographic location-based feasi-
bility study [34] and its techno-economics analysis.

5. Conclusion

A skewed V-groove design was introduced for a waveguide-based
PLC, which is single elemental, non-sequential, and shows high
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angular acceptance in an axis. This design underwent parametric opti-
mization and was evaluated for OE and angular acceptance using the
COMSOL Multiphysics 6.1 software. Rapid prototyping was performed
on PMMA sheets using laser machining technique to verify the design
concept; however, examination under an optical microscope exposed
machining issues such as poor dimensional accuracy, profile deforma-
tion, and low surface quality. Simulation studies showed the final con-
centration of 6X can be obtained with the maximum length of the SV-
PLC. The incident light angular study showed <10 % OE drop for inci-
dent angles less than 15°, and a maximum drop of 30 % for an incident
angle of 23.5° (for 10X GC design). The OE results obtained from the
experiment were around half the theoretical values. It suggests that a
more refined optical fabrication process, like injection molding, should
be considered for producing the skewed V-groove PLCs with better OE.
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ABSTRACT

In recent years, the technology of waveguide-based planar solar concentrators has been getting more attention in
the Concentrated Photovoltaics (CPV) sector due to its compact design and performance versatility and its
extended potential applicability from large power plants to built environments, such as Building Integrated
Photovoltaics (BIPV). Within the last two decades, geometric design-based Planar Light Concentrator (PLC) and
diffraction grating-based PLC have been developed with versatile design architectures along with luminescent
PLC, which relies primarily on the development of concerned luminescent optical materials. However, congre-
gating and evaluating the technical advancement gained in the field seems challenging due to the segregated
state-of-the-art approaches. Hence, this review attempted to organise the present state of waveguide-based PLC
in the frame of reference of PLC optics and optical material design. A systematic comparison of optics and optical
material design parameters and the merit of the different PLC systems have been explored within this review to

serve as a ready reference for its adoption to develop compact planar waveguide-based CPV systems.

1. Introduction

Being the most abundant natural source of energy, solar energy is
considered the future of the global renewable energy sector. However,
unlike direct utilisation of solar energy (for example, daylighting ap-
plications), energy converted utilisation of solar energy is limited to the
low energy density of input solar radiation for the required conversion,
which can be either thermal or electrical [1]. With the global urbani-
sation expansion, the area utilisation of these solar power conversion
systems and their environmental impacts is also becoming a major
concern [2-4]. The most straightforward approach that can be adopted
to address this issue is concentrating solar radiation on a finite area
using techniques of optical light concentration [5-7].

Through the ages, the designs for solar light concentration evolved
from imaging optics (mirrors and lenses) [6,8] to modern planar Fresnel
optics [9,10]. However, the conventional optics systems suffer from
bulkiness and cost-effectiveness due to the large optics elements and
focal length of light concentration, which in turn increase the mounting

cost. Later, planar optics-based lens and mirror systems were intro-
duced, which reduced the system’s volume and thereby offered a
compact and slim design [9,11,12]. Reforming the designs further with
multi-optical light concentrating elements largely reduced the system
volume [13-16]. However, the collection of energy from multi-point
became a major concern for the designs. Also, the system size is much
larger than the optics size due to the concerns of focal length. In this
regard, waveguide-based planar light concentrator (PLC) has evolved as
the best solution, which enables a single point of energy collection,
dispersed light collection from the waveguide, and reduced sizing of the
whole light concentrating system [17,18].

Recently, the PLC technology has been well acknowledged globally,
and many research efforts have been put forward to develop new designs
and material solutions, indicating its prospect for CPV technology.
Recognising its importance, the US Department of Energy acknowledged
the potential of waveguide-based PLC through the Advanced Research
Projects Agency-Energy (ARPA-E) project in 2016 [19]. Within the last
two decades, the field of waveguide-based PLC evolved from geometric
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optics integration to optical material integration, such as luminescent
solar concentrators (LSC [20,21]), and nano-design solutions for
diffraction-based PLC [22]. The utilisation of waveguide-based PLC for
CPV has huge applicability due to its lower cost per energy.

Different types of solar cells, including silicon, thin films, and multi-
junction cells, were utilised for CPV systems. Recently CPV systems with
multi-junction solar cells are gaining more attention due to its durability
and superior performance at high temperatures [23]. SunSimba of
Morgan Solar was one of the commercialised planar waveguide-based
PLC that utilise geometric optics designs [24,25]. The unique design
structure of waveguide-based PLC can be explored not only in large
power plants, but also in the BIPV segments. Because of the compact flat
design and aesthetically appealing structures, the adaptability of
waveguide-based PLC has huge potential in the BIPV sector in devel-
oping energy-generating cladding, roof, glazing and shading elements.
In 2017, SPOTlight Lumiduct (developed through the collaboration of
Morgan Solar and Wellsun), a BIPV shading device (with waveguide
based PLC act as both shading and CPV system) has been successfully
demonstrated in commercial scale, clearly indicating the potential of
such BIPV systems [26,27].

Replacement of existing BIPV products with CPV-based BIPV ele-
ments can greatly reduce the total cost by reducing the consumption of
PV material, which is very prominent in existing BIPV systems. How-
ever, the low solar acceptance angle of such geometric optics-based
systems creates the requirement of sun tracking, which in turn reduces
its applicability in built environments. Rather than using an optics
design system, a luminescent material-based waveguide LSC CPV system
is a direct approach to the problem. Simple LSC-based CPV is now
becoming a popular BIPV glazing solution, with more aesthetic diversity
compared to existing systems and an additional prospectus of visible
light selectivity and transmissivity [28-30]. The technological
advancement of LSC was majorly focused on developing the key
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luminophore as the optical materials, which range from material dis-
tinctions of organic and inorganic materials to their hybrids [31-33].
Vigorous studies have been conducted in the area, however, the final
system efficiency is the major concern when compared with other CPV
technologies. Combined approaches are also explored in the field to
enhance the output or provide additional functionalities [34].

However, extending CPV systems from large power plants to BIPV
systems requires vigorous optics design and optics material innovations
or in combination with appropriate systems engineering to cater to the
elemental requirements without compromising the system efficiency.
The indicated fact seems to be knotty without extracting the existing
knowledge base and status. Conglomerating the state-of-the-art tech-
nologies and approaches exclusive to planar waveguide-based CPV
technologies seems challenging but essential for the sector. Realising
this, the present review discusses the different approaches that have
been introduced in the field of waveguide-based PLC, focusing on
drawing comparisons. The importance of optics and optical materials
can be substantially perceived within the scope of this review. The re-
view is expected to mark its impact on the future of renewable energy
with a perspective of efficient energy utilisation, both for large solar
power plants and its adaptability in built environments.

2. Waveguide-based planar light concentrator

Waveguide-based PLC essentially consists of a planar (shape can be
extended from flat plate to circular, etc., with regular or irregular cross-
section) light guiding element, enabling light transport through reflec-
tion at surfaces through total internal reflection (TIR) or mirror reflec-
tion. The condition of light transport is determined by the primary
optics, which enables the amount and nature (spectral selection) of light
output, which is collected from the lateral face. The general schematic of
waveguide-based PLC is shown in Fig. 1. Depending on the primary

Waveguide based Planar Light Concentrator

Incident solar radiation
@ Concentrated/ redirected light
from primary optics

9 Concentrated light output
from waveguide

Primary optical feature for light
redirection/ concentration

Optical waveguide

l

Geometric Optics based PLC LSC

l

Diffraction Optics based PLC

* Primary Optics types: * Primary Optics utilise » Diffraction grating are used as

i) Single elemental reflective
ii) Multi-elemental reflective
iii) Multi-elemental refractive

luminescent materials for
light harvesting

primary optics for light
redirection

* Luminescent materials are * Optical waveguide may/ may not

* QOptical waveguide may/ may not
include additional light coupling

element surface

incorporated within the
waveguide or coated over the

include additional light coupling
element

Fig. 1. Representative scheme of waveguide-based planar light concentrator with its classification.
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optics, they are classified as geometric optics-based PLC (which utilises
reflective and refractive elements for light concentration and is coupled
to the waveguide), LSC (which utilises luminescent molecules for light
concentration with spectral selectivity), and diffraction optics based PLC
(which use diffraction gratings for light redirection and spectral
selection).

The parameters defining the merit of waveguide-based PLC are:

1. Concentration ratio (or) geometric concentration (GC): This is a
direct indication of the system’s general design merit. It is the ratio of
the inlet aperture of primary optics to the concentrated light area
(output plane), or PV cell area.

__inlet aperture area

GC
output area

2. Optical efficiency (OE): This is a merit value that determines how
much light energy (for the concerned spectral range) is transported
from the inlet aperture to the final output area. Optical efficiency
encompasses the merits of different optical elements, optics material
efficiency, and system fabrication efficiency. The product of GR and
OE gives the final optics concentration factor.

Amax

/ Eu(2).d(2)

OE — min

7 E;\(4).d(4)

min

Eout (A) measures the output energy of the photons that can be ob-
tained from the output plane and Ej, () measures the input energy of the
system. Amax and Apin denote the maximum and minimum wavelength of
concerned spectral coverage.

3. Acceptance angle: This is a merit value that determines the perfor-
mance of the CPV system with seasonal changes of solar angle. It is
the angular span (about an axis) within which the system performs
with a minimal percentage (usually taken as 90%) of the maximum
optical efficiency.

4. Spectral selectivity: Unlike geometric optics-based PLC, LSC and
diffraction grating-based PLC can provide spectral selectivity of the
concentrated light, which is matched with the spectral range of the
PV material. This prospectus can offer additional functionalities for
the system like UV or NIR screening, visible light transmission, etc.

5. Spectral and spatial uniformity of concentrated light: Uniformity of
the output radiation is also a major concern in CPV systems, as non-
uniformity in the intensity and spectral coverage on PV can subside
cell efficiency.

The review of the design and performance of different waveguide-
based PLC has been conducted and presented below.

2.1. Geometric optics-based PLC

In geometric optics-based PLC, the primary optics can redirect and
concentrate light in planes of specific size and number using multi-
modes of reflection, refraction, and total internal reflection. The
initially concentrated/directed light can be either directed directly to
the waveguide or can be directed to specific optical features inside/
outside the waveguide, for light redirection towards the plane of con-
centration. Planar light guiding element can be attached with the pri-
mary optics as a single unit, or can be separated with additional optical
features of light transport. Guiding the light within the element can be
achieved mostly with TIR, except for reflecting surfaces. The definitive
optical design vouches for the geometric concentration factor, optical
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efficiency, and acceptance angle. Till now, many non-conventional
geometric solar concentrators with planar light guiding have been
designed and explored, especially in the last decade. The section pro-
vides an overall outline of the developments in geometric optics-based
PLC, and the details are summarized in Table 1.

Based on the processes involved in the light concentration, geometric
concentrators with planar light guiding can be classified mainly as 1)
Single elemental reflective type, 2) Multi-elemental reflective type, 3)
Multi-elemental refractive type, as explained below.

1) Single elemental reflective type: In this, reflective optics are incorpo-
rated within or outside the waveguide for light concentration/redi-
rection to the waveguide. A reflective array of v-shaped grooves on a
planar optical waveguide can be considered one of the most
straightforward approaches for redirecting light to lateral directions.
The reflection from the grooves can be either through reflective
coatings or by TIR. An-Chi Wei et al. proposed a planar solar
concentrator with reflective arrays of v-grooves placed at the bottom
of an optical slab, and, in which, solar cells are positioned at edges,
making a single element compact configuration [35]. The system
(scheme as shown in Fig. 2a) essentially consists of an optically
transparent material with a planar surface at the top and
metal-coated reflective v-grooves at the bottom. Incident light falling
on the system is reflected by the grooves and directed to the solar
cells placed at the top portion of the lateral side of the concentrator,
as shown in Fig. 2a.

