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DC  Direct Current 

SEM  Scanning Electron Microscope 

WD  Working Distance  

SPL  Single Pass Line   

𝜇𝐶  Micro-Coulomb  

𝜇𝑚  Micro-Meter 

𝑛𝑚  Nano-Meter 

SE  Secondary Electron 

RCA  Radio Corporation of America 

DECON  Decontaminations  
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IPA   Iso-propyl alcohol 

DI  De-ionized  

Ni   Nickel  

ICP   Inductive Couple Plasma  

PE  Plasma Etching  

PECVD Plasma-Enhanced Chemical Vapor Deposition  

MHz  Mega Hertz 
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STP  Standard Temperature and Pressure 

FESEM Field Emission Scanning Electron Microscope  

EDS/EDX Energy Dispersive X-Ray Spectroscopy  

STEM  Scanning Transmission Electron Microscope 

EBSD  Electron Backscatter Diffraction  

AFM  Atomic Force Microscope 

FTIR  Fourier Transform Infrared Spectroscopy 

IDDQ  Integrated Circuit Quiescent Current  

HMDS  Hexamethyldisilazane 

CHF3  Trifluoromethane 

LED  Light Emitting Diode 
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𝑉𝑂𝐶  Open Circuit Voltage 

𝐼𝑀𝑎𝑥  Maximum Current 

𝐼𝑆𝐶   Short Circuit Current  

𝐽𝑆𝐶   Short Circuit Current Density 

𝑅𝑠  Series Resistance 

𝑅𝑠ℎ  Shunt Resistance 

𝑃𝑀𝑎𝑥  Maximum Power 

FF  Fill factor 

W  Watts  

s  Seconds 

K  Kelvin 

OC  Degree Celsius  

I-V  Current and Voltage 

𝐼𝑂  Saturation current of the diode 

𝐼𝑝ℎ  Light generated current 

 𝐾𝐵  Boltzmann constant 

T  Temperature/Gratings Period 

𝑃𝑖𝑛  Power due to incident light 

ᶯ  Efficiency 

Q  Electric charge 
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J  Joules 

𝐸𝜆  Radiant energy per unit volume 

𝜆𝑀𝑎𝑥  Maximum Wavelength 

휀  Emission spectra/Emissivity 

𝑘  Extinction Constant/Wave Number 

𝜎  Stefan-Boltzmanns’ constant 

𝑈𝑉  Ultraviolet Light 

𝑉𝐼𝑆  Visible Light 
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APLIKASI MIKRO KANTA FRESNEL DALAM PENINGKATAN OUTPUT 

SEL SURIA 

 

ABSTRAK 

Kanta Fresnel sudah lama digunakan dalam aplikasi fotovolta penumpu untuk 

menumpukan sinar tuju suria ke atas sel-sel suria, namun, sistem ini terjejas disebabkan 

jarak fokusnya yang panjang, pencahayaan di atas sel suria yang tidak seragam dan ia 

memenuhi kawasan yang lebih luas bagi sel-sel suria. Tesis ini memberi tumpuan 

kepada penggunaan tatasusunan kanta Fresnel Poly (methyl methacrylate) (PMMA) 

dengan saiz yang lebih kecil dan jarak fokus yang lebih pendek (dalam ukuran 

mikrometer) sebagai penumpu sistem fotovolta (CPV) di atas sel suria silikon. Sistem ini 

telah difabrikasi menggunakan kombinasi teknik litografi alur elektron (EBL) proses 

punaran ion reaktif (RIE) dan teknik membentuk replika Polydimethylsiloxane (PDMS). 

Hasil kajian menunjukkan bahawa, system CPV yang mempunyai kanta Fresnel dengan 

diameter luaran maksimum 45.24 𝜇𝑚, memberikan 3025-tenaga suria per 𝑐𝑚2 dengan 

panjang fokus 𝑓 dianggarkan bernilai 45 𝜇𝑚. Kecekapan penghantaran sebanyak 93.7 % 

telah dicapai pada sudut tuju ≈ 0𝑜 dengan nombor f ≤ 1 dan nisbah penumpuan optic 

(OCR) sebanyak 95X. Apabila sistem tatasusunan kanta Fresnel yang terhasil diletakkan 

pada titik fokus (≈ 45 𝜇𝑚) dari permukaan sel suria silicon (Sel suria-Si) didapati ia 

meningkatkan voltan litar terbuka  𝑉𝑂𝐶 dari 538.83 mV kepada 556.73 mV, ketumpatan 

arus pendek 𝐽𝑆𝐶  dari 11.46 mA/cm2 kepada 16.66 mA/cm2 dan kuasa maksimum 𝑃𝑚𝑎𝑥 

dari 21.64 mW ke 33.06 mW. Sementara itu, sistem ini juga meningkatkan kecekapan 

penukaran kuasa Sel suria-Si dari 9.01 % ke 9.18 % dan menurunkan rintangan bersiri 
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𝑅𝑠 bagi sel suria-Si tersebut daripada 1.95 Ohms kepada 1.14 Ohms. Secara umumnya, 

keputusan-keputusan ini jelas menunjukkan kelebihan menggunakan sistem CPV bersaiz 

kecil dalam menyiasat peningkatan parameter-parameter cirian output sel suria silikon. 

