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1
Introduction

Light management plays a crucial role in the field of photovoltaics. This chapter begins by
providing a historical background of photovoltaics, highlighting its importance in the current
global energy landscape. The significance of light trapping technology is discussed, providing
a foundation for the concepts and theories explored in this thesis.

A thorough literature review is presented, encompassing the latest developments in light
trapping techniques. This review serves as an overview of the advancements in the field, setting
the stage for the subsequent chapters.

The chapter concludes by formulating the objectives and goals of the thesis, outlining the
specific research questions that will be addressed. This roadmap provides a clear structure for
the subsequent chapters, guiding the reader through the analysis and findings of the research.

Overall, this chapter serves as an introduction to the topic of light management in photovoltaics,
establishing the context and setting the stage for the in-depth exploration that follows.



1

2 1 Introduction

1.1 Origin of Photovoltaics

F or 4.603 billion years, the Sun has been the ultimate source of energy to the Earth [1].
Solar energy has been, is and will continue to be one of the key sources of renewable

energy. Rewinding time by 200 years, it is startling to know that the entire world’s energy
demand was completely fulfilled by solar energy. This trend however did not last long as
people at the forefront of the industrial revolution realised that fossil fuels were cheap and
efficient.

A BRIEF HISTORY OF

SOLAR
ENERGY

1839

1905-1921

1888

The photovoltaic
effect was first
observed by
Edmond Bacquerel.

The era of Albert
Einstein - Nobel
prize winner for the
photoelectric effect.

1960
A solar cell with an
efficiency of 14%
was developed by
Hoffman
electronics.

1982
A thin film solar cell based on
amorphous silicon with an
efficiency of greater than
10%.

The first solar cell
based on the outer

photoelectric effect
was developed by

Aleksander Stoletor.

1954
The first practical

solar cell was
developed by Bell

Labs.

1978
The first ever solar-powered
calculator was developed.

2000
1MW of solar energy 

are installed worldwide.l

2006
A world record was created
by a solar cell to achieve an
efficiency of 40%

2019
NREL developed a multijunction

concentrator solar cell which
outperformed previous
developments with an

efficiency of 47.1% 2021
Scientists achieve an
efficiency of 26% for both
sides-contacted silicon
solar cells. This is highest
reported efficiency for this
type of cell.

2022
A new transparent solar

cell was developed with a
visible transparency of 79%

Figure 1.1: A brief history of photovoltaics

The sun’s significance as a powerful energy
source has been acknowledged since ancient
times, with practical applications observed in
Archimedes’ use of reflective surfaces to ig-
nite Roman ships. The idea of harnessing so-
lar energy to generate electricity, known as
photovoltaics (PV), originated with Alexan-
dre Edmond Becquerel’s creation of the first
photovoltaic cell in 1839. This work paved
the way for subsequent discoveries, includ-
ing Willoughby Smith’s demonstration of se-
lenium’s photoconductivity in 1873 and James
Clerk Maxwell’s confirmation of light’s effect
on selenium’s conductivity in 1874. Charles
Fritts further advanced the field by develop-
ing a solar cell using selenium in 1883, albeit
with low efficiency. Albert Einstein’s expla-
nation of the photoelectric effect in 1905, for
which he received the Nobel Prize in 1921,
marked a significant milestone in the field of
PV [2, 3, 4, 5, 6]. With Einstein’s breakthrough
in photovoltaics, the late 1900s experienced ex-
ponential growth in research and innovation.
In 1954, Calvin Souther Fulleran an American
physical chemist at AT&T Bell Laboratories
invented the first practical solar cell with an
efficiency of 6% [7]. Subsequently, Hoffman
Electronics made significant contributions to
the field, achieving a solar cell efficiency of 9%
in 1958 and 14% in 1960 [8]. In the 1970s, the
oil crisis prompted the exploration of renew-
able energy sources. dvancements continued
in the following years, with the development
of amorphous thin-film silicon solar cells in
1982 [9].
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Current PV research emphasizes material science, as demonstrated by the development
of transparent solar cells with high average transparency [10].Although solar energy cur-
rently accounts for only 13.5% of global energy consumption, there is growing recognition
of its potential [11]. Efforts are underway to harness solar energy with modern technology
and generate electricity from this abundant renewable source.

1.2 Significance of Photovoltaics
The previous section 1.1 provided an overview of the technological advancements in
photovoltaics. In this section, the significance of photovoltaics is highlighted, considering
the complexities of the global energy market. The recent strain on the energy market,
exacerbated by the Russia-Ukraine conflict, emphasizes the interdependence of countries
for meeting their energy demands. Similar to the oil crisis in 1970, the current situation
is characterized by a reliance on natural gas and raises questions about the impact on
the energy transition [12]. The world’s target of achieving Net-zero emissions by 2050
further underlines the urgency of transitioning to renewable energy sources to limit global
temperature rise to 1.5◦ [12]. To achieve net zero emissions, a significant increase in
renewable energy sources (RES) for electricity production is necessary, considering various
factors such as costs, market conditions, policies, and technological feasibility [12]. This
thesis focuses on solar energy as a key component of the energy transition. Projection
towards a net zero emissions scenario requires understanding the energy demand in 2050,
which is closely linked to population growth. Figure 1.2 (a) illustrates a projected population
growth rate of 23.69% (18757 million people) higher in 2050 compared to 2021.
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Figure 1.2: Required energy outlook. (a) Predicted population growth. (b) Energy demand trajectory for an NZE
scenario. (c) Composition of renewable energy sources. (d) Energy generation in the NZE scenario. Data retrieved
from https://www.iea.org/reports/world-energy-outlook-2022

Figure 1.2 (b) depicts the trajectory of energy demand towards achieving net zero
emissions (NZE) by 2050, with electricity dominating at 51% compared to 20% in 2021.
This highlights the transition towards electricity as the primary form of energy utilisation,
emphasizing the importance of technologies that directly produce electricity without
major energy conversions. Solar energy plays a pivotal role, with its contribution to
the renewable energy mix increasing from 7% in 2021 to 35% in 2050, demonstrating its
significance in achieving energy independence from fossil fuels. Solar energy production
will see a remarkable 1100% increase worldwide (from 2021-2050), particularly in Asia, as
shown in Figure 1.2 (c) and (d).

In conclusion, solar energy is leading the transition towards sustainable energy sources,
making significant contributions among other renewables. This thesis aims to advance
photovoltaics and promote the improved and accelerated utilization of solar energy globally.

1.3 Thesis Motivation
Up until this point, sections 1.1 and 1.2 have shown how the idea of photovoltaics came to
be and how crucial it is to the world’s energy security both today and in the future. This
section will focus on the motivation behind this thesis and assess how this thesis provides
valuable information and results to enhance the performance of a solar cell. It is widely
known that the sun generates an enormous amount of energy but the question is why is
the efficiency of solar panels so low? (an average of 18-20 %) The answer to this question can
be given using three interpretations as shown below using figure 1.3 as reference.

https://www.iea.org/reports/world-energy-outlook-2022
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Figure 1.3: (a) Mean distance between Earth and Sun and power received by the solar panels on Earth. (b) The
solar spectrum for a crystalline silicon solar cell with 𝐸𝑔 = 1.12𝑒𝑉 . (c) Loss mechanisms in a solar cell. Data for
the spectrum and loss mechanism is retrieved from https://www.nrel.gov/grid/solar-resource/spectra-am1.5.html
and [13] respectively.

~m1 The assessment of solar power generation starts with understanding the amount
of power received from the Sun. Figure 1.3 (a) demonstrates the power received by
panels on Earth on a clear day. The power generated by the Sun (𝑃sun) and the power
received by the Earth’s outer surface (𝑃earth) is calculated as shown in appendix
A.1.1. Therefore, to estimate the irradiation received by solar panels on Earth, the
albedo (𝛼𝑒𝑎𝑟𝑡ℎ) of the Earth’s atmosphere is taken into account, considering a clear
sky (𝑃panels) [14, 15].

𝑃𝑝𝑎𝑛𝑒𝑙𝑠 = 𝑃𝑒𝑎𝑟𝑡ℎ × (1−𝛼𝑒𝑎𝑟𝑡ℎ) = 1370× (1−0.27) ≅ 1000(
𝑊
𝑚2) (1.1)

~m2 In Figure 1.3 (b), the plot of spectral irradiation demonstrates the distribution of
energy from the Sun, with the red region representing the fraction absorbed by
solar panels. On average, solar panels absorb 50% of the spectrum, depending on
the cell technology. The yellow region corresponds to unabsorbed wavelengths
beyond the band-gap energy, while the blue region represents energy lost through
thermalization [14].~m3 Figure 1.3 (c) reveals the loss mechanisms that impede the performance of solar
cells. Thermalization leads to a 30% loss as excess energy converts to heat instead
of electricity. Below bandgap losses account for an 18% loss when photons lack
sufficient energy for electron-hole pair generation. Optical losses, comprising 15% of
the total loss, include reflective and angular losses. Reflective losses occur between
cell layers, while angular losses result from varied angles of incidence. Minimizing
these losses relies on material properties and can be addressed using technologies
such as anti-reflection coatings and light trapping textures.

This thesis focuses on the quantification and reduction of optical losses in a polymer-
based mono-crystalline silicon PERC solar cell. The aim is to propose methods that effec-
tively mitigate these losses and enhance the cell’s performance.

https://www.nrel.gov/grid/solar-resource/spectra-am1.5.html
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1.4 Light management in solar cells
In this section, a concise version of all the concepts and theories required to completely
understand this thesis is given. Light management techniques are found to be instrumental
in reducing optical losses. The principal motive behind the light management technique is
to maximise the number of photons an absorber layer can absorb to ultimately increase
the overall performance of the solar cell. In this section, a set of techniques and methods
will be discussed which are used to increase the overall absorptance of the solar cell.

1.4.1 Losses due to Reflection
In optical characterisation, reflectance, transmittance, and absorptance are crucial pa-
rameters used for comparison. This section illustrates the significance of front interface
reflection using the example of a crystalline silicon solar cell with the configuration -
air/Si/air as shown in Figure 1.4.

Air (n1) Silicon (n2)

T1,2
R1,2

Figure 1.4: Determination of interface reflection losses

The total reflectance (R) and the Transmittance (T) are calculated at normal incidence
(𝜃𝑖 = 0◦). Therefore, now by using the Fresnel equations, the total Reflectance and Trans-
mittance and absorptance can be estimated as follows:

𝑅 = (
𝑛𝑎𝑖𝑟 −𝑛𝑆𝑖
𝑛𝑎𝑖𝑟 +𝑛𝑆𝑖)

2

×100 = 35.51% (1.2)

𝑇 =
4 ⋅ 𝑛𝑎𝑖𝑟 ⋅ 𝑛𝑆𝑖
(𝑛𝑎𝑖𝑟 +𝑛𝑆𝑖)2

×100 = 64.48% (1.3)

Where, 𝑛1 = 1 and 𝑛2 = 3.95 are the real part of the refractive index for air and Silicon
(at 600nm) used in the Fresnel equation (N = n+ik) [16]. It can be noted from the above
calculation that the interfaces have significant losses due to reflection and absorption which
accounts to a total of 7.84% which can induce significant losses in a solar cell stack with
glass as the front layer. Hence, these losses have to be reduced and this thesis focuses on
texturing and other optimisations to reduce this overall losses.

1.4.2 Anti-reflective coatings
In this section, a brief introduction is given to the working principle of anti-reflective
coatings. As the name suggests, the primary role of using an ARC is to reduce the interface
reflectance between air and the following material.
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Figure 1.5: Anti-reflective coatings. (a) refractive index grading. (b) concept of constructive interference. (c)
concept of destructive interference.

Implementing anti-reflective coatings can be done using two methods:~m1 To mitigate the high reflection at the air-Si interface (as discussed in Section 1.4.1),
a Rayleigh film is introduced as an intermediate layer with a refractive index of
𝑛𝐴𝑅𝐶 = √𝑛𝑎𝑖𝑟 ⋅ 𝑛𝑆𝑖. Multiple Rayleigh films can be added between air and Si (Figure
1.5 (a)), significantly reducing reflection through refractive index grading. However,
this method is not widely used due to the high cost associated with it. An example is
provided in Appendix A.1.2 showing the influence of refractive grading.~m2 ARC based on interference: The theory of interference can address the limita-
tions of refractive index grading. By adjusting the thickness of the Anti-reflective
coatings (ARC), constructive or destructive interference can be achieved. When the
thickness is 𝑑′ = 𝜆

2⋅𝑛𝐴𝑅𝐶
, constructive interference occurs, resulting in total reflection

of incoming light under ideal conditions (Figure 1.5 (b)). On the other hand, when
the thickness is 𝑑𝑜𝑝𝑡 = 𝜆

4⋅𝑛𝐴𝑅𝐶
, destructive interference occurs, leading to minimal

reflection of light, making it ideal for the front sheet of the solar cell (Figure 1.5 (c)).
An example illustrating this concept is provided in Appendix A.1.2.

1.4.3 Texturing

(a) (b)

Air

Incident
Reflected

Silicon Silicon

Air Incident

Lambertian 
scattering

Silicon

Air Incident

-1
0

1

(c)

Figure 1.6: Influence of surface texturing. (a) Working principle of front texturing. (b) Lambertian scattering. (c)
Diffraction gratings.
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Surface texturing is another effective technique in reducing optical losses. Surface textures
if optimised accordingly can exhibit traits such as anti-reflection and light trapping in
combination. Certain important factors affecting the efficiency of surface textures can be
enumerated as follows:~m1 Light trapping: Light trapping combines the effects of light scattering and total

internal reflection (TIR). Scattering occurs when light deviates from its original path
due to changes in geometry, as depicted in Figure 1.4 (b) for Lambertian scattering.
Lambertian scattering leads to uniform scattering in all directions with equal energy
distribution. The absorption resulting from Lambertian scattering can be estimated
using Equation 1.4 [17]. Meanwhile, TIR occurs at the rear-side of the solar cell,
where all light rays are reflected back into the cell, increasing the optical path length.
The critical angle for TIR can be calculated using Equation 1.5.

𝐴𝐿𝑎𝑚𝑏 =
4𝑛2𝛼𝑑

1+4𝑛2𝛼𝑑
(1.4)

𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = sin−1(
𝑛2
𝑛1)

𝑤ℎ𝑒𝑟𝑒 ∶ 𝑛2 > 𝑛1 (1.5)

~m2 Random and periodic textures: Texture type plays a crucial role in light scattering,
but determining the superior type is challenging. Random textures, with a non-
uniform lattice distribution, have shown remarkable performance improvements.
They scatter light in all directions, similar to Lambertian scattering. When combined
with an Anti-Reflective Coating (ARC), they can achieve a maximum absorption
enhancement of 4𝑛2, known as the Yablonovitch limit [18]. On the other hand,
periodic textures scatter light into discrete angles, exciting a finite number of guided
modes. Absorption is directly linked to the number of guided modes. While random
textures have demonstrated superior performance, periodic textures can potentially
surpass the Yablonovitch limit through specific optimizations and by avoiding light
coupling.~m3 Texture sizing: Texture sizing is crucial for light trapping, depending on the wave-
length of light. Large textures, compared to the wavelength (𝜆), employ ray/geometri-
cal optics to increase light absorption before reflection (Figure 1.6 (a)). Small textures,
equal to or smaller than the wavelength, utilize wave optics and offer anti-reflective
properties akin to ARC.

1.5 Cell stack configuration
Figure 1.7 illustrates the cell stack configuration of both conventional industry-standard
solar modules and the Solarge cell stack. Figure 1.7 (b) presents the conventional solar
module, featuring a glass front surface, followed by a layer of EVA (Ethylene vinyl acetate)
as the encapsulant. Below the encapsulant, the solar cell is positioned, followed by another
layer of encapsulant and the rear insulating backsheet. On the other hand, Figure 1.7 (a)
showcases the Solarge cell stack, which shares a similar overall configuration but eliminates
the use of an aluminum frame in its cell stack. Notably, the front glass, typically 3-3.2
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mm thick, is replaced by a polymer film in the Solarge cell stack. Similarly, the EVA
encapsulant is substituted with Solarge’s proprietary recipe. Furthermore, the backsheet
in the Solarge cell stack is polymer-based and incorporates layers of glass fibers with a
honeycomb structure.

(a) (b)

Polymer 1
Polymer 2

Solar cell
Polymer 2

Polymer backsheet

Aluminum frame
EVA

Solar cell
EVA

Insulating backsheet

Glass

11 kg/m25 kg/m2

Figure 1.7: Cell stack layouts. (a) Solarge cell stack. (b) Convectional cell stack [19]

As a leading producer of innovative lightweight solar panels, Solarge achieves a sig-
nificant reduction in weight per unit area compared to conventional glass modules, as
evidenced in Figure 1.7. The weight reduction amounts to 54.4%, rendering Solarge modules
exceptionally lightweight. Additionally, the polymer materials employed by Solarge to
replace conventional methods are non-toxic and possess circular properties, ensuring that
Solarge’s modules are completely circular and sustainable [20].

For an in-depth understanding of the cell stack configuration, Table 1.1 provides a
comparative analysis between the Solarge stack and conventional glass modules.

Table 1.1: Layer properties

Layers Conventional modules Solarge modules
Front sheet Tempered glass Polypropylene based polymer
Encapsulant EVA Solarge recipe
Solar cell Mono PERC G1 cells Mono PERC G1 cells
Backsheet Insulating polymer backsheet Combination of glass fibres

1.6 Literature review
A detailed literature survey was conducted in this section. Initially, a wide range of
scientific articles (approximately 1000) were collected, from which the most relevant ones
(approximately 100) focusing on light trapping and related aspects were further examined.
For additional insights into the bibliometric landscape, Appendix A.1.3 provides more
information.
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A detailed literature review is enumerated below:~m1 In Phase I of the literature review, the material properties of polypropylene (PP),
which acts as the base polymer of the front sheet in the Solarge solar cell stack,
were investigated. Boydag et al. conducted early studies in 1999, examining the
reflectance, transmittance, and absorptance of PP-based polymer composites, such
as PP/diamond and PP/fiber composites. The experiments involved varying the
thickness between 8-29 𝜇m in the wavelength range of 200-25000 nm. The highest
absorption coefficient (𝛼) was observed in the PP/20% PP Fiber composite compared
to other composites [21, 22] where as it is important that the material used for the
front sheet application in photovoltaics show low absorption.
Mijangos et al. focused on thin PP films with a thickness of 12.7 𝜇m to determine
the refractive index in the infrared regime. D. Akbar et al. characterized PP using
terahertz time-domain spectroscopy with dual-RF plasma treatment. PP sheets were
tested under three conditions: untreated, treated for 30 minutes, and treated for
60 minutes. The results showed that samples treated for 60 minutes exhibited the
highest refractive index (1.8-1.9), while untreated or 30 minutes treated samples had
refractive index values ranging from 1.4-1.6 [23].
Bhavsar et al. investigated the refractive index of undoped and PP-doped PVC films.
The concentration of PP was varied from 6% to 20% in PVC, and the refractive index
was found to increase with increasing PP concentration. The highest absorption
coefficient was observed when the PP concentration was 16% [24, 25].

Research gap

The optical characterization of polypropylene (PP) primarily focuses on com-
posites and blends with other materials/polymers. Consequently, there is a
notable absence of optical property data, including reflectance (𝑅), transmit-
tance (𝑇 ), absorptance (𝐴), refractive index (𝑛), and extinction coefficient (𝑘),
for PP as base polymers under normal and diffuse irradiation.