A complete geometrical design for the specific PLC can be described
based on the equations described below;

| Q

1
0, =—tan~

1
2 f—d2 M
W = 2d sin 01 (2)
i + w; cos &;)w; sin 6;
Sit1 = (Q )W ©)

f —d2 — w; sin 6;

Where, the major design parameters are shown in Fig. 2¢, and the
design parameters concerned with the design for i™ groove are groove
angle (0;), groove width (w;), the vertical distance between the
concentrator bottom and center of the solar cell (f), distance between the
solar cell and the groove ridge (Qy), and inter-groove distance between
it and (i+1)™ groove (s;;1) for eliminating the subsequent refection of
light from adjacent grooves. The concentrator is designed and fabricated
(as shown in Fig. 2¢) with PMMA (refractive index 1.507 ~ 1.483 in the
range of wavelength 400 nm-1000 nm) as the transparent matrix and
Aluminium and Silicon dioxide as reflective coatings with theoretical
reflectance of 83.9%. The simulated ray tracing conducted for the
fabricated design is as shown in Fig. 2d, using LightTools ray tracing
software. The major design parametric limitation of v-groove PLC is the
concentrator’s aspect ratio, as there are no multiple reflections for
guiding the light rays through the optical slab. Subsequently, this may
yield a very high optical material requirement due to the higher width
compared to the length of the system. The fabricated design shown in
Fig. 2c has an incident aperture size of 30 mm x 30 mm and solar cell
size of 30 mm x 5 mm, yielding a geometric concentration ratio of 5.
The optical efficiency was expected to be 67.7% from the ray-tracing
simulation, considering the reflection efficiency of the coating and
Fresnel losses. However, the fabricated system showed a 50% optical
efficiency when experimentally measured. This optical loss was attrib-
uted to fabrication inaccuracies like distorted valleys of grooves, the
surface roughness of the optical materials used for optics matrix, other
discrepancies such as light collimation of solar simulator, etc., as dis-
cussed in the article. Also, the acceptance angle for the desired
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Table 1
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Summary of review on different design configurations (optics and optics materials) of geometric optics-based PLC (in chronological order).

Reference, Research method Optical material data  Structure form Dimensions Optical performance (OE/PCE Acceptance angle
year E: Experimental (%)), GC ©)
S: Simulated
Geometric Optics-based PLC
P: Primary Optics; W: Waveguide; C: Light coupler
[11,37,38], E P: Acrylic P: Total internal 200 mm x 200 mm square GC claimed: +0.75
2007 W: Acrylic reflecting surface (Generation 2) ~ 1000 X
+ (parabolic/cubic/ 200 mm hexagonal +0.9
Centre piece for light  hyperbolic/flat) (Generation 3)
collection: Glass W: Wedge shaped
[39], 2010 Eand S P: BK7 glass P: Hexagonal lens array P: 2.3 mm diameter F/1.1 OE: 81.9 +1
W: F2 glass W: Slab waveguide hexagonal lens array GC: 300 X
P: F/1.1 lens array C: Air prism W: 75 mm long by 1 mm OE: 32.4
W: BK7 thick GC: 37.5X
[43], 2010 S P, W: P: Staggered microlens P: Lens aperture of 3 mm GC: 1125X +1
Refractive Index 1.51  array x 1.5 mm
Low index layer W: Stepped guide layer W: Thickness of 2.42 mm
Refractive Index 1.38  +
Low index layer
[41], 2012 S P: f/1.2 lens array P: Cylindrical lens array P: Lens pitch 2.6 mm OE: 80 North-South axis:
W: Refractive Index W: Planar waveguide W: 10.4 mm x 30 mm, +9
1.7 C: Air prism core thickness of 1 mm East-West axis:
C: width of 1.5 mm +54
[42], 2014 S P: BK7 glass P: Array of cylindrical P: Lens pitch - 5 mm OE: 70 +7.5
W: F2 glass lens Lens F/#: 1.81 GC: 50 X
W: Planar waveguide Air-gap thickness of 0.2
C: Air prism mm
W: Thickness of 1 mm
C: Width of 90 pm
[46], 2014 Eand S P: Plastic P: Aspheric lens pair 53 x 53 mm? OE: 2.8 +16
W: Fused Silica W: Planar waveguide GC: 8 X (Simulated) (Experimental)
Actuator: Paraffin + dichroic membrane GC: 3.5 X (Experimental)
wax -+ actuation element
[47], 2014 S P: Polymer P: Cylindrical microlens 20 cm long, 1.1 c¢m thick GC: 39 +15
W: Polymer W: Curved light guide PCE: 20% (module efficiency)
(Si based solar cells)
[36], 2015 E P: Glass coated with P: Reflector (square, - Hexagonal reflector showed +1
silver hexagonal, circular) better light transmission to
W: Caged air W: Cage waveguide waveguide (used GC: 6 X)
[35], 2016 Eand S P, W: PMMA V grooved single 30 x 30 mm? with solar GC:5X 2
C: Al and SiO,, coated elemental cell size of 30 x 3 mm? PCE: 24.8 and 25.1 at the two
reflective grooves ends of concentration (used
Single-junction GaAs solar cells)
[44], 2017 Trigonometric P: PMMA P: Square lens array P: Lens array period of 2 OE: changed from 1 to 0.1 with 0.38
analysis and W: PMMA W: Planar waveguide mm W: Thickness of 2mm  incident angle direction of 0° to (trigonometric
simulation C: Air prism C: Prism base width of 80 40° analysis)
-+ fibre optic ribbon for pm GC: Study conducted for varied
daylighting concentrator length
[18], 2020 S P, C, W, Compound P: Sheet collector with Optimised mode with OE: 87.6 0.35 to —1.65
parabolic collector arc-segment lens Length: 413.7 mm Width: GC: 739 —12to 12
(CPC): PMMA structures 300 mm Height: 25 mm In two directional
P, CPC: PMMA W: Concentric light Length of CPC: 21.2 mm OE: 87.5 axis
C, W: NBK7 glass guide channel with GC: 738

additional CPC
C: Embedded prism

maximum range of optical efficiency is analysed with ray tracing,
showing a low acceptance angle of 2°, indicating the limitation of v-
groove designs. The major advantage of these types of design is that the
whole system is single elemental, eliminating the need for elemental
inter-alignment.

Another approach to fabricate a single elemental reflecting
waveguide-based PLC is by creating a light-trapping layer embedded
with solar cells. Lourens van Dijka et al. utilised a concentrator array as
an external light trapping unit with solar cells [36]. The concentrator is a
regular shaped reflecting surface with a metallic coating, that concen-
trates and directs light to the solar cells. The rays that are reflected from
the solar cells are reflected back to it from the bottom of the concen-
trator, making a cage for light trapping. A schematic of the design with a
parabolic reflector as concentrating element is shown in Fig. 3a. The
analysis was carried out with different concentrator geometries of
square, hexagonal, circular, and parabolic, with the same geometric

concentration factor of 6X (photographs of the prototype are shown in
Fig. 3b), which was fabricated through 3D printing. The printed parts
are chemically polished and coated with silver to yield the reflecting
surface. The theoretical analysis shows that circular concentrators in the
hexagonal array have better optical performance, i.e. light trans-
missivity towards the solar cell, especially at higher concentration
ratios.

The critical parameters for the external light trapping are the
transmittance of the concentrator, the number of reflections that can
occur, the reflectivity of a solar cell, and the reflectivity of the cage
surface. The performance of the optical light trap is represented as
absorptance of the solar cell (Ar),

ASC
"1 —Rsc(1 = CRuyge

Ar=Tc (C))

where T is the concentrator transmittance, Agc is the absorbance of the
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Fig. 2. a) Schematic of the v-groove PLC; b) Schematic of ray trajectories of light rays incident on the v-groove surface; c) Photograph of fabricated v-groove; d) Ray
tracing conducted on the designed v-groove PLC using LightTools ray tracing tool. Source: Reproduced with permission from Ref. [35]. Copyright © 2016, Elsevier.

a)

Parabolic
Concentrator

’ Cage A

Fig. 3. a) Schematic of the reflective and cage type PLC with a parabolic sur-
face as the reflector; b) Fabricated square, hexagonal and circular reflector,
with a silver coating (10 euro cent coin placed at right for size comparison).
Source: Reproduced with permission from Ref. [36]. Copyright © 2015, The
authors, Published by Elsevier.

solar cell, Rsc and Reage are the reflectance of the solar cell and cage,
respectively.

The design, optical finish, and reflectivity of the concentrator surface
determine the concentrator’s optical efficiency, i.e. the transmissivity
towards the solar cell. Fig. 4 represents the number of reflections that
occurred by rays that are transmitted through a hexagonal concentrator
of 15X concentration, where the hue of the colour code representation
ranges from O to 13 times of reflection.

Experimentally, the utilisation of the external light trapping mech-
anism showed a path length enhancement of more than twice, yielding
an improvement of up to 69% for the external quantum efficiency in an
organic solar cell, with an increase of 13% in short circuit current.

Sun Simba concentrator of Morgan Solar is one of the commercially
extended single elemental reflective PLCs [37]. This light concentrating
and guiding system is made with an optically transparent material like
acrylic, consisting of two layers, as shown in Fig. 5 (Fig. 5a shows the
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Fig. 4. The number of reflections occurred per ray for 3000 rays in a hexagonal
light concentrator. The position of rays is considered as before the ray release;
the range of reflections is 0-13 represented as the hue of the dots. Reproduced
with permission from Ref. [36]. Copyright © 2015, The authors, Elsevier.

photographs of the Sun Simba concentrator, and Fig. 5b shows the
typical design structure of the concept and the ray tracing of it) [11,37].
However, the system can be considered as a single reflecting PLC entity,
as the layers are embedded together. The first layer is a light-insertion
layer, where light is reflected and concentrated as an output to the
second stage of the light-guiding layer. The light output aperture from
the first layer can be modified with different geometric features of
reflecting layer like parabolic, cubic, hyperbolic, flat, etc. The light
guiding layer can be flat or wedge shaped to collect the light rays and
transport it to the centre of the system, where the solar cell is attached.
In wedge-shaped guiding layers, the thickness of the light guide in-
creases near the centre, which allows light to more efficiently couple
towards the center without interacting with injection faces closer to the
center. The whole design is structured as concentric circles towards the
centre. As it is a single elemental reflective PLC design with centre point
light concentration, it faces a low solar acceptance angle, and hence
requires a precise 2-axis tracking system. However, this limitation can
be compensated with a very high light concentration ratio and cheaper
manufacturing techniques employed. Morgan Solar claims an
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Fig. 5. a) Photographs showing solar concentration in Sun Simba concentrator of Morgan Solar. Source: Reproduced with permission from Ref. [11]. Copyright ©
2014, © The Authors. Published by SPIE; b) Ray tracing in a typical single elemental reflective type PLC design by Morgan Solar showing the concentration of light to

the lateral direction. Source: [37].

acceptance angle of +0.9° and a concentration of 1000 suns with com-
bined acrylic and glass optical structure [38].