Oleh itu, sistem ini pastinya mempunyai potensi yang besar dalam sel-sel suria yang 

menggunakan bahan-bahan lain. 
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APPLICATION OF MICRO FRESNEL LENSES IN OUTPUT ENHANCEMENT 

OF SOLAR CELLS 

 

 

ABSTRACT 

Fresnel lens have been used in concentration photovoltaic applications to 

converge the incident solar irradiance on to the solar cells. However, this system suffers 

from long focal distance, non-uniform illumination on the solar cells and it occupies 

larger area as compared to that of solar cells. This thesis focuses on the use of smaller 

size with shorter focal distance (in micrometers) Poly (methyl methacrylate) (PMMA) 

Fresnel lenses array as a concentrator photovoltaic (CPV) system on silicon solar cells. 

The system was fabricated using the combinations of the electron beam lithography 

(EBL) the reactive ion etching (RIE) and the Polydimethylsiloxane (PDMS) replica 

molding techniques. The results obtained shows that, CPV system containing Fresnel 

lenses with maximum external diameter of 45.24 𝜇𝑚, have 3025-suns per 𝑐𝑚2 with the 

approximate focal length 𝑓 of 45 𝜇𝑚. The transmission efficiency of 93.7 % was 

achieved at an angle of incidence of ≈ 0𝑜 with f − number ≤ 1 and the optical 

concentration ratio (OCR) of 95X. The resulting Fresnel lenses array system when place 

at the focal point (≈ 45 𝜇𝑚) from the surface of silicon solar cells (Si-Solar cells) 

increased the open circuit voltage  𝑉𝑂𝐶 from 538.83 mV to 556.73 mV, short current 

density 𝐽𝑆𝐶  from 11.46 mA/cm2 to 16.66 mA/cm2 and the maximum power 𝑃𝑚𝑎𝑥 from 

21.64 mW to 33.06 mW. Meanwhile, this system also enhanced power conversion 

efficiency of Si-Solar cells from 9.01 % to 9.18 % and decreased the series resistance 𝑅𝑠 

of Si-Solar cells from 1.95 Ohms to 1.14 Ohms. In general, these results clearly indicate 
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the advantage of using small size CPV-system in investigating the improvement in the 

output characteristic parameters of silicon solar cells. Thus, conclusively, the system has 

the great potentiality in other material solar cells. 
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CHAPTER 1 

 INTRODUCTION 

1.1 Overview 

Crystalline silicon solar cells is the most appropriate type of energy generation 

devices for both space and terrestrial applications, which have been used to power 

satellites and shuttles as well as small and large scale power generation in the 

terrestrial applications. As the energy consumption rate in the world is increasing 

every year, where most of the energy sources come from fossil fuels and nuclear 

power generations, which are high material cost, requires high cost of maintenances, 

and polluting the environment.  With these disadvantages associated with the above 

energy sources and the exhausted nature of the sources, it is necessary to incorporate 

the use of renewable energy sources such as solar and wind. 

Crystalline silicon PV solar cells have been developed to harness the Sun’s 

light energy in to electricity, and the fundamental problem associated with solar cells 

is the low-efficiency. To address this problem; many researches are continuing all 

over the world in to ways and means of enhancing the performance efficiency of 

solar cells. Among such means are the use of thinner wafer, thin film solar cell 

technologies and optical concentration technologies (K.-K. Chong et al., 2013). 

Optical concentration technique is one of the simplest and cheapest methods used 

today for the improvement of the performance efficiency of solar modules/panels. 

The most common solar cells used today are made up of crystalline silicon 

materials which can either be single crystalline or polycrystalline. Although the 

mean-full efficiency was achieved with single crystalline silicon solar cells, the 

silicon solar cells have high cost of purchase. This is because, silicon is an indirect 
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band gap semiconductor that requires a thick absorber layer (of about 250-400 𝜇𝑚 

thick) to absorb higher percentage of the sunlight for the conversion in to electricity 

(Ibrahim and Kamarulazizi, 2003). 

In recent years, many efforts have been devoted in developing low-cost and 

high efficient solar cells for the use in both space and terrestrial energy generation 

(K. Chong et al., 2013). Producing low-cost, high efficient solar cells can be 

achieved by optical concentration technology; by using appropriate material to 

fabricate Fresnel lens with high concentration ratio on a single crystalline silicon 

solar cell, which can transmit more solar radiations on to the solar cell. 

Optically concentrated PV solar cells (in Fresnel configurations) provide the 

best hope to obtain high efficient and low-cost solar cells (Khamooshi et al., 2014). 

Two compounds, Silicon dioxide, and Poly (methyl methacrylate) are the most 

promising materials for achieving these goals because they have exceptional 

characteristics particularly for single crystalline silicon solar cells. 

1.2 Motivations and problems statement 

Having satisfied with the fact that, PV is the most promising field among various 

renewable energies, it is equally important to make solar cells durable, reliable, 

available, profitable as well as affordable to the market. Therefore the focus should 

not be restricted only on enhancing the performance efficiency and the stability of 

the solar cells, but also trying to find the techniques of improving the rate of 

production at low cost without degrading the quality.  

