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ABSTRACT 

________________________________________________________________________ 

Solar cells suffer a loss in efficiency due to the front surface reflection of the 

incident sunlight. To reduce this loss, an antireflection coating (ARC) is 

typically used. However, the conventional thin-film ARC in the solar cell is 

generally optimized for a single wavelength at a normal angle of incidence 

(AOI). On the contrary, a fixed solar cell on the roof receives the sunlight over 

a wide range of AOI resulting in an undesired loss of light photons. To 

overcome this issue, nanoparticles (NPs), which scatter the sunlight, have been 

suggested.  

The scattering and absorption in metal NPs (Ag, Au, Cu, and Al) are highly 

influenced by their shape, size, and material composition, host medium, and 

volume fraction of NPs in the medium itself. The metal NPs scatter the sunlight 

efficiently at the resonance wavelength. An analytical framework, based on the 

transfer matrix method (TMM) and Mie theory, has been used in this thesis to 

study and optimize the scattering property of metal NPs. This simulation study 

also enables the power transfer from the metal NPs layer into a substrate layer. 

A comparative analysis between the performance of NPs and the bare substrate 

layer revealed that NPs based structures, which show high backscattering, are 

not suitable at the front for high power transfer in the substrate layer. 

Furthermore, Al – and Ag – NPs show high radiation in the substrate layer 

which increases with NPs’ size in the visible range. This high radiation property 

of the NPs allows for significant improvements in the power transfer at a wide 

range of AOI. 

The photon density in the solar cell is usually optimized through tailored 

ARCs. I develop another analytical model and present it in this thesis work to 

describe NPs based hybrid ARC, where NPs are embedded in a conventional 

thin-film ARC (SiN) on a substrate layer. A point dipole approach is 

implemented to calculate diffuse reflectance by NPs, while the TMM method 

is used for specular reflectance from the front surface. The simulation results 

show that embedding metal NPs in SiN ARC enhances the antireflection 

property in comparison to the conventional ARC at non-normal AOI of the 

sunlight. Electric field distribution patterns of radiation in the substrate layer by 

a single NP are also calculated for various AOI which support the 

improvements in the antireflection property. Weighted solar power 

transmittances from ARCs obtained from the model demonstrate that Ag – NPs 
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embedded in SiN ARC performs better than SiN ARC for AOI > 74°, whereas 

Al – NPs based ARC performs better for AOI > 78°. The metal NPs based 

hybrid ARC were shown less efficient at normal and near-normal AOI. This is 

caused by parasitic absorption in the metal NPs. Since it’s well known that 

dielectric NPs don’t show this behavior in a narrow band spectrum range, 

hence I replaced the metal NPs with dielectric NPs and performed the same 

analysis with non-absorbing spherical dielectric (SiO2) NPs. This new hybrid 

ARC design leads to enhanced antireflection property at non-normal incidence 

while showing insignificant change at normal and near-normal incidence. The 

highest improvement is noticed more than a factor of two at 85° AOI with the 

NPs’ surface filling density of 70 %. Finally, I perform sunrise to sunset 

calculation of the normalized photocurrent density over the course of a year for 

five selected cities, which have also shown improvements in the SiO2 – NPs’ 

case. 
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ZUSAMMENFASSUNG 
________________________________________________________________________ 

Solarzellen erleiden Effizienzverluste aufgrund der Reflexion des einfallenden 

Sonnenlichts an der Vorderseite. Um diesen Verlust zu verringern, wird 

üblicherweise eine Antireflexbeschichtung (ARC) verwendet. Die 

konventionelle Dünnschicht-ARC in der Solarzelle ist jedoch im Allgemeinen 

für eine einzige Wellenlänge bei normalem Einfallswinkel (AOI) optimiert. Im 

Gegensatz dazu empfängt eine feststehende Solarzelle auf dem Dach das 

Sonnenlicht über einen breiten Bereich von AOI, was zu einem unerwünschten 

Verlust von Lichtphotonen führt. Um dieses Problem zu lösen, wurden 

Nanopartikel (NPs) vorgeschlagen, die das Sonnenlicht streuen.  

Die Streuung und Absorption in metallischen NPs (Ag, Au, Cu und Al) wird 

stark von ihrer Struktur, Größe und Materialzusammensetzung, dem 

Wirtsmedium und dem Volumenanteil der NPs im Medium selbst beeinflusst. 

Die metallischen NPs streuen das Sonnenlicht effizient bei der 

Resonanzwellenlänge. Ein analytischer Rahmen, der auf der Transfer-Matrix-

Methode (TMM) und der Mie-Theorie basiert, wurde in dieser Doktorarbeit 

verwendet, um die Streueigenschaften von Metall-NPs zu untersuchen und zu 

optimieren. Diese Simulationsstudie ermöglicht auch den Leistungstransfer 

von der Metall-NPs-Schicht in eine Substratschicht. Eine vergleichende 

Analyse zwischen der Leistung von NPs und der blanken Substratschicht ergab, 

dass Strukturen auf NPs-Basis, die eine hohe Rückstreuung aufweisen, an der 

Vorderseite nicht für eine hohe Leistungsübertragung in der Substratschicht 

geeignet sind. Außerdem zeigen Al - und Ag - NPs eine hohe Strahlung in der 

Substratschicht, die mit der Größe der NPs im sichtbaren Bereich zunimmt. 

Diese hohe Strahlungseigenschaft der NPs ermöglicht signifikante 

Verbesserungen bei der Leistungsübertragung in einem weiten AOI-Bereich. 

Die Photonendichte in der Solarzelle wird in der Regel durch 

maßgeschneiderte ARCs optimiert. Ich entwickle ein weiteres analytisches 

Modell und stelle in dieser Doktorarbeit vor, um auf NPs basierende hybride 

ARCs zu beschreiben, bei denen NPs in eine konventionelle Dünnschicht-ARC 

(SiN) auf einer Substratschicht eingebettet sind. Ein Punkt-Dipol-Ansatz wird 

implementiert, um die diffuse Reflexion durch NPs zu berechnen, während die 

TMM-Methode für die spiegelnde Reflexion von der vorderen Oberfläche 

verwendet wird. Die Simulationsergebnisse zeigen, dass die Einbettung von 

Metall-NPs in SiN-ARC die Antireflexionseigenschaft im Vergleich zur       
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konventionellen ARC bei nicht-normalem AOI des Sonnenlichts verbessert. 