~m2 Phase II of this literature review focuses on investigating various types of textures
on polymer substrates. Sprafke et al. discussed different light-trapping techniques,
ranging from simple antireflection coatings (ARCs) to advanced technologies such
as 3D photonic crystals, resonant structures, and angular selective structures [26].
Zheng Tang et al. and Raju Lampande et al. reviewed various textured geometries
for polymer-based solar cells, including hemispheres, V-shaped structures, micro-
lenses, and corner cubes [27, 28]. B.Lipovsek et al. investigated the performance of
different textures on organic and perovskite solar cells, highlighting the importance
of textures with flat facets for maximizing short-circuit current density (𝐽𝑠𝑐) [29]. R.
Saive reviewed articles on various textures and emphasized the need to evaluate
light-trapping methods in terms of parasitic absorption and angle acceptance [30].
Engineered biomimicry has gained attention in recent years. J. Martín-Palma et
al. highlighted the significance of biomimetic textured surfaces in reducing front
reflection across a broad range of the solar spectrum [31]. E. Tatsi et al. and M.
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Kim et al. summarized photon management technologies using polymer materials,
including the use of polymethyl methacrylate (PMMA) as an antireflection coating
and the replication of natural textures [32, 33].
Researchers have also explored textures inspired by insects and flowers. S.A. Boden
et al. created nanonipples inspired by moth-eye structures, achieving low reflectance
values [34, 35]. D. Yoo et al. replicated the lotus leaf structure, demonstrating
improved performance and functionalities [36].

Research gap

An ideal texture with the ability to provide anti-reflection is yet to be opti-
mised by adjusting structural properties such as height, period and diameter.
New suitable thin-film materials with high optical properties and mechanical
strength are limited which hold the potential to provide anti-reflection.

~m3 Phase III of the literature review focuses on the performance criteria of textures,
particularly angular performance. Non-standard operating conditions, such as angle-
dependent losses, significantly impact solar panel performance [37]. The challenges
and need for further investigation regarding angular losses have been highlighted in
[38]. Optimization of texture morphology is essential for improving performance at
higher angles of incidence [39]. Soiling, a complex issue, can be addressed through
self-cleaning approaches using textured front surfaces [40]. Material selection for
the front sheet must balance transparency, durability, and superhydrophobicity [41].
A Comprehensive analysis considering various factors is necessary to understand
financial losses caused by dust/soil accumulation [42]. Further research is needed to
address gaps in material selection, angle dependency, aging, and other mechanisms
[43].

Research gap

In depth investigations pertaining to angular dependent studies with dif-
ferent textured geometries on a polymer front sheet needs to be studied.
Additionally, analysis of soiling in PV technologies lacks a clear comparison
in current literature and the degradation of textures under prolonged soiling
is not well established. However, the issue of soiling is out of scope of this
thesis.

~m4 Phase IV of the literature review addresses the fabrication techniques for manu-
facturing textures on polymer substrates. Various methods have been explored,
including hot embossing, replica molding, roller extrusion, photofabrication, lithog-
raphy, and thermoforming. These techniques have been employed with thermo-
plastic polymers and offer flexibility and the ability to generate intricate structures
[44, 45, 46, 47, 48, 49].
Hot embossing is the most commonly used technique on a laboratory scale, while
injection molding is preferred for industrial micro molding due to fast cycle times.
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However, conventional hot embossing techniques require periodic heating and
cooling, resulting in increased cycle times [50]. To overcome this, rapid thermal
response (RTR) embossing tools with rapid heating and cooling capabilities have
been investigated, showing promising results in thermal fatigue tests [51].
Other innovative techniques include hybrid extrusion rolling embossing, ultrasonic
embossing, and pneumatically diaphragm-driven drop-on-demand inkjet systems.
These methods have shown potential for continuous mass production of textured
surfaces, such as microlens arrays, with high quality and low cost [52, 53, 54].
Nano-imprint lithography is an economical technique used for imprinting nanotex-
tures on various surfaces, including plastics and polymers [55, 56]. Exploring the
implementation of surface topologies into 3D scaffolds is an area of interest for future
research [57, 58].
However, working with polymers and plastics presents challenges, including the
melting of polymers during the embossing process and the demolding of molds from
the polymer, which requires improvement in heat-dependent methods [59].

Research gap

With all the above mentioned techniques, fabrication of textures on a poly-
mer substrate is a relatively difficult process when compared to glass. There
are several research gaps in this field of study such as optimising the hot
embossing technique with respect to cycle time, mold creation, cost effec-
tiveness and scalability. More experimentation should be performed with
the teflon sheets which act as a release agent in the lamination process.

1.7 Researchqestions
In this section, a set of research questions are defined which will be systematically addressed
over the course of this thesis. These research questions have been formulated from the
research gaps found in the literature review as mentioned in section 1.6. Hence, the
following research questions will be addressed in the same periodic order in this thesis.~m1 What are some of the latest trends, techniques, and methodologies being utilized in

polymer texturization?~m2 How to optically characterise polymer materials and determine optical losses without
the presence of textures?

(a) What techniques are available formeasuring the thickness of individual polymer
layers?

(b) What methods can be used to accurately determine the optical constants of
polymer materials?

(c) How can the current optical performance of a Solarge stack be comprehended?
(d) What approaches can be used to determine the overall optical losses in terms

of electrical parameters?
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~m3 What is the process for developing textures on polymer surfaces and their effect on
optical losses?

(a) How can textures be constructed and analyzed on polymer surfaces?
(b) What are the typical methods used for fabricating these textures?
(c) Which texture is the most practical and efficient?
(d) How do these textures perform when exposed to different angles of incident

light?
(e) How do these textures influence the power output of solar modules?~m4 In what ways can the company benefit financially from this thesis research?

1.8 Thesis Outline
This section provides an overview of the thesis layout. Each chapter focuses on a specific
research question and provides the answer at the end. The structure of the thesis is as
follows:

Chapter 2 focuses on the characterization of polymer materials used in the Solarge
solar stack, with a particular emphasis on determining their optical properties. These
characterized optical properties serve as input parameters for constructing an optical
model using Genpro4, which is then validated through experimental approaches. The
chapter concludes by calculating the overall optical losses in the Solarge stack without the
presence of any front sheet texturing.

Chapter 3 is the centerpiece of this thesis, addressing the texturing aspect of the
front sheet. This chapter consists of five phases, each exploring different aspects of front
sheet texturing. Experimental and computational approaches are employed to evaluate
the most viable and ideal texture morphology for the Solarge cell stack. Finally, two
prominent optimized cell stack recommendations are provided, and the optical and electrical
performance of these optimizations are evaluated.

Chapter 4 gives provides a brief summary of the thesis, encompassing all significant
observations made, and concludes by highlighting potential areas for future research.
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2
Optical characterisation

The objective of this chapter is to address the second research question of the thesis, focusing
on the optical characterization of the polymer front sheet and the encapsulant. The characteri-
zation process begins by measuring the thickness of each layer after lamination. Subsequently,
both computational and experimental techniques are employed to predict the optical constants
(n, k) for both layers. Once the optical constants are determined, an optical model using
GenPro4 is developed for the mono-PERC cell. The individual models are then combined and
validated against measurements to simulate the performance of the Solarge cell stack. With
the validated cell stack optical model, the electrical performance is evaluated using a flat front
sheet without any textures. Both computational and experimental techniques are employed,
including a cell-to-module analysis conducted with the Fraunhofer smartCalc.CTM software.
Based on the results obtained from the electrical simulation, the current optical losses in the
Solarge cell stack are assessed, establishing the base case for comparison in the chapter 3.
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2.1 Introduction to optical characterisation

T he objective of this chapter is to optically characterize each polymer layer of the Solarge
cell stack. Optical characterization plays a crucial role in understanding the interaction

between light and matter and is essential for developing an accurate optical model using
GenPro4. This chapter serves as the foundation for evaluating the performance of the
Solarge stack with different textures, as studied in Chapter 3.

In photovoltaic applications, the key layer optical properties are reflectance (R), trans-
mittance (T ) and absorptance (A) which are usually derived from material properties such
as refractive index (n), and the extinction coefficient (k). These material properties are
vital for assessing the optical behavior and losses in the system. The following sections
will discuss the methodology employed to determine these optical properties, analyze
their significance, and ultimately provide an evaluation of the overall optical losses in the
system.

2.2 Roadmap
In this section, a roadmap is provided consisting of five phases as shown in figure 2.1.

Solarge module
configuration

Sample fabrication
technique

Optical model of the
front sheet, 

encapsulant, bare
cell and cell stack

Optical validation
and performance of

the bare cell and
cell stack

Electrical
performance of flat

single cell laminate -
Experimental

CTM analysis of a
flat Solarge module

using
SmartCalc.CTM

Optical loss
determination using
the validated optical
and electrical model

PHASE I PHASE III PHASE IV PHASE V

Determination of
thickness

Determination of
refractive index and
extinction coefficient

PHASE II

LAYER INFORMATION &
SAMPLE PREPERATION

LAYER
CHARACTERISATION

OPTICAL MODEL
AND PERFORMANCE

ELECTRICAL
PERFORMANCE  OPTICAL LOSSES

Figure 2.1: Roadmap for Chapter 2

Each phase of this chapter serves as an incremental step towards achieving the ultimate
goal of quantifying the current optical losses in the system. The topics addressed in each
of the five phases is as follows:~m1 Phase I: In the initial phase, a thorough understanding of the materials used in the

Solarge solar module is described as shown in 1. By discerning the arrangement
of layers within the cell stack, the focus is then shifted to fabricating small-scale
polymer samples tailored for optical characterizations.~m2 Phase II: Building upon the previous phase, emphasis is placed on determining vital
properties, such as layer thickness, refractive index (n) and extinction coefficient
(k) for the Solarge materials. However, the determination of these parameters for
polymers presents unique challenges, which are concretely explored within this
phase.~m3 Phase III: In this phase, a transition is made towards computational analysis, lever-
aging the optical parameters obtained in Phase II as inputs for constructing optical
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models using GenPro4. Initially, individual models are developed for the front sheet,
encapsulant, and the mono PERC cell, with each model subjected to individual val-
idation. Subsequently, an optical model of the entire Solarge stack is constructed
utilising the individual models. The validity of the optical simulation results is then
established by meticulously comparing them with experimental data derived from
the fabrication of flat single cell laminates. Through this iterative process of model
development and validation, the accuracy and reliability of the optical simulation
are ensured.~m4 Phase IV: Electrical characterization takes center stage in this phase, with a focus
on the cell-to-module ratio analysis using the Fraunhofer SmartCalc.CTM (cell-to-
module analysis) software. The software’s accuracy and reliability are assessed
through experimental validation ensuring reliable results.~m5 Phase V: The final phase is dedicated to estimating the overall optical losses in
the Solarge solar modules featuring a flat front sheet, serving as a vital baseline for
Chapter 3. This phase sets the stage for exploring the impact of texturing on optical
performance.

2.3 Phase I: Layer information and Sample prepara-
tion

This section presents an overview of the manufacturing technique employed by Solarge,
highlighting the distinct fabrication processes for the front sheet and the encapsulant.
Additionally, it explains how polymer samples are fabricated specifically for optical charac-
terization purposes.

2.3.1 Method of sample fabrication
This section explains the fabrication process of the samples used for optical characterization.
The focus is on the front sheet and encapsulant, which are the primary layers that interact
with light before reaching the solar cell. Flatness is a crucial aspect to maintain as it might
influence the optical properties, hence all polymer samples are fabricated between two
glass slabs to ensure level flatness.

Figure 2.2 provides a detailed overview of the sample fabrication process for optical
characterisation. The following steps are involved:

1. Layering process: As depicted in Figure 2.2 (a), the layering process begins by
placing a front sheet and an encapsulant between two glass slabs to ensure flat
surfaces post lamination.

2. Lamination process: Figure 2.2 (b) illustrates the lamination process, where both
samples are placed together in a vaccum laminator which operates at particular
temperature, pressure and time. The samples are placed between two sheets of
Teflon as depicted by the orange layer in figure 2.2 (b) to ensure that the samples do
not adhere to the laminator.
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Glass
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Figure 2.2: Samples fabrication process. (a) Layering samples between two glass slabs prior to lamination. (b)
Process of vacuum lamination. (c) samples post lamination. (d) Front sheet pre/post lamination difference. (e)
Encapsulant pre/post lamination difference. NOTE: The slight tint of yellowness in the image is due to the ambient
lighting conditions and camera settings and is not an inherent property of the sample.

3. Post lamination observation: Figure 2.2 (c) showcases the samples after the
lamination process, revealing an intriguing observation. The front sheet easily
detaches itself from the glass slabs, indicating its potential suitability as a substrate
for texturing. This implies that texturing the front sheet using different master mold
materials could be a viable option. Conversely the encapsulant adheres to the glass
slabs during lamination. Consequently, the layer stack for optical characterization of
the front sheet consists of air | Front sheet | air, whereas for the encapsulant, it is air
| glass | encapsulant | glass | air.

4. Pre and post lamination images: Figures 2.2 (d) and (e) depict visual represen-
tations of the front sheet and the encapsulant, showcasing their appearance before
and after the lamination process. The red circle, which serves as a visual aid in
the background of the samples, highlights the disparity in transparency between
the front sheet and the encapsulant pre- and post-lamination. It is essential to ac-
knowledge that the material properties undergo significant changes, particularly
for the encapsulant, after the lamination process. Since this thesis focuses on the
post-lamination scenario, the optical characterization is conducted on samples from
both the front sheet and the encapsulant after the lamination process.

2.4 Phase II: Layer Optical characterisation
In this section, optical properties of the front sheet and encapsulant is discussed as shown
in figure 2.1. Firstly, the method of determining the layer thickness is discussed followed
by the methodology used to determine the optical constants i.e. the refractive index (n)
and the extinction coefficient (k).
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2.4.1 Determination of thickness
The materials used in thesis are in the order of hundreds of microns thick. Hence, the
method to determine the thickness is relatively simple. To evaluate the thickness of each
polymer layer, the American Society for Testing and Materials (ASTM) standard guide for
"determination of thickness of plastic film test specimens" is used [60].

5cm

5c
m

(a) (b)

Figure 2.3: ASTM procedure to measure thickness of polymer films. (a) HBM Digital Outdoor Micrometer. (b)
Thickness measuring technique. Image of the micrometer retrieved from https://www.hbm-machines.com/nl/

The methodology as per the ASTM standard is as follows:
1. A micrometer capable of reading repeatable values with a least count of ±0.001 mm

can be used as a reliable indicator as shown in figure 2.3 (a).

2. The final value of the thickness is analysed by measuring multiple individual readings
on the sample as shown in figure 2.3 (b) and to ensure that each individual value
does not exceed 10% of the average value.

The accurate determination of the thickness of the polymer layers was carried out
following the prescribed methodology by ASTM. The measurements were performed both
pre and post lamination to examine the influence of lamination on the thickness values.
As mentioned earlier, the polymer layers undergo a transition state during the lamination
process which then leads to a change in the thickness of the polymer layers post lamination,
as observed in the table below.

Table 2.1: Layer thickness

Sample Thickness (𝜇m)
Front sheet prior lamination 𝑡𝑓
Front sheet post lamination 𝑇𝑓 (< 𝑡𝑓 )
Encapsulant prior lamination 𝑡𝑒
Encapsulant post lamination 𝑇𝑒 (< 𝑡𝑒)
Backsheet 𝑇𝑏

2.4.2 Process of determining refractive index (n) and extinc-
tion coefficient (k)

https://www.hbm-machines.com/nl/
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Measurement tools

GenPro4

Experimental Computational

(a) (b) (c) (d)
Figure 2.4: Measuring tools used to estimate optical constants. (a) Perkin-elmer UV/Vis/Nir 950/1050 Spectropho-
tometer. (b) Woollam Ellipsometry. (c) SCOUT. (d) GenPro4

Firstly, understanding the measuring tools that is used to evaluate optical properties is
important. Hence, 2.4 shows the experimental and computational tools used in this work
whose functions are briefly elaborated as follows:

1. Spectrophotometer: Measures the total normal Reflectance (R) and transmittance
(T ) of the sample. It can also used to measure the diffuse transmittance of the samples
(𝑇𝑑).

2. Ellipsometry: Measures and fits a model to evaluate the n&k for the sample required.

3. SCOUT: A solftware platform capable of determining the optical constants (n,k)
based or optical performance (R,T ) based on the given input. [61].

4. GenPro4: Performs optical simulation based on the given input interms of refractive
index and extinction coefficient [62].

For this chapter, the sectrophotometer and the SCOUT software play a pivotal role in
determining the optical constants. Hence, the next upcoming sections give a brief outlook
on the working modes of the SCOUT software.

Computational tool: SCOUT
Figure 2.5 illustrates three different methods available in SCOUT for optical characterization.
The first method involves using a user-defined dielectric model, where inputs of refractive
index (n) and extinction coefficient (k) are provided to obtain reflectance (R), transmittance
(T ), and absorptance (A), as depicted in Figure 2.5 (a). The second method utilizes pre-
defined models from the SCOUT database where the software tries to fit a model to the
measured R, T, and A resulting in the prediction of the n and k, as shown in Figure 2.5 (b).
The third method employs the inbuilt "pane wizard" or "foil wizard," enabling the direct
determination of n and k from R, T, and A measurements, as demonstrated in Figure 2.5 (c).
As the aim of this chapter is to deduce the optical constants of the Solarge’s layers. The
focus is primarily fixated on using/understanding the pane wizard and the foil wizard.
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Figure 2.5: Working principle of SCOUT. (a) The dielectric model. (b) Pre-exisiting model in the SCOUT database.
(c) The pane and foil wizard.

Challenges & possibilities in evaluating the optical constants for poly-
mers
The last section presented method/techniques used to evaluate the optical constants for
any material in general. However, from experimental attempts and computational trials,
certain limitations and challenges were observed for the case of transparent polymers such
as front sheet and encapsulant. The challenges observed are enumerated as follows:

1. Spectroscopic ellipsometry: Is usually a straightforward method for measuring
n and k. however, this method cannot be applied to thick transparent polymers
such as the front sheet and encapsulant. This limitation arises because the thickness
range measurable by spectroscopic ellipsometry typically does not exceed tens of
microns. As film thickness exceeds this limit, resolving interference oscillations
becomes increasingly challenging [63].

2. The dielectric model: The dielectric model in SCOUT cannot be employed in this
case since the determination of n and k values is the primary focus of this chapter
and the dieletric model requires n,k as the input as shown in figure 2.5(a).

3. Pre-existing models: There are no pre-existing models available in the SCOUT
database for the polymers used in the front sheet and encapsulant. These models are
necessary for fitting n and k data based on the total reflectance, transmittance, and
absorptance (R, T, A) measurements. Therefore this method also cannot be used in
this case.

4. Pane wizard: The pane wizard is primarily used for the sample configuration -
Air/polymer sample/Air. This tool takes the total reflectance and transmittance
measurements of the sample as input and uses certain equations to predict the
optical constants of the sample.

5. Foil wizard: The foil wizard is a similar tool as the pane wizard which predicts the
optical constants of the sample with the configuration - air/glass/polymer sample/-
glass/air.

Hence, from the above possibilities, the spectrophotometer, SCOUT and GenPro4 play
a pivotal role in extracting and validating the optical constants.
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Optical constant of the front sheet

Pane Wizard Measured R,T,A of
Air | Frontseet | Air GenPro4

Equations

(a) (b)

Figure 2.6: Determination of front sheet optical constants. (a) Methodology utilised to determine front sheet
optical constants. (b) concept of multiple interface reflections.

The overall methodology for determining the optical constants of the front sheet, with
the interface configuration of air/front sheet/air, is illustrated in Figure 2.6. The pane
wizard from SCOUT is initially used, accurately determining the refractive index but not
the extinction coefficient as shown in figure 2.7 (a). This limitation became evident when
the optical constants obtained from the pane wizard were inputted into GenPro4, which
failed to predict the loss in photocurrent density due to reflective and absorptive losses. To
address this, equations A.8 and A.9, based on ray tracing of a simple multiple layer system
with two interfaces (Figure 2.6 (b)), are employed to accurately predict the extinction
coefficient [64]. Detailed expressions of these equations can be found in Appendix A.2.2.
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Figure 2.7: Optical constants. (a) Refractive index and extinction coefficient of front sheet using pane wizard and
equation. (b) Final optical properties of the Solarge front sheet using the equation.
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Figure 2.7 (a) highlights the disparity between the optical constants obtained from
the pane wizard and equation. While the extinction coefficients are comparable, the
pane wizard significantly underestimates the extinction coefficient in the 400nm-600nm
wavelength range, causing the discrepancy. As a result, for subsequent simulations, the
optical constants derived from the equation are utilized for the front sheet.