The fabrication processes and the cost of materials (e. g. glass) for producing 

the optical lenses and mirrors used for the concentrator photovoltaic (CPV) systems 

at the present day lead to the solar modules are available at high-cost per unit. 
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Modern computer-controlled fabrication methods like electron beam lithography 

(EBL) and photolithography using low-cost and available materials (e. g. silica 

(SiO2) as a substrate and PMMA as photo resist) offers a high possibility of 

producing higher optical quality Fresnel lens than the finest glass one. In addition, 

these methods are widely used for the designing of most of the electronic 

components (e. g. Integrated circuit IC, Transistors) (Mohammad Ali Mohammad et 

al., 2012). The major advantages of PMMA are; low absorption band (of wave 

number between 2000 cm-1 and 2750 cm−1), availability and wider applications in 

engineering, medical as well as daily-life purposes (Tsui et al., 2012). In addition to 

these, PMMA is a lightweight material with shatter-resistance used in the micro-

electro-mechanical system (MEMS) process as a photoresist to provide high-contrast 

and high-resolution images. The optical properties of PMMA show that it can be 

used for mid-infrared lenses. On the other hand, silicon has very high transmission 

efficiency from 2 to 6 μm with the band gap of 1.14 eV at room temperature (25 oC) 

and 1.17 eV at temperature of 0 K. It is a non-toxic and light weight material with 

very good strength, and is thermally stable. It is also inert to most chemicals, and is 

readily available and it is low cost (Tamarack St. and Bozeman, 2011). The optical 

and the electrical properties of silicon can be controlled by adding dopant to the pure 

silicon; the transmission and resistivity decreases with the increase in doping. But the 

presence of oxygen has a minimal impact on the transmission for mid-wave infrared 

applications. Finally, having regards to the mentioned properties of SiO2 and 

PMMA, and the advantages of using soft lithography methods for the fabrication of 

Fresnel lens in CPV systems. Although, PMMA Fresnel lenses array CPV-system 

fabricated by soft lithography technique requires both physical and engineering 

knowledge to develop the system for the first time thereby making it costly compared 
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to conventional methods. But the subsequent productions can be achieved using 

either or both the Si-Mold and/or the PDMS-Mold of the system structures by simply 

be copying and imprinting the structures onto several supporting frame producing as 

many as possible CPV-systems. Thus, the possibility of producing high quality 

product of CPV solar cells with low-cost, available and affordable with low energy 

pay-back time is promising. However, silicon can be used for lenses, but it is fragile 

and hardness may lead to the fabrication process be complicated and time 

consuming. However, the light transmissions of polymer materials like PMMA is 

seriously affected by its thickness  (Tsui et al., 2012). 

Unlike conducting and semiconducting substrates, polymers resist layers on 

insulators accumulate more charge during EBL exposure process which deflects the 

e-beam and distorts the pattern, but this can be addressed by the use of conducting 

anti-charging layers like thin film (5 nm-thick) of either Al, Cr, or Cu. However, 

such a coating layer results in e-beam scattering in metal layer and subsequent 

broadening the exposure profile in the resist which limit the resolution at the deep 

nano-scale and also tends to decrease sensitivity of the process (Mohammad Ali 

Mohammad et al., 2012). 

1.3 Objectives of the Research 

The general objective of this research work is to use micro-scale array of Fresnel 

lenses as a concentrator photovoltaic system on the surface of silicon solar cells and 

the sub-objectives are as follows; 

1. To fabricate Fresnel lens by soft lithography method. 

2. To study the optical properties of PMMA resist on a Si and SiO2 

substrates. 
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3. To form an array of Fresnel lenses as a photovoltaic concentrator. 

4. To study the improvement in the power output from the solar cells by the 

use of the array. 

1.4 Research originality 

The novel contributions of this research work are as follows; 

1. Fabrication of Si Fresnel rings of vertical sidewalls profile. 

2. Fabrication of smooth Si surface on the location between Fresnel rings. 

3. Fabrication of SiO2 Fresnel lens by electron beam lithography EBL. 

4. Fabrication of PMMA Fresnel lenses array by the combinations of the EBL, 

the RIE and the PDMS replica molding techniques. 

5. The used of small scale (micro-scale) Fresnel lenses array as a PV 

concentrator system on silicon solar cells. 

 

1.5 Scope of thesis 

This work limited to the investigation of the fabrication process of micro Fresnel 

lenses for CPV application. Even though a number of studies have been carried out 

and demonstrated on the uses of micro-lenses for CPV-system devices, limited 

information is available in understanding the soft lithography process and linking the 

process in CPV-systems device application. This study is an attempt to fill in the gap in 

understanding the underlying physics behind the micro fabrication process especially 

the plasma etching interaction with materials and micro optics. This work also 

demonstrates the applications of micro Fresnel lenses for output enhancement from 

crystalline silicon solar cells. 
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1.6 Thesis Outline 

The outlines of this thesis can be summarized as follows: Chapter 1 presents the 

introduction on the important applications of crystalline silicon solar cells, while 

chapter 2 discusses the literature review on the use of Fresnel lens for concentrated 

photovoltaic application. The general principles and theories of Fresnel lenses in 

CPV applications as well as the principles of micro/nano-fabrication methods are 

discussed in Chapter 3. The details description on the methodology adopt in this 

work and number of micro/nano-fabrication equipment in the USM NOR lab 

facilities utilized in this research work, as well as the materials characterizations used 

in the research work are discussed in chapter 4. Chapter 5 describes the experimental 

results for fabrication and characterization of micro array of Fresnel rings on Si by 

EBL and RIE processes, the experimental results for the fabrication and 

characterization of Fresnel lens on PMMA/SiO2 by EBL and RIE processes, as well 

as the experimental results for the fabrication and characterization of micro array of 

PMMA Fresnel lenses by replica molding method. This chapter also presents the 

results on improvements in the characteristic parameters of solar cells by solar 

simulator (IV).  Finally, chapter 6 presents the conclusions and recommendation for 

future works. 
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CHAPTER 2 

 LITERATURE REVIEW 

2.1 Introduction  

This chapter reviews the available and related literatures. It discusses the available 

literatures on solar photovoltaic concentrator systems. The literatures on Fresnel 

lenses as CPV systems and the literatures on the use of micro-optics in CPV systems 

applications are also discussed in this chapter. 