Die Muster der elektrischen Feldverteilung der Strahlung in der Substratschicht 

durch einen einzelnen NP werden auch für verschiedene AOI berechnet, was 

die Verbesserungen der Antireflexionseigenschaften unterstützt. Die aus dem 

Modell gewonnenen gewichteten Solarleistungs-Transmissionswerte von 

ARCs zeigen, dass Ag - NPs, die in SiN ARC eingebettet sind, bei AOI > 74° 

besser abschneiden als SiN ARC, während ARC auf Al - NPs basierende ARC 

bei AOI > 78° besser abschneiden. Die auf Metall-NPs basierenden Hybrid-

ARCs waren bei normaler und nahezu normaler AOI weniger effizient. Dies 

wird durch parasitäre Absorption in den Metall-NPs verursacht. Da bekannt 

ist, dass dielektrische NPs dieses Verhalten in einem schmalbandigen 

Spektralbereich nicht zeigen, ersetzte ich die Metall-NPs durch dielektrische 

NPs und führte dieselbe Analyse mit nicht-absorbierenden sphärischen 

dielektrischen (SiO2) NPs durch. Dieses neue hybride ARC-Design führt zu 

einer verbesserten Antireflexionseigenschaft bei nicht normalem Einfall, 

während es bei normalem und nahezu normalem Einfall eine unbedeutende 

Änderung zeigt. Die höchste Verbesserung wird bei 85° AOI mit einer 

Oberflächenfülldichte der NPs von 70 % um mehr als den Faktor zwei bemerkt. 

Schließlich führe ich eine Berechnung der normierten Photostromdichte von 

Sonnenaufgang bis Sonnenuntergang über den Verlauf eines Jahres für fünf 

ausgewählte Städte durch, die ebenfalls Verbesserungen im Fall der SiO2 - NPs 

gezeigt haben.  
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INTRODUCTION 

__________________________________________________________________ 

Sustainable energy is one of the main issues with environmental, social, 

economic, and political aspects. Climate change, pollution, and lack of energy 

security are the outcomes of the misuse of non – renewable sources (Fossil 

fuels) such as oil, coal, and natural gas. Besides the side effects of these sources 

on human health and the environment, it remains the issue of energy available 

for the future generation. Studies show that Fossil fuels will irreversibly start to 

decline within the next few decades [5]. Therefore, coupled with the demand 

for energy in the future, the need for renewable energy (Green energy) becomes 

essential. 
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Solar energy is one of the main sources of renewable energy which is available 

on an abundant scale in the earth's atmosphere. This energy can be transformed 

into electrical energy by using solar cells. 

 SOLAR CELL 

A solar cell is a p-n diode that converts the sunlight directly to electricity. The 

cell works on photoelectric effect and semiconductor physics concepts [6]. 

Semiconducting materials such as Si [7], GaAs [8], CuInxGa(1-x)Se2 

(or CIGS) [9], etc. are generally used to make this kind of device. Currently, 

one of the most important challenges in this field is the efficiency of the solar 

cell. The efficiency is the measurement of solar power conversion into 

electricity. For many decades, new technologies and new semiconducting 

materials are being developed and investigated by researchers to increase the 

efficiency of the cell [7]–[14].  

 

 Solar Cell Characteristics 

When a solar cell is exposed to the sunlight, a photon with energy higher than 

the bandgap (Eg) of semiconducting material is absorbed by an electron (charge 

carrier) in the valance band and the electron enters in an excited state (in 

conduction band). The excited electron contributes to an electric charge of the 

cell output. The property of a solar cell is defined by four quantities such that 

short-circuit current density (𝐽𝑆𝐶), open-circuit voltage (𝑉𝑂𝐶), fill-factor (𝐹𝐹), 

and power conversion efficiency (𝜂) which are obtained from the current-

voltage (J-V) characteristics of the solar cell. The J-V characteristics of a solar 

cell is simply a superposition of p-n diode characteristics in dark and the 

photocurrent. The governing equation of the characteristics is given by 
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𝐽 = 𝐽𝑆 [exp (

𝑞𝑉

𝑛𝑘𝑇
) − 1] − 𝐽𝑃𝐻 

 

(1.1) 

 

where 𝐽 is the total current density flowing through the solar cell; 𝐽𝑆 is the dark 

saturation current density;  𝑉 is the voltage across the cell terminals; 𝑞 is the 

absolute value of electron charge; 𝑘 is the Boltzmann's constant; 𝑇 is the 

absolute temperature; 𝑛 is the ideality factor and 𝐽𝑃𝐻 is the photocurrent 

density. A schematic of the ideal characteristic (𝑛 = 1) is shown in Figure 1.1.  

 

 

Figure 1.1 Ideal J-V characteristics of the solar cell under dark and illumination 

conditions. 

 

The green shaded area in Figure 1.1 is the maximum power output from the 

solar cell. 𝐽𝑚 and 𝑉𝑚 are corresponding to the maximum power                       
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output (𝑃𝑚 = 𝐽𝑚 ∗  𝑉𝑚) from the solar cell. FF is the measure of the quality of a 

solar cell and is defined as 

 

 
𝐹𝐹 =

𝑃𝑚
𝐽𝑆𝐶 ∗ 𝑉𝑂𝐶

 

 

(1.2) 

 

The total power conversion efficiency of the solar cell is given by 

 
𝜂 =

𝑃𝑚
𝑃𝑖𝑛

=
𝐹𝐹 ∗ 𝐽𝑆𝐶 ∗ 𝑉𝑂𝐶

𝑃𝑖𝑛
 

 

(1.3) 

 

where 𝑃𝑖𝑛 is the incident power on the cell. The total incident power for AM1.5 

solar illumination is ~844 W/m2. 

The J-V characteristics of a solar cell depend on the semiconducting material 

properties, cell resistance, cell operating temperature, light intensity, and the 

ideality factor. The cell resistance reduces the efficiency of the solar cell by 

dissipating power in the resistance. These parasitic resistances are series 

resistance  (𝑅𝑆) and shunt resistance (𝑅𝑆𝐻). In this case, the governing equation 

of the J-V characteristics is found to be modified from eq. (1.1) to 

 

 

 
𝐽 = 𝐽𝑆 [exp (

𝑞(𝑉 − 𝐽𝑅𝑠)

𝑛𝑘𝑇
) − 1] +

𝑉 − 𝐽𝑅𝑠
𝑅𝑆𝐻

− 𝐽𝑃𝐻 

 

(1.4) 
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The increase in cell operating temperature reduces the band gap of 

semiconducting material. This causes a slight increase in 𝐽𝑆𝐶, however at the 

same time 𝑉𝑂𝐶 decreases because of the temperature dependence of 𝐽𝑆. 𝐽𝑆𝐶  

linearly depends on the light intensity which means if the illumination on a cell 

changes from 1 sun (AM1.5 illumination) to 10 suns, 𝐽𝑆𝐶  will increase 10 times. 