Optical constant of the encapsulant

SCOUT - Foil
Wizard 

Measured R,T,A of
Air | glass | encapsulant | glass | Air GenPro4n,k

360 480 600 720 840 960 1080 1200
1.48
1.50
1.52
1.54
1.56
1.58
1.60
1.62
1.64
1.66
1.68
1.70
1.72
1.74
1.76

0.0

5.0×10

1.0×10

1.5×10

2.0×10

Ex
tin

ct
io

n 
co

ef
fic

ie
nt

 (-
)

R
ef

ra
ct

iv
e 

in
de

x 
(-)

Wavelength (nm)

(a) (b)

Figure 2.8: (a) Methodology to determine the optical constant for encapsulant. (b) Optical constants extracted
from foil wizard for encapsulants.

Figure 2.8 (a) and (b) illustrate themethodology and the optical constants for the encapsulant.
The determination of the optical constants for the encapsulant differs from that of the
front sheet due to the air/glass/encapsulant/glass/air interface configuration. In this case,
the foil wizard tool is employed, which follows the same principle as the front sheet with
multiple light interactions calculated, considering additional glass interfaces. Unlike the
pane wizard, the foil wizard yielded consistent results, and the subsequent simulations
using GenPro4 provided accurate predictions compared to measurements, as demonstrated
in the upcoming sections with the optical models.

2.5 Phase III: Optical model and performance
In this section, the optical models for the front sheet, encapsulant, and solar cell are
established. Each individual optical model is validated against experimental measurements
to ensure accuracy and reliability. Subsequently, these models are combined to form the
optical model of the Solarge cell stack. The methodology used to create the optical model for
the polymer layers follows the approach outlined earlier using the glass sample. However,
the optical model for the cell requires a slightly different method, which will be elaborated
upon in this section.

Finally, the performance of the cell stack is calculated using the established optical
models. The obtained results are then compared with real-time measurements to evaluate
the closeness between the simulation and experimental data. This comparison serves as a
means to assess the accuracy and validity of the optical model in predicting the performance
of the Solarge cell stack.
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2.5.1 Front sheet and encapsulant
In this subsection, individual optical models are created for the front sheet and the encap-
sulant, as shown in Figure 2.9 (a) and (b) respectively. The optical constants derived in
the previous section are used as input for the simulations. The front sheet simulation is
conducted for the air/frontsheet/air configuration, while the encapsulant simulation con-
siders the air/glass/encapsulant/glass/air configuration. The results of the simulations are
compared to the measured values, and the mean squared error (MSE) for each component
(R, T, and A) is presented in Table 2.2. The low MSE values indicate a good agreement
between the simulations and experiments.

               

 

   

   

   

   

 

  
  
  
  
  
  
   

                     

                     

                        

(a) (b)

Figure 2.9: (a) Optical model of the front sheet. (b) Optical model of the encapsulant.

Table 2.2: Electrical performance of a flat single cell laminate

Samples 𝑅𝑎𝑣𝑔 (%) 𝑇𝑎𝑣𝑔 (%) 𝐴𝑎𝑣𝑔 (%) 𝑛𝑎𝑣𝑔 𝑅𝑀𝑆𝐸(%) 𝑇𝑀𝑆𝐸(%) 𝐴𝑀𝑆𝐸(%)

Front sheet 9.55 79.48 10.98 1.60 1.86×10−11 4.33×10−9 4.8 × 10−9

Encapsulant 8.88 82.93 8.19 1.57 2.21×10−6 6.14×10−4 6.30×10−6

2.5.2 Bare Mono PERC Solar cell
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Figure 2.10: Optical model a bare PERC cell. (a) Layer stack of an industrial mono-PERC G1 solar cell. (b) Types
of textures used in the front and the rear sides of the cell. (c) Refractive index of the layers comprising the cell. (d)
Extinction coefficient and absorption coefficient of the layers comprising the cell.

In this section, an optical model is constructed for an industrial mono- Passivated Emitter
and Rear Contact (PERC) cell. Figure 2.10 showcases the optical layers of the G1 PERC
cells. It can be noted from the figure that the cell has random upright pyramidal textures
on top of which a 𝑆𝑖𝑁𝑥 anti-reflective coating is deposited. A n+ emitter layer is followed
next to facilitate efficient electron-hole collection and transfer. The n+ emitter layer
is described using two seperate layers each 200 nm thick with carrier concentrations
decreasing logarithmically from 1018-1017 𝑐𝑚−3 with depth from the front surface [65]. The
cell has a p-type crystalline silicon bulk layer which is 195 𝜇 m thick. On the rear side
of the absorber layer, there is a p+ doped layer with carrier concentration of 1018 𝑐𝑚−3

followed by a layer of 𝐴𝑙2𝑂3, 𝑆𝑖𝑁𝑥 and an aluminium back surface field.
The optical properties of layers comprising the cell is shown in figure 2.11 (b). The

refractive index and the extinction coefficients of 𝑆𝑖𝑁𝑥 , 𝐴𝑙2𝑂3 and Aluminium back contact
was utilised from the default database of GenPro4. In order to include the effects of the
doped regions, the concept of free carrier absorption has been used in this work [66].

𝛼𝐹𝐶𝐴,𝑛+ = 1.68×10−6 ×𝑁𝐷 ×𝜆2.88 ; (𝑁𝐷 = 1018, 1017𝑐𝑚−3) (2.3)

𝛼𝐹𝐶𝐴,𝑝+ = 1.82×10−9 ×𝑁𝐷 ×𝜆2.18 ; (𝑁𝐷 = 1018𝑐𝑚−3) (2.4)

To determine the optical properties of the 𝑛+ and 𝑝+ doped region, equations 2.3 and 2.4
are used respectively. The refractive index of the layers are kept the same as for an intrinsic
c-Si layer but the coefficient of absorption is altered according to the free carrier absorption
theory. Similarly, to estimate the optical properties of a p-type c-Si layer, equation 2.5 is
used where again the refractive index of the layer is kept the same as for an intrinsic c-Si
layer but the absorption profile is changes as per the equation.

𝛼𝐹𝐶𝐴,𝑝−𝑆𝑖 = 𝛼𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 +𝛼𝐹𝐶𝐴,𝑝+ (2.5)

Once the optical properties of all the layers have been determined, this is given as an input
to GenPro4 to simulate the optical performance of the cell.
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Figure 2.11: Optical simulation of the PERC cell. (a) Results of the optical model. (b) Comparision of optical
properties with measurements.

Firgures, 2.11 depicts the result of the optical model. Figure 2.11 (a) shows the optical
performance of the cell interms of reflectance (R), absorptance (A) and transmittance (T ).
The model also gives the value of the photocurrent density (𝐽𝑝ℎ) of the active layers in the
stack. The cell performs ideally (𝐴𝑐−𝑆𝑖 = 98.42%) in the wavelength region of 400nm-800nm
where most of the incoming light is absorbed by the active layers hence leading to a
photocurrent density of 42.4𝑚𝐴/𝑐𝑚2. Figure 2.11 (b) shows the results of the optical model
in comparison to the measurements. This plot shows the deviation of R and A with respect
to the values obtained using experiments. The value of transmittance is not highlighted
here as it a very small portion of the components. The optical model predicts a good match
to measurements in the visible region with slight deviations in the infrared and UV regions.
The RMSE of the optical model in the wavelength range of 300nm - 1200nm is 4.34% but
this reduces to 2.5% in wavelength range of 400nm - 1000nm.

2.5.3 Solarge cell stack
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Figure 2.12: Optical model of the solarge stack. (a) Layer stack of Solarge’s standard laminate. (b) Optical
performance of the stack.
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Figure 2.13: Optical simulation of the solarge stack. (a) Comparison of optical properties with measurements (b)
EQE comparison between measurement and simulation.

In this section, the optical model and performance of the flat Solarge stack are discussed
by combining the previously established optical model. Figure 2.13 (a) and (b) provide an
overview of the stack and the results obtained from the optical simulation using GenPro4.
Notably, a photocurrent density loss of 2.3𝑚𝐴/𝑐𝑚2 is observed due to front sheet reflection.
Figure 2.13 (a) illustrates a comparison between simulations and measurements in terms
of optical properties, revealing a reduced root mean square error (RMSE) of 1.12% within
the wavelength range of 300nm-1200nm. Figure 2.13 (b) presents the difference in external
quantum efficiency (EQE) between the measured and simulated cell. It is evident that
there is good agreement between the measured and simulated results up to 1000nm, with
a slight mismatch in the long wavelength regime. This discrepancy can be attributed to
GenPro4 providing EQE values for c-Si without considering recombination losses, whereas
the actual measurements account for these losses. Furthermore, the measured short-circuit
current (𝐽𝑠𝑐) of the stack is slightly lower than the photocurrent density (𝐽𝑝ℎ) obtained from
simulations, as per convection (𝐽𝑝ℎ ≥ 𝐽𝑠𝑐).

2.6 Phase IV: Electrical performance
This section provides an in-depth analysis of the electrical performance of the Solarge
cell stack using the sophisticated Fraunhofer SmartCalc.CTM software. This software is
specifically designed for industrial-based module designs and enables accurate simulation
of cell-to-module (CTM) performance.

To obtain reliable and precise results, it is essential to input specific parameters into
the software. These parameters include various characteristics of the cell stack, such as
material properties, dimensions, and electrical behavior. By providing these inputs, the
software can generate valuable insights into the electrical performance of the Solarge cell
stack.

Furthermore, to ensure the reliability of the simulation results, a validation is performed
by comparing the simulated values with real-time measurements. This validation process
serves as a verification to the accuracy and credibility of the software’s predictions.

By utilizing the advanced capabilities of the Fraunhofer SmartCalc.CTM software and
performing thorough validation, an assessment of the electrical performance of the Solarge
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cell stack is obtained. This analysis aids in gaining a deeper understanding of the system’s
behavior and facilitates the identification of potential areas for improvement.

(a) (b)

Figure 2.14: Losses and gains computed to obtain the cell-to-module performance. (a) loss-gain k factors for cell
and module layers. (b) loss-gain k-factors for module and junction box. [67]

The software tool utilizes input parameters as shown in table A.2.3, A.2.4 and A.2.5
to calculate specific loss and gain factors known as k-factors, as depicted in Figure 2.14(a)
and (b). These k-factors play a crucial role in estimating the cell-to-module performance of
the given cell.

2.6.1 Roadmap
Figure 2.15 shows the procedure to conduct a cell-to-module analysis. As seen from the
figure, six input parameters are required to run a successful CTM simulation. These input
parameters can be segregated into three main portions such as the module layout, cell and
interconnection information and optical information. The method of determining these
input parameters are as follows:

1. Cell and interconnection information: The cell information is acquired by the
supplier of the cells via the datasheet. In this study, two types of cells have been used:
one a full G1 mono PERC cell and a half cut G1 mono PERC cell. The reason for this
will be elaborated in the further upcoming sections. The interconnections used for
the cells and strings are standard 1×0.25 rectangular ribbon and 5×0.4 rectangular
serial connection respectively.

2. Module layout: This information is obtained from Solarge to simulate their standard
72 cell G1 modules.

3. Optical information: The optical information such as the layer optical properties
and the layer thickness are obtained by usingmeasurements and GenPro4 simulations
as explained in the previous sections.
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2.9.1 Roadmap
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Figure 2.21: Input parameters for the Fraunhofer SmartCalc.CTM analysis

Figure 2.21 shows the procedure to conduct a cell-to-module analysis. As seen from the
figure, six input parameters are required to run a successful CTM simulation. These input
parameters can be segregated into three main portions such as the module layout, cell and
interconnection information and optical information. The method of determining these
input parameters are as follows:

1. Cell and interconnection information: The cell information is acquired by the
supplier of the cells via the datasheet. In this study, two types of cells have been used:
one a full G1 mono PERC cell and a half cut G1 mono PERC cell. The reason for this
will be elaborated in the further upcoming sections. The interconnections used for
the cells and strings are standard 1×0.25 rectangular ribbon and 5×0.4 rectangular
serial connection respectively.

2. Module layout: This information is obtained from Solarge to simulate their standard
72 cell G1 modules.

3. Optical information: The optical information such as the layer optical properties
and the layer thickness are obtained by usingmeasurements and GenPro4 simulations
as explained in the previous sections.

2.9.2 Determining the input parameters

Figure 2.15: Input parameters for the Fraunhofer SmartCalc.CTM analysis

All input parameters described in Figure 2.15 are estimated and simulated using experi-
mental and computational methods, as detailed in Appendix A.2.4 and A.2.5.

2.6.2 Electrical performance of a flat Solarge cell stack -
Measurements

In this section, the Fraunhorfer SmartCalc.CTM software is validated against a single cell
laminate via electrical measurements. A half-cut cell is used with a flat front sheet and the
electrical performance of the cell laminate is enumerated by figure 2.16 and by table 2.3. In
order to assess the impact of optical losses on the overall losses in the cell laminate, precise
measurements are crucial. Analyzing Figure 2.16 (b), we can calculate that the power
output from a flat single cell laminate is 2.55W, representing a 9.57% reduction compared to
the bare cell power output under STC conditions. This power drop can be attributed to two
primary factors: optical losses and interconnection losses. While both are significant, this
thesis focuses primarily on optical performance and therefore emphasizes the identification
of the portion of loss caused by the optical polymer layers. To facilitate this analysis, the
Fraunhofer SmartCalc.CTM tool proves invaluable as it provides a convenient means to
determine the contribution of optical losses within the overall system losses.

Table 2.3: Electrical performance of a flat single cell laminate

Electrical parameters Values
𝐽𝑠𝑐 (𝑚𝐴/𝑐𝑚2) 38.17
𝑉𝑜𝑐 (𝑉 ) 0.67
𝑃𝑚𝑎𝑥 (𝑊 ) 2.55
Fill Factor (%) 78
Efficiency (%) 20.05
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(a) (b)

Figure 2.16: (a) Halfcut single cell flat laminate (b) Variation of power and current density as a function of voltage.

2.7 Phase V: Current Optical Losses
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Figure 2.17: Cell-to-module analysis of a flat single cell laminate.

In this section, the simulation from the Fraunhofer smartcalc.CTM is explained. The
validation of the simulation is done with respect to the power output of an experimentally
measured single cell laminate as shown in the previous section. Figure 2.17 shows the
CTM analysis for a flat single cell laminate. This analysis provides a clear overview of the
losses in the system ultimately leading to the laminated power output. Firstly, it can be
noted that the power output predicted by the software (P = 2.56W) is only 0.4% higher than
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the measured result which showed the power of the flat cell stack to be P = 2.55W. This
hence ensures that the simulations are in good agreements with the measurements and the
results from the software is reliable.

Now, the next step is to estimate the contribution of optical losses in the module.
Equation 2.6 is used to estimate the total optical losses in the system.

𝐎𝐩𝐭𝐢𝐜𝐚𝐥𝐩𝐨𝐰𝐞𝐫 𝐥𝐨𝐬𝐬 = |||(𝑘3+𝑘4+𝑘5+𝑘6+𝑘7)𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑠𝑠 −(𝑘8+𝑘9+𝑘10+𝑘11)𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑔𝑎𝑖𝑛
|||

= 𝟎.𝟏𝟕𝐖 (2.6)

% 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑠𝑠 =
𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑙𝑜𝑠𝑠

𝐶𝑒𝑙𝑙 𝑝𝑜𝑤𝑒𝑟
=
0.17
2.82

= 𝟔.𝟎𝟑% (2.7)

2.8 Conclusions
This chapter effectively addresses the second research question related to the characteriza-
tion of polymer materials and the understanding of the optical performance of the Solarge
stack.

Addressing the research question

(a) What techniques are available for measuring the thickness of indi-
vidual polymer layers?
The technique used to evaluate the thickness of the polymer layers is derived
from the ASTM standard guide for "Determination of Thickness of Plastic
Film Test Specimens." In this approach, a micrometer with a least count of
±0.001 mm is employed as a reliable indicator to measure repeatable thickness
values. This technique ensures accurate determination of individual polymer
layer thickness, contributing to the overall understanding of the structure
and optical performance of the Solarge stack.

(b) What methods can be used to accurately determine the optical prop-
erties of polymer materials?
To effectively characterize polymer materials, various methods and instru-
ments are employed. One commonly used tool is the spectrophotometer,
which enables accurate measurement of the optical properties such as re-
flectance, transmittance, and absorptance. Additionally, SCOUT and Genpro4
software are utilized to analyze and extract key optical parameters from the
measured data. These instruments and software provide valuable insights
into the optical behavior of polymer materials and aid in their characteriza-
tion.
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Addressing the research question (continued)

(c) How can the current optical performance of a Solarge stack be com-
prehended? The optical performance of the Solarge stack is analyzed using
integrated optical models. By considering the properties of the front sheet,
encapsulant, and solar cell, various parameters such as reflectance, trans-
mittance, absorptance and photocurrent density are evaluated. This holistic
approach provides a deep understanding of the stack’s optical performance
and enables optimization strategies for improved efficiency.

(d) What approaches can be used to determine the overall optical losses
in terms of electrical parameters? The evaluation of overall optical losses
in the Solarge cell stack involves a combination of experimental and com-
putational results. The optical model generated by Genpro4 is utilized to
calculate an essential factor, the 𝐼𝑠𝑐 change, which is required for the electrical
simulation using the Fraunhofer SmartCalc.CTM software. By incorporating
this value along with other input parameters, the SmartCalc.CTM software
predicts the cell-to-module performance and identifies the mechanisms caus-
ing power losses in the module. These mechanisms contribute to a reduction
in module power compared to the cell power. Through this simulation, the
overall optical losses in the Solarge cell stack are determined.

In this chapter, several research questions pertaining to the characterization of polymer
materials, accurate determination of optical properties, measurement of layer thickness,
understanding the current optical performance of the Solarge stack, and evaluation of
overall optical losses in terms of electrical parameters have been addressed. The optical and
electrical models presented in this chapter have been validated using experimental data,
providing valuable insights and methodologies for optimizing Solarge module designs and
improving their power generation efficiency. These findings lay the foundation for Chapter
3, where the incorporation of textures will be discussed in further detail. By building
upon the knowledge gained in this chapter, Chapter 3 aims to enhance the performance
of Solarge modules through texture optimization where the ultimate goal is to reduce the
overall optical losses from 6.03%.
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This chapter addresses the third research question of the thesis, which focuses on methods
of fabricating textures on the Solarge front sheet. Two fabrication methods namely, release
papers and Teflon sheets, are explored. Experimental testing is conducted on various texture
morphologies applied to the front sheet, and the textures are filtered based on the peel test
results. From the selected textures sourced from company [A] and company [B], five options
are chosen for imprinting on single cell laminates. These textures then undergo optical and
electrical characterization to evaluate their performance. Building on the findings from the
initial texture analysis, a set of requirements is defined to guide further investigations to
explore the best performing texture for the Solarge cell stack. A computational study is then
conducted to simulate scaled-up bio-inspired textures, as well as other textures such as random
pyramids and corner cubes. By employing GenPro4, the optical properties of these textures
are accurately simulated and analyzed. Based on the results of the initial texture analysis
and simulations, two texture geometries are recommended to Solarge. Further optimization
is performed on these textures, with one recommendation being fabricated on a single cell
level, while the other is based solely on simulation results. The implementation of the first
recommended texture leads to a significant increase of 2.65% in power output when compared
to current Solarge cell stack. To provide a holistic perspective, a simple financial analysis is
performed to assess the potential profitability of implementing the recommendations provided
in this thesis. This analysis helps evaluate the economic feasibility and potential benefits for
Solarge. By systematically investigating different fabrication methods, evaluating various
texture morphologies, and conducting simulations and optimizations, this chapter presents
extensive findings that contribute to the overall goal of enhancing the performance and thereby
reducing the overall optical losses in the Solarge cell stack.
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3.1 Introduction

T his chapter is dedicated to addressing the issue of front surface reflection in Solarge’s
PV module through the implementation of texturing on the front sheet. Extensive

measurements and simulations have revealed significant optical losses resulting from this
phenomenon. To mitigate these losses, the incorporation of a light trapping texture is
considered the most effective approach.