2.2 Concentrator PV systems 

Since the amount of electric current generated from solar cells/panel is proportional 

to the amount of the incident solar radiation on the solar cells. Optical lenses and 

reflectors can be employed to maximise the amount of the sunlight striking onto the 

surface of the cells. Recently, the results of the Europe-Japan Collaborative Research 

Project (EJCRP) on photovoltaic concentrators shows that, the world record of the 

energy efficiency under 240 𝑡𝑜 305 suns in InGaP/GaAs/InGaAs triple junction 

solar cell was found to be up to 43.5% (Yamaguchi and Luque, 2013). 

Paul and his co-workers had compared the experimental characteristics of an 

isolated PV module with and without compound parabolic concentrator using mobile 

solar simulator. The acceptance half-angle of compound parabolic concentrator is 

30𝑜  and the truncated geometrical ratio is 1.96. They observed that, there are 

variations in the amount of the energy flux concentration on the surface of the 

module; large amount of energy flux were concentrated at the edges of the receiver. 

Although the output power of the module with the compound parabolic concentrator 
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is greater than without, the compound parabolic concentrator having the problems of 

non-uniform illumination on the receiver (Paul et al., 2013). 

Sangani and Solanki, had developed V-trough concentrator (2-sun) system 

with the geometric concentration ratio of 2 (2-sun) using tracking models. They 

evaluated the photovoltaic modules under 2-sun concentrator and observed that the 

output power of the PV module increases by 44% when compared to the PV flat-

plate system for passively cooled modules (Sangani and Solanki, 2007).  

In a related development, Chong and his team (Chong et al., 2013), revised 

several literatures in their paper titled “design and development in optics of 

concentrator PV systems”.  In their paper, they presented detailed architectural 

design and optical principle of solar concentrators of various research works for the 

past  30 years done by many researchers, which includes the work lead by Leutz and 

his team (Leutz et al., 1999) where they designed an optimum convex shaped non-

imaging Fresnel lens according to the edge ray principle in which, the radiant energy 

will be well distributed over the photovoltaic panel if a secondary concentrator and a 

diffuser are provided. Another work revised by Chong and his team is that of Jebens 

and Skillman in which they patented Fresnel lens concentrator formed by a specially 

designed Fresnel lens and a solar cell located on the axis of the lens at its focal plane. 

The design of the lens is made in such a way that the central facets of the lens will 

progressively be projecting the solar radiations towards the outer periphery of the 

solar cell and the facets will progressively be projecting the radiation toward the 

centre of the solar cell on one hand and adjacent groups of facets of the lens projects 

the radiation alternatively in front and beyond the solar cell. The first was to obtain a 

uniform distribution of light on the solar cell while the second was to maintain a 

constant light intensity for a certain depth of focus of the lens. Finally, they 
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concluded that optical concentration PV system is the best way of producing high 

efficient, low cost, harmless to the environmental conditions, easy to maintain and 

simple to manufacture (K.-K. Chong et al., 2013).  

Whitfield and his co-workers compares Point focus Fresnel lens, two-axis 

tracking, and the use of the housing as heat sink with other models which comprises 

a linear Fresnel lens, solid compound parabolic  collector  CPC, secondary’s, and the 

two-axis tracking. The linear Fresnel lens system has the advantage of being simple 

and totally enclosed yet is more costly than some of the others. Conversely, the 

point-focus Fresnel lens has the advantage of having potential for simple mass-

produced optics but its serious problem is the loss of efficiency at higher 

concentration (Whitfield et al., 1999). 

Khalifa and Al-Mutawalli conducted an experimental study on effects of two-

axis sun tracking on thermal performance of compound parabolic collector CPC in 

two different modes; in the first, a batch feeding was used where no flow through the 

collector was allowed whereas in the second, different steady water flow rates were 

used. Based on the results obtained, they concluded that the energy gain of a CPC 

collector can be increased by using two-axis tracking systems. The best improvement 

was achieved when the flow rate was in the range of 25 to 45 kg/hr (Khalifa & Al-

Mutawalli, 1998). 

Mallick and his team, designed a novel non-imaging asymmetric compound 

parabolic photovoltaic concentrator (ACPPVC) with different numbers of 

photovoltaic PV, strings connected in series. Experimentally characterization of the 

system was conducted under outdoor conditions both with and without concentrators 

which indicated that the use of an ACPPVC increased the maximum power point by 

62% when compared to a similar non-concentrating PV panel (Mallick et al., 2004). 
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2.3 Fresnel lens CPV system 

Fresnel lenses find very wide applications in modern actively developing PV systems 

and becoming the backbone of the solar concentrators in different photovoltaic solar 

cells and panels (Shvarts and Soluyanov, 2011). This is because most of the Fresnel 

lenses are plano-convex, thin, and aspheric with low f-number, thus they have very 

strong asymmetric behaviour, and therefore, they are applicable in almost all sectors 

of optical technology, hence, they play a vital role in CPV systems. Developments of 

Fresnel lens for photovoltaic concentrators have been studied. In the recent years, 

several methods of photovoltaic concentrators with Fresnel lens using different 

materials have been investigated. 