But this doesn’t mean a 10 times increase in efficiency because 𝑉𝑂𝐶 increases 

logarithmically with the light intensity. [15]  

Table 1 Charge carrier recombination type and the corresponding ideality factor. 

SRH: Shockley-Read-Hall  

Recombination Type Ideality factor 

SRH, band to band (low-level injection) 1 

SRH, band to band (high-level injection) 2 

Auger recombination 0.66 

Depletion region (in the junction) 2 

 

The ideality factor (𝑛) of a solar cell (p-n diode) is a measure of how closely the 

cell follows the ideal diode equation. The ideal diode equation is derived with 

the assumptions of charge carrier recombination such as via band to band or 

via traps in the bulk area of the cell (not in the junction). However, the 

recombination occurs in other ways too which are summarized with the 

corresponding ideality factor in Table 1. [16] 

 Quantum Efficiency 

The quantum efficiency (QE) is the ratio of no. of charge carriers collected by 

the solar cell to no. of photons incident on the solar cell. This can be separated 

into two quantities such that external quantum efficiency (EQE) and external 

quantum efficiency (IQE) of the solar cell which are defined as 
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EQE =

𝑛𝑜.  𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠/𝑠𝑒𝑐

𝑛𝑜.  𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑠𝑒𝑐
 

 

(1.4) 

 
IQE =

𝑛𝑜.  𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠/𝑠𝑒𝑐

𝑛𝑜.  𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑠𝑒𝑐
 

 

(1.5) 

In the ideal case, EQE = IQE = 1, however, in reality, they are always less than 

1. 

The photocurrent density can be obtained directly from IQE as follows 

 
𝐽𝑃𝐻 = 𝑞 ∗ ∫ 𝐴(𝜆) ∗  𝑃𝐹𝐷(𝜆) ∗

∞

𝜆𝑔

𝐼𝑄𝐸(𝜆) 𝑑𝜆 

 

(1.6) 

 

where 𝜆𝑔 is the wavelength corresponding to the band gap of semiconducting 

material; 𝑃𝐹𝐷(𝜆) is the photon flux density (cf. Figure 1.2) [17] and 𝐴(𝜆) is the 

percent of photons got absorbed in the semiconducting material corresponding 

the wavelength 𝜆. 
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Figure 1.2 The PFD spectra and spectral irradiance of AM1.5 solar spectrum. 

 

In order to find an upper theoretical efficiency limit, Shockley and Queisser [18] 

derived a thermodynamic limit for a p-n junction solar cell in the early 60s. This 

maximum efficiency limit is called Shockley – Queisser limit or SQ limit, 

achievable for any semiconducting materials i.e. 33.5 % for GaAs and 32 % for 

Si. Non-radiative recombination of photon generated charge carriers in Si is 

detrimental for cell efficiency. GaAs, however, is comparatively more efficient 

because of its direct band gap with predominant radiative recombination. The 

SQ limit shows a broad maxima with the semiconductor band gap and Si and 

GaAs lie within this maxima. It has always been a goal for experimental 

scientists to achieve the SQ efficiency limit of any semiconductor,  
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experimentally. However, unwanted photon loss in the cell limits the efficiency 

to reach its theoretical maximum.  

 

 FIRST – AND SECOND – GENERATION SOLAR CELLS 

First-generation solar cells are the conventional or traditional solar cells that 

are wafer-based and made of crystalline-Si (c-Si) [7] such as polycrystalline 

Si (poly-Si) and monocrystalline Si (mono-Si). These cells are entirely based on 

the concept of the p-n junction and are the commercially predominant PV 

technology. Solar cells made of c-Si are around 160 – 240 µm thick. Second-

generation solar cells are thin-film solar cells that are based on amorphous 

Si [7], CIGS [9], GaAs [8], etc. These solar cells are commercially significant 

in building integrated photovoltaics or in a small power system. 

 

 THIRD – GENERATION SOLAR CELLS 

In third-generation solar cells, new methods are applied to increase the photon 

absorption density in the solar cell to overcome the SQ limit by introducing an 

intrinsic layer [19], quantum wells [11], [13], [20], waveguides [21], [22], 

antireflection coating (ARC) [23], [24], back mirror contacts [24], etc. to utilize 

most of the photons of the solar spectrum in the earth’s atmosphere [25].  

The intrinsic layer in a solar cell increases space charge region and low energy 

band gap quantum well/waveguide layers increase the absorption spectrum 

range in the cell, which means that more photon absorption and hence the 

efficiency increases. Though, this creates recombination sites at the interface.  
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With these methods, the efficiency enhancement is a trade-off between charge 

carrier escape and recombination loss. This decides the thickness of the intrinsic 

layer [19] and/or no. of the quantum well layers [26] in the cell. Furthermore, 

the photon loss happens not only inside the cell but also at the surface. The 

front surface of a solar cell causes high sunlight reflection due to an abrupt 

refractive index change at the air (surrounding medium)/cell interface. A high 

number of photons get lost at the interface and don’t go through the absorption 

process. The ARC [23] is typically used to reduce this loss.  

In this doctoral thesis, I present a theoretical framework on the light photon 

management in Si and GaAs solar cells with hybrid ARC using metal / 

dielectric nanoparticles (NPs) embedded in a traditional single-layer thin film 

ARC (also called λ/4 coating) [27]. I also optimize the performance of the 

hybrid ARC on a wide-angle of incidence (AOI), since commercially available 

solar cells are usually coated with an ARC, which is such that the reflectance is 

minimal for a wavelength near the maximum of the solar spectrum under 

normal incidence. But in reality, a fixed solar cell on a house roof receives the 

sunlight throughout the day at various angles of incidence. 
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                      2 

THEORETICAL BACKGROUND OF LIGHT 

REFLECTION 

__________________________________________________________________ 

 INTRODUCTION 

In this chapter, I set down a theoretical foundation for the thesis. I start with a 

general discussion of the light reflection and its impact on a solar cell panel. 