The main objective of this chapter is to minimize overall stack reflection in the Solarge
cell stack by introducing appropriate textures. The performance analysis is conducted at
various angles of incidence to assess the effectiveness of different textures. The ultimate
goal is to provide Solarge with recommendations and suggestions to optimize their current
cell stack, leading to enhanced power output and reduced optical losses.

Optical and electrical
performance of flat

front sheet

Initial texture
analysis

Optical and
electrical

characterisation

Modelling of more
efficient textures

Optical and
electrical

characterisation

Texture optimisation
if necessary

Optical and
electrical

characterisation

Financial analysis

Final
recommendation
and future work

Literature

PHASE I PHASE III PHASE IV PHASE VBASE CASE

Performance
criterions for texture

enhancement

Potential possible
Textures

PHASE II

Figure 3.1: Roadmap to Chapter 3

To achieve the goal of optimizing the overall cell stack structure of Solarge, a systematic
flow process is followed in this chapter. The chapter is divided into six distinct phases,
each serving as a stepping stone towards the ultimate objective. The organization of the
chapter is as follows, as depicted in Figure 3.1:~m1 Base Case: In this phase, an initial analysis is conducted using a flat front sheet as

a base case. The objective is to perform an angle-dependent study to evaluate the
current optical losses in the Solarge cell stack. This analysis serves as a reference
point for comparison with subsequent phases.
The optical and electrical simulations for the flat cell stack have been validated
in Chapter 2, ensuring the accuracy and reliability of the computational results.
In this section, the simulations are performed using Genpro4 and the Fraunhofer
Smartcalc.CTM software. The computational results provide valuable insights into
the optical behavior and electrical performance of the flat cell stack configuration.~m2 Phase I: In this phase, subsequent to establishing the base case, a rigorous examina-
tion is conducted on specific textures sourced from the organisation company [A],
aimed at assessing their impact on both optical and electrical properties.~m3 Phase II: In this phase, the performance criteria for efficient textures are established
based on the results obtained in Phase I. These criteria serve as benchmarks for
evaluating potential textures that demonstrate improved optical performance com-
pared to the previously tested company [A] textures. An extensive review of relevant
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literature is conducted to identify textures that exhibit promising characteristics.
The selected textures are further analyzed and evaluated based on their ability to
meet the established performance criteria.~m4 Phase III: The selected textures are modeled using GenPro4 to the desired scale,
generating heightmap matrices that represent their surface topography. These
heightmap matrices are utilized as input in GenPro4 to perform precise optical
simulations. By conducting angle-dependent optical simulations, the performance
of the textures is thoroughly evaluated, considering various incident angles. This
assessment provides insights into the optical behavior of the textures and their
effectiveness in reducing front surface reflection.~m5 Phase IV: In this phase, the most promising texture identified from Phase II and
Phase III is selected as the basis for further optimization. The objective is to fine-tune
the selected texture to align it with the desired operational requirements, aiming for
an overall improved performance of the Solarge cell stack.
The optimization process involves several aspects, including optimizing the layer
thickness and enhancing the reflectance of the backsheet. By carefully adjusting
these parameters, the aim is to maximize the light-trapping efficiency of the texture
and minimize overall optical losses in the system. This fine-tuning process plays a
crucial role in achieving an optimized and efficient cell stack configuration.~m6 Phase V: The final phase of this chapter entails conducting a financial analysis for
Solarge to assess the overall impact of the power increase in terms of monetary gains.
This analysis aims to provide an overview of the financial implications and benefits
that can be derived from implementing the recommended optimizations.

Through the systematic roadmap presented in this chapter, the primary objective is to
provide Solarge with valuable recommendations and optimized solutions to enhance the
optical and electrical performance of their cell stack. The focus is on reducing the overall
optical losses in the system. By addressing key aspects such as texture design, material
properties, and performance analysis, this chapter aims to provide actionable insights to
improve the efficiency and power output of Solarge’s PV modules.

3.2 Base Case: Angular dependent study of flat
Solarge stack

In this section, the base case is subjected to a thorough analysis encompassing both optical
and electrical characterization. The objective is to examine the influence of the incidence
angle on various properties, which will be visually depicted and extensively discussed. This
examination will provide valuable insights into the behavior and performance of the system
under different angles of incidence. The GenPro4 software was used to conduct angle-
dependent studies, providing optical performance data across a range of angles rather than
a single angle. In the GenPro4 settings, (S.nai = 18), each value from 0 to 18 corresponds
to an increment of 5◦. To validate the results, singular angles were simulated using the
GenPro4 settings (S.nai = 90), where each value from 0 to 90 represents an increment of
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1◦. Upon comparing the results obtained from these two settings, it was observed that the
difference in optical outcomes was minimal. Considering the computational time involved,
the angle settings with a 5◦ increment were adopted for the remaining simulations. A more
detailed explanation can be seen in appendix A.3.1.
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Figure 3.2: Optical performance - I. (a) Variation of total reflectance with incidence angle. (b) Influence of incidence
angle on the external quantum efficiency (EQE).
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Figure 3.3: Optical performance - II. (a) Variation of photocurrent density with incidence angle. (b) Influence of
incidence angle on Incidence angle modifier.

The initial analysis focuses on examining the impact of the angle of incidence (AOI)
on both the total reflectance and the absorptance in the absorber layer of the flat stack.
Figure 3.2 (a) illustrates the trend in total reflectance, indicating a substantial increase with
AOI. This rise in reflectance adversely affects the efficiency of the flat stack. Meanwhile,
Figure 3.2 (b) demonstrates the variation of the c-Si absorptance. Notably, the EQE remains
relatively stable until an AOI of 30◦, after which it exhibits a significant decrease from 40◦
to 90◦.
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The next parameter to look into is the variation of the photocurrent density (𝐽𝑝ℎ) at
different angles of incidence as shown in figure 3.3 (a). The trend follows the EQE as per
definition and the maximum value of (𝐽𝑝ℎ) is at normal irradiance (𝐴𝑂𝐼 = 0◦) and it reduces
slightly until 30◦ after which the decrease is significant. Another parameter which provides
a good insight into the angle dependency is the incidence angle modifier as shown in figure
3.3 (b), also known as the angle of incidence correction factor. This is a parameter used
to describe the reduction in light intensity as the angle of incidence deviates from the
perpendicular.

The significance of the incidence angle modifier lies in its ability to accurately assess
the impact of the angle of incidence on the performance of solar cells or other optical
devices [68]. In this study, the concept of IAM is used to check the dependence of two
parameters with respect to incidence angle - EQE and 𝐽𝑝ℎ. Equation 3.1 is used to calculate
the required parameters [69].

𝐼𝐴𝑀(𝜃𝑖) =
𝐸𝑄𝐸 (𝜃𝑖)

𝐸𝑄𝐸 (𝜃𝑖 = 0)
=

𝐽𝑝ℎ (𝜃𝑖)
𝐽𝑝ℎ (𝜃𝑖 = 0)

(3.1)
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Figure 3.4: Electrical performance - I. (a) Variation of direct normal irradiance with incidence angle. (b) Influence
of cell-module power and efficiency on incidence angle.

Using the above optical performance, a better understanding of a flat Solarge module
can be understood by performing an electrical characterisation at a module level. To note,
these results are obtained via electrical simulation using the Fraunhofer Smartcalc.CTM
software. Figure 3.4 (a) shows a plot with direct normal irradiance at different angles of
incidence. In this case a diffuse component is not considered to compare two different
computational platforms. Figure 3.4 (b) showcases the results of the cell-to-module analysis.
It can be noted that firstly the module efficiency drastically drops after 60◦ due to high
reflective losses of the flat front sheet.
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Figure 3.5: Electrical performance - II. (a) Variation of overall losses with incidence angle. (b) Influence of
cell-module power and efficiency on incidence angle.

The evaluation of losses in the system is crucial to gain a vast understanding of the per-
formance. Figure 3.5 (a) provides insights into the overall losses in the system, specifically
in terms of CTM power output. Optical losses play a significant role in the total losses,
especially at higher angles of incidence, compared to electrical losses. It is evident that
the optical losses increase significantly beyond 𝜃𝑖 = 30◦ when a flat front surface is used in
the Solarge cell stack. This indicates that the system exhibits angle in-dependency only
up to 𝜃𝑖 = 30◦, highlighting the need for implementing textures that can delay the rise in
optical losses at higher angles of incidence, thereby improving the overall performance
across a wide range of incidence angles. The primary cause of these losses is total reflection
occurring at the air/front sheet interface of the solar module. By implementing front surface
texturing, these effects can be mitigated effectively.

Figure 3.5 (b) presents the cell-to-module ratio (CTM), which elucidates the relationship
between the power or efficiency of an individual solar cell and the overall power or
efficiency of the module. This ratio provides valuable insights into the overall performance
and efficiency of the module.

The distinction between CTM power (%) and CTM efficiency (%) arises from multiple
factors. CTM power (%) considers the total power output of the module, accounting for
losses during the conversion process such as resistive losses, shading effects, electrical
mismatch between cells, and other electrical losses within the module. Consequently,
variations in CTM power (%) occur due to these losses at different angles of incidence.

In contrast, CTM efficiency (%) quantifies the module’s conversion efficiency by com-
paring the electrical power output to the incident solar power. It focuses specifically
on the efficiency of converting solar energy into usable electrical power. Factors like
non-uniformity in cell performance, cell mismatch, and optical losses due to the angle of
incidence can influence the efficiency.

Therefore, from figure 3.5 (b) it can be concluded that the optical losses overpower
other losses at higher angles of incidence and hence this calls the need to improve the
overall optical performance of the Solarge cell stack.
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3.3 Phase I: Initial texture analysis
In this section, an extensive assessment is undertaken to evaluate the optical and electrical
enhancements achievable by incorporating a variety of textures obtained through a mututal
collaboration with the companies [A] and [B]. A meticulous selection process identified 10
potential textures for thorough analysis. Notably, 8 of these textures are procured from
company [A], a reputable supplier renowned for their specialized offerings in textured
casting and release papers. Additionally, two textures are acquired from company [B], a
trusted provider of high-quality PTFE-products, specifically two grades of Teflon. In this
section, the focus is on the experimental characterization of the textures, as the availability
of accurate 3D heightmaps for the textures used limits the inclusion of simulation aspects.
Instead, experimental techniques have been employed to assess the overall performance
of the textures. This approach ensures that both experimental and computational results
are compared on the same basis, despite the absence of simulation data. The experimental
characterization provides valuable insights and reliable data for evaluating the effectiveness
of the textures in enhancing the optical and electrical performance of the Solarge cell stack,
thereby compensating for the unavailability of simulation results.

Company A

Company B

8 release papers
with different texture

morphologies

2 Teflon sheet with
different texture

morphology

Imprinting all the 10
textures using both

the release
technology only on

the Front sheet

STEP 01

FABRICATION TEST 1

Surface roughness
assessment of all
the 10 textures on

the front sheet

Optical
characterisation of
all the 10 textures
on the front sheet

STEP 02

CHARACTERISATION

Based on the optical
characterisation, top
3 textures using the

release papers is
chosen with both the

Teflon sheets

STEP 03

1ST FILTER

Fabrication of the
filtered textures onto
the entire cell stack

Performing a peel
test

STEP 04

FABRICATION TEST 02

Based on the stack
peel test, a total of 5
textures are finally

fabricated on a
single cell laminate

STEP 05

2ND FILTER

Optical performance

STEP 05

PERFORMANCE

Electrical
performance

Figure 3.6: Overall methodology used to characterise textures used in phase I

In this phase, the methodology employed for texture selection, fabrication, and char-
acterization is illustrated in Figure 3.6. Initially, a total of 10 textures (8 from company
[A] and 2 from company [B]) were considered. The company [A] textures are applied
on release papers, with each texture having a separate coating, while the textures from
company [B] are hosted on a Teflon sheet. The first step involves imprinting the textures
solely on the front sheet to evaluate their impact on optical and surface properties. Based
on the characterization results, the top three performing textures from the company [A]’s
repository and the two textures from company [B] were selected, reducing the number of
textures for further analysis to five.

Subsequently, these five selected textures were fabricated with all the layers comprising
the Solarge cell stack. An important observation was made during the peel test conducted
after the lamination and imprinting processes. Based on the peel test results, a second
round of filtering was performed, further refining the selection of textures. Finally, a set of
five different textures (three other texures from company [A] and two same from company
[B]) were fabricated as single-cell laminates, and their optical and electrical properties
were evaluated.

This rigorous process ensures a systematic approach to texture selection, taking into
account both the optical and electrical performance of the textures at each stage of the
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evaluation. The final set of textures chosen for further analysis is based on their overall
performance and suitability for integration into the Solarge cell stack.

3.3.1 Step 01: Fabrication test - I

Suppliers Release
technology

400mbar, 163C

Layering process Lamination process Cooling and peel off stage

Company A

Company B

T (C), P (mbar)

Figure 3.7: Process of imprinting textures on the front sheet of Solarge modules [70].

Figure 3.7 illustrates the process of imprinting textures onto a polymer surface. Initially,
the master molds hosting the textures are obtained in the form of release papers from
Company [A] and Teflon sheets from Company [B]. The subsequent step involves layering
all the stack components in the prescribed order, with the release paper or Teflon sheet
positioned atop the front sheet. Once the layering process is complete, the entire stack
undergoes lamination in a vacuum laminator as explained in figure 2.2. This process applies
a pressure of 𝑃𝑙𝑎𝑚 (mbar) while maintaining a temperature of 𝑇𝑙𝑎𝑚 (◦C), causing the front
sheet polymer to acquire the texture from the release paper or Teflon sheet. Following this,
a cooling period of 10-25 minutes is provided which allows for the solidification of the
polymers. Then, the peel-off process is then executed, whereby the positive textures on the
release paper/Teflon sheet are transferred on the front sheet with the negative imprint (the
release paper or Teflon sheet serves as a master mold, housing the positive impressions of
the textures to be imprinted onto the front sheet).

Figure 3.8 showcases the textures that were successfully imprinted on the Solarge front
sheet using the release paper or Teflon sheet provided by the respective suppliers. An
important observation worth noting is that after the completion of the imprinting process,
both the release paper and Teflon sheet could be peeled off smoothly from the front sheet,
leaving behind a well-defined texture. This optimal peel-off process can be attributed to
the non-adhesive nature of the front sheet, as explained in Chapter 2. However, it should
be noted that this smooth peel-off may not be the case when all the layers of the stack are
present during the imprinting process, as will be discussed in the subsequent sections.

With the front sheet samples containing the textures, the next step involves charac-
terizing these textures in terms of surface roughness and optical properties. The surface
roughness analysis provides insights into the topography and morphology of the textures,
while the optical properties analysis allows for the evaluation of their impact on light
scattering, reflection, and transmission. By closely examining these properties, a thorough
understanding of the textures’ physical and optical characteristics can be achieved.
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Figure 3.8: Textures imprinted on the Solarge front sheet. (a) texture-1. (b) texture-2. (c) texture-3. (d) Coarse
Teflon. (e) Fine Teflon. (f) texture-4 . (g) texture-5. (h) texture-6. (i) texture-7. (j) texture-8
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3.3.2 Step 02 & 03: Characterisation and first filter
Surface profile and roughness
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Figure 3.9: Surface roughness. (a) Coarse Teflon, (b) Fine Teflon, (c) texture-2, (d) texture-1, (e) texture-3, (f)
texture-5. (g) texture-8, (h) texture-4, (i) texture-7, (j) texture-6.

This section aims to analyze and visualize the geometrical profiles of the selected textures
using a Dektak surface profilometer. Figure 3.9 (a)-(f) illustrates the roughness profiles
for each texture imprinted using the Company [A]’s release papers. Figures 3.9 (a) and (b)
present the surface profiles of the coarse Teflon and fine Teflon textures on the Solarge front
sheet, respectively. It is evident that the textures imprinted from the Teflon sheet exhibit a
smooth inverted parabolic structures with varying aspect ratios. The aspect ratio plays a
crucial role in the optical performance of the textures, as elaborated in the forthcoming



3.3 Phase I: Initial texture analysis

3

43

sections. Figure 3.9 (c) displays the profile of the texture-2 texture morphology, which
exhibits a combination of upright and inverted geometries. On the other hand, Figure 3.9
(e) showcases texture-3, characterized by upright structures with varying low aspect ratios.
It is important to note that the texture-3 hosts a randomised lattice distribution and the
depicted structure selection is selected based on scanning viability of the equipment. Lastly,
Figure 3.9 (d) illustrates the texture-1, where the hierarchical arrangement of nano-scale
and micron-scale textures can be observed. This combination has the potential to facilitate
efficient light scattering as discussed in the literature review in chapter 1, resulting in an
enhanced optical properties. However, it should be noted that not all hierarchical textures
yield improved optical performance, as it depends on the geometrical morphology of the
micron-scale texture and its placement within the lattice.

Optical characterisation

Angular intensity
distribution (AID)

Total transmittance
(Ttot) 

Diffuse transmittance
(Td)

Total reflectance
(Rtot)

COMPARISON
Top 3 best
performing

texture
Cell level fabrication

IV characterization
measurements

External quantum
efficiency

measurements
Textures

Optical characterisation Selection criteria Electrical characterization

Figure 3.10: Selection methodology for the imprinted textures.

The selectionmethodology for determining the optimal texture for Solargemodules in terms
of optical performance is presented in Figure 3.10. Initially, the textures are exclusively
imprinted on the front sheet, excluding the other layers of the stack. Subsequently, the
textured samples undergo characterization using the Perkin Elmer Lambda 950/1050 UV-Vis
spectrophotometer. This characterization assesses the total transmittance, total reflectance,
and diffuse transmittance. The evaluation of diffuse transmittance is particularly crucial
for textured surfaces as it provides an estimate of extent of light scattering at normal
incidence. Based on the measurements of diffuse transmittance, the top three textures with
the best performance are selected and are tried to fabricate on a single cell level. Once
the textures are successfully imprinted on the entire solar cell stack, the EQE (External
Quantum Efficiency) and electrical performance of the stack are measured and analyzed.

Figure 3.11 presents the optical performance of the textured surfaces under normal
incidence. Of particular interest is Figure 3.11 (a), which displays the diffuse transmittance
of the textured surfaces. It is evident that the flat interface exhibits consistently low diffuse
transmittance across the entire wavelength range, indicating minimal scattering from the
flat surface. On the other hand, the measured textures demonstrate varying degrees of light
scattering. Notably, the textures-8,1 and 5 exhibit the highest levels of diffuse transmittance,
indicating their effective light scattering capabilities.
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Figure 3.11: Optical performance of the front sheet with the textures imprinted using release paper technology.
(a) Diffuse transmittance, (b) Total transmittance, (c) Total reflectance.