2) Multi-elemental reflective type: In this type, reflective surfaces are used
for light redirection/concentration, which is optically distant from
the waveguide, making a multi-elemental waveguide-based PLC.
Much similar to the Sun Simba concentrator, a two-staged planar
solar concentrator was presented by Kuo et al., which consists of
transparent waveguide sheets stacked with an array of arc segment
structures (i.e., a sheet collector with arc-segment structures
(SCAS)), as shown in Fig. 6a [18]. An appreciable coupling efficiency
with high concentration ratios and wide angular tolerance is ob-
tained by the arc segment structures, which are carried by the
stacked waveguide sheets as TIR collectors in the first stage. When
light enters arc segment structures, it undergoes reflection and con-
centrates the light to the sheet waveguide below, where the light
undergoes more of a skewed propagation. The second stage
(movable) of the system is to collect the concentrated light through
light guiding channels (LGC) and subsequently focusing it on the
solar cell placed at the end using a compound parabolic collector
(CPC) (shown in Fig. 6b).

Additionally, embedded prisms of higher refractive index (taken as
1.77) are also used to reduce the skewness of the incoming light for
better optical efficiency and reduced losses. The whole design is struc-
tured as a concentric circle towards the center. The incident angle has
been varied from 0° to 12° to attain the angle distribution of light within
+15° for uniform light distribution to the solar cells. Average optical
efficiency of 0.87 and 738X concentration ratio was obtained from the

simulation results of the designed system.

3) Multi-elemental refractive type: Generally, multi-elemental refractive
type PLC systems consist of an array of convergent lenses (micro
lenses), the output light rays from the lenses are connected optically
with a light dispersive/coupling element (gratings, prisms, or scat-
tering surfaces) in a light-guiding layer. The multiple light dispersive
elements (usually air prisms) in the light-guiding layer, positioned in
line with the incoming concentrated light, disperse the light and are
guided by the guiding layer to the solar cell attached to the lateral
face. By using planar slab waveguides, the length of the concentrator
can be extended unlimited, but the system suffers from decoupling
losses that can occur at the subsequent coupling elements (as shown
in Fig. 7b) [39]. The decoupling loss is directly correlated to the
coverage area of the coupling element. In order to eliminate the
decoupling losses, the guiding layer can be converted to
wedge-shaped, eliminating the process of multiple TIR within the
guiding layer (Fig. 7a) [39,40]. However, the aspect ratio of
wedge-shaped guiding layer limits its usage for longer-length
concentrators.

Fig. 8 shows the typical geometrical features of a micro lens-based
PLC (with planar light wave guiding) system, where H and L are the
width and length of the waveguide, P denotes the position of the lens, 2r
is the lens diameter, ¢ is the ray propagation angle.

To calculate the total efficiency, equation (7) denotes the optical
efficiency from input position P, which includes the back surface in-
teractions, where Cjeys is the concentration of the primary lens. Equation
(6) includes the efficiency factor with Fresnel reflection loss (R) and
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Fig. 6. a) 2D and 3D representative ray tracing in the PLC of sheet collector with arc-segment structures; b) Side view and perspective view of complete stacked up
assembly of PLC with arc-segment structures (SASC), embedded prisms, light guide channels (LGC), compound parabolic collector (CPC), assembled with a solar cell.
Source: Reproduced with permission from Ref. [18]. Copyright © 2020, Optical Society of America.

a)

b)

o decoupled light

coupling regions

Fig. 7. Ray tracing in a refractive type PLC with a) wedge-shaped light guiding layer to avoid decoupling loss and (b) uniform planar light guiding layer showing
decoupling loss. Source: Reproduced with permission from Ref. [39]. Copyright © 2010, OSA.

material absorption, where « is the absorption coefficient of the matrix
material. Equation (5) denotes the total efficiency, integrated over all
coupled ray angles confined within the waveguide. The equation de-
notes that the efficiency has a direct correlation with the width and
length of the concentrator, i.e., a combination of higher length and
width yields higher efficiencies.

Ndecouple (P’ (P) = (1 - Clens) 5
Mposition (P,@)=(1-R) Naecouple (P, @)exp (—aP cos @) (6)

Zf”position (P7 (P)
P.¢

T @)

Notal =

,P—r,3r,5r,...,(L—r)/2r

Eric J. Tremblay et al. fabricated 120° apex symmetric prisms to
collect the rays coming out at 60° to the horizontal, making no shad-
owing effect with adjacent prisms [39]. Also, certain parts of rays
deviating more from the primary lens optics undergo TIR and travel to
the lateral face (Fig. 9a). For aligning the two optics, self-aligned
fabrication technique was used, which utilises UV light that focuses

/2r
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Fig. 9. a) Possible ray pathways in a 120° apex symmetric prisms showing maximum transport of light rays to lateral side; b) Optical and SEM images of 120° apex
symmetric prisms fabricated through self-aligned fabrication technique (irregularities of 50 pm is shown, causing the optical losses); ¢) Photographs of prototyped
refractive type PLC in outdoor settings showing light concentration when aligned properly at 90° to the sun. Source: Reproduced with permission from Ref. [39].

Copyright © 2010, OSA.

light from the primary spherical lens to cure the polymer prism, which is
already embossed with the pattern. Thus the need for optical alignment
is eliminated with the whole fabrication process. The fabricated prism is
shown in Fig. 9b. Optimised designs showed a theoretical light con-
centration of 300X with an optical efficiency of 81.9%. Fig. 9c shows the
prototype demonstration of a whole concentrator system having a light
concentration of 37.5X and 32.4% optical efficiency, the observed low
optical efficiency can be attributed to manufacturing defects resulting in
optical defects and faults in the lens array. Since the whole system relies
on the positioning of the lens prism alignment (requires <20 pm lateral
alignment and <0.01° rotational accuracy for the designed 300X con-
centration), the design tends to make a low acceptance angle and re-
quires precise 2-axis tracking.The requirement of precise alignment for
such systems limits its applicability in large area optical concentrating
systems and also for BIPV.

S. Bouchard et al. substituted the conventional spherical lens with a

cylindrical lens, resulting in the reduction of the concentrator’s cost of
tracking by improving the acceptance angle in a single axis [41]. This
also reduced the final geometrical concentration value. This design
produces a compact, lightweight, and efficient concentrated photovol-
taic system with uniform distribution of flux and shows the possibility of
low-cost roll-to-roll production. The model showed a peak concentration
level of 8.1X with an optical efficiency of 80%, by conducting ray tracing
using LightTools, during the daytime from 8:30 a.m. to 4:30 p.m. The
proposed concentrator shows an acceptance angle of +9° on the
North-South axis and +54° on the East-West axis.

Peng Xie et al. also evaluated their cylindrical lens-based PLC design
using the Zemax ray tracing tool [42]. The design of the concentrator is
as shown in Fig. 10, in which the light guiding layer is embedded with an
air prism at the top surface as the light coupling element, and it is
separated from the lens array with an air gap. At a geometrical con-
centration ratio of 50, the suggested concentrator system achieved 70%
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Incident sunlight
(Showing only one lens)

Cylindrical lens array

7 Planar waveguide

~<—-Air-gap

Coupling prism

Fig. 10. Cross-section view of the planar waveguide solar concentrator with the cylindrical microlens as primary concentrator and air prism as a coupling element,
showing the ray tracing of incoming rays in a lenslet. Insets show the light coupling in the air prism (right) and the decoupling effect occurring due to TIR from the
subsequent air prism (left). Source: Reproduced with permission from Ref. [42]. Copyright © 2014, OSA.

optical efficiency and a 35X flux concentration ratio using the TIR-based
air prism optical couplers. Further, an acceptance of 7.5° was obtained
with the utilisation of a cylindrical lens as the primary concentrator.

Moore et al. presented a “stepped-shape” of injection facets (plane of
couplers) based planar solar concentrator design with a major advantage
of diminishing ray leakages from the waveguide, as shown in Fig. 11
(shows two subsequent layers) [43]. The simulated design was able to
transport 90% of light to reach the PV cells without undergoing any loss
and achieved a geometrical concentration of 112.5X.

Apart from CPV application, the appropriateness of usage of planar
solar concentrators for the application in the natural daylighting system
was investigated by Jun Rong Ong et al. [44]. The designed micro-optics
solar concentrator is built up using a module of lens arrays and a
waveguide of planar slab structure with a uniform cross-section
(Fig. 12). The lens array concentrates light to the light couplers which
are embedded on the waveguide’s bottom surface, which subsequently
redirects it to the optical fibres. Total internal reflection (TIR) is used to
route the collected light into the planar waveguide, which is achieved by
incorporating a layer between an array of lenses and a waveguide with a
low index or air space. Roll-to-roll printing methods are compatible with
the periodic array of lens and constant waveguide cross-sections. The
major consideration in the design of a uniform concentrator cross sec-
tion is the injection of light that is focused, which should have high
efficiency with minimal decoupling losses when it propagates through
the length. Plain void structures are adopted in the proposed design to
avoid decoupling losses caused by coupling features when redirecting
light.

A simple concentrating photovoltaic system with a Fresnel lens array
and double waveguide was proposed by Ngoc Hai vu et al. [45]. The
coupler prisms are coated with dichroic mirror coating for the reflection

Micro Lens Array\

Lens Array
/

S~ Planar
Waveguide

Fiber Optic Ribbon

Fig. 12. Schematic of refractive type concentrator-based solar collector with
lens array, planar waveguide, and fiber optic ribbon. Source: Reproduced with
permission from Ref. [44]. Copyright © 2016, IEEE.

of light with varied energy bands. The array of Fresnel lens focuses the
sunlight and reaches redirecting prisms through the upper waveguide
which have the property of reflecting the middle band of the solar
spectrum, which then propagates within the first waveguide and is
transported to the solar cell (GalnP/GaAs dual junction solar cell).
Subsequently, the transmitting lower energy band enters the second
waveguide and is reflected by the dichroic mirror-coated prism at the
second waveguide to redirect to the solar cell (GalnAsP/GalnAs dual
junction solar cell) of different absorption ranges. The simulation result
shows that the system design has an optical efficiency of 84.02% for the
middle energy band of the solar spectrum and 80.01% for the low energy
band. The system has an acceptance angle of +0.5°.

Volker Zagolla et al. further improved the concept of refractive type
PLC with the introduction of self-tracking within the system [46]. The

Low Index Layer \ 6.2mm

Guide Layer
N

PV Cell 2.42mm

v
\ Injection Facets /

v

Fig. 11. Subsequent layers of stepped planar light guides, showing the offset of injection facets. Source: Reproduced with permission from Ref. [43]. Copyright ©

2010, SPIE.
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design has a dichroic membrane layer that separates the solar spectrum
(the visible region is reflected, and NIR (>750 nm) is transmitted). The
active component of the concentrator is the actuator, which has a metal
array of holes filled with black paraffin wax, the dichroic membrane
layer. The paraffin wax absorbs the transmitted IR part and expands
when a phase change occurs, which contributes to the actuation. Upon
melting of the paraffin wax, its expansion in an upward direction occurs
thereby filling the air gap between the dichroic membrane and wave-
guide and converting it into a light coupler element The direction of the
expansion is constrained only in one direction by the metal holes. The
formed light couplers redirect the light into the planar waveguide and
propagate via TIR and reach PV cells attached at its edge. The scheme of
the design and different stages of the mechanism is as shown in Fig. 13.
The demonstrated system shows an effective light concentration of 3.5X
over 80% of the desired acceptance angle of +16°.