The reflection at a surface is an angle-dependent quantity, hence I also discuss 

here the AOI of the sunlight on a solar cell surface. The ARC concept is 

described to reduce the light reflection at the front surface of the cell. For wide-

angle antireflection, I propose to introduce NPs in the ARC layer. Therefore, 

scattering of the light due to nanostructures and its application have also been 

explained. An extended effective medium theory has been applied to model the 

metal NPs’ scattering in a surrounding medium as in Chapter 3. To provide the 
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theoretical background, I give a short introduction to the effective medium 

theory at the end of this chapter. 

 

 

Figure 2.1 Reflection and transmission of an incident plane wave at an interface 
boundary.  

 

 REFLECTION AND TRANSMISSION 

The reflection and transmission are a natural phenomenon which occurs at an 

interface where the refractive index (or the dielectric permittivity) changes [28]. 

High reflection is advantageous in some circumstances such as mirrors but not 

acceptable in solar cells [23].  
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A plane wave incident on the interface will split into two waves as a reflected 

wave propagating back into the first medium (𝑛1) and a transmitted wave 

proceeding into the second medium (𝑛2) as shown in Figure 2.1. 𝑘1, 𝑘2, and 𝑘3 

are the wave vectors corresponding to the incident, transmitted, and reflected 

waves with corresponding angles 𝜃1, 𝜃2, and 𝜃3 from the normal. 𝑛1 and 𝑛2 are 

the indices of refraction of incident and transmitted medium, respectively. For 

the conservation of energy, all three wave vectors must lie in a plane known as 

the plane of incidence (cf. Figure 2.1). And, the following relation must hold: 

 𝑛1 sin(𝜃1) = 𝑛2 sin(𝜃2) = 𝑛1 sin (𝜃3) (2.1) 

 

Eq. (2.1) implies that the angle of reflection (𝜃3) must be equal to the AOI (𝜃1) 

and hence Snell’s law,  

 𝑛1 sin(𝜃1) = 𝑛2 sin(𝜃2) (2.2) 

 

An electromagnetic wave (the sunlight) consists of an electric field and a 

magnetic field. Based on the direction of the electric and magnetic field in the 

plane of incidence, the incident wave on the interface can be divided into two 

parts: TE Wave (s – polarized light) and TM Wave (p – polarized light). 

 

 Reflection and Transmission of TE Wave 

When the incident wave has the electric field vector transverse to the plane of 

incidence, it is known as TE (transverse electric) Wave or s – polarized light.  
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From Fresnel equations, the reflection (𝑟𝑠) and transmission (𝑡𝑠) coefficients for 

TE Wave can be given as (cf. Figure 2.1) 

 
𝑟𝑠 =

𝑛1 cos(𝜃1) − 𝑛2 cos(𝜃2)

𝑛1 cos(𝜃1) + 𝑛2 cos(𝜃2)
 

 

(2.3) 

 
𝑡𝑠 =

2𝑛1 cos(𝜃1)

𝑛1 cos(𝜃1) + 𝑛2 cos(𝜃2)
 

 

(2.4) 

 

 Reflection and Transmission of TM Wave 

When the incident wave has the magnetic field vector perpendicular to the 

plane of incidence, it is known as TM (transverse magnetic) Wave or p – 

polarized light. From Fresnel equations, the reflection (𝑟𝑝) and 

transmission (𝑡𝑝) coefficients for TM Wave can be given as (cf. Figure 2.1)  

 
𝑟𝑝 =

𝑛1 cos(𝜃2) − 𝑛2 cos(𝜃1)

𝑛1 cos(𝜃2) + 𝑛2 cos(𝜃1)
 

 

(2.5) 

 
𝑡𝑝 =

2𝑛1 cos(𝜃1)

𝑛1 cos(𝜃2) + 𝑛2 cos(𝜃1)
 

 

(2.6) 

 

From eq. (2.3), (2.4), (2.5), and (2.6), it is clear that the reflection and 

transmission coefficient on a solar cell surface is highly dependent on the AOI 

of the sunlight. Therefore, I must introduce the AOI of the sunlight for a real-

life scenario at a specified location in the earth’s atmosphere. 
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 ANGLE OF INCIDENCE OF THE SUNLIGHT 

AOI of the sunlight on a solar cell surface, changes continuously from morning 

to evening in a full day, is the angle between the sun’s ray and the normal on a 

solar cell surface which is given by [29] 

 cos(AOI) = sin(𝐿) ∗ sin(𝛿) ∗ cos(𝛽) − cos(𝐿) ∗ sin(𝛿)

∗ sin(𝛽) ∗ cos(𝑍𝑠) + cos(𝐿) ∗ cos(𝛿) ∗ cos(ℎ)

∗ cos(𝛽) + sin(𝐿) ∗ cos(𝛿) ∗ cos(ℎ) ∗ sin(𝛽)

∗ cos(𝑍𝑠) + cos(𝛿) ∗ sin(ℎ) ∗ sin(𝛽) ∗ sin(𝑍𝑠) 

 

(2.7) 

 

 

where  𝐿 is local latitude: the angle between a line from the center of the earth 

to a point P on the earth surface and the equatorial plane, 𝛿 is solar declination, 

𝛽 is solar cell surface layer tilt angle from the horizontal, ℎ is hour angle, and 

𝑍𝑠 is surface azimuth angle (cf. Figure 2.2 & Figure 2.3, adapted from [29]). 

 

 Surface azimuth angle  

The surface azimuth angle (𝑍𝑠) is the angle between the normal to the solar cell 

surface from due south for the Northern Hemisphere or due north for the 

Southern Hemisphere (cf. Figure 2.2). For a south-facing tilted solar cell surface 

in the Northern Hemisphere, 𝑍𝑠 = 0°. And, for a north-facing tilted solar cell 

surface in the Southern Hemisphere, 𝑍𝑠 = 180°. 
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 Solar zenith angle 

The solar zenith angle (ϕ) at a point P on the earth's surface is the angle between 

the sun’s rays and the vertical OP (cf. Figure 2.3). For a horizontal plane, the 

zenith angle and AOI are the same. 

 

  

Figure 2.2 Illustration of solar angles at a plane (E: East, W: West, N: North, S: South). 

 

 Tilt angle and Hour angle 

The tilt angle (𝛽) is the angle between the horizontal surface and the solar cell 

surface (cf. Figure 2.2). The hour angle (ℎ) of a point, P, on the earth’s surface 

is the angle measured on the earth’s equatorial plane between the projection of  
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OP and the projection of the sun and the earth center to center line        

(cf. Figure 2.3). The hour angle in degrees is  

ℎ = ± 0.25 ∗ (𝑁𝑜. 𝑜𝑓 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 𝑓𝑟𝑜𝑚 𝑙𝑜𝑐𝑎𝑙 𝑠𝑜𝑙𝑎𝑟 𝑛𝑜𝑜𝑛) 

where the plus sign is for afternoon hours and the minus sign for the morning 

hours. 