Figures 3.11 (b) and (c) illustrate the total transmittance and total reflectance of the
textured surfaces. It is worth noting that textures with high diffuse transmittance also
exhibit high total reflectance. This can be attributed to the layer structure (air/front
sheet/air), which promotesmultiple light bounces and scatteringwhich is accounted as extra
components of reflectane by the measuring equipment. However, when the complete layer
stack is present, a portion of the scattered light and the rays bouncing off the textures reach
the absorber layer instead of being solely reflected. Consequently, the total transmittance
values indicate that the textures-8, 1 and 5 have lower total transmittance compared to,
for instance, the fine and coarse Teflon sheets. This is because the total tramsmittance
measures transmittance into air. This is different from, and therefore not a good measure
for estimating the transmittance of textured samples in to the cell stack with all the layers.

Currently, Solarge utilizes the coarse Teflon sheet as the front surface texture for their
modules, serving two purposes: (i) texturing the front sheet of the cell stack and (ii) ensuring
no adherence of the modules to the laminator, as explained in Chapter 2. Notably, from the
first plot, it is evident that both the fine and coarse Teflon sheets scatter less light compared
to the textures from company [A]. Consequently, a preliminary conclusion drawn from
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this section is that, without angular-dependent measurements, total transmittance and
reflectance alone do not provide complete understanding of texture performance. Instead,
measurements of diffuse transmittance offer valuable insights into the behavior of textured
surfaces in terms of scattering.

Based on the results obtained from the diffuse transmittance measurements, the top
three textures from the company [A]’s repository (textures-8, 1, and 5) and both the coarse
and fine Teflon textures from company [B] are selected for further analysis. The next
objective is to fabricate single cell laminates with these textures imprinted on the front
sheet.

3.3.3 Step 04 & 05: Fabrication test - II and second filtering
This section provides an explanation of the second fabrication test, focusing on the impact
of additional layers on texture imprinting quality. Initially, textures were exclusively
imprinted on the front sheet, excluding the encapsulant, cell, and backsheet. However, this
test aims to investigate the influence of these additional layers. The fabrication process
follows the procedure depicted in Figure 3.7, with the inclusion of all stack layers during
the imprinting process. During the test, two significant observations were made regarding
the release technology employed:
918 495 254 942 497 925 964 480 492 918 495 254 942 497 925 964 480 492

(a) (b)

T1 T6 T2 T3 T4 T5 T8 T9 T7 T1 T6 T2 T3 T4 T5 T8 T9 T7

Figure 3.12: Peel test of release papers. (a) Release paper (master mold) with different textures. (b) Result of the
respective peel off test.

1. Observation 1: Teflon sheets were identified as the most suitable release mechanism
for the polymer materials in the Solarge stack. However, their limited texture features
present challenges in achieving the desired optical and electrical performance.

2. Observation 2: Company [A]’s release papers utilize a coating process, wherein
thin layers of a specific coating are deposited on a sheet of paper to create the
required textures. Each texture geometry corresponds to a unique coating recipe.
The presence of the encapsulant, cell and the backsheet during the imprinting process
affects the behavior of this coating, leading to increased complexity in peeling off
these textures compared to cases involving only the front sheet.
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These observations provide valuable insights into the performance and behavior of different
release mechanisms when integrated into the Solarge stack, thus contributing to the
understanding of texture fabrication and selection.

Figure 3.12 illustrates the peel off test conducted to evaluate the suitability of different
coating types for the current application. Figure 3.12 (a) displays the release paper with
various texture coatings, while (b) showcases the resulting product after the peel off test
post the imprinting process. It is evident that the type of coating on the release paper plays
a crucial role in the imprinting process. Among the 8 textures tested, only three can be
easily imprinted and peeled off. Specifically, texture-1,2 and 3 exhibit the most favorable
characteristics in terms of ease of imprinting and peel off.

Additionally, an interesting observation was made during the experimentation phase.
Release papers with texture-3 can be utilized for imprinting only once, as the peel off process
becomes more challenging thereafter. On the other hand, the coating used in texture-2 and
1 enables multiple imprints without the need for replacement due to its exceptionally easy
peel off process. Consequently, due to the limitations associated with peeling the release
sheets from the cell stack, the optical and electrical performance evaluation was carried
out solely for these three textures, in addition to two textures obtained from company [B]
in the form of Telfon sheets.

As a result of the second filtering process, a total of five textures have been selected
based on both their fabrication feasibility and the optical characterization performed in the
previous section which are different from the initial selection. The five selected textures
are as follows: texture-1, texture-2, texture-3, coarse Teflon, and fine Teflon textures. These
textures have demonstrated promising performance and exhibit potential for improving
the optical properties of the Solarge cell stack.

3.3.4 Step 05: Optical and electrical performance
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Figure 3.13: Optical and electrical performance of different texture morphologies. (a) Total stack reflection at
normal incidence. (b) External quantum efficiency at normal incidence (%). (c) J-V curve. (d) power curve. (e)
Four electrical parameters of the cell stack. (f) Comparison of optical power loss with different textures.

Based on the peel test results, the successfully imprinted textures are incorporated into
single-cell laminates to assess their optical and electrical properties. Figure 3.13 provides
an overview of the overall performance of the textures at normal incidence, considering
both optical and electrical aspects. To evaluate the optical performance, Figures 3.13 (a) and
(b) depict the total stack reflection and the external quantum efficiency (EQE), respectively.

From Figure 3.13 (e), it is evident that the cell stack with texture-1 exhibits a 2.4%
increase in short-circuit current density compared to the flat cell stack, and a 0.7% increase
compared to the cell stack with the coarse Teflon sheet. This improvement can be attributed
to the reduction in average reflectance at the air/front sheet interface, where the reflectance
with texture-1 is 2% lower than that of the flat cell stack, and 1.26% lower than that of
the coarse cell stack. A more detailed analysis is facilitated by zooming in on the plot,
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enabling observation of the trend exhibited by the textures. Notably, texture-1 demonstrates
the highest reduction in reflectance. A similar trend is observed in the EQE, where the
differences are not substantial, but a comparison between the textures can be made using
the magnified version of the plot. In accordance with the predictions derived from the
diffuse transmittance plots, texture-1 outperforms the other textures.

Table 3.1 provides quantitative analysis of the average total reflectance in the wave-
length range of 300 nm - 1200 nm and the average EQE in the range of 450 nm - 1000
nm. As anticipated, the flat surface exhibits the highest total reflectance, while texture-2
demonstrates the lowest reflectance. Notably, texture-1 outperforms the other textures in
terms of average EQE.

It is important to acknowledge that the small deviation observed in reflectance mea-
surements, along with the trend observed in the reflectance curve, particularly in the
wavelength range of 600 nm - 800 nm where the texture-1 outperforms texture-2, can be
attributed to both the precision limitations of the measuring equipment and the overall
trend of the reflectance curve. Therefore, considering both the trend of the reflectance curve
and the average values provides a more broad understanding of the optical performance,
rather than relying solely on a single parameter.

Overall, the combined analysis of reflectance and EQE data provides valuable insights
into the optical performance of the textured surfaces, aiding in the selection and evaluation
of the most promising texture for further investigations.

Table 3.1: Average optical properties

Texture-1 Texture-3 Texture-2 Fine
Teflon

Coarse
Teflon

Flat

𝑅𝑎𝑣𝑔 9.40 9.39 9.34 9.37 9.52 9.59
𝐸𝑄𝐸𝑎𝑣𝑔 92.91 92.87 92.84 92.75 91.78 91.54

Figures 3.13 (c) to (f) provide a concise overview of the overall electrical performance
of various texture morphologies. Figure 3.13 (c) and (d) present the J-V and P-V curves,
respectively, offering valuable insights into the influence of surface texturing on the front
polymer layer. The impact of optical properties on the short-circuit current density (𝐽𝑠𝑐) is
evident, emphasizing the importance of maintaining a consistent operating temperature of
25◦C for reliable and accurate results.

Zoomed-in plots reveal that texture-1 exhibits the highest 𝐽𝑠𝑐 , as evident from both
the power curve and Figure 3.13 (e). The latter illustrates four essential parameters of the
single cell laminate: maximum power, efficiency, fill factor, and current density. Notably,
texture-1 outperforms the others across all four parameters, demonstrating its superior
electrical performance.

Furthermore, assessing the overall optical losses in the system, as conducted in chapter
2, presents a final aspect of electrical characterization. However, the Fraunhofer smart-
Calc.CTM software used for this evaluation is not suitable for accounting for the effects
of scattering resulting from front surface texturing. Therefore, a combination of com-
putational and experimental results is employed to predict the overall optical losses. To
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facilitate this calculation, certain assumptions are made, ensuring an exhaustive analysis
of the system.

1. Assumption 1: The total interconnection losses remain constant across all the
measured samples.

2. Assumption 2: The discrepancy between measurements and simulations, as dis-
cussed in Chapter 2, needs to be incorporated to account for the error range in the
calculations.

Therefore, with these two assumption, the following equation can be used to evaluate
the total optical losses in the system.

𝑃 ′
𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑠𝑠 = 𝑃𝑏𝑎𝑟𝑒 𝑐𝑒𝑙𝑙⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟

2.82 𝑊

− 𝑃𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑝𝑜𝑤𝑒𝑟

−𝑃 ′
𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

0.088 𝑊

(3.2)

Where P’ denotes the power loss and P denotes the power generated. Similarly, the total
percent optical loss can be evaluated using equation 2.7.

The calculation of overall optical losses and their impact can be observed in Figure
3.13 (f), which illustrates the optical power loss and the percentage of optical losses within
the system. It is evident that the inclusion of textured geometries leads to a reduction in
overall power loss. Among all the textures tested, texture-1 exhibits the lowest optical losses
(4.12%), representing a 32% reduction compared to the flat front sheet (6.03%). This reduction
highlights the effectiveness of texture-1 in minimizing optical losses and enhancing the
overall performance of the system.

3.4 Phase II: Enhancing Texture Performance: Cri-
teria, selection and validation

3.4.1 Texture criteria
This section emphasizes the potential enhancement of the textures tested as part of Phase
I of this chapter. It explores the importance of front surface texturing and investigates
the desired performance criteria associated with textures. Additionally, it examines the
necessary conditions for implementing these characteristics. Once the requirements are
identified, a thoughtful selection of textures is made based on their established performance
as documented in existing literature.

Based on the results presented in the previous section, several mandatory properties
are identified as necessary requirements for the textures. These properties include: Anti-
reflective property, Light trapping, Angle insensitivity.

Analysis of the preceding sections on the performance evaluation of a flat Solarge
module stack reveals a notable issue: the high level of reflection at the front air/front
sheet interface necessitates significant reduction. Various approaches can be employed to
incorporate anti-reflective properties, including single layer AR coating, multi-layer AR
coating, gradient refractive index coatings, and structure-based surface AR coatings [71].
However, this work emphasizes the implementation of structure-induced anti-reflectance.
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Figure 3.14: Light interaction with textures. (a) Multiple internal reflections through a micro-structure array. (b)
Bending of light rays passing through a nano-structure array. Image revised from [71]

Figure 3.14 demonstrates the diverse behavior of light across different scales of the
same texture. This distinction arises from light’s dual properties, acting both as a ray and a
wave. When the lateral dimensions of the textures greatly exceed the wavelength of light
(i.e., in the case of micron-scale textures), light predominantly behaves as a ray, and its
performance is evaluated using geometric optics. Conversely, when the dimensions of the
textures are comparable to or smaller than the wavelength of light (i.e., in sub-micron and
nano-scale textures), light interacts with the structure as a wave, necessitating the use of
wave optics to understand the texture’s behavior [72].

In this thesis, the objective is to simulate bioinspired textures by scaling up their
geometrical parameters in the micron scale and evaluating their performance in GenPro4
using ray optics. This section provides an overview of various texture morphologies to
assess the Solarge stack’s performance with different textures, offering a wide range of
options to choose from. Consequently, both texture geometries with sharp angles and
textures with blunt corners are simulated, catering specifically to the requirements of the
Solarge front sheet.

3.4.2 Texture validation
In order to validate the simulation results for different texture geometries, it is crucial to
perform validation at various angles of incidence. For this purpose, texture-2 is chosen for
validation due to the availability of its heightmap matrix from the supplier. However, other
textures such as texture-1,texture-3, coarse Teflon, and fine Teflon cannot be modeled using
GenPro4 due to the unavailability of their respective heightmap matrices. Attempts were
made to measure the heightmap matrix using a Dektak surface profilometer, but it was
observed that the resulting heightmap did not provide an accurate interpretation of the
texture. This is because the surface profilometer measures height differences with respect
to the mean base, whereas obtaining detailed 3D landscape requires manual scanning in
both the x and y directions which induces human error and does not yield the best 3D map
of the required texture. This process becomes complex and impractical for generating a
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high-quality heightmap. Consequently, texture-2 is utilized for texture validation.
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Figure 3.15: Texture validation - Comparison of the external quantum efficiency of texture-2 via measurements
and simulation.

Four methods are usually employed to validate the texture simulation results against
the measurements, which are as follows:

1. Validation method 1: Comparing the angular intensity distribution (AID).

2. Validation method 2: Comparing total stack reflection at normal incidence.
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3. Validationmethod 3: Comparing the external quantum efficiencies (EQE) at varying
angles of incidence.

4. Validation method 4: Comparing the photocurrent density from simulation and
the short current density from measurements.

In this study, three validation methods (2, 3, and 4) are employed to assess the accuracy
of the simulations. Unfortunately, Validation 1 cannot be conducted due to the unavailability
of appropriate measurement instruments. Consequently, a complete analysis is performed
by comparing the external quantum efficiency (EQE) and total stack reflection at normal
incidence for the same texture geometry. Additionally, the simulated photocurrent density
(𝐽𝑝ℎ) is compared with the measured short circuit current density (𝐽𝑠𝑐). Firstly, the results of
validation method 3 is presented in Figure 3.15 (a)-(h). The validation is carried out for eight
different angles of incidence, ranging from 0◦ to 70◦ in 10◦ increments. The plots exhibit a
favorable agreement between the simulation and measurement data, indicating that the
simulations accurately predict the performance of the textures within an acceptable error
range. This is further supported by the root mean square error (RMSE) values provided in
each plot.
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Figure 3.16: Texture validation. (a) Total stack reflection at normal incidence. (b) Comparison of simulated
photocurrent density and measured short current density.

In addition to the EQE validation, the reliability of the optical model is further demon-
strated through validation methods 2 and 4, as depicted in Figure 3.16. Figure 3.16(a)
illustrates the comparison of the total stack reflection between the measured and simulated
curves for texture-2. Notably, the close agreement between the measured and simulated
curves confirms the accuracy of the optical model. Furthermore, Figure 3.16(b) presents the
difference between the simulated photocurrent density (𝐽𝑝ℎ) and the measured short circuit
current density (𝐽𝑠𝑐). It is observed that the simulated 𝐽𝑝ℎ closely aligns with the measured
𝐽𝑠𝑐 , with a slight discrepancy observed at 𝜃𝑖 = 50◦, likely attributed to experimental errors.
Overall, the simulated 𝐽𝑝ℎ is higher than the measured 𝐽𝑠𝑐 in accordance with the theoret-
ical expectations. The root mean square error (RMSE) between these two parameters is
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1.2 𝑚𝐴/𝑐𝑚2. However, excluding the abnormality at 𝜃𝑖 = 50◦, the RMSE reduces to 0.74
𝑚𝐴/𝑐𝑚2. Therefore, based on these three validations, it can be concluded that the optical
model developed in this thesis projects a simulation which can be reliably compared to the
real-time performance of the Solarge cell stack with different textured geometries.

3.4.3 Texture selection
Designing and implementing textures for PV module cover applications poses a challenge
in achieving a balance of multifunctional features [40]. To address this challenge, this work
adopts an approach that incorporates textures meeting the aforementioned requirements
based on available literature. The aim is to ensure that the optical properties align with the
desired geometrical characteristics of the textures. Table 3.2 provides an overview of the
textures to be analyzed in this study, all of which satisfy the specified requirements.

Table 3.2: Potential texture geometries

LITERATURE BASED
Surfaces Texture geometries Reference
Viola flower petal Conical [73, 74]
Motheye Conical, parabolic [75, 76]
Rosa el toro Parabolic cone [77]
Retroreflector Corner cube [78, 79]
Fovea centralis Inverted cones [80]
Lotus leaf hierarchical conical structure [70]
Default Pyramidal textures [81]

THIS WORK
The crown Inverted hexagonal parabola [-]

The Crown texture
The investigation conducted in this thesis involves the modeling and simulation of various
textures, as presented in Table 3.2, to assess their impact on the optical properties of the
solar cell stack. Alongside the textures derived from existing literature, a custom texture is
specifically designed in this study, considering the following priorities:

1. The peel-off test revealed that upright textures are challenging to remove from the
polymer front sheet. Consequently, an inverted texture is deemed more suitable for
this application.

2. Analysis of the initial texture and surface roughness underscores the difficulty in
achieving sharp edges or corners when imprinting textures on a polymer. This chal-
lenge arises from the complexity of fabricating a master mold with sharp geometrical
textures using paper or Teflon. Hence, a smooth texture without sharp geometric
features is considered ideal in the viewpoint of manufacturing the textures.

3. Moreover, the initial texture analysis revealed that imprinting the Solarge front sheet
using Teflon sheets is the most suitable method. Therefore, the concept is to preserve
the unit shape of the Teflon while modifying the aspect ratio and lattice orientation.
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Based on the three significant observations mentioned earlier, a new texture named
"CROWN" is designed. The name is derived from the texture’s resemblance to a crown,
characterized by a hexagonal inverted parabola shape. The CROWN texture shares similar-
ities with the textures found on the Teflon sheet, but with variations in the cross-sectional
profile and aspect ratio. This unique design aims to optimize the optical performance of the
texture, addressing the specific requirements identified during the evaluation of different
texture geometries. The CROWN texture offers a promising approach to enhancing light
trapping and reducing front surface reflection in the Solarge cell stack.

Figure 3.17: Unit geometrical texture of the CROWN texture.

Figure 3.17 provides a clear visualization of the texture’s geometric structure. The
structure follows a hexagonal inverted parabola with an optimized characteristic angle
(𝜔 = 50◦) where the characteristic angle defines at which height two spheres intersect and
leads to steeper sidewalls for larger values [82] . A polynomial equation is fitted to the
cross-section of the texture (as shown in the figure with black dotted lines) to interpret the
profile of the CROWN texture, yielding the following equation:

𝑦 (𝜇𝑚) = 0.0227 ⋅ 𝑥4−0.2088 ⋅ 𝑥3+1.4971 ⋅ 𝑥2−4.674 ⋅ 𝑥 +6.3249 (3.3)

3.5 Phase III: Modelling and performance of tex-
tures

This section builds upon the preceding sections and focuses on enhancing the optical and
electrical properties of the Solarge stack, surpassing the performance of texture-1, which
currently demonstrates the most favorable outcomes.

The main objective of this section is to examine specific bio-mimetic textures and
assess their performance by scaling their geometries to the micron scale, as opposed to
their natural nanometer regime. Additionally, other textures such as random pyramids,
corner cubes, and sinusoidal textures are simulated to explore the influence of sharp angles
compared to smooth surfaces on the Solarge cell stack.
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To accomplish this, an improved workflow for modeling textures is explored, employing
a simplified approach that obviates the need for coding intricate equations to define texture
shapes. In order to simulate the optical performance of these textures using GenPro4, it is
essential to generate texture geometries that can be represented by a height-map matrix
on an XY plane. The generation of this height-map matrix constitutes a critical step in
creating custom textures, providing the fundamental basis for subsequent simulations and
analysis.

3.5.1 Methodology

Aspect ratio

Period

Lattice 

orientation

(a) Input parameters (b) 3D CAD design (c) Heightmap generation

(d) Heightmap matrix(e) Scaled texture

GenPro4

Figure 3.18: Texture modelling workflow. (a) Determining the geometrical input parameter. (b) 3D CAD design of
the texture using Shapr3D. (c) Heightmap image using Blender. (d) Heightmap matrix using Matlab. (e) scaled
texture geometry in Genpro4.