For eliminating the need for positioning the primary lens optics and
coupler, Jaeyoun Kim et al. proposed a curved light guiding layer con-
nected optically with the multi-lens system through an optical funnel, as
inspired from the ommatidium in the eye of insects [47]. The optimised
design of the concentrator as shown in Fig. 14a can achieve a light
concentration factor up to 39 with an acceptance angle of +15° (the
concentrator design considered was about 20 cm in length and thickness
under 1.1 cm). Fig. 14b shows the light propagation with a normal and
oblique angle of 40° in the designed concentrator. It has proven difficult
to enhance both the angle of acceptance and the concentration factor in
traditional flat concentrators. This challenge is overcome by this
bio-inspired concentrator. The architecture and optical behaviour of
ommatidium which is in the insect’s compound eye led them to create a
unique flat solar concentrator, where micro lenses act as a
light-gathering element. Ommatidium of insects has a transparent
cornea which acts as a lens, and a rod-like transparent cylindrical
structure, which is the rhabdom. Collection of light along with focusing
is done by lens and rhabdom act as a waveguide.

2.2. Luminescent solar concentrator (LSC)

A Luminescent Solar Concentrator (LSC) is a device that harvests

Stage 1

Stage 2 Stage 3

Lensarray 1

suEEEEmy wEEEEEny
Lensarray 2 r Y

Waveguide
Prism membrane
and actuator

Fig. 13. Representation of the stages in self-tracking planar solar concentrator
showing the mechanism. Stage 1: Splitting of rays by a dichroic mirror, paraffin
wax absorbs transmitted light (>750 nm), Stage 2: At the melting point of the
wax, it melts and expands, converting it into a coupler to the incoming light,
Stage 3: Actuation mechanism happening at the different position according to
the sun’s position. Source: Reproduced with permission from Ref. [46]. Copy-
right © 2014, OSA.
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light using a linear down-conversion/non-linear up-conversion process
that uses luminophore materials that are either dispersed within or
coated (with/without additional host material) over a transparent
waveguide matrix. However, in practice, down-conversion-based LSC is
primarily adopted to develop high-efficiency LSC-based CPV devices.
The concept of utilising down conversion for LSC was first put forward
by Weber and Lambe in the 1970s, and within the last two decades,
further developments have been encountered with the new classes of
luminescent and transparent host matrix materials [48,49]. In LSC, the
transparent matrix serves as an optical waveguide for redirecting and
concentrating solar radiation to the lateral face where a solar cell is
attached. The approach of LSC-based PLC is mostly used for developing
BIPV glazing elements. Since fluorescence is the major optical down
conversion phenomenon utilised in LSC, in which highly emissive flu-
orophores are incorporated in the host matrix, it is also commonly
termed as fluorescent concentrator. For an ideal case to attain near-unity
conversion efficiency, the energy of emitted photons with high quantum
efficiency should be slightly greater than the bandgap of the
edge-located solar cell. During the course, LSC has gained significant
attention as a key driver in the research and development of photovol-
taic systems, owing to their improved spectral response, economical
approach, and potential to offer enhanced power conversion efficiency
(PCE) of solar cells [31,48-50].

In comparison with the non-concentrating PV systems, LSC elimi-
nates the complexity of the adoption of efficiency boosting techniques
such as optics and tracker systems and difficulties associated with the
module assembly. This becomes possible due to the flexibility offered by
the LSC, as it works under every solar angle and also collects diffuse
light, thereby acting as an enabler for developing innovative technolo-
gies for building integrated applications. Further, the expensive PV
material area can be reduced by increasing the concentration of lumi-
nophore or size of LSC, which should be optimised. In recent years, LSC
acquired a unique position in the BIPV sector as a viable, promising solar
technology for glazing elements, due to its lower cost and improved
aesthetic values compared with existing glazing solutions [33]. The
relatively low-cost transparent plastic matrix materials (like PMMA) can
considerably reduce the area cost of the existing BIPV glazing solutions,
offering a low cost per energy generation [49]. Hence, the LSCs evince as
a revolutionary solar energy technology in the building architecture by
facilitating semi-transparent, electrodeless PV glazing systems without
diminishing the aesthetic value of the buildings and the standard of life
of the indwellers. Large-scale applications, such as windows with col-
oured as well as transparent LSCs can be easily accommodated to add
visual comfort or daylight inside the buildings accordingly. Accounting
for these benefits and ease of ‘invisible’ integration of PV into urban
structures to generate electricity and preserving the aesthetic and
functional aspects, LSC can get wide public acceptance in the near future
[32].

Working mechanism: The working mechanism of a typical LSC
structure is shown in Fig. 15. The optical concentration of solar rays,
both direct (R;) and diffuse (Ry) light, falling on the LSC penetrates into
the matrix and is captured by the luminophores. The excited lumino-
phore isotropically re-emits radiation at a longer narrow band wave-
length (down conversion). A part of the emitted rays is guided via TIR
through the waveguide and concentrates into the edge-mounted PV cell
through the optical coupling for electricity conversion (represented as
G).

Efficiency parameters: Theoretical evaluation of LSC operations can be
done by the following parameters [31]:

i. Geometric Gain (Gg): Gives the ratio of the top surface aperture area
(Aapr) to the total edge area of LSC enclosed by PV solar cell (Aggge).

o ®)

AEdge
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Fig. 14. a) Schematic representation of cylindrical micro lens and curved light wave guide based refractive type solar concentrator; b) Ray tracing showing high
angular tolerance of 40° in the y-z plane for light concentration. Source: Reproduced with permission from Ref. [47]. Copyright © 2014, Optical Society of America.

- Light collecting element (PV cell)

Optical coupling element

ii. Optical Efficiency (OE): Gives the ratio of the output energy to input
energy in the desired wavelength range (Amin t0 Amax)-

_ Ji i Brour(4)-d(2)
N B (2).d(2)
Epour (M) measures the output energy of the photons that can be

obtained from the detector plane and Epyy (A) measures the input energy
of the system.

OE 9

iii. Photon concentration ratio (CP): can be given as;

C,=G, x OF (10

iv. Total solar concentration ratio (C): can be given as;

11

Fig. 15. Schematic representation of optical concen-
tration mechanism and optical losses in a typical
Luminescent solar concentrator, where R1, and R2
represent direct and diffuse irradiation respectively;
G represents the pathway of optical gain from the
radiation emission from the luminophore; L1 repre-
sents the Fresnel loss occurring at the waveguide air
interface; L2 represents the unabsorbed radiation
loss; L3 represents the escape cone loss; L4 represents
the reabsorption loss occurring in the LSC; L5 repre-
sents the radiation loss occurring in the optical
coupling element between the waveguide and PV cell.

Luminophore

‘ Optical waveguide

Cc=G f;::,x Npour( 4). EQE( 4).d(4)
8 2 max Npv( 4). EQE( 4).d(2)

2 min

1)

where EQE ()\) measures the external quantum efficiency of PV solar cell,
Npyyr (1) andNp,, (1)measure the number of output and input photons at a
specific wavelength respectively.

v. Power Conversion Efficiency (PCE): PCE of the LSC can be derived
from the output electrical parameters of the solar cell;

Voedse FF Voo I .FF

= 12
Pi, Py, x AEdge ( )

PCE (1,5¢) =

where Jg. measures the short-circuit current density of PV cell (Am2
nm’l), Vo measures the open-circuit voltage, I, measures the short-
circuit current (Ampere), FF measures fill factor and Pj, is total flux
(power) density of the incident solar radiation.

Also, the percentage increase in efficiency
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where 7,;denotes the solar cell efficiency

Optical losses in LSC: Various potential loss mechanisms occurring
inside LSC during the process are also shown in Fig. 15, which signifi-
cantly affect the solar concentration ratio, OE, and PCE. The concen-
tration of luminophores and thickness of the system affect the
percentage of the radiation absorbed by the luminophores. The Fresnel
loss (L1), occurs for the incident radiation, and the unabsorbed radiation
(Ly) passing through the system denotes the system losses that occur
before light absorption by luminophores. As said, the waveguiding
mechanism in LSC is TIR, for which the critical solid angle is determined
by the refractive index of the host matrix ‘n’, 6. = sin_l(l /n). A fraction
of emitted photons strikes at the waveguide/air interface with an inci-
dence angle less than 0, circumventing through the bottom and other
surfaces (escape cone loss, L3). Mismatches in the refractive indices and
imperfect optical coupling for the fraction of radiation striking the op-
tical coupling element, cause them to deviate and leave the LSC (Ls).

Other loss processes depend either on the chromophores or trans-
parent matrix material. For luminophores with small stokes-shift, re-
absorption of luminescence by another luminescent molecule results in
energy loss with an efficiency of nrap) (Ls) [31]. The amount of
re-absorbing photons exhibit an increasing trend with the increase in
geometric gain. Further, the thermal drop of photons associated with
non-unity quantum yield (FQY) of chromophore, attenuation, and
scattering of the host material (with efficiency ngp)) cannot be over-
looked. It is observed that from the expression of trapping efficiency (ntr
@ = cosf. = \/(171/n2)), a polymeric host matrix having n = 1.5,
incorporated with the chromophores showing isotropic emission could
attain a maximum trapping efficiency of nrr) = 0.745, when there is no
scattering loss of radiation. Anisotropic emission can maximize the
trapping efficiency by promoting the in-plane emission. Optical ab-
sorption by the matrix material and scattering by the slab surfaces or
bulk defects that come from the structural or large chromophore ag-
gregates, also contribute to the increase in the escape cone losses [32].
Optical materials like fluorinated PMMA or N-BK7 glasses can improve
the optical efficiency compared to common PMMA or soda lime glass
[32]. The different chromophore and matrix-related loss processes are
represented in Fig. 16. Considering these loss mechanisms, an expres-
sion for the optical efficiency can be given as:

ALsc = /[(1 —R(2)) (1 - eiacwd) (eiaWG(Z)L)WTR (Dpr, (1 —npa (1) (1 =1, (l))}dﬂ

Chromophore-related losses

Non-radiative decay

Escape cone
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where, the effectivity of waveguide, R(1) = [(n—l)/(n+1)]2, ac() is the
absorption coefficient of the luminophore, awg(}) is the absorption co-
efficient of the waveguide material and d and L are the thickness of the
waveguide and its length.

As it is mentioned earlier, all kinds of significant loss processes have
a considerable dependency on the enlarging size of LSC, which act as a
barrier to its widespread large-scale applications in the BIPV systems.
Therefore, recent investigations have focused on strategies to improve
optical performance by reducing LSC loss mechanisms. In this context,
various configurations of LSC and their performance with respect to the
shape, geometric gain, host material, luminescent species, doping con-
centration, and PV solar cell type are reviewed and compared.

In this section, the discussion on the different design architectures
and optimised material specifications adopted to fabricate the device
systems of LSC in the field of photovoltaics in the last decade is carried
out. The section provides an overall outline of the developments in LSC,
classified by the luminophore materials (inorganic, organic, and
hybrid), and the details are summarized in Table 2.

Inorganic luminophores: Recently, inorganic luminophores are the
most widely explored materials for LSC because of their high photo-
stability, ability to tune the absorption and emission wavelength range
upon synthesis parameters, and yield better optical properties. In the
work done by Inman et al., lead sulphide (PbS) QDs were employed as
luminophores with varying doping concentrations (Fig. 17) [51]. The
geometry of LSC was a cylinder with the dimensions of height and radius
of 2.5 cm and 0.6 cm, respectively. By the comparative study on the
performance of the solid cylindrical LSC and hollow cylindrical LSC
having 0.38 cm hollow in the centre, the latter obtained 3.5% more OE
for the edge-attached PV solar cells. This is realized by the fact that the
increasing thickness of LSC is responsible for attenuation and scattering
losses; hence the sold cylinder structure showed decreased LSC OE.