 

Figure 2.3 Latitude, solar angle, and declination. 

 Solar declination  

Solar declination angle (𝛿) is the angle between the sun and earth center line 

and the projection of this line on the equatorial plane (cf. Figure 2.3). The solar 

declinations north of the equator are positive and south are negative, is given 

by 

 
𝛿 = 23.45 ∗ sin [

360

365
∗ (284 +  𝑁)] 

 

(2.8) 
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where N is no. of 𝑛𝑡ℎ day of the year. 

Some data of declinations 𝛿 is given in Table 2. 

Table 2 Day number in a year and corresponding solar declinations (𝛿). 

Month Day number Average day of the month 

Date N 𝛿 (°) 

January                i 17 17 - 20.92 

February 31 + i 16 47 -12.95 

March 59 + i 16 75 -2.42 

April 90 + i 15 105 9.41 

May 120 + i 15 135 18.79 

June 151 + i 11 162 23.09 

July 181 + i 17 198 21.18 

August 212 + i 16 228 13.45 

September 243 + i 15 258 2.22 

October 273 + i 15 288 -9.60 

November 304 + i 14 318 -18.91 

December 334 + i 10 344 -23.05 
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Lord Rayleigh [30] stated that the reflectivity of the outer surface of an object 

(i.e. Solar cell) could be reduced when the transition of refractive index between 

the object and surrounding medium is gradual. Later, H. Taylor discovered a 

decrease in reflection associated with a tarnish (coating) that develops on a glass 

surface [31]. F. Wright performed various chemical experiments to produce the 

"tarnish" and proposed an explanation of the effect that small pits on a glass 

surface results in a decrease of the refractivity at the surface by giving a gradual 

transition in the refractive index from glass to air instead of an abrupt change. 

This gradual transition leads to decrease in reflectivity and conceptualize the 

ARC development [31].  

 

 THIN – FILM ANTIREFLECTION COATING (ARC) IN 

SOLAR CELLS 

Decades of optical and optoelectronic device development have led to the 

search for ways to maximize sunlight collection. The ARCs have played a 

major role in this regard in solar cell development. Various methods and 

strategies have been unfolded to minimize the front surface reflection such as 

Single – Layer ARC [23], [32], Double – Layer ARC [23], [33], Multilayer 

ARC [34], [35], Textured surface ARC [36]–[38], etc. Some of them are 

explained in the following sections. 
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 Single – Layer ARC 

Single – Layer ARCs are used in laser, photodiodes, etc. where the reflection 

needs to be minimum at a single wavelength or throughout a narrow band [23]. 

In solar cells, this is used to get minimum reflection at 550 nm wavelength at 

which spectral irradiance of the solar spectrum is maximum (cf. Figure 1.2). 

The reflection from any surface of a non-absorbing material with a surrounding 

environment can be calculated by Fresnel equations (cf. Section 3.2.2) [33].  

The reflection from a single – layer ARC is a result of constructive and 

destructive interference of the reflected light wave (𝑤1 & 𝑤2) from the first 

interface (1) and internal interface (2) (cf. Figure 2.4 (a)). Considering that the 

refractive index of the non-absorbing material is 𝑛𝑠 at a desired wavelength (𝜆), 

the surrounding environment medium have the refractive index 𝑛0, and the 

required refractive index of ARC is 𝑛𝐴𝑅𝐶, the optical path difference (𝑂𝑃𝐷) 

between the reflected light 𝑤1 & 𝑤2 at normal incidence (𝐴𝑂𝐼 = 0°) is given by 

 𝑂𝑃𝐷 = 2 ∗ 𝑛𝐴𝑅𝐶 ∗ 𝑑𝐴𝑅𝐶 (2.9) 

 

where 𝑑𝐴𝑅𝐶 is the thickness of ARC. The reflected light can be discussed in two 

different cases. 

Case 1: When the reflected light 𝑤1 & 𝑤2 are in phase, it leads to the 

constructive interference at the interface 1. In this case, 𝑂𝑃𝐷 is given by 

 𝑂𝑃𝐷 = 𝑚 ∗ 𝜆   𝑤ℎ𝑒𝑟𝑒 𝑚 = 1,2,3… (2.10) 
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Case 2: When the reflected light 𝑤1 & 𝑤2 are out of phase, it leads to the 

destructive interference at the interface 1. In this case, 𝑂𝑃𝐷 is given by 

 
𝑂𝑃𝐷 = (𝑚 +

1

2
) ∗ 𝜆   𝑤ℎ𝑒𝑟𝑒 𝑚 = 0,1,2,3… 

(2.11) 

 

The perfect single – layer ARC works under the destructive interference 

condition (Case 2).  

Therefore, from eq. (2.9) and (2.11), the required thickness of ARC (𝑑𝐴𝑅𝐶) can 

be given by 

 
𝑑𝐴𝑅𝐶 =

𝜆

4 ∗ 𝑛𝐴𝑅𝐶
 

 

(2.12) 

 

In the case of destructive interference, the reflectance 𝑅1 & 𝑅2 at 

interfaces 1 & 2 must be equal to perfectly cancel out each other                             

(cf. Figure 2.4 (a)). Therefore, from Fresnel equations at normal incidence 

 𝑛𝐴𝑅𝐶 − 𝑛0
𝑛𝐴𝑅𝐶 + 𝑛0

=
𝑛𝑠 − 𝑛𝐴𝑅𝐶
𝑛𝑠 + 𝑛𝐴𝑅𝐶

 

 

(2.13) 

⇒ 𝑛𝐴𝑅𝐶 = √𝑛𝑠 ∗ 𝑛0 (2.14) 

 

with 𝑛0 < 𝑛𝐴𝑅𝐶 < 𝑛𝑠. From eq. (2.4) and (2.6), one needs to deposit a 73 nm 

coating with an 𝑛𝐴𝑅𝐶 = 1.87 (e.g., Si3N4 [40]) to get the minimum reflection at  
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550 nm for silicon (Si) or GaAs (𝑛𝑠 = 3.5). In the glass (BK7) industry, single 

layer MgF2 is the most commonly used ARC [32]. 