Figure 3.18 presents a methodology for creating a successful height-map for any texture
geometry. The process begins by determining the essential input parameters, including the
aspect ratio, lattice orientation, and period of the textures. Using CAD modeling software
like Shapr3D, a 3D CAD model of the texture geometry is created as shown in figure 3.18
(b).

The CAD model is then exported to Blender, an open-source software, where it is
transformed into a height-map image as shown in figure 3.18 (c). This conversion in-
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volves projecting the 3D model onto a 512 𝑝𝑥 ×512 𝑝𝑥 pixel-based frame where each pixel
represents the height of he texture at that particular point in space.

Next, the height-map image is processed in MATLAB, where it is transformed into a
height-map matrix and scaled to the desired dimensions as shown in figure 3.18 (d). This
height-map matrix serves as the input for GenPro4, enabling the simulation of the optical
performance of the cell stack with the specific texture type as shown in figure 3.18 (e).

By following this methodology, the entire workflow from texture modeling to optical
simulation is effectively executed, providing valuable insights into the performance of the
Solarge stack with various texture geometries.

3.5.2 Geometrical design and performance

Aspect ratio = 
ℎ

𝑑

h

d

Mono PERC cell

Encapsulant

Front sheet

Side View Top View

(a) (b)

Λ𝑥

Figure 3.19: Geometrical input parameters

In this study, the geometrical parameters for the textures are primarily derived from
research articles, which are referenced in Table 3.2. The chosen period of the textures is
scaled based on the placement of unit texture geometries on the hexagonal lattice, while
the lattice arrangement is fixed as hexagonal due to its numerous advantages. These
advantages include increased light trapping through scattering and redirection, reduced
shadowing effects for more uniform exposure to sunlight, and enhanced angular response
for efficient light capture from various orientations, ultimately leading to improved solar
cell performance. The efficacy of the textures is influenced by the aspect ratio of a unit
geometry, with a stronger dependency observed at higher angles of incidence. To evaluate
this influence and determine the optimal aspect ratio, this study employs optical simulations
at a normal angle of incidence for five different aspect ratios (AR - 0.2, 0.35, 0.5, 0.7, 1)
corresponding to the respective geometries. By performing these simulations, the research
aims to gain insights into the impact of aspect ratio and make an informed selection of the
most effective value for the desired outcome.
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Figure 3.20: Influence of aspect ratio on the optical performance of the cell stack at normal irradiation. (a)
Variation of overall photocurrent density with aspect ratio. (b) Loss in the photocurrent density due to reflection
as a function of change in aspect ratio.

Figure 3.20 provides an analysis of the performance of biomimetic textures at a normal
angle of incidence (𝜃𝑖 = 0). Figure 3.20 (b), showcases the loss in potential photocurrent
density within the cell stack. Notably, even at the lowest aspect ratio, all textures outperform
the flat-surfaced front sheet. This can be related to the coarse Teflon texture which has
a very low aspect ratio which results to minimal boost in performance. The loss due to
reflection stabilizes after a certain aspect ratio, indicating a limited enhancement in the
optical path length.

Figure 3.20 (a) offers valuable guidance for selecting aspect ratios, presenting the
photocurrent density for all textures. The trend reveals a significant increase in 𝐽𝑝ℎ until
a specific aspect ratio is reached, beyond which it experiences only marginal growth,
suggesting a relatively constant behavior. This analysis aids in the informed selection
of aspect ratios for the biomimetic textures, considering the trade-off between enhanced
performance and practical implementation.

Table 3.3: Selection of geometrical parameters

Jph losses (mA/cmˆ2) Photocurrent density (mA/cmˆ2) Selected Aspect ratio Period (um)
Aspect ratio 0.2 0.35 0.5 0.7 1 0.2 0.35 0.5 0.7 1 (-) (-)
Viola leaf petals 3.81 2.80 1.99 1.88 1.89 38.71 39.55 40.22 40.23 40.21 0.7 2.50
Motheye structure 3.22 2.12 2.02 2.03 2.00 39.20 40.09 40.11 40.05 40.07 0.5 1.00
Fovea centralis 2.49 2.19 2.16 2.23 2.28 39.81 40.01 39.99 39.92 39.90 0.35 5.00
The crown 3.79 2.13 1.94 1.88 1.88 38.73 40.14 40.25 40.29 40.30 1.0 4.50
Rosa el’ toro 3.41 2.57 2.08 1.94 1.84 39.05 39.71 40.08 40.14 40.19 1.0 4.50
Lotus leaf 3.69 2.99 2.15 1.90 1.91 38.81 39.39 40.07 40.24 40.18 0.7 3.30
Sinusoidal 3.18 2.53 2.23 2.04 1.95 39.23 39.77 39.98 40.08 40.13 1 2.5

The aspect ratio selection methodology, presented in Table 3.3, provides a comprehen-
sive approach. It is important to note that for certain textures, an aspect ratio is chosen
despite slightly higher reflective losses due to overall increase in the photocurrent den-
sity. In this study, the aspect ratios tested were limited to a maximum of 1 to optimize
computational time.
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Figure 3.21: External quantum efficiency measured for all textures at various aspect ratios under normal incidence.

Figure 3.21 compares the performance of the cell stack with the selected aspect ratios
and different textures to a flat front sheet. It is evident that all the examined textures
consistently outperform the flat cell stack across the entire wavelength range. A closer
examination of the graph highlights this distinction. On average, the crown texture which
shows the highest absorber absorptance at normal incidence amongst all the textures
outperform the flat stack by 2.8%.

3.5.3 Optical performance of the textured geometries
This section presents a detailed evaluation of the optical performance of the textures
specified in Table 3.3, along with various additional textured geometries, within the context
of this thesis. The assessment focuses on two crucial parameters: the overall enhancement
in photocurrent density and the improvement in absorptance in the absorber layer. These
parameters serve as the primary drivers behind our rigorous evaluation, aiming to provide
valuable insights into the effectiveness of the textures.

Furthermore, a thorough examination is conducted to analyze the total air-front sheet
reflectance at different angles of incidence for all the simulated textures. This analysis
plays a vital role in understanding the reflectance behavior exhibited by the textures and
contributes significantly to the understanding of their optical characteristics.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 3.22: Textures. (a) Viola leaf petals. (b) Motheye’s structure. (c) Fovea centralis. (d) The crown. (e) Rosa el’
toro. (f) Lotus leaf. (g) Random pyramids. (h) The corner cube. (i) Sinusoidal

Figure 3.22 illustrates a collection of simulated textures in this thesis. The primary
objective of selecting nine textures is to conduct a comparative study on the optical
performance of each textured geometry at different angles of incidence. The main focus is
on bio-inspired textures, aiming to investigate the impact of scale modification. Natural
textures extracted from the environment exist at the nanometer scale, where light behaves
as a wave. This study aims to scale these textures to the micron scale by optimizing the
aspect ratio to achieve optimal performance, as demonstrated in Table 3.3. The period is
kept the same as it was observed that there is no significant changes in performance with
change in the period.

In Figure 3.22 (a), the texture of viola leafs is depicted, resembling a microcone texture
with a circular base and a determined height to meet the required aspect ratio. Figure
3.22 (b) shows the motheye texture, closely resembling a circular cone with a blunt tip.
Figure 3.22 (c) represents the 3D texture of the Fovea centralis, resembling an inverted
frustum with predetermined top and bottom diameters. Figure 3.22 (e) represents the
structure of a rose petal, following a parabolic equation 𝑦 = ℎ

𝑟2 ⋅ 𝑥
2. Figure 3.22 (d) shows

the crown texture which follows the equation as mention by 3.3. Figure 3.22 (f) provides
an approximate representation of the textures on a lotus leaf based on a scanning electron
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microscope (SEM) image from available literature. While not an exact depiction, it offers
an overview of the light trapping and anti-reflection properties of the lotus leaf.

Figures 3.22 (g), (h), and (i) depict non-bio-inspired texture geometries. Figure (g)
represents a random pyramidal texture widely utilized in academia and industry, featuring
a corner angle of 54.7◦. Figure (h) showcases the corner cube, consisting of multiple cubes
arranged in a stacked matrix with a vertex angle of 90◦. Lastly, (i) displays a sinusoidal
texture following a simple equation: 𝑦 = sin(𝑥).

                       

 

  

  

  

  

                 
 

  

  

  

  

                 
 

  

  

  

  

                 
 

  

  

  

  

                 
 

  

  

  

  

                 
 

  

  

  

  

                       

 

  

  

  

  

 
 
  
 
 
  
 
 
 
  
 
 

              

              

       

       

                     

      

                 
 

  

  

  

  

                 
 

  

  

  

  

                 
 

  

  

  

  

  

               

                                

                              

                           

                       

         

Figure 3.23: Total reflectance of the cell stack with different texture morphologies at difference incident angles.

Figure 3.23 illustrates the variation of the total reflectance for the aforementioned
texture morphologies at different angles of incidence within the wavelength range of
300 nm to 1200 nm. These plots highlight the influence of texture geometries on optical
performance. Notably, all textures exhibit similar total reflectance characteristics until
𝜃𝑖 = 30◦. However, the impact of texture geometries becomes more apparent at higher
angles of incidence, specifically in the range of 𝜃𝑖 = 60◦ −90◦. Therefore, to effectively
compare different textured surfaces, it is essential to analyze their performance at higher
angles of incidence, enabling a clear choice in terms of performance. While the above
plots provide valuable insights into the role of textures, they can be challenging to analyze
when comparing the relative performance of individual textures. To gain more information
about the front reflection, figure 3.24 can be utilised. Figure 3.24 illustrates the variation in
textured reflectance compared to a flat front sheet without any textures. The three plots
depict the percentage decrease in average reflectance across three different light regimes.
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Figure 3.24: The percentage decrease in reflectance observed across various textures in comparison to a flat stack.
(a) Relative decrease in the UV regime. (b) Relative decrease in the visible region. (c) Relative decrease in the near
infrared region.
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Figure 3.25: (a) Photocurrent density variation with incidence angle for various texture geometries. (b) Influence
of incidence angles on photocurrent density loss due to reflection with different texture geometries.

In Figure 3.24 (a), the drop in average reflectance within the UV regime is prominently
observed, with the crown texture exhibiting the highest decrease at approximately 90%
compared to the other textures. This trend is similarly observed in the other two regimes.
Notably, the average reflectance decrease in the near infrared region is comparatively lower
than in the other two regimes, suggesting that the textures are more effective in the UV and
visible regions, where the reflectance drop can reach up to a maximum of approximately
90%. It can be said that by incorporating the crown texture on the Solarge front sheet, the
reflectance in the UV and the visible region can be significantly reduced to yield a higher
power output.

After analyzing the impact of different textures on the overall front reflectance of the
cell stack, the results are presented in Figure 3.25. Figure 3.25(a) demonstrates the variation
of photocurrent density and the corresponding loss in photocurrent density due to front
reflection. It is evident that all textures contribute to an increased photocurrent density
across various angles of incidence. However, the crown texture stands out by exhibiting
angle insensitivity up to 60◦. This texture achieves an average photocurrent density of
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40.15 𝑚𝐴/𝑐𝑚2, surpassing the flat front sheet’s 𝐽𝑝ℎ by 5.65% within the same range of
incidence angles. Notably, the crown texture consistently outperforms other textures, as
they demonstrate a gradual decrease in 𝐽𝑝ℎ with increasing angle of incidence. The crown
texture’s exceptional characteristic lies in its ability to maintain angle insensitivity for
60% of the incidence angle range. In Figure 3.25 (b), the loss in potential photocurrent
density due to front interface reflection is illustrated. At low angles of incidence (up to
20◦), the losses for all textures are incomparable. However, a clear distinction emerges at
relatively higher angles of incidence, aligning with the reflectance curve trends observed
earlier. The crown texture once again exhibits superior performance, followed by the viola
leaf petals. The discrepancies in losses between textures are primarily determined by their
performance within the 40◦−90◦ angle range.

From figure 3.26 the absorptance in the absorber layer can be seen for different textured
geometries. It can be observed from these plots that the difference between different
textures are not very significant up until 𝜃𝑖 = 30◦. But after this angle, the difference is
more noticeable. It can be observed from these plots that the CROWN texture shows the
best performance at higher angles of incidence in comparison to other texture geometries.

Based on the analysis of the evaluated textures, it is evident that the crown texture
consistently outperforms the other textures. The results consistently indicate its superior
optical efficiency, making it a highly promising candidate for further enhancement beyond
the capabilities of texture-1. Therefore, the crown texture stands out as a compelling choice
for advancement in the Solarge cell stack performance.
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Figure 3.26: Absorber layer absorptance across different angles of incidence for a range of texture geometries.



3.6 Phase IV: Optimization

3

63

3.6 Phase IV: Optimization
This section presents a set of optimizations aimed at significantly improving the optical
and electrical performance of the Solarge cell stack. The optimizations encompass various
aspects, including identifying the most viable texture geometries, exploring variations in
the front sheet thickness, and optimizing the backsheet to enhance internal light reflection
within the module, as outlined in Table A.1. Subsequently, these optimizations are sim-
ulated, and a final single cell laminate is fabricated, incorporating all the recommended
improvements. Rigorous optical and electrical characterizations are conducted to evaluate
the performance of the optimized cell.

The results obtained from the optimizations serve as a basis for providing conclusive
recommendations to Solarge for future research endeavors in this field. These recommenda-
tions are carefully derived from a deep understanding of the outcomes obtained throughout
the optimization process, aiming to guide and inform future investigations.

3.6.1 Texture recommendation
In this subsection, final recommendations are provided based on a combination of ex-
perimental data and validated simulations. Phase II of this chapter involved testing nine
different texture geometries using two fabrication methods: release paper and Teflon
sheets. The initial texture analysis revealed that texture-1, characterized by a hierarchical
morphology, outperformed the other textures. Texture-1 demonstrated a 2% higher power
output compared to the coarse Teflon texture recently adopted by Solarge in their modules.
Extrapolating to a full-size module with 72 cells, texture-1 would ideally yield an additional
4.75W compared to the coarse Teflon texture. Another noteworthy texture that emerged
from Phase III of this chapter is the ’CROWN’ texture. Optical analysis demonstrated
that it exhibited the highest drop in reflectance compared to a flat front sheet and overall
improved absorber absorptance across all incident angles, resembling angle-independent
performance.

This section presents a brief comparison between the performance of texture-1 and the
Crown texture. However, certain constraints in simulation and experimental measurements
dictate the performance criteria used for the comparison:

1. Constraint 1: The exact replication of the optical model of texture-1 is not feasible
in this thesis, as employing high-end equipment such as an atomic force microscope
(AFM) would be excessive for polymer materials. Additionally, constructing and
simulating hierarchical textures are beyond the scope of this thesis.

2. Constraint 2: Fabricating the Crown texture would require additional time and
collaboration with companies like company [A] or company [B] to find a suitable
Teflon material capable of hosting such a texture. Given the timeline of this thesis,
such collaboration would not yield to possibility of obtaining a scalable roll-to-roll
workflow.

To provide Solarge with a valid and practical solution, this thesis combines the best
aspects of both textures. Measured values of texture-1 are compared to the simulated values
of the Crown texture. Since the simulation is validated using the same set of boundary
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conditions as the measured single-cell laminates, a fair comparison can be made between
these two texture geometries.

Furthermore, due to the limited availability of certain equipment, this thesis aims to
extract as much information as possible using the tools at hand. Therefore, the comparison
between the two textures is based on the following parameters:

1. Total reflectance: The total reflectance of both textures can be compared at normal
incidence angles, given the unavailability of the appropriate equipment (e.g., ARTA)
to measure reflectance at different angles of incidence.

2. External quantum efficiency: The EQE of texture-1 is compared to the absorber
layer absorptance of the crown texture at different angles of incidence, providing an
overall assessment of their performance.

3. Current density: Considering the validation of the texture simulation, where the
measured EQE matched the simulated values within acceptable deviations, it can
be inferred that the current density (𝐽𝑝ℎ) obtained from simulation is approximately
equal to the short-circuit current (𝐽𝑠𝑐) measured by the equipment with certain
acceptable error range.

Comparison of total reflectance and current density
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Figure 3.27: (a) Comparison of total stack reflection using texture-1 (measured) and with the crown texture
(simulation) at normal incidence of light. (b) Comparison of the simulated photocurrent density of the crown
texture and the measured short-circuit current density of texture-1.

From Figure 3.27 (a), it is evident that the total average stack reflection of the crown
texture is 4% lower than that of texture 1. This reduction in stack reflection corresponds
to an increase in the photocurrent current density by 2.2mA/cm2 compared to the short
circuit current density of texture-1, as shown in Figure 3.27 (b). This improvement can be
attributed to the additional photocurrent density (𝐽𝑝ℎ) reaching the solar cell, which would
have otherwise been lost due to reflection at the air/front sheet interface.
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Figure 3.28: Comparison between measured external quantum efficiency (EQE) for texture-1 and simulated
absorptance in the absorber layer for the crown texture.

Figure 3.28 presents the external quantum efficiency (EQE) for both the crown texture and
texture-1 at various angles of incidence. As observed throughout this thesis, the change
in EQE at lower angles of incidence is minimal compared to the change at larger angles.
Notably, the performance of the crown texture stands out at larger angles of incidence,
particularly from 𝜃𝑖 = 40◦ onwards. This enhanced performance solidifies the crown texture
as a strong candidate for future implementation in the Solarge production line.
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Therefore, this section provides two texture recommendations to Solarge:

1. Texture-1: Texture-1 is the first recommendation to Solarge due to the existing
foundation in the fabrication process of the master mold for this texture. Additionally,
incorporating a roll-to-roll process for high-volume production at Solarge would be
relatively straightforward and manageable.

2. The Crown: The Crown texture represents a significant breakthrough for future
Solarge modules, offering superior performance at various angles of incidence. Based
on the aforementioned comparisons, it has the potential to outperform texture-1.
The only delay in implementing this texture is the time required to adapt it to a
roll-to-roll process. Collaborations are currently underway, and this texture may be
incorporated into Solarge’s main high-volume production line in the near future.

These recommendations provide Solarge with viable options to enhance the optical
and electrical performance of their solar cell stack, taking into account the feasibility of
fabrication processes and the potential for improved efficiency.

3.6.2 Thickness optimisation
In this subsection, an optimization process is conducted to investigate the impact of varying
the thickness of the front sheet on the optical and electrical properties of the Solarge cell
stack. Front surface texturing is known to enhance light trapping by reducing overall stack
reflection, while reducing the front sheet thickness helps mitigate parasitic absorption
within the front sheet. The initial focus of this optimization is on the crown texture, which
has exhibited superior performance among the tested textures. The goal of this optimization
process is to identify an optimal front sheet thickness that maximizes light trapping and
minimizes parasitic absorption, thereby enhancing the overall performance of the solar
cell stack.
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Figure 3.29: Effect of front sheet and encapsulant thickness on the optical performance of the cell stack with
the CROWN texture (simulated results). (a) Absorptive photocurrent density losses with varying thickness. (b)
Photocurrent density due to changing thickness.

It is worth noting that this optimization process is assumed to be applicable to texture-1
as well as the relative increase in the photocurrent density would be similar with acceptable
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differences for all the textures due to the extensive validation steps taken in this thesis. By
conducting this analysis, an understanding of the interplay between front sheet thickness
and its influence on the optical and electrical properties of both texture-1 and the crown
textures can be obtained. This understanding will be instrumental in developing guidelines
and recommendations for selecting the optimal front sheet thickness in conjunction with
either the crown texture or texture-1, resulting in improved performance and efficiency of
the Solarge cell stack.

Figure 3.29 illustrates the relationship between optical losses and the thickness of the
front sheet and encapsulant. In Figure 3.29(a), the loss in photocurrent density due to
parasitic absorption in the solar cell stack is shown. While the absorptive losses in the
encapsulant are relatively minor and unaffected significantly by thickness variations, the
front sheet demonstrates more significant changes in absorptive losses with increasing
thickness. Consequently, a lower front sheet thickness is desirable to minimize absorptive
losses. However, selecting an optimal thickness is challenging due to the front sheet’s
dual role of supporting textures and withstanding mechanical loads under various weather
conditions.