Ryu and co-workers proposed a new configuration of CPV system utilizing 

modularly faceted Fresnel lenses to achieve a uniform intensity on the solar cells 

with moderate concentration ratio. Fig. 2.1 reveals that the uniform illumination is 

obtained by the superposition of flux distribution resulted from modularly faceted 

Fresnel lenses. The flux distributions at the solar cell plane are estimated to be 

uniform within ≈ 20% with transmission efficiency greater than 65% for  3 × 3, 5 ×

5 and 7 × 7 arrays of Fresnel lenses.  With  𝑓/1.2, the intensity levels of various 

concentration ratios are 7 − 𝑠𝑢𝑛𝑠 for the 3 × 3 array, 19 − 𝑠𝑢𝑛𝑠 for the  5 × 5 

array, 31 − 𝑠𝑢𝑛𝑠 for the 7 × 7 array,  47 − 𝑠𝑢𝑛𝑠 for the  9 × 9 array, and 60 −

𝑠𝑢𝑛𝑠 for the 11 × 11 array, respectively (Ryu et al., 2006). 
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Fig. 2.1: Optical design concept of modular Fresnel lenses for solar flux 

concentration (a) 3-D of concentration optics (b) facet directions of modularly 

faceted Fresnel lenses (Ryu et al., 2006). 

 

Chen and Su, presented the simulation results on Fresnel lens and secondary 

optical elements as a CPV system by the ray tracing method using advanced system 

analysis program (ASAP) software, in which the comparison between the estimated 

optical efficiencies and the acceptance angles of a Fresnel lens concentrator (i.e. 

without secondary optical element (SOE), a Fresnel lens concentrator with Reflective 

Pyramid as a SOE, a Fresnel lens concentrator with a  Reflective Cone Type as a 

SOE, and a Fresnel lens concentrator with a Refractive Dome Type as a SOE are 

made respectively). The simulation results show that the concentrator containing the 

reflective cone type as a SOE have the highest optical efficiency compared to the 

rest. Hence, they studied the optimization of the concentrator with cone type as a 

SOE and found the improvement in acceptance angle and uniformity of the solar 

radiation on the surface of the solar cells (Y. Chen and Su, 2010).  
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 Miñano and co-workers designed and fabricated a multifunctional 

concentrator PV system called Fresnel Kohler (FK-concentrator) by Kohler 

integration principles, in which a PMMA Fresnel lens with four identical quadrants 

(as a primary optical element (POE)) along with a free-form of glass-molded lens 

with four identical sectors (as a secondary optical element (SOE)) are arranged in 

form of Kohler array. Thus each pair of a quadrant and a sector works together as a 

Kohler integrator couple. The electrical efficiency of 32.7% and fill-factor of 84.6% 

on triple junction solar cell at the operating temperature of 25𝑜𝐶 was achieved with 

this FK-concentrator having 710X concentration ratios and ±1.27𝑜 as a 

concentrator’s acceptance angle (Miñano et al., 2013). 

On the other hand, Languy and his team, demonstrated the feasibility of 

obtaining a Fresnel lens with high concentration ratio operating with wavelengths 

between 380 nm and 1600 nm via PMMA and Polycarbonate PC in which the linear 

chromatic aberration of a singlet and doublets hybrid lenses were compared.  Their 

result shows that for singlet lenses at normal incidence, the maximum theoretical 

concentration ratio of 1000X can be obtained, while for hybrid lenses, the 

concentration ratio increases to 5000X and that of refractive doublets is about  2 ×

106. They also achieved in maximizing the radiation flux density on the solar cells 

by determining the ideal focal point as a function of   linear chromatic aberration and 

the geometric concentration (Languy et al., 2011). 

Another research lead by Kusko, simulated a Fresnel lens and binary phase 

gratings via glass of refractive index 𝑛 = 1.5 by Beam Propagation Method, 

compared the results obtained with the theoretical and finds out that the results were 

closed to the theoretical values. Therefore, Beam Propagation Method can be used to 

simulate other complex optical devices (Kusko et al., 2009). 
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In a related development, Jing and co-workers studied the optical 

performance of the compound Fresnel lens as a concentrator photovoltaic system 

comprising saw teeth Fresnel lens as a primary optical element and ring type Fresnel 

lens as secondary optical element. In-line with this, the improvements in the 

acceptance angle, the uniformity in the solar radiation on the solar cell, and reduction 

in the aspect ratio were significantly studied in which higher optical efficiency and 

smaller aspect ratio were achieved (Jing et al., 2011). 

Arnaoutakis and his team, studied the enhancement in conversion efficiency 

of a planar bifacial silicon solar cell (SC) together with a 25% Er3þ doped hexagonal 

sodium yttrium fluoride (β-NaYF4:Er) up-concentrator (UC) phosphor by the 

integration of compound parabolic concentrating optics (CPCs). In their study, they 

achieved in obtaining an efficiency increase of 32% and an enhancement in external 

quantum efficiency (EQE) from 1.33% for the non-concentrating reference UC-SC to 

1.80% for a solar cell with integrated optics for an excitation at 1523 nm with an 

irradiance of 0.024 W/𝑐𝑚2, corresponding to a normalized EQE of 0.75 W/𝑐𝑚2. 

Thus they conclude that their results demonstrates that CPCs are suitable for UC-SC 

as they increase the concentration in the forwards direction, while maintaining high 

collection efficiency of the UC emission in the reverse direction (Arnaoutakis et al., 

2015). 

Solano and co-workers developed a model for theoretical investigation of the 

effect of inserting a buffer layer between a periodically multi-layered isotropic 

dielectric (PMLID) material acting as a planar optical concentrator and a 

photovoltaic solar cell considering the crystalline silicon (c-Si) and gallium arsenide 

(GaAs). Their results shows that, the buffer layer can act as an antireflection coating 

(ARC) at the interface of the PMLID and the photovoltaic materials, and its structure 
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can increase the spectrally average electron-hole pair density by 36% for crystalline 

silicon solar cells c-Si, and 38% for  gallium arsenide (GaAs) when compared to the 

structure without buffer layer. However, numerical evidences indicate that the 

optimal structure is robust with respect to small changes in the grating profile of the 

buffer layer (Solano et al., 2015). 