 

 

Figure 2.4 Schematic of various antireflection coating designs (a) Single-Layer ARC, 
(b) Double-Layer ARC, and (c) Multilayer ARC. 

 

The major problem with single layer ARC is that they reduce the reflectivity for 

a single wavelength and AOI. The reflectivity increases for other AOIs because 

it causes constructive interference at the surface. Furthermore, there are limited  
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number of natural materials in the atmosphere with a low refractive index for 

transparent media. For example, for glass (𝑛 = 1.5), the refractive index of the 

single-layer ARC is equal to 1.22, from eq. 2.14. In nature, no other material is 

found with this refractive index and hence any material, with a refractive index 

close to this value, can be used which will certainly not minimize the reflection 

efficiently. 

 

 Double – Layer ARC 

Further reduction in the reflection can be achieved by a double layer ARC, also 

called V-shaped ARC (named after its V-shaped spectra). These coatings are 

also famous in laser and solar cell applications when minimum reflection is 

required only at a specific band of wavelength [32]. For this, the thickness and 

refractive indices of layers must agree with the following equations to reduce 

the reflection down to zero: 

 
𝑛1 ∗ 𝑑1 = 𝑛2 ∗ 𝑑2 =

𝜆

4
 

 

(2.15) 

 𝑛1 ∗ 𝑛2 = 𝑛0 ∗ 𝑛𝑠 (2.16) 

 

where 𝑛1, 𝑑1, 𝑛2, and 𝑑2 are the thickness and refractive indices of two layers 

with 𝑛0 < 𝑛1 < 𝑛2 < 𝑛𝑠 (cf. Figure 2.4 (b)). 
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In Si-solar cells, many combinations of thin-film layers have shown interesting 

low reflection results such as MgF2 (𝑛 = 1.38) and CeO2 (𝑛 = 2.2);                 

MgF2 (𝑛 = 1.38) and ZnS (𝑛 = 2.3) [23], [33], etc. 

 

 Multilayer ARC 

Multilayer ARCs are used for broadband antireflection. These ARCs are a 

combination of several continuous dielectric thin film layers as shown in  

Figure 2.4 (c) [34], [35], [41]. The total reflectance from a multilayer ARC is 

generally modelled with Transfer Matrix Method (TMM) [28], [42], Finite 

Difference Time Domain method (FDTD) [35], etc. The TMM method is 

explained in detail in Section 3.2.2.  

The TiO2/SiO2 multilayer is the most widely used combination for multilayer 

ARC which has shown promising antireflective properties for glass [43]–[45] 

and Si [46] in visible wavelengths. 

From a fabrication point of view, thin-film ARCs can be made with various 

thin – film deposition techniques such as spin – coating [47], [48], dip – 

coating [49]–[52], chemical vapor deposition (CVD) [53], plasma – enhanced 

chemical vapor deposition (PECVD) [54]–[56], thermal evaporation [57], 

magnetron sputtering [58], etc. 

In textured surface ARC, the surface has a pattern of structure (i.e. 

pyramids [38], moth’s eye [59], etc.) with a cross-sectional dimension less than 

the light wavelength. These patterns perform a medium with spatially varying 

refractive index. If the cross-sectional dimension is equal to or larger than the  
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the incident light wavelength, it scatters the light with not much help in 

transmission. 

 

 LIGHT SCATTERING BY NANOSTRUCTURES 

Light scattering by subwavelength nanostructures is one of the fundamental 

problems of electrodynamics. The physical understanding of this began with an 

electric dipole concept, introduced by Lord Rayleigh [60]. It starts with 

assuming that the electromagnetic field is constant in the region of interest as 

the size of the nanostructure is small comparing to the light wavelength. Then 

the homogeneous field of the incident light induces a polarization which in 

result scatters the light. The polarization is determined by the dielectric function 

of materials [61]. 

The linear optical phenomena of any media with known dielectric functions 

can in principle be modelled by solving Maxwell’s equations [62]. However, 

the exact solution of light scattering by small particles was published by 

Clebsh [63] in 1863, a year before Maxwell’s work about the electromagnetic 

theory of light. The breakthrough in understating light scattering by spherical 

nanostructures came from the work of Mie [64].  

 

 Mie Theory 

The light scattering by spherical nanostructures such as spherical NPs has been 

theoretically formulated by G. Mie [64]. The solutions for the interaction of a 

plane electromagnetic wave by homogeneous NPs of an arbitrary index 

of refraction and any diameter embedded in a homogeneous dielectric medium, 

as shown in Figure 2.5, are famously known as Mie theory [64], [65], and 
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expressed as infinite series for total extinction (𝑄𝑒𝑥𝑡), scattering (𝑄𝑠𝑐𝑎) and 

backscattering (𝑄𝑏) efficiency of a homogeneous NP which are as follows 

 

Figure 2.5 Schematic of the electromagnetic field interaction with spherical NPs. 

 

 
𝑄𝑒𝑥𝑡 =

2

𝑥2
∗∑(2𝑛 + 1) ∗ 𝑅𝑒[𝑎𝑛 + 𝑏𝑛]

∞

𝑛=1

 

 

(2.17) 

 
𝑄𝑠𝑐𝑎 =

2

𝑥2
∗∑(2𝑛 + 1) ∗ [(𝑎𝑛)

2 + (𝑏𝑛)
2]

∞

𝑛=1

 

 

(2.18) 

 

𝑄𝑏 =
1

𝑥2
∗ |∑(2𝑛 + 1) ∗ (−1)𝑛 ∗ (𝑎𝑛 + 𝑏𝑛)

∞

𝑛=1

|

2

 

 

(2.19) 
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where 𝑎𝑛 =
𝑚𝜓𝑛(𝑚𝑥)𝜓𝑛

′ (𝑥)−𝜓𝑛(𝑥)𝜓𝑛
′ (𝑚𝑥)

𝑚𝜓𝑛(𝑚𝑥)𝜉𝑛
′ (𝑥)−𝜉𝑛(𝑥)𝜓𝑛

′ (𝑚𝑥)
,  

𝑏𝑛 =
𝜓𝑛(𝑚𝑥)𝜓𝑛

′ (𝑥)−𝑚𝜓𝑛(𝑥)𝜓𝑛
′ (𝑚𝑥)

𝜓𝑛(𝑚𝑥)𝜉𝑛
′ (𝑥)−𝑚𝜉𝑛(𝑥)𝜓𝑛

′ (𝑚𝑥)
 , and size parameter 𝑥 is 2𝜋𝑛ℎ𝑟 𝜆⁄ . 𝑚 is 

the ratio of the refractive index of NP (𝑛𝑟) to that of the surrounding medium 

(𝑛ℎ), 𝑟 is the radius of the sphere, and 𝜆 is the wavelength of sunlight. 𝜓𝑛 and 

𝜉𝑛 are Riccati-Bessel functions. 𝑎𝑛 and 𝑏𝑛 vanish as 𝑚 approaches to unity; it 

means when the NP disappears, so does the scattered field. 