To address these constraints and enhance optical performance without compromising
front sheet strength, a thickness of 0.46 ⋅ 𝑇𝑓 (𝜇𝑚) is chosen as the optimal value. Figure
2.3(b) presents the corresponding variation in generated photocurrent density with front
sheet and encapsulant thicknesses. As expected, the photocurrent density decreases with
increasing thickness, indicating higher absorptive losses. Therefore, the optimized front
sheet thickness of 0.46 ⋅ 𝑇𝑓 (𝜇𝑚) is selected while maintaining the encapsulant thickness at
𝑇𝑒 (𝜇𝑚).

By striking a balance between optical performance and mechanical strength, this
optimized configuration contributes to the improved overall efficiency of the Solarge solar
cell stack.

3.6.3 Backsheet optimisation

In this subsection, the optimization of the backsheet in the Solarge solar cell stack is ad-
dressed. While the front sheet focuses on enhancing transmittance and reducing reflection,
the backsheet plays a crucial role in reducing transmittance and increasing reflectance. By
incorporating a highly reflective backsheet, the internal reflection of light within the cell
gap is promoted, leading to increased light absorption and improved overall performance
of the solar cell stack.

Figure 3.30 provides an overview of the optical performance of the Solarge backsheet.
The average values of total reflectance, transmittance, and absorptance can be observed
from Table 3.4. It is evident that the backsheet exhibits a significant level of transmittance,
allowing 8% of the incident light to pass through. This transmittance leads to a loss of
4.1 𝑚𝐴/𝑐𝑚2, emphasizing the need to minimize this loss and enhance the internal coupling
of light with the backsheet.
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Figure 3.30: Current optical performance of the Solarge backsheet.

Table 3.4: Average values of the optical properties

Parameters Value (%)
𝑅𝑎𝑣𝑔 46.7
𝑇𝑎𝑣𝑔 8.0
𝐴𝑎𝑣𝑔 45.3
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Figure 3.31: Influence of different composite sheets (CS) on the backsheet. (a) Total backsheet reflection. (b) Total
backsheet transmittance. (c) Total backsheet absorptance.

Figure 3.31 showcases the optical properties of the backsheet laminated with single
sheets of a ’composite material’ sourced from company [C]. In this thesis, a total of seven
different composite sheets (CS) are investigated to assess their impact on the overall
performance of the backsheet. These composite sheets are manufactured using different
processes, resulting in variations in pigmentation and coloration of the materials. The
primary objective is to minimize transmittance and convert it to reflectance, thereby
reducing absorptance.

Table 3.5 provides an overview of the average optical properties for the different
composite sheets (CS). Notably, backsheet with the CS-6 stands out with the highest
average reflectance of 58.28%, accompanied by a total average transmittance of 3.06%. This
transmittance reduction is approximately 61.75% lower compared to the regular backsheet
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without any composite sheet. The conversion of transmittance and absorptance to enhanced
reflectance makes CS-6 particularly suitable for this application.

By incorporating CS-6 in the backsheet, Solarge can effectively enhance the reflectance
properties of the module, reducing the overall optical losses and improving the performance
of the cell stack.

Table 3.5: Average optical properties with different composite sheets (CS)

300nm -1200nm
Sample CS-1 CS-2 CS-3 CS-4 CS-5 CS-6 CS-7
𝑅𝑎𝑣𝑔 (%) 47.33 45.58 4.36 50.06 56.45 58.28 53.26
𝑇𝑎𝑣𝑔 (%) 5.23 5.89 0.002 5 3.56 3.06 4.47
𝐴𝑎𝑣𝑔 (%) 47.45 48.53 95.64 44.94 39.99 38.66 42.27

3.6.4 Optimised performance
This section integrates the previously mentioned optimizations into the existing cell stack.
By utilizing a combination of experimental and computational techniques, a comparative
analysis is conducted on the four configurations. This analysis aims to provide a thor-
ough evaluation of the performance enhancements achieved through the recommended
optimizations.

To accurately characterize the performance of the cell stacks, both optical and electrical
assessments are performed on all the stack configurations. These evaluations enable a
real-time assessment of the performance of the cell stacks, providing valuable insights and
data for further analysis.

Cell stack information
First and foremost, before delving into the comparative study, it is crucial to understand the
optimizations that have been incorporated into the cell stack. Additionally, it is essential to
visualize the cell stacks both before and after the optimization process. This understanding
and visualization serve as a foundation for the subsequent comparative analysis, enabling a
clear assessment of the impact of the optimizations on the cell stack’s structure and design.

Composite sheet

Figure 3.32: Cell stack configurations. (a) Base case with flat front sheet (𝑇𝑓 (𝜇𝑚), with CS-2). (b) Current solarge
stack with coarse Teflon textures (𝑇𝑓 (𝜇𝑚), with CS-2). (c) First recommendation with texture-1 (0.46 ⋅ 𝑇𝑓 (𝜇𝑚),
with CS-6 reflector sheet). (d) Ultimate recommendation with the Crown texture (0.46 ⋅ 𝑇𝑓 (𝜇𝑚), with CS-6
reflector sheet)
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Figure 3.32 depicts the four configurations that have been characterized for the final
comparison. Detailed information regarding these configurations is provided below:

1. Base case: This configuration represents the initial state described at the beginning
of this section. It involves a flat front sheet without any textures, with a front sheet
thickness of 𝑇𝑓 (𝜇𝑚), and contains a backsheet with the CS-2 shown in table 3.5.

2. Current Solarge case: This configuration analyzes the current Solarge stack, which
features a coarse Teflon texture, a front sheet thickness of 𝑇𝑓 (𝜇𝑚), and contains a
backsheet with the CS-2 shown in table 3.5.

3. First recommendation: This configuration corresponds to the first intermediate
recommendation proposed in this thesis. It incorporates texture-1, a thin front sheet
with a thickness of 0.46 ⋅ 𝑇𝑓 (𝜇𝑚), and a layer of CS-6 reflector sheet.

4. Ultimate recommendation: This configuration represents the ultimate recommen-
dation put forth by this thesis for Solarge. It involves using a thin front sheet with a
thickness of 0.46 ⋅ 𝑇𝑓 (𝜇𝑚), incorporating the crown texture, and adding a layer of of
CS-6 reflector sheet.

As stated at the beginning of this section, the comparative study is conducted using a
combination of experimental and computational approaches. This comparison serves as a
fair basis for evaluating both experiments and computations. It is important to note that
the optical model used in this thesis has undergone multiple validation processes to ensure
that the output of the optical simulation which is recommended to closely align with the
real-time performance of the cell stack.

Table 3.6 provides an overview of the results obtained from the comparative study.
It is worth mentioning that three out of the four case studies have been experimentally
fabricated and tested, including the first recommendation made to Solarge. However,
due to constraints in the manufacturing process, the ultimate recommendation has been
computationally evaluated. This approach ensures that the proposed optimizations are
thoroughly analyzed and validated, giving a prediction which resembles the real-time
performance of the cell stack.

Table 3.6: Comparative study layout

Case study Experimental Computation Comments

Base case ! ! Both validation performed as shown in chapter 2

Current Solarge case ! X Obtaining a 3D heightmap with the Dektak profilometer very challenging

First recommendation ! X Obtaining a 3D heightmap with the Dektak profilometer very challenging

Ultimate recommendation X ! Manufacturing this texture is the scope of future work

Optical performance
As followed in all the other sections, this section also starts off with the optical performance
of all the case studies evaluated in this section.



3.6 Phase IV: Optimization

3

71

300 450 600 750 900 1050 1200

0

5

10

15

20

25

30

35

40

To
ta

l S
ta

ck
 re

fle
ct

io
n 

(%
)

Wavelength (nm)

 Base case - Flat front sheet, tf = 442 m
 Current Solarge case: Coarse Teflon texture, tf = 442 m
 First recommendation: Sappi 918 texture, tf = 200 m
 Ultimate recommendation: The Crown texture, tf = 200 m

450 480 510 540 570 600
0
1
2
3
4
5
6
7
8

Tf
Tf

Texture-1, 0.46Tf
0.46Tf

Figure 3.33: Comparison of the measured total stack reflection at normal incidence for the base case, current
Solarge case, first recommendation, and simulated stack reflection for the ultimate recommendation.
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Figure 3.34: Comparison of the measured EQE at normal incidence for the base case, current Solarge case, first
recommendation, and simulated absorber absorptance for the ultimate recommendation.

From Figure 3.33, the overall performance of the cell stack is visually represented. It is
evident that the optimizations proposed in this chapter have led to significant improvements
in the optical performance of the cell stack. Notably, the first recommended configuration
for Solarge demonstrates a relative decrease of 7.8% in reflectance compared to the current
Solarge case with the coarse Teflon texture. Furthermore, the utilization of the crown
texture exhibits a remarkable 42.3% relative decrease in the total stack reflectance compared
to the current Solarge stack. These findings highlight that both the recommendations made
in this thesis offer superior enhancements over the existing texture morphology employed
by Solarge.

Figure 3.34 displays the plot of the external quantum efficiency (EQE) for all the case
studies, spanning from an incidence angle of 0◦ to 60◦. It is evident that the crown texture
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outperforms all other case studies in terms of EQE. Notably, at small angles of incidence,
the change in EQE is not significant. However, this effect becomes more pronounced at
higher angles of incidence.

It is important to note that the base case and ultimate recommendation exhibit simulated
curves, and a slight mismatch between these curves and measured curves in the range of
1100nm-1200nm can be observed and this could be due to the recombination losses which
is not being considered in the optical simulation. This discrepancy can be attributed to
experimental errors as well as computational disparities. Nonetheless, the overall analysis
provides a clear understanding of the direction that Solarge should pursue.

Although the current Solarge case performs similarly to the first recommendation up
to an incidence angle of 𝜃𝑖 = 30◦, it starts to underperform at higher angles of incidence,
occasionally even performing worse than the flat interface, as depicted in Figure 3.34 (f).
The trend observed in Figure 3.34 (g) concerning the coarse Teflon texture may include
some experimental errors, as the performance decrement appears too drastic. However, the
overall trend at high angles of incidence does not align well with the current Solarge stack.
Consequently, the recommendations presented in this thesis demonstrate better optical
performance overall.

Electrical performance
In this subsection, the electrical performance of the three case studies are evaluated (except
the ultimate recommendation comparison of the crown texture) and finally the total optical
losses in the system are evaluated.

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

5

10

15

20

25

30

35

40

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m
2 )

Voltage (v)

 Base case - Flat front sheet, tf = 442 m
 Current Solarge case: Coarse Teflon texture, tf = 442 m
 First recommendation: Sappi 918 texture, tf = 200 m

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00

P
ow

er
 (W

)

Voltage (v)

 Base case - Flat front sheet, tf = 442 m
 Current Solarge case: Coarse Teflon texture, tf = 442 m
 First recommendation: Sappi 918 texture, tf = 200 m

(a) (b)

Tf
Tf

Texture-1, 0.46Tf

Figure 3.35: Measured electrical performance for the base case, current Solarge case and first recommendation. (a)
J-V curve. (b) P-V curve

Figure 3.35 illustrates the electrical performance of the base case, current Solarge
case, and the first recommendation. In Figure 3.35 (a), the J-V curve is presented, clearly
indicating that the first recommendation outperforms the other two cases, exhibiting an
increase in the short circuit current density by 2.65% in comparison to the current Solarge
case with the coarse Teflon texture and by 4.2% when compared to the base case. This
improvement can be attributed to the enhanced optical performance of the cell stack
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achieved through the recommended optimizations (texture, thickness reduction, backsheet
reflectance enhancement).

Similarly, in Figure 3.35 (b), the maximum power output of the first recommendation
with texture-1 demonstrates the highest value when compared to the current Solarge
texture and the flat interface. This finding further emphasizes the superior electrical
performance achieved through the implementation of the recommended optimizations.

Overall, these results highlight the significant impact of the proposed optimizations
on the electrical performance of the cell stack, leading to increased short circuit current
density and improved power output, particularly in the case of the first recommendation
with texture-1.
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Figure 3.36: Measured electrical performance for the base case, current Solarge case and first recommendation. (a)
Four electrical parameters defining the cell stack. (b) Estimation of optical losses and relative optical losses.

Figure 3.36 (a) depicts the variation of electrical parameters for the different case
studies evaluated in this chapter. Notably, all four electrical parameters, namely power
output, short-circuit current density, fill factor, and efficiency, exhibit enhancements in
the first recommendation proposed in this thesis, incorporating texture-1. Specifically, the
efficiency of the cell stack has increased from 20.7% in the current Solarge case to 21% with
the optimized first recommendation. This represents a relative increase of 1.45% in the
overall efficiency of the cell stack. Similar trends can be observed for all the parameters, as
visually represented in Figure 3.36 (b), which illustrates the relationship between optical
power loss and relative optical losses in the system for the three discussed cases.

The optical power loss is calculated using Equation 2.6. The plot clearly indicates
a reduction in optical losses to 3.3% with the first recommendation, compared to the
current Solarge stack with 5.8%. This reduction in optical losses corresponds to a relative
increase of 2.65% in the power output of the cell stack with the implementation of the first
recommended cell structure.

To provide a practical perspective, let us consider a Solarge module consisting of 72
full G1 mono PERC cells. With the current Solarge configuration, a total power output of
370W can be obtained. However, if the proposed first recommendation with texture-1 is
implemented, the Solarge modules would be capable of producing 380W, which represents
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a 10W increase compared to the current performance. This additional 10W provides a
significant advantage for Solarge from a business standpoint, as it directly translates to
more revenue. Therefore, the first recommended solution serves as an excellent initial
enhancement that Solarge can incorporate into their high-volume production line

Final comparison
Up until now, a comprehensive evaluation and comparison of the optical performance of all
four case studies have been conducted. In the next step, the electrical performance of the
first three case studies was evaluated and compared, excluding the ultimate recommenda-
tion with the crown texture due to the limitations in manufacturing the texture as outlined
in this thesis. However, it is still possible to gain an understanding of the performance
enhancement potential of the ultimate recommendation by comparing the short-circuit
current densities of the current Solarge case, the first recommendation with texture-1, and
the photocurrent density of the ultimate recommendation with the crown texture.
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Figure 3.37: Comparison of measured short circuit current density for the current Solarge case and the first
recommendation, along with simulated photocurrent density for the ultimate recommendation using the crown
texture.

Figure 3.37 illustrates the relationship between the simulated photocurrent density of
the crown texture and the measured short-circuit current density of two comparative cases:
the current Solarge stack with the coarse Teflon textures and the first recommendation
with texture-1. The plot clearly demonstrates that the first recommendation outperforms
the current Solarge stack, particularly at higher angles of incidence. This significant
improvement is the primary reason for fabricating the optimized stack with texture-1
rather than the coarse Teflon textures.
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Moreover, the plot provides valuable insights into the journey towards achieving angular
independence. It can be observed that the current Solarge stack experiences a decline in
current density starting at 𝜃𝑖 = 40◦. Similarly, the first recommendation with texture-1
exhibits a decrease in performance from 𝜃𝑖 = 50◦, while the ultimate recommendation with
the crown texture begins to show a degradation in performance from 𝜃𝑖 = 60◦. With each
optimization step, the dip in angular performance is delayed by 10◦, resulting in the crown
texture maintaining angular independence until 𝜃𝑖 = 60◦.

To assess the performance of the ultimate recommendation with the crown texture, the
validation of the texture with texture-2 was referred to which revealed that the photocurrent
density (𝐽𝑝ℎ) predicted by Genpro4 was, on average, 1.4 𝑚𝐴/𝑐𝑚2 higher than the actual
short-circuit current density (𝐽𝑠𝑐). Hence, by taking this difference into account, it can be
said that the crown texture still displays a current density higher than the first recommended
texture. Which in turn indicates that the power output using the crown texture would be
higher than the power output obtained with the first recommendation.

3.7 Phase V: Business analysis
In this section, a simple business analysis is conducted, considering the four cases discussed
previously. It is important to note that this analysis does not encompass all the intricate
parameters that would be part of a business plan. Instead, the aim is to provide a rough
estimate of the potential profit Solarge could achieve by implementing the recommendations
proposed in this thesis.
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Figure 3.38: Flow process of conducting a simple business analysis

In this section, a simple business analysis is conducted to assess the financial impact of
the power increase in different case studies. Figure 3.38 outlines the roadmap for conducting
this analysis. The focus is on evaluating the revenue generated by the increase in power
and its financial implications for the company.
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The analysis considers four case studies: the base case with a flat front sheet, the current
Solarge case with the coarse Teflon sheet, the first recommendation with texture-1, and
the ultimate recommendation with the crown texture. For the first three case studies, the
power output from each configuration is measured. However, the power output for the
crown texture is yet to be evaluated, making it the subject of future work. To incorporate
the texture in this analysis, a worst-case scenario is considered, assuming that the crown
texture produces power that is 0.03% higher than the first recommendation at normal light
incidence.

Starting from the base case as the reference point, the relative increase in power is
calculated for each case study. The industry standard price per wattpeak of 0.5€/Wp [83, 84]
is then multiplied by the relative increase in power to estimate the profit incurred in each
case. To evaluate the total extra revenue generated, a power target of 37MW is assumed in
order to evaluate the revenue generated by Solarge every year.

In addition, the cost of imprinting is considered to provide a realistic approach to
the numbers. The best-case scenario is assumed for the current Solarge case, while the
worst-case scenario is considered for the first recommendation with texture-1, following a
conservative approach.

Finally, the total profit resulting from the extra increase in power can be evaluated
using the following equation:

Total profit (€) = [Price per increase in power (€) ×Number of modules]−Cost of imprinting (€)
(3.4)

This equation allows for a comprehensive assessment of the financial benefits derived
from the increase in power. It is important to note that this business analysis provides a
simplified overview and does not account for all the factors involved in a comprehensive
financial analysis. However, it serves as a starting point for understanding the potential
profitability associated with the power increase in the different case studies.

Table 3.7: Financial analysis

Base case Current Solarge case First recommendation Ultimate recommendation
Cell Power (W) 2.55 2.57 2.640 2.641
Module Power (W) 366.63 369.85 380.21 380.30
Power increase, 𝑊𝑝𝑖𝑛𝑐 (W) 0.00 3.21 10.36 10.46
Price per wattpeak (€/Wp) 0.5 0.5 0.5 0.5
Price per increase in, 𝑊𝑝𝑖𝑛𝑐 (€) 0 1.61 5.18 5.23
Number of modules (-) 40.00 40.00 40.00 40.00

Method of imprinting No release paper Teflon sheet Release paper Teflon sheet
Cost of imprinting (€) - 100 3 100
Number of modules made with one release sheet - 1000 5 1000
Cost of imprinting per module (€) - 0.284382 1.706292 0.284382
TOTAL PROFIT (€) per hour - 52.9 139.0 197.8

Table 3.7 provides an overview of the financial analysis conducted for the case studies
mentioned in this thesis. The calculation process is straightforward and provides a rough
estimate of the profit that Solarge can generate in one hour of production. The estimation
is based on the assumption that Solarge can produce 40 modules in one hour. Using this
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as a reference, an estimation is made for the revenue generated by the increase in power
output of the panels, considering a target power of 110MW.

The table presents the case studies, the relative increase in power achieved, the ad-
ditional revenue generated per module, and the total additional revenue for the given
target power. It also includes the estimated profit based on the assumption of producing
40 modules in one hour. It is important to note that this financial analysis provides a
simplified representation of the potential revenue and profit. It serves as a starting point for
understanding the financial implications and benefits of the recommended optimizations.
Further detailed analysis considering various other factors such as production costs, market
demand, and pricing strategies would be required for a comprehensive financial evaluation.
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Figure 3.39: Revenue generated for each case study for a power target of 100MW.