CdSe core/multi shell QDs having 45% fluorescence quantum yield
have been studied for various dimensions of LSC which served the effect
of geometric gain on LSC optical performance [52]. The as-fabricated
device of 5 cm x 3.1 cm LSC has attained PCE = 2.81% and current
density = 77.2 mA/cm2, which was the maximum. The contribution of
thermal drop associated with the increased surface aperture of LSC
causes a reduction in PCE. In a later study by Coropceanu et al., using
CdSe/CdS QDs with a high value of FQY of 86%, lead to an increased
concentration density of irradiance ina 2 cm x 2 cm x 0.2 ecm LSC [53].

Matrix-related losses
Scattering by

the surface

Surface roughness

\

Bulk defect

~——

Scattering by defects

Fig. 16. Different loss processes (chromophore related and matrix related) in LSC with the functioning mechanisms. Source: Reproduced with permission from
Ref. [32]. Copyright © 2017, Macmillan Publishers Limited, part of Springer Nature.
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Table 2
Summary of review on different design configurations (optics and optics materials) of LSC-based PLC (in chronological order).
Reference, Research Optical material data Structure form Dimensions Optical performance (OE/ Acceptance
year method PCE (%)), GC angle (°)
E:
Experimental
S: Simulated
Luminescent Solar Concentrators
L: Luminophore; HM: Host matrix; W: Waveguide; HMW: Host matrix waveguide (host matrix and waveguide are same)
Luminophore coated on waveguide: (C); Luminophore dispersed in a waveguide: (D)
[51], 2011 E L: PbS QD Solid cylindrical (D) Radius: 0.6 cm OE: 3 NA
HMW: PMMA Length: 2.5 cm
Hollow cylindrical (D) Radius: 0.6 cm OE: 6.5

[52], 2011 E

[58], 2012 E

[76], 2013 E

[53], 2014 E

[70]1, 2014 E

[59], 2015 E

[60], 2015 E

[62], 2015 E

[71], 2015 E

[72], 2015 E

[77], 2016 E

[63], 2016 E

[64], 2016 E

[66], 2016 E

L: CdSe core/multi shell QDs
HMW: LMA and EGDM

L: Ytterbium chelate
OPyr-Yb-Phen

HMW: PMMA

L: Coumarin dyes coupled with
MNP (25 ppm)

HM: PMMA

W: Polycarbonate

L: Coumarin dyes coupled with
MNP (10 ppm)

HM: PMMA

W: Polycarbonate

L: Coumarin dyes coupled with
MNP (20 ppm)

HM: PMMA

W: Polycarbonate

L: CdSe/CdS core/shell QD
HMW: LMA and EGDM

L;: DTB

Ly: Lumogen F-Red 305

HMW: PMMA

L: ZnS-coated CISeS QD
HMW: Cross-linked Poly(lauryl
methacrylate)

L: CulnS/ZnS 2 QD

HMW: PMMA

CdSe/CdS QDs (with trench
reflector)

HMW: PLMA

L: Red-305/Yellow-083
HM: EVA

W: Glass

L: DTB and DPA

HMW: PMMA

L: Organic-inorganic hybrid
perovskite

W: Glass

L: Lumogen F Red-305

HM: PAE

W: PMMA

L: PbS/CdS

HMW: Polymer

L: Giant core/alloyed-shell QD
(CdSe/Cdy Pb; S core/shell)
HMW: PMMA

Rectangular (D)

Rectangular (C)

Spin coated double layered LSC;
Layer 1: HM/L

Layer 2: PMMA/SiO, (for enhanced
light trapping)

Rectangular (D)

Rectangular (D)
Cascade LSC;
Primary: HMW/L,
Secondary: HMW/Ly
Rectangular (D)

Rectangular (D)

Rectangular (D)

(with trench reflector and photonic
mirror)

Rectangular sandwich structure;

Edge mounted PV cell without
reflector

Rectangular sandwich structure;
Bottom mounted PV cell with
reflector

Rectangular (D)

Rectangular (C)

Rectangular (C)

Rectangular (D)

Rectangular (D)

13

Length: 2.5 cm
Hole radius: 0.38
cm

5 x 3.1 x 0.4 cm®
4% 3.8 x 0.4 cm®
4.95 x 3.1 x 0.4
cm®
3.2x33x04
cm®

5 x 3.8 x 0.4 cm®

20 x 8 x 0.3 cm®

2 x 2 x 0.2 cm®

HMW/L;: 11 x 11
x 0.6 cm®
HMW/L,: 10.8 x
0.6 x 0.6 cm®

12 x 12 x 0.3 cm®

2.2 x22x0.3
cm3
(3.9 x 3.9 cm?) x

30 pm

7.8 x 7.8 x0.3
Cm3

15.6 x 15.6 x 0.3
cm®

31.2 x 31.2 x 0.3
Cm3

61 x 122 x 0.3
cm®

61 x 122 x 0.3

em®

100 x 150 x 0.6
cm®
1.5 x 1.5 x 0.1

cm®

1.75 x 1.75 x
0.15 cm®

10 x 2 x 0.2 cm®

7 x 1.5 x 0.3 cm®

PCE: 2.81 (Si PV cell)
PCE: 2.7 (c-Si PV cell)
PCE: 1.3 (c-Si PV cell)
PCE: 1.1 (c-Si PV cell)
PCE: 0.79 (c-Si PV cell)
OE: 1

Increase in PCE: 33.4 (mc-Si
PV cell)

Increase in PCE: 25.8 (c-Si
PV cell)

Increase in PCE: 53.2 (a-Si
PV cell)

OE: 48

+56% Increase in PCE
compared with traditional

LSC structure

OE: 3.27

PCE: 8.71 (c-Si PV cell)
Concentration ratio: 30.3
(for blue photons)
Waveguide efficiency: 82%
PCE: 2.8 (mc-Si x 4)

PCE: 1.81 (mc-Si x 4)
PCE: 0.98 (mc-Si x 8)
PCE: 0.33 (mc-Si x 20)

PCE: 2.28 ((mc-Si with size:
15.6) x 2)

PCE: 1.26 (c-Si PV cell)

OE: 29

OE: 40

OE: 6.1

PCE: 1.15 (Si PV cell)

(continued on next page)



A.M. Ramachandran et al.

Table 2 (continued)

Results in Engineering 16 (2022) 100665

Reference, Research Optical material data Structure form Dimensions Optical performance (OE/ Acceptance
year method PCE (%)), GC angle (°)

E:

Experimental

S: Simulated
[67], 2016 E L: Giant CdSe/CdS QDs Rectangular (C) 413 cm? OE: 17 (single 1)

[78], 2017 E

[79], 2018 E

[80], 2018 E

[68], 2019 E

[73]1, 2020 E

[741, 2020 E

[50], 2021 Eand S

[75], 2021 E

[69], 2022 E

[81], 2022 E

W: Glass

L: Conjugated QD 545 and AF
dye

HM: DI water

W: DI water + Glass

L: BPEA and PATPBP

HMW: Polyurethane

Li: CulnSey/ZnS QD

Ly: Mn?* doped CdyZn;_,S/
ZnS QDs

HM: PVP

W: Borosilicate glass

L: OD Cs4PbBrg perovskite NCs
HM: PS

W: Glass

L: perylene-based
chromophore

H: DA polymer

W: Glass

Lq: carbon-dot (blue)

Ly: carbon-dot (green)

L3: carbon-dot (red)

HM: PVA

W: Glass

L: Bi-doped CszAgo.4Nag ¢InClg
double perovskites

HMW: PMMA

Ly: BBT 2

L,: BBT 3

L3: BBT 4

HM: PMMA, PCMA

W: Glass

L: Gd,0,S: Er, Yb

HMW: PMMA

L: Si doped carbon dots
HM: PVP

W: Glass

L encapsulated by silica shells and
dispersed in polar solvents (Water/
Ethanol), and deposited on W
Rectangular (D)

L dispersed DI water collected inside
glass cell

Rectangular (D)
Rectangular (C)

Double layered tandem LSC
Bottom layer: HM/L;
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Fig. 17. Photograph of cylindrical structured LSCs with a) solid and b) hollow configuration with varying doping concentrations (The black scale bar represents 1.0
cm) (c) Schematic illustration of hollow LSC attached to PV cells. Source: Reproduced with permission from Ref. [51]. Copyright © 2011, Optical Society of America.
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It showed a 48% improvement in OE for the device integrated with
crystalline silicon (c-Si) PV solar cells.

Many research efforts have been directed in the field of LSC that
revealed the effect of plasmonic coupling between luminophores with
noble metal nanoparticles (MNPs) [54,55]. For example, Chandra et al.
fabricated LSC with CdSe/ZnS core-shell QD coupled with gold-NP [56].
The as-fabricated LSC achieved an OE enhancement of ~20%-50% for
different doping concentrations of QD and MNP. As the MNPs promote
the absorption and luminescence rate, consequently it is reflected in the
device performance. Similar investigations using 60 nm silver-NP and
100 nm gold-NP have been done by El-Bashir et al., which showed
2.4-fold and 4.75- fold enhancement in the fluorescence, respectively
[571.

PV glazing systems build a key element in the BIPV applications
owing to their light adaptability. In light of the applicability of trans-
parent LSCs, colourless single layer LSC incorporated with ytterbium
chelates having emission in the near-infrared (NIR) spectrum has been
proposed in 2012 [58]. For the same purpose, Meinardi et al., explored a
study on 12 cm x 12 cm x 0.3 cm LSC using heavy-metal-free colloidal
ZnS-coated CISeS QDs on a large scale without the aid of a back reflector
[59]. Being more proficient in the visible and NIR region, PCE of
transparent LSCs (3.27% OE) for which the absorption and lumines-
cence spectra belong to UV-band coupled to PV exhibit less value. A
similar work done by Li et al., employed heavy-metal-free CulnS/ZnS,
QDs, having high FQY (~81%) and large Stokes shift (>150 nm)
embedded in a PMMA host material to fabricate a colourless LSC (2.2
cm x 2.2 cm x 0.3 cm) (Fig. 18) [60]. From the results, the effect of the
optical properties of the QDs on the LSC performance was obvious and it
achieved a maximum OE of ~26%. Besides, the appreciable change in
the current density from 0.72 mA/cm? to 14.8 mA/cm?, LSC with
reference to the blank PMMA leads to a PCE of 8.71%. The very small
spectral overlap between the absorption and emission and high FQY
minimized the re-absorption losses while enhancing the intensity of
edge-detected light of the LSC. With integration to a black background,
the LSC (10 cm x 10 cm) has achieved 8.1% OE and 2.18% PCE using
CulnS/ZnS; as luminescent material coupled with a c-Si PV solar cell
[61]. Further, by replacing the black background with a reflective

78 SUSTC SUSIYC S\

Under UV Light
(A=365 nm)

pure PMMA

Fig. 18. Photograph comparing the a) transparency of fabricated CulnS/ZnS,
QDs based transparent LSCs with pure PMMA on natural light and b) emission
of same under UV light. Source: Reproduced with permission from Ref. [60].
Copyright © 2013, The authors, published by Springer Nature Limited.
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substrate, PCE was improved to 2.94%.