Subwavelength nanostructures have shown promising advantages in solar cell 

applications such as localized surface plasmon resonance (LSPR) in metal NPs 

and strong suppression of the light reflection at resonance wavelength [66], [67]. 

The electromagnetic light in metal nanostructures excites the collective 

oscillation of free electrons. And, it’s prominent near the plasmon resonance 

wavelength. This phenomenon is known as LSPR, and the field of study is 

known as Plasmonics [66]. 

Spherical metal NPs are used extensively in solar cells due to their high 

scattering property in a wide range of the solar spectrum [14], [68]–[73]. The 

solar cell structures have been demonstrated with improved performance due 

to NPs such that Au – NPs at the front side of Si solar cells [14] and Ag – NPs 

at the front side of GaAs solar cells [72] reduce the incident sunlight reflection 

and enhance the efficiency of the cell. Temple et al. investigated the optical 

property of metal NPs and found out that Ag – NPs scatter more than 97 % of 

the visible range of the AM1.5 solar spectrum [74]. Cole et al. used Mie theory 

simulations and determined that a 30 % of surface coverage of Ag – NPs of 

radius 105 nm can scatter 98.9 % of photons in the range 380 nm – 820 nm [75]. 

Despite the various studies on these metal NPs, practical applications have 

many other challenges such as large ohmic losses in metals which suppress 



THEORETICAL BACKGROUND OF LIGHT REFLECTION 

28 

 

NPs’ resonances [76], or parasitic surface oxidizing in the environment which 

changes the optical properties of NPs [77]. These NPs also face high absorption 

at the resonance wavelength. Alternatively, all-dielectric nanostructures have 

emerged recently as a promising candidate [32], [78], [79]. These 

nanostructures have a high refractive index with electric and magnetic Mie 

resonances and allow simultaneous control of electric and magnetic 

components of the light at the nanoscale [80]. These nanostructures also do not 

show absorbing behavior in a narrow band range [81]. This has been captured 

the attention of the scientific community and being investigated widely. 

Dielectric NPs in the solar cell applications have been demonstrated 

experimentally [82]–[87] and theoretically [88]–[92] with improved device 

performance. Wan et al.’s TiO2 – NPs coated solar cell exhibited ca. 30 % 

enhancement in the photocurrent [85]. Whereas, Ha et al. demonstrated 

experimentally more than 30 % efficiency gain by using dielectric SiO2 – NPs 

on a GaAs solar cell [86]. These NPs are closely packed and work as an ARC. 

The wide-angle improvement was also noticed for the entire visible spectrum. 

Huang et al. measured the normalized current density of with/without sub-

micrometer silica (SiO2) spheres coated amorphous Si solar cells and noticed 

the enhancement after 40° AOI [93]. These high refractive index dielectric NPs 

possess high directionality at a specific wavelength which results in strong 

forward and low backward scattering [94], [95]. This behavior of NPs with 

equal electric and magnetic dipole moments was predicted by Kerker and 

colleagues [96]. Such NPs are also called sometimes Huygens element [97], 

[98]. Huygens elements are proposed to be used in metasurfaces and future 

photonic devices for the efficient light control at the nanoscale level [99]. 

The scattering property of other regular structures i.e. ellipsoid and cylinders 

with arbitrary radius can also be modelled with the so-called corrected Mie 
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theory. The optical properties of spheroidal particles such as plasmonic NPs 

with elongated shapes have been studied in detail with modifications of Mie 

theory known as the Gans modifications [100]. Maxwell – Garnett (MG) 

effective medium theory [101] providing an effective medium approach is also 

one of its kind which is explained in the next section. 

 

 MAXWELL – GARNET (MG) EFFECTIVE MEDIUM 

THEORY 

The MG effective medium theory, developed by Maxwell Garnet [101], 

approximates the dielectric permittivity of an effective medium in terms of the 

dielectric permittivities of individual constituents of the complex medium. The 

theory is summarized in brief here[102]. If small spherical NPs of radius 𝑟 and 

dielectric permittivity 휀𝑟 suspended in a host medium of permittivity 휀ℎ (cf. 

Figure 2.6), with the effective dielectric permittivity of the system 휀𝑒𝑓𝑓, then 

from the Clausius-Mosotti equation, 

 휀𝑒𝑓𝑓 − 휀ℎ

휀𝑒𝑓𝑓 + 2휀ℎ
=
𝑓

𝑟3
∗ 𝛼 

 

(2.20) 

 

where 𝛼 is the NP dipole polarizability and 𝑓 is the volume fraction of 

embedded NPs (cf. Section 3.2). The NP dipole polarizability is given by 

 𝛼 =
휀𝑟 − 휀ℎ
휀𝑟 + 2휀ℎ

∗ 𝑟3 

 

(2.21) 
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Figure 2.6 Spherical NPs in a host medium. 

 

Substituting this in Eq. (2.20), it yields the effective dielectric permittivity as 

 
휀𝑒𝑓𝑓 = 휀ℎ ∗

휀𝑟 ∗ (1 + 2𝑓) + 2휀ℎ ∗ (1 − 𝑓)

휀𝑟 ∗ (1 − 𝑓) + 휀ℎ ∗ (2 + 𝑓)
 

 

(2.22) 

 

 

 

This equation is valid for 𝑟 ≪ 𝜆, where 𝜆 is the incident sunlight wavelength. 