Kocher-Oberlehner and his team, developed a planar photonic solar 

concentrator (PPC) by Langmuir–Blodgett (LB) technique onto clear 3 mm-thick 

polymethylacrylate (PMMA) sheets of 24 cm by 24 cm size with a silicon solar cell 

attached to the edge. The resulting periodic colloidal photonic crystals (PhCs) layer 

scattered the incident light into a waveguide mode and guided via total internal 

reflection to the edge mounted silicon solar cell. Depending on the size of the beads 

forming the photonic crystal film, the transmission and the reflection measurements 

taken in different geometries indicates rapid increased scattering of the incident light 

over a wide range of wavelengths. The I-V measurements on silicon solar cells 

attached to one side of a sheet with 8 layers of 250 nm beads exhibit a relative 

increase in efficiency by a factor of up to 3 as compared to the blank PMMA sheet. 

Thus, they concluded that these planer concentrators can increase the power output 

from photovoltaic cells without the need for solar tracking and have the potential of 

achieving a lifetime matching standard silicon solar cells (Kocher-Oberlehner et al., 

2012). 

Sun and co-workers, proposed a narrow rectangular channel receiver for 

direct liquid-immersion of silicon solar cells in linear concentrator photovoltaic 

(CPV) systems using dimethyl silicon oil with viscosity of  2 𝑚𝑚2/𝑠 as an 

immersion liquid by computational fluid dynamics (CFD) simulation and carried out 

the experimental investigations of the effects of liquid thickness on silicon solar cell 
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efficiency. Experimental results shows that silicon solar cell efficiency decreases 

with increasing thickness of immersion liquid, and hence, they noted that silicon oil 

thickness on top of the cell should be lower than 12 mm in order to achieve a cell 

efficiency promotion by liquid immersion. However, the CFD simulation results 

show that smaller channel makes for better heat transfer performance but larger flow 

resistance, and therefore their recommendations on the optimal channel height is that, 

it could not exceed 10 mm height. Furthermore, according to the force analysis 

result, they recommended that cover glass thickness should not be less than 3 mm 

and the width should be within 85 mm.   Based on their predicted results of the 

optimized receiver, the silicon solar cells working under medium concentration (10–

100X) can be controlled between the temperatures of 302 K and 340 K with 

Reynolds number (𝑅𝑒) range of 7500–15,000 at the inlet temperature of 298.15 K. 

(Y. Sun et al., 2016). 

El Daif and his team investigated the effects of silver nano-discs made by 

hole-mask colloidal lithography on the spectrally resolved efficiency of thin film 

crystalline silicon solar cells. The integration of Plasmon allows increasing the 

absorption of the structure and hence increases the internal quantum efficiency of 

crystalline silicon solar cells and it shows some improvement when compared to 

silicon solar cells without the silver nano-discs. The results on the reflection 

measurements shows that, the reflections increases as the thickness of nano-discs 

increases and slightly sloping down with the increase in wavelength of light,  in 

which the reflection of 25% was observed at the wavelength of 600 nm for nano-disc 

of 50 nm-thick and 15%  for nano-disc of 30 nm-thick. The internal quantum 

efficiency (IQE) on the other hand, decreases with the increase in nano-discs 

diameter. Over 80% IQE was obtained equivalent to the nano-disc diameter of 40 nm 
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at the wavelength of 600 nm and less than 80% IQE was obtained equivalent to the 

nano-disc diameter of 60 nm. Thus they recommended that Plasmonic particles 

should be integrated on the back of silicon cells, which will allow acting on light 

which would mostly be lost otherwise, and benefiting from Fano interferences which 

would act positively in the applications silicon solar cells (El Daif et al., 2012). 

Sark developed a modelling for the current status of luminescent solar 

concentrators (LSCs) for mono-crystalline silicon mc-Si, gallium arsenide (GaAs), 

and InGaP solar cells by designing and comparing with experimental results. The 

modelling result on the concentrator shows that the LSC consists of a PMMA plate 

(refractive index  𝑛 = 1.49, absorption 1.5 𝑚−1) doped with two luminescent dyes, 

CRS040 from Radiant Color and Lumogen F Red 305 from BASF with internal 

quantum efficiency (IQE) of 95%. The conversion efficiency of this LSC was 

modelled to be 2.45%. However, in comparison with the reviewed experimental 

results, Sark, found out that the GaAs, has the highest external quantum efficiency 

EQE, than mc-Si, within the wavelength ranges between 400 nm and 600 nm  (van 

Sark, 2013). 