Cavity adopted design by sandwiching PLMA/QD composite (30 pm)
between two thin glass films have been investigated by Bronstein et al.
for LSC, where giant CdSe/CdS QDs taken as luminophores (Fig. 19),
and LSC is attached to mc-Si solar cell (0.15 mm?) [62]. The concen-
tration factor attained is 30-fold (for blue photons) and the boosted
waveguide efficiency of ~82% has been reached by diminishing the
escape cone and scattering losses by employing a photonic mirror and
placed inside a trench diffuse reflector, thereby creating an optical
cavity.

In the work by Gutierrez et al., the effect of a transparent host matrix
can be realized with the comparative study of two different n-conjugated
polymers of poly (arylene ethynylene) (PAE) having different gap en-
ergies such as E; and E; for the as-fabricated LSC [63]. The polymer
matrix with energy gap E; showed low attenuation and scattering co-
efficients; thereby, thermal losses were minimized, and the device ach-
ieved improved OE (~40%). Emissive material in the NIR region is
advantageous for their utility as semi-transparent facades and windows.
Owing to their appreciable FQY (~40-50%) and high photo stability
with respect to the bare QDs, PbS/CdS QDs incorporated LSC (10 x 2 x
0.2 cm) exhibited an improved optical performance of 6.1% OE [64,65].
In this study, it is observed that the fraction of solar absorption by QDs
can be increased by using a giant core/alloyed-shell QD structure where
the luminescent material taken was CdSe/CdyPb;_«S having a FQY of
40% doped into PMMA matrix [66]. The fabricated device was highly
transparent (7 x 1.5 x 0.3 cm) and achieved a PCE of ~1.15%.

It is very important to check the photostability of the species which
absorb solar radiation to ensure the long lifetime of the fabricated LSC
system. Li et al., studied the stability of polymer/giant CdSe/CdS QDs
composite for large-scale LSCs [67]. The giant QDs having a high FQY of
70% were encased by silica shells and observed an increased photo-
stability under ambient(actual) conditions. For a monochromatic
wavelength band, the LSC system (413 cm2) exhibited an OE of ~17%,
which found application as window glass owing to its
semi-transparency.

The advantages associated with zero-dimensional (0D) perovskites
such as high Stokes shift (1.5 eV), FQL, stability owing to large exciton
binding energy, and easy manufacturing make them more efficient
candidates than 3D NCs. Zhao, H. et al. conducted a study on colloidal
0D Cs4PbBrg perovskite NCs (FQLA~58%) having small spectral overlap
between absorption/emission profiles, and coupled with semi-
transparent thin-film LSCs (100 cm?) [68]. The LSC showed an OE of
2.4% when exposed to one sun illumination (100 chm_z) and a PCE of
1.8% on natural sun illumination (30 mWem 2).

The emerging nano fluorophore-based LSC technology presents high
photostability and capability of custom tailoring in the spectral range,
making them an ideal class for the application as LSC integrated trans-
parent solar window. In a recent work, Kataria et al. fabricated LSC with
Gadolinium oxysulphide (Gd205S: Er,Yb) nano fluorophore incorpo-
rated in PMMA matrix [69]. The LSC shows a sufficiently high OE
(~8.57%) and PCE (~6.93%). This enhanced efficiency is due to the
possibility of multi-wavelength excitation offered by the nanocrystals in
a broad range of the solar spectrum (from UV to NIR) and large Stoke’s
shift due to the visible range emission. In comparison with the tradi-
tional organic dye-based LSC, the use of Gd205S: Er,Yb nano fluorophore
significantly avoid losses related to reabsorption. Further, the non-toxic
nature, unit values of optical flux gain, and cost reduction factor alto-
gether widens their practical applicability.

The major limiting factor of perovskite nanocrystals (PNCs) is their
toxicity due to the presence of lead. For the increased eco-friendly
applicability of perovskite-based LSCs, lead-free PNCs are needed
without compromising the efficiency values. Zdrazil et al., investigated
the ability of self-trapped exciton emission (STE) shown by Bi-doped
CspAgp.4Nag ¢InClg double perovskites to fabricate LSC (100 cm?) and
realized that the device achieved high visible transparency (average
transmittance of 94.6%) and negligible reabsorption losses (Fig. 20)
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Fig. 19. Illustration of PLMA/QD composite-based LSC device (right bottom), cross-sectional view of the same showing the device design of trench reflector with/

without a photonic mirror (right-top), TEM image of PLMA/QD (left top), and absorption and PL spectra of CdSe/CdS QDs (luminophore) showing large Stokes shift.
Source: Reproduced with permission from Ref. [62]. Copyright © 2015, American Chemical Society.
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[50]. The device resulted in an internal OE of 21.2% with an internal
concentration factor of 2.7. Further, from the Monte Carlo (MC)
ray-tracing simulations it is evaluated that the non-unity FQL is the
major reason for the efficiency reduction. From the simulation results for
LSCs of size 2500 c¢m?, taking a unit value of FQL, the calculated effi-
ciency is 39.4%.

Organic luminophores: Organic luminophores-based LSC is the
earliest developed LSC system that utilises organic dyes infused/coated
to the transparent matrix material. As a new-fangled fabrication from
conventional LSC, Daorta et al., provided the concept of a cascade LSC
using organic chromophores doped PMMA matrix [70]. The improved
PCE of cascade LSC by ~56% is realized by the innovative design
comprised of a primary LSC (11 cm x 11 cm X 0.6 cm) and four sec-
ondary LSCs (10.8 cm x 0.6 cm x 0.6 cm) doped with DTB and Lumogen
F-Red 305 respectively. The coincidence of the absorption and emission

spectrum of secondary LSC with that of primary LSC made the device to
get increased PCE.
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Fig. 20. Photograph of lead-free perovskite-based
LSC (100 cm?) showing a) high visible transparency
(average transmittance of 94.6%) under day light, b)
luminescent light concentration under UV light and c)
absorbance and emission spectral profile of Bi-doped
CsAgo.4Nag ¢InClg double perovskites showing large
Stokes shift (Absorption (blue curve), normalized PL
excitation (green curve, excitation maxima at 347

nm), and PL emission (red curve, emission maxima at

605 nm) spectra). Source: Reproduced with permis-

sion from Ref. [50]. Copyright © 2021, American
Chemical Society.

PL e)

QY = 38%

Absorbance

300 400 500 600 700 800
Wavelength (nm)

In the work of Zhang et al., taking the mixture of luminophores
(Lumogen Red-305 and Yellow-083), glass-laminated LSCs with various
geometric parameters (7.8 x 7.8 cm, 15.6 x 15.6 cm, 31.2 x 31.2 cm
and 61 x 122 cm) have been fabricated and attached to mc-Si solar [71].
Even though the number of edge-detected photons is intensified by
augmenting the LSC size, a reduction in the PCE (from 2.8% to 0.33%)
has been observed due to the thermal drop associated with the geometric
gain increase. An approach of bottom-mounted-PV LSCs was tried for
varying sizes of PV solar cells, where reduced path length of luminescent
radiation favoured the enhancement of PCE than that of the edge
structure. The highest value of PCE (2.28%) was optimised for the di-

mensions of 61 x 122 x 0.3 cm and 15.6 cm for LSC coupled to
edge-reflectors and bottom-mounted PV solar cells, respectively. The
concept of using a luminescent mixture of dyes such as DTB (di-ben-
zo-thiadiazole) and DPA (diphenylanthracene) was put forward by Aste
et al,, and implemented in a large-scale planar LSC [72]. By this
approach, the absorbance band of the LSC (300-500 nm) has broadened,
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Fig. 21. a) Self-healing mechanism of as fabricated thermo-responsive LSC incorporated with DA-based transparent polymer matrix b) Photograph of DA-based
matrix for mechanically induced damage and after healing, obtained from optical microscopy c) Photographs of thermos responsive LSCs at ascending concentra-
tions of luminophore under natural solar radiation. Source: Reproduced with permission from Ref. [73]. Copyright © 2019, American Chemical Society.

Fig. 22. Images of individual carbon dot-based LSCs (showing emission at blue, green, and red bands) under a)-c) natural illumination d)-f) UV illumination; tandem
LSC under g) natural illumination h) UV illumination. Source: Reproduced with permission from Ref. [74]. Copyright © 2020, Royal Society of Chemistry.
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and the luminescence band got peaks at the visible spectrum. The whole
device with a c-Si solar cell demonstrated high EQE (~90-95%) and
~10% higher PCE (1.26%) compared to reference modules.

The development of smart materials as host matrix unfolds a new
chapter in the fabrication of LSC for generating responsive smart LSC
devices. Tatsi, E et al., synthesized thermally reversible, transparent
polymer via Diels-Alder (DA) reaction between a furan-functionalized
acrylic copolymer and an aliphatic bismaleimide; the resulting cross-
linked structure enabled high thermal stability [73]. To this efficient
host matrix, perylene-based chromophore was embedded with opti-
mised concentration, resulting in an LSC system having a high OE of
4.9%. Besides, the self-healing property of the matrix material regained
the mechanical structure from damage without compromising device
efficiency (Fig. 21).

In 2020, the best alternative for the conventional semiconductor and
perovskite quantum dots, carbon-dot (CD) based LSCs was fabricated by
L Zdrazil et al., with additional qualities that qualify for a low-cost,
resource-efficient, and accessible system [74]. In this, a thin-film tan-
dem LSC (64 cm?) has been fabricated where the CDs were dopped in
polymer matrices (Fig. 22). Owing to the high transparency (83.4%
transmittance) in the visible band, the LSC integrated with CD (emission
at the blue, green, and red bands) (Fig. 22) attained an external OQE of
2.3% with an internal OQE of 23.6%.

Novel chemical synthetic routes have been used to develop prom-
ising fluorophores by Pappucci et al., such as BBT2-4, which benzo [1,2-
d:4,5-d’] bisthiazole (BBT) part (acceptor core (A)) is modified by
introducing various donor groups (D) generating D-A-D structure [75].
The strong dependency of FQYs of fluorophores on the ambient polarity
is revealed by Transient absorption spectroscopy (TAS). The as synthe-
sized fluorophores showed a gradual increase of FQYs with respect to the
solvents such as 10-52% (in PMMA), 18-73% (in Toluene), 52.6% (in
PBzMA), and 65.6% (in PCMA). The toluene and PMMA-based LSCs
show OE in the range of 5.8-7.5%, whereas PCMA/BBT4-based LSCs
achieved higher OE of 9.0% owing to the low polarity. Also, the fluo-
rophores were efficient in showing minimal spectral overlap.

Hybrid luminophores: Hybrid luminophores are developed and used
in LSC systems to mitigate the limitations and improve the optical per-
formance of singular organic and inorganic luminophore-based LSC
systems. In 2014, a new strategical innovation has been developed as
double-layered plasmonically enhanced LSCs (pLSC) (Fig. 23) [76]. In
this, the pLSC (20 x 8 x 0.3 cm) made of the spin-coated polycarbonate
substrate (50 pm PMMA) embedded with coumarin dye which is coupled
to gold and silver-NPs where a coating approach was adopted on the top
surface using SiO, doped (20 pm) PMMA for enhancing the trapping
efficiency. On a comparative analysis using amorphous silicon (a-Si),
mc-Si, and c¢-Si PV solar cells, PCE increase of 53.2% was achieved for
a-Si PV solar cell with a doping concentration of 20 ppm MNP. Further,
the significant hike of PCE from 15.14% to 25.80% on a slight change in
the MNP concentration (from 5 ppm to 10 ppm) emphasizes the po-
tential dependency of pLSC optical performance on MNP doping

25 ppm

20 ppm

15 ppm
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concentration. The increasing level of MNP concentration has been
limited because of their non-radiative decay and fluorescence quench-
ing, thereby reducing FQY.