Figure 3.39 illustrates the estimated profit generated by the company with different case
studies compared to the base case. The plot clearly shows that the first recommendation
made in this thesis leads to a profit of approximately 1 million euros. The same plot
also includes the case with the ultimate recommendation in the worst-case scenario. It is
worth noting that the main difference between the first recommendation and the ultimate
recommendation lies in the method of imprinting textures. The first recommendation
utilizes the release papers from company [A], which can be costly despite the significant
increase in power. On the other hand, the ultimate recommendation proposes the use of
the crown texture, an upgraded version of the texture geometry hosted by the Teflon sheets.
The assumption made is that if Solarge implements the crown texture and uses Teflon
sheets as the host for the textures, even in the worst-case scenario where the power increase
is only 0.03% higher than the first recommendation, the company would still generate a
profit of around 1.5 million euros for a target power of 110MW. Therefore, future work
focused on developing the crown texture using Teflon sheets would be highly beneficial
for Solarge. This approach offers the potential for increased profits while minimizing the
additional costs associated with the texture imprinting process.
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3.8 Conclusion

This chapter aims to address the third and fourth research questions outlined in the first
chapter, which pertain to the texturing of the Solarge front sheet and the financial evaluation
of implementing such texturing. The following section provide a detailed analysis of each
research question:

Addressing the research question

(a) How can textures be constructed and analyzed on polymer surfaces?
Textures on polymer surfaces can be created through two distinct methods,
namely during the lamination process when the polymer is in its glass tran-
sition state, or post lamination as part of the cell stack. This thesis focuses
specifically on the first method, which involves imprinting the texture on
the polymer front sheet using a hot embossing technique. This technique
allows for the negative imprint of a master mold onto the polymer surface
during the lamination process.

(b) What are the typical methods used for fabricating these textures?
Various methods can be used for imprinting textures, with consideration
given to the peel-off process. Among the available options, Teflon sheets
and release papers with specific coatings have proven to be effective for
imprinting texture on polymer surfaces. Teflon sheets are ideal for making
approximately 1000 modules per sheet, while release papers can be used to
imprint texture on at least 5 modules. This thesis focuses on the utilization
of Teflon sheets and release papers as the chosen texture implementation
methods.

(c) Which texture is the most practical and efficient? A total of 19 tex-
tures were characterized and analyzed throughout this thesis. Among them,
five textures were fabricated and tested experimentally, while one texture
was recommended through simulations. Ultimately, two textures were rec-
ommended to Solarge, incorporating optimized thickness and backsheet
configurations. The first recommendation features texture-1, and the second
recommendation entails the crown texture. The optimized stack with texture-
1 was successfully fabricated using a 0.46 ⋅ 𝑇𝑓 (𝜇𝑚) front sheet and CS-6
sheet. The crown texture, recommended through simulations, is anticipated
to outperform the first recommendation.
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Addressing the research question (continued)

(d) How do these textures perform when exposed to different angles
of incident light? The thesis extensively investigated angle-dependent
studies through simulations and experimentation, accurately estimating the
performance up to an angle of incidence of 𝜃𝑖 = 60◦. The findings indicate that
the ultimate recommendation incorporating the crown texture exhibits high
potential for angle independence until 𝜃𝑖 = 60◦, beyond which a degradation
in optical performance is observed.

(e) How do these textures influence the power output of solar modules?
Electrical characterization was performed for the four case studies presented
in this thesis. The results show that the first recommendation, utilizing
texture-1, provided a performance boost of 2.65% compared to the current
Solarge stack with the coarse Teflon texture. It is predicted that the crown
texture will surpass the performance exhibited by the first recommendation.

(f) In what ways can the company benefit financially from this thesis
research? A simplified financial analysis was conducted to evaluate the
potential profitability associated with the four case studies analyzed in this
thesis. The results indicate that the first recommendation has the potential to
generate a profit of 1 million euros for Solarge, considering the production of
302,400 modules to meet the 100MW target. Even in the worst-case scenario,
implementing the crown texture could yield a net profit of approximately 1.5
million euros for Solarge.
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4
Summary

This chapter serves as the concluding section of the thesis, summarizing the significant
observations and presenting recommendations for future work. The chapter starts by
revisiting the objectives set forth in the literature review and addresses the identified
research gaps highlighted in Chapter 1. The subsequent chapters are then summarized,
highlighting the key findings and contributions of each chapter.

Chapter 2 focuses on characterizing the optical properties of the layers within the
Solarge stack. Optical parameters such as refractive index and extinction coefficient are
determined using experimental techniques and computational techniques by using the
SCOUT and GenPro4 software, enabling the creation of a validated optical model for
the Solarge stack. Optical losses within the system are evaluated using the Fraunhofer
SmartCalc.CTM software, and the results are validated through the fabrication of a single
cell laminate. The chapter concludes by determining the optical loss of the Solarge stack
with a flat interface to be 6.03%.

Chapter 3 centers on the texturing of the Solarge front sheet to reduce the optical losses
identified in Chapter 2. A roadmap of the chapter is provided, outlining the methodology
for characterizing different texture morphologies. The initial texture analysis involves
an angle-dependent study of the flat front sheet to assess the optical performance of the
Solarge stack. Collaboration with company [A] and company [B], firms specializing in
commercial texture production, leads to the selection of several intriguing textures for the
current application. The fabrication procedure for imprinting textures using release sheet
technology is explained, highlighting the viability of specific release papers with particular
coatings. Five different textures are chosen for fabrication and testing, including the coarse
Teflon texture, fine Teflon texture, texture-1, texture-2, and texture-3. Thorough optical
and electrical characterizations are performed, with texture-1 demonstrating superior
performance among the textures.

Surface roughness measurements using a Dektak profilometer reveal that texture-1
possesses a hierarchical morphology, which contributes to its enhanced performance. The
third phase of the chapter focuses on designing a custom texture with the potential to
outperform texture-1. Motivated by the ease of fabricating textures using Teflon sheets
compared to release papers, the crown texture is designed to mimic the coarse Teflon texture
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with an aspect ratio modification and hexagonal lattice placement. Simulation results
demonstrate that the crown texture outperforms texture-1 and exhibits angle independence
up to an angle of incidence of 𝜃𝑖 = 60◦. Optimizations are performed, including reducing
the front sheet thickness to 0.46 ⋅ 𝑡𝑓 𝜇𝑚 and incorporating specific grades of composite
sheets obtained from company [C]. The CS-6 reflector sheet is selected to increase the
internal reflection of the backsheet, providing an additional power boost. A final single
cell laminate incorporating all recommended optimizations is fabricated and characterized
optically and electrically, resulting in a significant power increase of 2.65% compared to
the current Solarge stack with the coarse Teflon texture. This reduces the overall optical
losses in the system to 3.3%.

Finally, a financial analysis is conducted, considering all four case studies presented in
the thesis. The first recommendation has the potential to generate a profit of 1 million euros
for Solarge, targeting a power output of approximately 100MW. Additionally, a financial
analysis using the crown texture, assuming a worst-case scenario with a minimal power
boost of only 0.03% compared to the first recommendation, indicates a potential net profit
of 1.5 million euros. Consequently, this thesis offers a guide to texturing polymer-based
solar cell stacks for industrial applications, providing Solarge with recommendations to
significantly improve module performance and generate substantial revenue.

Future Work

The future work, as a continuation of this thesis, encompasses the following aspects:

1. Fabricating the crown texture using Teflon sheets as proposed in this thesis
would further enhance the performance of the current first recommendation.
Hence further research can be conducted in changing the aspect ratio of the
textures hosted by the Teflon sheets.

2. Analyzing and optimizing the impact of soiling on the performance of the
recommended textures.

3. Considering the hydrophobic properties of the polymer front sheet observed
in due course of this thesis, it is recommended to investigate the wetting
properties of the front sheet with the recommended textures presented in this
thesis to impart the trends of superhydrophobicity which could ultimately
introduce self-cleaning properties.
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A
Appendix

A.1 Chapter 1
A.1.1 Power received by Earth

𝑃sun = 𝜀𝜎𝐴sun𝑇 4sun = 1×5.67×10−8 ×6.07×1018 ×57784 = 3.85×1026 W (A.1)

𝑃earth =
𝑃sun

𝐴dotted line
=

3.85×1026

4𝜋(mean distance)2 =
3.85×1026

4𝜋(149597870700)2
= 1370(

W
𝑚2) (A.2)

Where,
𝜀 is the emissivity.
𝜎 is the Stefan–Boltzmann constant.
𝑇sun is the temperature of the sun in Kelvin.

A.1.2 Introduction to Rayleigh film and optimal thickness
Example 1: Introducing a Rayleigh film

𝑛Rayleigh =
√
𝑛air ⋅ 𝑛Si = 1.942

Reflectance at each interface is calculated as follows:

𝑅1 = (
𝑛air−𝑛Rayleigh
𝑛air+𝑛Rayleigh)

2

= 10.25% ; 𝑅2 = (
𝑛Rayleigh−𝑛Si
𝑛Rayleigh+𝑛Si)

2

= 10.24%

Hence, the total reflectance can be estimated as follows:

𝑅total = 𝑅1+𝑅2 = 20.49% < 35.51%
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Example 2: Optimal thickness

Based on the above Rayleigh film, an optimal thickness can be found using the
theory as mentioned above for a particular singular wavelength. For demonstration
in this example, a wavelength of 750 nm is considered.

𝑑opt =
𝜆

4 ⋅ 𝑛ARC
=

750
4×1.942

= 96.55 nm
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Figure A.1: Bibliometric landscapes. (a) Broader bibliometric network. (b) Narrowed bibliometric network. Data
retrieved from https://www.scopus.com/ and image constructed using https://www.vosviewer.com/

A.2 Chapter 2
A.2.1 Detailed manufacturing process

Figure A.2: Manufacturing process. (a) Solarge solar cell stack. (b) Process of Lamination. (c) Solarge polymer
module. Image (b) retrieved from https://ecoprogetti.com/product/ecolam-max-3/. Image (c) retrieved from
https://solarge.com/en/producten/solarge-solo

https://www.scopus.com/
https://www.vosviewer.com/
https://ecoprogetti.com/product/ecolam-max-3/
https://solarge.com/en/producten/solarge-solo
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A.2.2 Eqation to estimate the optical constants
𝑅𝑚 = 𝑅 ⋅ [

1+ (1−2𝑅) ⋅ (1−𝐴)2

1− (1−𝐴)2 ⋅ 𝑅2 ] (A.3)

𝑇𝑚 =
(1−𝑅)2 ⋅ (1−𝐴)
1− (1−𝐴)2 ⋅ 𝑅2 (A.4)

Where,

• 𝑅𝑚 is total measured hemispeherical reflectance from spectrophotometer

• 𝑇𝑚 is total measured hemispeherical transmittance from spectrophotometer

• R is the reflection at each air-sample interface.

• A is the fraction of light absorbed per pass.

In order to obtain an expression for the refractive index (n) and the extinction coefficient
(k), a stand-alone equation for R and A is required. Hence, equations A.3 and A.4 are solved
simultaneously using Matlab to obtain the following equations.

𝑅1 = −
2Rm+𝜎1−Rm2+Tm2+1

2(Rm−2)
; 𝑅2 = −

2Rm−𝜎1−Rm2+Tm2+1
2(Rm−2)

(A.5)

𝐴1 =
2Tm−2Rm+𝜎1+Rm2−Tm2+1

2Tm
; 𝐴2 = −

2Rm−2Tm+𝜎1−Rm2+Tm2−1
2Tm

(A.6)

Where,

𝜎1 =
√
Rm4−4Rm3−2Rm2Tm2+6Rm2+4RmTm2−4Rm+Tm4+2Tm2+1 (A.7)

From equations A.5 and A.6, 𝑅2 and 𝐴2 give an excellent representation of the interface
reflections and per pass absorption. Now, using 𝑅2 and 𝐴2, the optical constants can be
estimated.

𝑛(𝜆) =
1+

√
𝑅2

1−
√
𝑅2

(A.8)

𝛼(𝜆) =
|𝑙𝑛(1−𝐴2)|

𝑊
⇒ 𝑘(𝜆) =

𝛼(𝜆) ⋅ 𝜆
4 ⋅ 𝜋

(A.9)

In both equations, W represents the thickness of the sample and it is assumed that the
ray of light travels perpendicularly to the surface of the sample. However, in practical
experimentation using the spectrophotometer, the angle of incidence is 8◦. Despite this
deviation from the assumption, the impact on the calculation of n from R for randomly
polarized light is negligible.

A.2.3 Fraunhofer input parameters
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Table A.1: loss and gain factors based on material properties and module setup [67]

k-
factors Indication Significance

k1 Module margin Inactive area at the module margin
k2 Cell spacing Inactive area between cells and strings
k3 Cover reflection Reflection of light at the front interface of the module
k4 Cover absorption Absorption of light in the front cover

k5 Cover/encapsulant
reflection

Reflection of light at the interface between front cover
and encapsulation material

k6 Encapsulant absorp-
tion Absorption of light in the encapsulation material

k7 Interconnection
shading Shading of the cell by interconnector ribbons

k8 Cell/encapsulant
coupling

Reduced reflection of the cell due to encapsulation (re-
fractive index matching)

k9 Finger coupling Reflection of light from the cell metallization on the ac-
tive cell area

k10 Interconnector cou-
pling

Reflection of light from the interconnector ribbons on
the active cell area

k11 Cover coupling Internal reflection of light at the (rear) cover of the mod-
ule in the cell spacing area

k12 Cell interconnection Electrical loss in cell interconnector ribbons

k13 String interconnec-
tion Electrical loss in cell string interconnectors

k14 Electrical mismatch Deviations in electrical cell parameters and from cell
binning

k15 Junction box and ca-
bling Electrical losses in cables and diodes of the junction box

k21 Temperature Temperature dependency of the solar cell power output
k22 Irradiance intensity Changes in the level of irradiance
k23 Angular distribution Changes in the angle of incidence of light
k24 Spectral mismatch Changes in the spectrum of the incident light

A.2.4 Cell input parameters

Table A.2: Cell input parameters

Input parameters Full cell Half-cut cell
Cell selection Monofacial Monofacial
Cell type H-pattern H-pattern
n-side busbar Continous Continous

Continued on next page
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Table A.2: Cell input parameters (Continued)

p-side busbar Contact pads Contact pads
Length (mm) 158.75 158.75
Width (mm) 158.75 79.38
number of busbar 5 5
efficiency (%) 22.4 22.4
𝐼𝑠𝑐 (A) 10.152 5.076
𝑉𝑜𝑐 (V) 0.684 0.684
𝑃𝑚𝑝𝑝 (W) 5.64 2.82
𝐼𝑚𝑝𝑝 (A) 9.665 4.833
𝑉𝑚𝑝𝑝 (V) 0.584 0.584
𝛼𝑉𝑜𝑐 (%/K) -0.3 -0.3
𝛽𝐼𝑠𝑐 (%/K) 0.06 0.06
𝛾𝑃𝑚𝑝𝑝 (%/K) -0.39 -0.39
𝐼𝑠𝑐 change (%) Determined in the next section

Front parameters
Total busbar area (mm2 ) 449.37 224.68
Number of fingers 116 58

Back parameters
Total busbar area (mm2 ) 390 195
Number of pads per row 5 5

A.2.5 𝐼𝑠𝑐 change
This section outlines the precise methodology for determining the factor k8. To estimate
k8, it is necessary to calculate the 𝐼𝑠𝑐 change of the cell stack. The 𝐼𝑠𝑐 change represents the
disparity in 𝐼𝑠𝑐 values between an encapsulated and unencapsulated solar cell, as illustrated
in Figure A.3(a) and (b) respectively. This change encompasses various reflection and
absorption losses, encompassing the optical coupling of the solar cell within the encapsulant.
To assess the 𝐼𝑠𝑐 change accurately, a sample with only one layer of encapsulant foil and no
front sheet should be employed for the encapsulated measurement.

The disparity in refractive indices between air and encapsulant results in greater
reflection of a solar cell when measured against air. However, when the solar cell is
encapsulated, the reflection decreases, leading to an increase in the short circuit current.
Despite this reduction in reflection, the 𝐼𝑠𝑐 change from cell to module can still be negative,
as the reduced reflection of the cell may be counteracted by additional absorption and
reflection caused by the encapsulant. A higher 𝐼𝑠𝑐 change value signifies a stronger optical
coupling.
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(b)

Figure A.3: Determination of 𝐼𝑠𝑐 using GenPro4 simulations (a) Optical simulation of a bare mono-PERC cell (b)
Optical simulation of a mono-PERC cell with one layer of encapsulant on the front side.

To determine the value, the 𝐽𝑝ℎ loss resulting from total reflection is employed, utilizing
optical simulation as illustrated in Figure A.3(a) and (b). The equation used to estimate this
parameter is given by equation A.10

%𝐼𝑠𝑐 𝑐ℎ𝑎𝑛𝑔𝑒 =
[𝐽𝑝ℎ, 𝑏𝑎𝑟𝑒 −𝐽𝑝ℎ, 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑]( 𝑚𝐴𝑐𝑚2 ) ×𝐴𝑐𝑒𝑙𝑙(𝑐𝑚2)

𝐼𝑠𝑐, 𝑐𝑒𝑙𝑙(𝐴)×1000
×100 (A.10)

∴%𝐼 ′𝑠𝑐,𝑓 𝑢𝑙𝑙−𝑐𝑒𝑙𝑙 =
(2.3−3.7) × 249.64

10.152×1000
×100 = −𝟑.𝟒𝟒 % = %𝐼 ′𝑠𝑐,ℎ𝑎𝑙𝑓 𝑐𝑢𝑡 𝑐𝑒𝑙𝑙 (A.11)

A.3 Chapter 3
A.3.1 Computational comparison of different settings for an-

gle dependent studies
This section presents a comparative study conducted using two different settings in the
GenPro4 software for angle-dependent studies. The setting labeled as (S.nai) in GenPro4
represents the number of angular intervals used to calculate optical properties at different
angles of incidence. In this thesis, two settings were simulated and compared, specifically
focusing on the viola leaf petal texture with the upright microcone.

The interpretation of these settings is as follows: For example, if the setting is 𝑆.𝑛𝑎𝑖 = 18,
it means that 18 sectors are created, with each sector corresponding to a range of 5◦. The
setting named ’S.iai’ denotes the incident light angular interval. If for instance, S.nai =
18 and S.iai = 1, it represents a range of angles from 0◦ to 5◦. However, when S.nai = 90,
each value of S.iai represents a single angle instead of a range. Nevertheless, this setting
significantly increases computational time and is not ideal.

To compare the two settings, Table A.3 presents the results. The percentage values
related to total stack reflectance (R) and absorptance in the absorber layer (𝐴𝑐−𝑆𝑖) indicate
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the root mean square error (RMSE), as clearly shown in the table. It can be observed that
the maximum difference is only 0.5%. The last column displays the percentage difference in
𝐽𝑝ℎ values obtained using the two different settings, which is not equivalent to the RMSE
and represents a relative difference comparison. Even in this parameter, the maximum
deviation is only 0.5

Therefore, considering the minimal deviation between the settings, the simulations
were computed using the ’S.nai = 18’ setting. Although the angles simulated represent
ranges of 5◦, they can be assumed to be singular angles due to the minimal observed
deviations.

Table A.3: RMSE of the different setting used to compute angle dependent studies using GenPro4 for the viola
leaf petals texture

AOI R (%) Absorptance in c-Si (%) 𝐽𝑝ℎ (%)
0 0.49 0.35 0.06
10 0.49 0.35 0.09
20 0.49 0.35 0.17
30 0.49 0.35 0.36
40 0.49 0.35 0.53
50 0.49 0.35 0.50
60 0.49 0.35 0.45
70 0.49 0.35 0.00
80 0.49 0.35 0.23
90 0.49 0.36 0.71
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