Chen and co-workers fabricated biometric nanostructures of PMMA layer by 

the combinations of colloidal lithography, cast molding method, and reversal nano-

imprint lithography techniques.  The resulting biomimetic nanostructures reduce the 

average reflectance from 13.2% to 7.8% and enhanced power conversion efficiency 

of mono-crystalline silicon solar cells from 12.85% to 14.2%. Therefore, they 

recommended that, the biometric nanostructures of PMMA layer have a broadband 

antireflection coating AR, response and wide incident angle range, hence, they have 

the potential to replace conventional single-layer AR coatings for optical and electro-

optical device applications (J. Chen et al., 2011). 
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This work is devoted to micro-fabrication of Fresnel lenses by soft 

lithography techniques for CPV application. However, limited literature reported on 

the use of this method for CPV application in silicon solar cells. Unlike other 

conventional photovoltaic concentrators in which the concentrator systems have 

large surface area as compared to that of solar cells, hence, are placed far away from 

the surface of the solar cells, this system have the same size as solar cells and hence, 

is placed on the surface of the solar cells without occupying any additional surface 

area in the space.  
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CHAPTER 3 

 PRINCIPLES OF FRESNEL LENSES CPV-SYSTEM, SOLAR CELLS AND 

MICRO/NANO-FABRICATION IN OPTICAL APPLICATIONS 

 

3.1 Introduction 

This chapter describes about the principles of Fresnel lenses CPV-system, materials 

and the operational principles of semiconductor devices. The chapter deals with P-N 

Junction, and the principles of Solar cells. The chapter will also consider the 

crystalline silicon solar cells and give detail explanations on the concept of optics 

and the used of optical lenses as concentrator photovoltaic system. Finally, the 

chapter will also give detail description of micro/nano-fabrication techniques and 

their applications in concentration photovoltaic systems. 

3.2 Principles of Fresnel lenses CPV-system 

The spectral response of crystalline silicon solar cells is critically dependent on the 

number of incident photons absorbed especially from far infrared to the red-end 

region of visible light. To achieve high magnitude light trapping system which can 

improve the internal quantum efficiency of crystalline silicon solar cells, micro array 

of Fresnel lenses could be a better solution. Micro array of Fresnel lenses CPV-

system can suppress surface reflection, enhancing the absorption of light and could 

replace conventional CPV-systems in crystalline silicon solar cells applications. In 

this work, we fabricated micro-array Fresnel lenses CPV-system on Silicon solar 

cell. Fig. 3.1 shows the schematics illustration of PMMA/SiO2 Fresnel lenses array 

on Silicon solar cells. 
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Fig. 3.1: Schematic illustration of PMMA/SiO2 Fresnel lenses array on Silicon solar 

cells. 

As depicted in Fig. 3.1, the basic idea is based on the concept of superposition. An 

array of micro Fresnel lenses converges the normally incident solar flux to the solar 

cell area. The micro array of Fresnel lenses CPV-system have a square shape 

consisting Fresnel lenses array expanding symmetrically from the optical centre. The 

dimensional parameters for the design of concentrating micro array of Fresnel lenses 

CPV-system are define in the following paragraphs: 

Because of its optical sensitivity and wider applications in optical systems, 

the preliminary step of fabricating Fresnel lens is to design it. Therefore, to design a 

Fresnel lens, the fundamental parameters that determine the optical properties of the 

lens and mathematical relationship linking these parameters should be considered 

first. The parameters include; aperture size of the lens, wavelength, focal length, 

refractive index, among other (Davis, 2011).  We now define the relative aperture or 

f-number in the following equation, 

𝑓 − 𝑛𝑢𝑚𝑏𝑒𝑟 =
𝑓

𝐷
                                                                                      (3.01) 

Where, 𝑓 is the focal length, and 𝐷 is the aperture diameter of the lens. Since 

Fresnel lens’ structure composes of concentric circular rings at different depth, the 
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radius of the 𝑧𝑡ℎ ring 𝑟𝑧 , can be expressed by the following equation (Tsui et al., 

2012), 

𝑟𝑧 = √𝑧𝜆𝑓                                                                                                   (3.02) 

Where  𝑧  is the number of Fresnel ring, 𝑓 is the focal length, and  𝜆 is the 

wavelength. For an incident plane wave, the intensity distribution on the focal plane 

can be expressed by an Airy distribution function (Majumdar and Comtet, 2005), 

therefore if 𝜃 is the angle between the axis of the lens aperture and the line between 

lens’ optical centre and eye piece, 𝐽1 is the first order Bessel function and R is the 

lens’ aperture radius. Then the intensity distribution 𝐼𝜃 is given by equation (3.03), 

𝐼𝜃 ≈ 𝐼𝑜 |
2𝐽1(𝑘𝑅𝑠𝑖𝑛𝜃)

𝑘𝑅𝑠𝑖𝑛𝜃
|

2

                                                                              (3.03) 

Where 𝐼𝑜   is the maximum intensity of the Fresnel rings pattern at the lens’ optical 

centre and k is the wavenumber.  On the other hand, light passing through the lens 

bends, hence, the depth ℎ at which the light (of wave number   𝑘 =
2𝜋

𝜆
) passed 

through a medium of refractive index 𝑛 can be obtained by the equation,        

𝑘𝑛ℎ − 𝑘ℎ = 2𝜋,  which can further be simplify to obtained ℎ as follows, 

ℎ =
𝜆

(𝑛 − 1)
                                                                                              (3.04) 

The refractive index for a given medium of wavelength 𝑛𝜆 can be found by the 

Snell’s law of refraction in the following equation, 

𝑛𝜆 =
𝑛𝐴𝑠𝑖𝑛𝜃𝑖

𝑠𝑖𝑛𝜃𝑡
                                                                                            (3.05) 

Where  𝜃𝑡 is the refracted angle due to the medium and 𝜃𝑖 is incident angle due to 

air medium and 𝑛𝐴 = 1 is the refractive index of air. 
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Depending on the material medium used, the refractive index 𝑛 is almost constant 

for any given material medium, and is related to the wavelength 𝜆 by the Cauchy’s 

equation, 

𝑛(𝜆) = 𝐴 + 𝐵𝜆−2 + 𝐶𝜆−4 + ⋯                                                          (3.06) 

From equation (3.06), we have seen that as the wavelength  𝜆 increases, the latter 

polynomial terms decreases rapidly, thereby making the refractive index 

approaches a constant value. In plotting the relationship between the  𝑛(𝜆) 𝑎𝑛𝑑  𝜆, 

the Cauchy’s equations coefficients of different materials are different also. 