The impact of high FQY (80%) and large Stokes shift shown by
organic-inorganic hybrid perovskite luminescent material embedded in
glass matrix thin film planar LSC (1.5 x 1.5 x 0.1 cm), coupled to edge-
located 1.5 x 0.1 cm c-Si solar cell was studied by Nikolaidou et al. [77].
The comparable spectral characteristics of perovskite with c-Si solar
cells improved the efficiency parameters, OE (29%), and PCE (~13%).

An innovative approach to the introduction of a QD/dye-conjugated
luminophore system showing Forster resonance energy transfer (FRET)
mechanism from QD to dye was used by Tummeltshammer et al. [78].
The broad adsorption band of QD 545 and higher FQY of Alexa Fluor
546 (AF) dye were advantageous in mitigating the optical losses asso-
ciated with re-absorption and non-unity FQY (Fig. 24). From the
comparative analysis of conjugated and unconjugated LSCs (2 cm x 2
cm x 0.3 cm), it is observed that the latter unconjugated LSCs were less
efficient than the conjugated LSCs (PCE = 2.87%).

Incorporating the idea of combined down and up shifting of incident
light by luminophores to enhance the trapping efficiency of LSC (5 cm x
1 cm x 0.1 cm) was introduced by Ha et al. [79]. In this structure,
polyurethane doped with an organic fluorophore served as a down-
shifting LSC, and PATPBP/BPEA composite served as up-conversion LSC.
This leads to a dual-band for absorption, such as in UV (300-450 nm)
and in red (~650 nm); also, the emission belongs to the green band
(~530 nm). The fabricated LSC, when attached to a dye-sensitized solar
cell (DSSC) showed a PCE of ~6.1%. Benefitted from the large Stokes
shift, a double-layered tandem LSC (15.24 x 15.24 cm?) was fabricated
by Wu et al., with CulnSey/ZnS QD (FQY = 65-75%) and Mn2+doped
CdxZn;_xS/ZnS QDs (FQY = 78%) as down and top layers, respectively
(Fig. 25) [80]. Under AM1.5G solar spectrum, LSC achieved 6.4% OE
and 3.1% PCE.

In the latest work, the necessity for a luminophore to get maximum
device performance was fulfilled by the carbon nanodot incorporation
into silicon (Si-CDs) [81]. Having an ultrahigh FQY (up to 92.3%) and
simple fabrication method (hydrothermal method), Si-CDs dispersed in
polyvinyl pyrrolidone (PVP) matrix integrated to thin-film LSCs (5 x 5
x 0.2 em®) (Fig. 26) acquired a PCE of 4.36% (2.5-fold of Si- undoped
CDs). Further, the work was extended to develop a large-area LSC (15 x
15 crnz), on which natural sunlight irradiation (35 mW cm2) showed a
PCE of 2.06%.

2.3. Diffraction based solar concentrators

Diffraction is a phenomenon based on the wave theory of light,
which splits the different wavelengths of light present in a poly-
chromatic light source. While discussing the waveguide-based solar
concentrators, a number of PLCs have been designed based on the
diffraction and light interference principle. Diffraction-based concen-
trators are dominantly dependent upon the brightness theorem, which

10 ppm 5 ppm

Fig. 23. Photograph of double layered pLSC spin-coated with SiO; doped PMMA, with the varying concentration of gold NPs in Coumarin dyes as luminophore.
Source: Reproduced with permission from Ref. [76]. Copyright © 2013, Elsevier.
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Fig. 24. a) Schematic representation of large-scale LSC embedded with QD/dye-conjugated luminophore with increased photostability and minimized optical losses
(due to re-absorption and non-unity FQY) by FRET mechanism b) photograph of conjugated LSC under UV light. Source: Reproduced with permission from Ref. [78].

Copyright © 2016, Elsevier.

Solar spectrum

Fig. 25. Illustration and photograph (under AM1.5G solar spectrum) showing double layered tandem LSC. Source: Reproduced with permission from Ref. [80].

Copyright © 2018, Macmillan Publishers Limited, part of Springer Nature.

governs the order of diffraction and diffraction efficiency [82,83]. The
holographic technique is the most commonly used fabrication technique
for diffraction grating in bulk of planar materials. Planar
waveguide-based diffraction solar concentrators use holograms or
diffraction gratings alone or in combination with Fresnel lenses or
conventional lenses for redirecting and focusing the light to the wave-
guide, in order to concentrate light to the lateral face. One of the key
selling points of the diffraction-based planar concentrator is its ability to
concentrate the light with spectral selectiveness, utilising the varied
diffraction angle for different wavelengths. The basic working element
of a diffraction-based PLC includes a diffraction grating that diffracts
light with respect to the wavelength at an angle (diffraction angle),
which can be altered by making a variation in the grating period, and
grating thickness. Unlike any other PLC, diffraction grating-based PLC
can be developed as an ultra-thin element with less bulky systems,
adding to its advantage of low weight and cost. The section provides an
overall outline of the developments in diffraction optics-based PLC, and
the details are summarized in Table 3.

The simple design of a diffraction grating-based PLC is as shown in
Fig. 27, proposed by Ties M. de Jong et al. (in which 6 is the angle of

19

incident, d is the grating thickness and A is the grating period) [84]. The
diffraction grating is directly coupled with the waveguide for collecting
and concentrating the light to the edges by TIR. The spectrum of rays to
satisfy the TIR depends on the angle of diffraction, which is dependent
on the order of diffraction. 0™ order will pass through without any de-
viation. For higher orders, if the angle exceeds the critical angle of the
waveguide, it will be transported laterally.

They have considered the study on the two types of grating which are
fabricated by holography. One is classical surface relief grating, and
another is liquid crystal-based polarization grating. To utilise with better
efficiency, the grating should have low sensitivity to the wavelength of
light and to the incident angle of light. Surface relief isotropic grating
can be classified as thick or thin grating [85]; thick gratings show the
Bragg diffraction and thin grating shows the Raman-Nath diffraction.
Thin and thick gratings can be defined by a parameter “Q” known as the
Klein parameter [86].

2rdA
Q=

A a4

where n’ is the average refractive index,
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Fig. 26. Schematic representation of synthesis and fabrication of Si-CDs dispersed in polyvinyl pyrrolidone (PVP) matrix integrated to thin-film LSCs (5 cm x 5 cm x
0.2 cm); photographs of fabricated LSC under b) room light condition, c) solar spectrum. Source: Reproduced with permission from Ref. [81]. Copyright ©
2022, Elsevier.

Table 3

Summary of review on different design configurations (optics and optics materials) of diffraction optics-based PLC (in chronological order).

Reference,
year

Research Optical material data
method

E:

Experimental

S: Simulated

Structure form

Dimensions

Optical
performance (OE/
PCE (%)), GC

Acceptance angle (°)

Diffraction Optics-based PLC (For more details of grating optimisations, readers are advised to refer [17,34,84,87,90])
P: Primary optics; W: Waveguide, C: Light coupler

[84], 2011

[90], 2013

[34], 2016

[17], 2017

[87], 2019

Eand S P: SU-8 (photoresist material
of refractive index 1.59),
Titanium dioxide (refractive
index 2.49) (simulation)

W: Refractive index 1.6

E W: Fused silica

E P: Photoresist gratings +
Epoxy luminophore
composite layer (commercial
materials are used)

W: Glass

Eand S P: PMMA

W: PMMA

C: Aluminum coated V-
groove

E P: Silicon nitride

W: Glass

P: Diffraction gratings (Study was
conducted on different diffraction
grating types: sinusoidal and
rectangular surface relief gratings,
polarization grating)

W: Planar waveguide

P: 2 Diffraction gratings (transmission
and reflective)

W: Wedge-shaped

P: Diffraction grating for NIR
concentration and LSC sandwich
layer

W: Planar waveguide

+ additional solar-control coating for
NIR back reflection (commercial
source)

P: Fresnel lens + Diffraction grating
W: Planar waveguide with C

C: Reflective V-groove (for spectral
selective light concentration)

P: Diffraction grating for NIR
concentration

W: Planar waveguide

Study was
conducted on a
number of
diffraction gratings

Length to thickness
ratio exceeds to 7

10 x 10 cm?

50 x 50 cm?

5 x 5 mm?

(prototype)

OE: 0.5375
GC: 3.77

PCE: 3.041
(CulnSe, PV cells)
(outdoor condition)
PCE: 2.08 (CulnSe,
PV cells) (outdoor
condition)

OE: 73
GC: 5 (theoretical)

OE: 0.72 (NIR
guiding)

PCE: 0.65 and
Visible light
transmission:
64.9%

Study was conducted on
a number of diffraction
gratings with varying
angles of incidence

+35 and + 3 (for 90% of
OE)

+53 and + 9 (for 50% of
OE) in the 2 planes of
incidence

>100 (y-z plane)
27 (x-y plane)
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Fig. 27. Scheme of grating-based PLC. Here, for all angles of +1 order (m = 1)
and a part of —1 order (m = —1) undergo TIR and is guided to the lateral di-
rection. For all angles of 0 order (m = 0) and part of —1 order, the light is lost as
it does not satisfy TIR. Source: Reproduced with permission from Ref. [84].
Copyright © 2011, OSA.

If Q < 1, then it is thin grating, and if Q > 10, it is thick grating.
The diffraction efficiency for sinusoidal surface relief grating in m®
diffraction order is

. (Anzd
Mo = Jim ( 2 ) 15
and for rectangular grating, it is
Anzd
r]m:cos2 (%),mzo (16)
4 A
N = 5 sin’ (n—”d> ,m is an odd integer a17)
(m7) 7
N., =0, m is an even integer (18)

where An is the difference between the refractive index of grating and
air, j,, is the ordinary Bessel function of the first kind. One can set the 1st
order diffraction efficiency to oth by choosing a suitable d for a particular
wavelength and period (large period surface relief grating) as shown in
Fig. 28, and maximum light will diffract in +1 and —1 order.

Once the thickness d is defined (d = 821 nm for sinusoidal, 536 nm
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for rectangular) and 4 = 633 nm, they observed the incident angle
sensitivity to diffraction efficiency, as shown in Fig. 29.

It is found that the diffraction efficiency of 0" order was less than
10% for incident angle 57° in sinusoidal and 47° in rectangular surface
relief thin grating. The 1% and higher order can be collected by the
waveguide. Further, similar studies have been conducted for a number
of gratings (small period surface relief grating, high An small period
surface relief grating) and polarization gratings. In comparison, it was
observed that polarization and surface relief grating show similar results
when their thickness parameters are in the same regime. For the appli-
cation of solar concentrators, the surface relief gratings are more suit-
able than polarization grating. Large period grating shows high
diffraction efficiency for large incident angle variations.

Diffraction-based PLC with waveguide can also be used to concen-
trate the light with spectral selectivity and transmit the other spectral
range, based on the application. Ameen Elikkotti et al., in 2018 fabri-
cated a planer grating-based subwavelength broadband concentrator as
a BIPV window element, to generate electricity and decrease the cooling
load by reducing the solar heat gain [87]. They fabricated the grating in
silicon nitride with a high refractive coating on top of the grating and the
waveguide layer below it. The grating parameters and waveguide ma-
terial have been chosen so that they can filter the infrared light from the
solar spectra. The diffraction angle for visible light is less than the
critical angle of the waveguide material making the visible region pass
through. The diffraction angle is more than the critical angle for the
infrared region, so it deviates towards the edge to generate electricity, as
shown in Fig. 30. In Fig. 30, A is the grating period, a is grading width, tg
is grating thickness and t; is layer thickness and the glass is used as the
waveguide.