Furthermore, for micro-scale Fresnel lens fabricated by electron beam lithography 

(EBL) with the PMMA resist thickness  ℎ, the efficiency of generating 𝑖𝑡ℎ order 

(𝑖 = ±1, ±2, ±3,……… . . ) diffraction waves could be related to its diffraction 

efficiency. Then the diffraction efficiency ƞ𝑖 can be expressed as a (Teruo Fujita et 

al., 1981), 

ƞ𝑖   =
4

𝑖2𝜋2
𝑠𝑖𝑛2 (

𝜋ℎ(𝑛 − 1)

2𝜆𝑐𝑜𝑠𝜗
) 𝑠𝑖𝑛2(𝑛𝜋𝛿)                                     (3.07) 

Where 𝑛 is the refractive index of PMMA,  𝜆 is the wavelength of light,  𝜗 is the 

angle of incident light and  𝛿 is the duty ratio. On the other hand, for the same 

micro-scale Fresnel lens with a an asymmetric saw-tooth shape, the diffraction 

efficiency of 𝑚𝑡ℎ  order diffraction waves can be expressed as (T Fujita et al., 

1982), 

ŋ𝑚 = [
1

𝑇
∫𝑒(𝑖𝜑(𝑥))

𝑇

0

𝑒(−𝑗
2𝜋𝑚𝑥

𝑇
)𝑑𝑥]2                                                 (3.08) 

Where T is the grating period, 𝜑(𝑥) is the phase-retardation function of the grating 

and m is the diffraction order (𝑚 = ±0, ±1,±2,±3……………). 
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In this work, the Fresnel rings were designed using GDSII Editor contained in 

Raith-ELPHY Quantum software explained in section 4.3 of chapter four. The 

designed Fresnel lens consists of eleven concentric circular rings expanding 

symmetrically from the optical centre. To minimize the reflection and simultaneously 

enhance the absorption and scattering of incident light on Si-solar cell, the diameter 

of the first Fresnel ring is chosen to be  ≈ 5 𝜇𝑚, while the diameter of eleventh 

Fresnel ring been  ≈ 52 𝜇𝑚. The relative aperture or 𝑓 − 𝑛𝑢𝑚𝑏𝑒𝑟 was designed to 

be  ≈ 1.26 𝜇𝑚 at the wavelength of  700 𝑛𝑚, and the thickness of each ring is 

assumed to be  ≈ 500 𝑛𝑚 (which is smaller than wavelength of the band-gap energy 

of silicon). However, the focal length  𝑓𝐷  varies with the variations of the 

wavelength  𝜆. Table 3.1 shows the designed Fresnel lens parameters, Fig. 3.2 shows 

the plot of Fresnel rings radius against the Fresnel zone, while Fig. 3.3 shows the plot 

of the designed focal length against the wavelength. 

 

Table 3.1: Designed parameters of Fresnel lens  
Number of 

Fresnel Zone 

(Z) 

Designed 

Radius  R 

(𝜇𝑚) 

𝑅2(𝜇𝑚)2 

Designed 

Diameter D 

(𝜇𝑚) 

𝐷2(𝜇𝑚)2 

1 2.50 6.25 5.00 25.00 

2 6.20 38.44 12.40 153.76 

3 9.60 92.16 19.20 368.64 

4 12.70 161.29 25.40 645.16 

5 15.50 240.25 31.00 961.00 

6 18.00 324.00 36.00 1296.00 

7 20.20 408.04 40.40 1632.16 

8 22.10 488.41 44.20 1953.64 

9 23.70 561.69 47.40 2246.76 

10 25.00 625.00 50.00 2500.00 

11 26.00 676.00 52.00 2704.00 
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Fig. 3.2: Graphical representation of the designed Fresnel rings’ radius against Fresnel 

zone Z. 

 

 

 

 
Fig. 3.3: The graphical relationship between the designed focal length of Fresnel lens 

and the wavelength of visible light. 
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3.2.1 Performance estimation of Fresnel lenses array CPV system  

Generally, Fresnel lens used in concentrator photovoltaic applications are almost 

universally Plano-convex in which solar radiations are focused by means of a series 

of concentric grooves ( also referred to as point focus) or parallel grooves (known as 

line focus). When parallel rays of light are passing through the aperture of the 

Fresnel lens, each ring of the prisms refracts the light at a slightly different angle and 

focuses on a focal point. Fig. 3.4 shows the schematic illustration of Fresnel lens.  

 

 
Fig. 3.4: Schematic illustration of Fresnel lens (a) 2-dimensional view showing the 

concentric rings of Fresnel lens (b) Side view showing the optical Parameters of 

binary Fresnel lens as a concentrator PV system. 

 

From Fig. 3.4 (a), if the radius of outermost Fresnel ring is denoted as  𝑅𝐸𝑥𝑡, then the 

effective area  𝐴𝑒𝑓𝑓, of this Fresnel lens is the sums of the increase in area due to 

formation of Fresnel rings can be obtain from following equation,  

𝐴𝑒𝑓𝑓 = 𝐴𝐹−𝑟𝑖𝑛𝑔𝑠 𝑢𝑛𝑖𝑡 + 𝐴⨷                                                           (3.09) 

(A) (B) 