The maximum concentration ratio is given by Ref. [88],

2rd

— Ta

~

Cinax (4) tan (©) 19

Where C,,,x (1) is maximum concentration ratio for the wavelength A,
rq is diffraction efficiency of incident light in + transmission mode, ry, is
the diffraction efficiency of + transmission order into - transmission
order and vice versa, and 0 is the diffraction angle. In their findings, the
optical guiding efficiency obtained was 0.72%, the solar conversion ef-
ficiency was 0.65%, and visible light transmission was 64.9% on
average.

In 2017, Céline Michel et al. proposed a design that uses the com-
bination of lens, and diffraction grating, which couple the light into a
waveguide, and it has v-groove light couplers in the focus plane, as
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Fig. 28. Plot between diffraction efficiency as a function of d for sinusoidal and rectangular type grating, where n is the refractive index of grating material, FA is
Fraunhofer approximation, and RCWA is rigorous coupled wave analysis wavelength A = 633 nm. Source: Reproduced with permission from Ref. [84]. Copyright ©

2011, OSA.
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Fig. 29. Diffraction efficiency as a function of incident angle for thin surface grating of a) sinusoidal surface relief; b) rectangular surface relief. Source: Reproduced

with permission from Ref. [84]. Copyright © 2011, OSA.
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Fig. 30. Schematic illustrating the design of diffraction grating based PLC with
spectral selectivity of light concentration (in the NIR region) and light trans-
missivity (in the visible region). Source: Reproduced with permission from
Ref. [87]. Copyright © 2012, The Author(s), published by Springer Na-
ture Limited.

shown in Fig. 31 [17]. There are two light focuses that fall on the two
surfaces of reflective v-groove type microstructures on the bottom of the
waveguide. Based on the wavelength, light splits and is redirected by
total internal reflection towards edges. Two different types of DSSC with
different absorption ranges in the visible region are placed on the two
lateral edges to generate maximum electrical energy. Further, the
infra-red range is eliminated in 0™ order diffraction, which only con-
tributes to heat generation. The expected result was 73% optical effi-
ciency and 5X concentration ratio and the experiment result agreed with
the theory except for some optical losses incurred. A similar approach
was also attempted by An-Chi Wei et al., using a micro-lens system and
diffraction grating as a beam splitter [89].

A broad spectrum solar concentrator was designed by Tanant War-
itanant et al., in 2012 [90]. As shown in Fig. 32, the concentrator design
comprises two diffraction grating (blazed transmission and reflective
grating). Transmission grating is on the top of the wedge prism-shaped
waveguide, and reflective grating is on the bottom surface of the
waveguide with some air gap to avoid decoupling of light. The system is
designed so that the wavelength range does not undergo TIR in the
wedge-shaped waveguide. Then, it is allowed to reflect at the reflective
grating and return to the system for concentrating on the lateral side.
Using equations of grating and critical angle, the wavelength that
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couples into the waveguide can be calculated as;

A (cos Oy — /02 — 1.sin O, < A <A, cos Oyn,, (20)
A, (cos 0, — (1 /n2 — 1+ nw> sin 6, < A, < A;ny, (cos 6, —sin GW) 21)

where, A and A, are the grating period of transmission and reflective
grating, 1, , 4, are the wavelength of light interacting with transmission
and reflective grating. 6, is wedge apex angle and ny, is the refractive
index of the wedge prism. The transmission grating work for the shorter
wavelength light (400 nm-600 nm) and reflection grating for longer
wavelengths (600 nm-900 nm). The design achieved can have a
collection efficiency of 53%, with a concentration ratio of 3.77. The
angular tolerance achieved for 90% of collection efficiency was +35°
and +3° in two planes of incidence, and for 50% it is +53° and +9° (if
the length to thickness ratio is more than 7).

Yet another integrated approach to diffraction-based PLC was done
by Mikhail Vasiliev et al., in 2016. They fabricated and conducted a
study in a combination of the diffraction grating and LSC-based PLC, as a
BIPV element for transparent window integration [34]. The design and
principle of working are similar to common diffraction grating-based
PLC, in which additional layers of epoxy-luminophore composite
interlayer and high spectral selective solar-control coating (Viracon
VNE2463) are also incorporated, as shown in Fig. 33a. The diffraction
gratings provide higher diffraction angles in the NIR region, making it
guide towards the solar cell placed at the lateral faces. Here the window
glass is used as a waveguide on which diffraction grating is fabricated by
a photolithography-assisted coating lift-off process. The light in the
visible region is at lower angles (zero-order diffraction), making it pass
through the whole window system (as shown in Fig. 33b). The addi-
tional solar-control coating back reflects the light in the NIR region from
the rear end at all angles. The epoxy-luminophore composite interlayer
provides additional energy harvest by down-converting the UV spectral
region. The light transmission in the visible region of the system is high,
as revealed in the photograph, Fig. 33c. Experimental outdoor test re-
sults show a maximum PCE of (3.041 + 0.005) % ina 10 cm x 10 cm
system aligned vertically in the sun’s direction. Compared to normal LSC
(flat plate glass structure with luminescent interlayer) of size 50 cm x
50 cm, which generates 2.43 W, the system with both diffraction grating
and luminescent layer generated 3.64 W, with a power conversion ef-
ficiency of 2.08% (used CulnSe; solar cells, working at real operating
temperature in excess of 40 °C).

Condensed review and research limitations: From the review, it is
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Fig. 31. Schematic of diffraction-based PLC with v-groove coupler waveguide, showing spectral splitting based light collection and concentration. Source: Repro-

duced with permission from Ref. [17]. Copyright © 2017, Elsevier.
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Fig. 32. Schematic showing double grating (transmission and reflection gratings) based PLC with wedge-shaped guiding layer. Source: Reproduced with permission

from Ref. [90]. Copyright © 2012, Elsevier.

evident that the existing design innovations conducted on planar
waveguide-based CPVs have more prominence for geometric optics-
based designs. However, the primary design challenge is to achieve a
scalable design solution without compromising on geometrical con-
centration, optical efficiency, and solar acceptance. More importantly, it
is observed that very few design solutions are reported for larger optics
areas (i.e., effective size greater than 10 cm). Even though designs with
very high theoretical geometrical concentration (~1000X) ratios are
reported, the translation to fabrication and assembly of flawless optics
systems seem to be a major challenge. The reported geometrical con-
centration factor, optical efficiency, and design systems are well sum-
marized and tabulated in the review for comparative analysis. The lower
solar acceptance angle poses a severe drawback for geometric optics-
based and diffraction-based PLCs, limiting their adaptability in built
environments with limited room for solar tracking. Hence, it is observed
that LSC-based PLCs are more explored for CPV systems for BIPV ap-
plications (glazing solutions) due to their simple architecture, uncon-
ditional solar acceptance, ability to collect diffuse radiations, and the
possibility of aesthetic improvements. However, the reported power
conversion efficiency and optical efficiency for LSC-based CPV systems
seem to curb the enthusiasm. Hence, vigorous efforts on optical
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materials screening and development in hand with system design
modulations are necessary for LSC-based CPV systems in the future. The
involvement of multi-mode light collection approaches, for example,
integrating LSC with geometrical/diffraction optics is a promising
approach to improve the system efficiency. Further, it is observed that
the current status of research is limited to lab-scale demonstrations, with
very few successful on-field deployments. Hence, future research di-
rections can be streamlined to cater to standard glazing size with
required material stability, mechanical strength, and thermal charac-
teristics to enable faster technology commercialization. When compared
to geometric optics-based and LSC-based CPV systems, diffraction-based
solar concentrators are less explored in the field. However, the addi-
tional prospectus of wavelength filtering and redirecting can be explored
more in the future and can be aligned well with other PLC technologies.

Future Prospects, Practical impacts & Challenges: With a global
trend of reduced cost of photovoltaic installations [91], the significance
of CPV systems have shifted from large power plant installations to its
applicability in built environments. To accomplish the targets of the
Paris climate agreement [92] and the recent COP26 meeting [93], it is of
utmost essential to meet the energy demand in industry, commercial and
residential building spaces by adopting renewable energy technologies
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Fig. 33. a) Schematic representation of the design architecture in a diffraction-based hybrid energy-harvesting PLC, incorporating both diffraction based (by the
diffraction grating layer) and luminescent-based (by the epoxy-luminophore composite layer) light concentration; b) Photograph of a 100 mm x 100 mm grating (1D,
20 pm-period diffraction grating); c) Photograph of the 100 mm x 100 mm grating (1D, 20 pm-period diffraction grating) embedded to glass with the epoxy-
luminophore composite layer of thickness 0.5 mm, revealing its high visible light transmission. Source: Reproduced with permission from Ref. [34]. Copyright ©

2016, The Authors(s), published by Springer Nature Limited.

for Decentralised Distributed Generation (DDG). Most of the initiatives
to tackle this vast energy demand rely on the efficient utilisation of solar
energy, where light energy management is an essential prerequisite. The
role of PV in buildings [94-96], building-vehicle integration [97,98],
and urban environments [99,100] for city planning have been indicated
extensively for the past five years globally. Compact CPV systems for
BIPV, solar urban planning and developments, and solar vehicles are
some of the major focuses in this regard. In that, BIPV is considered the
most promising approach to utilise built spaces for solar energy con-
version, where conventional building elements are replaced with
resembling PV products [101]. This can promote the widespread con-
struction of energy efficient solar/green buildings, which are considered
the backbone of DDG.

In this context, waveguide-based compact PLC systems play a pivotal
role in developing efficient light trapping and guiding systems. Such
systems are of utmost importance for sustainable light energy manage-
ment and BIPV product development from the point of view of energy
efficiency (through light concentration) and aesthetic appeal. Because of
their compact design architecture, PV concealed architecture, aesthetic
inclusions, and reduction in size and structural elements compared to
conventional CPV technologies, waveguide-based planar CPV systems
can exhibit superiority in BIPV systems. However, waveguide-based
planar CPV systems are considered to be in their infant stage in the
technological upfront of PV solutions. The requirement of complex R&D
development and product-specific manufacturing automation is a major
technical hindrance to product development. Also, the BIPV imple-
mentation challenges, the requirement of product multi-specifications,
and vigorous technical planning for deployments such as building in-
formation modeling and solar-specific architectural innovations [102]
create an ecosystem of both opportunity and challenges for the future.

3. Summary

Recently, waveguide-based planar solar concentrators have been
influencing the research and development sector of Concentrated Pho-
tovoltaics (CPV) as a shaped-up technology due to its applicability in
compact built environments. However, the sector is scattered with many
methodological advancements, over the last two decades. In order to
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congregate and evaluate the technical specifications, advancement,
limitations, and challenges for the applicability, the present review has
been chronicled. The review is majorly focused on the present state of
waveguide-based PLC in the frame of reference of PLC optics and optical
material design, highlighting the existing types (based on geometric
optics, LSC, and diffraction gratings ). The systematic comparison of
optics and optical material design parameters, the primary results, and
the merit of different waveguide-based PLC systems have been explored
within this review, which hopes to serve as a ready reference for its
evaluation and adoption in CPV systems.
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