In the present thesis, the optical properties of nanocomposite layer (spherical 

NPs’ in a host medium) have been studied using the extended effective medium 

theory which is a modified version of the MG effective medium 

theory [103] (cf. Section 3.2). Moreover, this theory only considers the specular 
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behavior of the sunlight as specular reflection and specular transmission in a 

thin film (the nanocomposite layer in my case) and suppresses the radiation 

property of NPs. Therefore, the Dipole model [104] combined with Mie 

scattering has been adapted to describe the radiation profile of NPs, which is 

explained in Section 4.2. 
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                      3 

EFFECTIVE MEDIA 

__________________________________________________________________ 

 INTRODUCTION 

In this chapter, I present a study on the optical properties of metal NPs (Ag, 

Au, Al, and Cu) and a simulation study of metal NPs on n-GaAs absorber layer 

with different AOI of the sunlight. Some of the results have been published in 

Ref. [1]. Mie theory has been used to model the optical properties of NPs. These 

are given in terms of NPs’ efficiencies such as scattering efficiency (𝑄𝑠𝑐𝑎) and 

absorption efficiency (𝑄𝑎𝑏𝑠) (cf. Section 2.5). The sum of both efficiencies is 

called extinction efficiency (𝑄𝑒𝑥𝑡) of NPs. I have also calculated a dimensionless 

quantity, 𝑄𝑠𝑐𝑎/𝑄𝑒𝑥𝑡, called radiative efficiency (𝑄𝑟𝑎𝑑) of NPs. With the help of 

extended MG effective medium theory [103], I calculated an effective 

permittivity of the nanocomposite layer (NPs and host medium). The TMM 
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method has been implemented to calculate the optical properties of multilayer 

thin film [28]. When the light incident on an NP, it causes a radiation pattern 

with different wave vectors spreading over wide angles in the absorber 

layer [105]. Whereas, the effective medium theory leads to a specular 

transmission of the incident light in the absorber layer. This simplified 

analytical model does not consider the complete radiation profile of NPs and is 

sufficient to get a quick overview on the usage of different metal NPs and their 

sizes in the nanocomposite layer for high power transfer for which the complete 

picture of scattering profile is unnecessary. The model is purely based on Mie 

theory, thereby ignoring any quantum effects such as the coupling effects on 

the dielectric function of NP and the substrate due to the high-efficiency energy 

transfer channel between the plasmons in NPs and the band electrons of the 

substrate [106]. 

 

 METHODS 

 Extended MG Effective Medium Theory  

Doyle [103] suggested an approach that allows effective electric dipole 

polarizability obtained from Mie theory and to be used in the MG effective 

medium theory. In this approximation, the effective electric dipole 

polarizability (𝛼1) of an isolated sphere in a host medium is given as  

 
𝛼1 = 𝑖 ∗

3𝑟3

2𝑥3
∗ 𝑎1 

 

(3.1) 
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where the size parameter 𝑥 is 2𝜋𝑛ℎ𝑟 𝜆⁄ , 𝑛ℎ is a ratio of the refractive index of 

NP to that of surrounding medium (the host medium), 𝑟 is the radius of the 

sphere, 𝑎1 is the scattering coefficient (cf. Section 2.5) and 𝜆 is the wavelength 

of sunlight. 

Putting this value in the MG effective medium theory expression yields an 

extended MG effective medium theory for spheres of nonzero size as 

 휀𝑒𝑓𝑓 − 휀ℎ

휀𝑒𝑓𝑓 + 2휀ℎ
=
2𝜋𝑖𝑁0𝑟

3𝛼1
𝑥3

 

 

(3.2) 

 

where 𝑖2 = −1; 휀𝑒𝑓𝑓 and 휀ℎ are the effective permittivity of the nanocomposite 

(NPs and the host medium) layer and the host medium, respectively. The NPs’ 

density 𝑁0 is related with volume-filling factor 𝑓 = 4𝜋𝑁0𝑟
3 3⁄ . The expression 

of 𝑓 is obtained as follows: 

The volume of the nanocomposite layer is 𝑉𝑁𝐶 = 𝑙 ∗ 𝑏 ∗ 𝑑, where d is the 

thickness, l is the length, and b is the breadth of the layer. The volume of a 

spherical NP is 𝑉𝑁𝑃 = (4 3⁄ ) 𝜋𝑟3. So, the number of NPs in the layer can be 

given as 𝑁𝑁𝑃𝑠 = (𝑙 𝑝⁄ ) ∗ (𝑏 𝑝⁄ ), where 𝑝 is the period of NPs array distributed 

in two-dimensional (2D) in the layer. Thus, the volume fraction (𝑓) of NPs in 

the layer is given by, 𝑓 = (𝑁𝑁𝑃𝑠 ∗ 𝑉𝑁𝑃) 𝑉𝑁𝐶⁄  [42]. The dipole approximation is 

valid for small volume fractions (𝑓 < 0.5) [107]. 
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 Transfer Matrix Method (TMM) 

In order to calculate transmission from the nanocomposite layer, the TMM 

method, also called 2x2 matrix method, has been applied which allows to 

determine reflection, transmission, and absorption in a multilayer thin film 

[28]. The method is summarized as follows. I assume that a plane wave 

incidents on a multilayer thin-film structure which is having 𝑙 layers between 

air and a semi – infinite substrate (0, 𝑠) (cf. Figure 3.1). Each layer (𝑗 =

1,2,3…𝑚) has a thickness of 𝑑𝑗 with complex refractive index 𝑛𝑗. When, the 

plane wave incident at the interfaces of the multilayer thin film, it follows 

Snell’s law (Section 2.2). If the electric field in 𝑗𝑡ℎ layer propagating in positive 

𝑥-direction is 𝐸𝑗
+ and in negative 𝑥-direction is 𝐸𝑗

−, a transmission matrix for 

the 𝑗𝑡ℎ layer can be written as 

 

 

Figure 3.1 Schematic diagram of a multilayer thin-film structure with m layers between 

air and semi-infinite substrate. 
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𝑀𝑗𝑘 =

1

𝑡𝑗𝑘
∗ [
1 𝑟𝑗𝑘
𝑟𝑗𝑘 1

] 
(3.3) 

 

where  𝑡𝑗𝑘 and 𝑟𝑗𝑘 are Fresnel transmission and reflection coefficients at an 

interface 𝑗𝑘, which are defined as (cf. Section 2.2) 

 
𝑟𝑗𝑘 =

𝑛𝑗 cos(𝜃𝑗) − 𝑛𝑘 cos(𝜃𝑘)

𝑛𝑗 cos(𝜃𝑗) + 𝑛𝑘 cos(𝜃𝑘)
,

𝑡𝑗𝑘 =
2. 𝑛𝑗 cos(𝜃𝑗)

𝑛𝑗 cos(𝜃𝑗) + 𝑛𝑘 cos(𝜃𝑘) }
 
 

 
 

 𝑓𝑜𝑟 𝑠 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑒𝑑 𝑙𝑖𝑔ℎ𝑡 (𝑇𝐸) 

 

(3.4) 

 

 

and 

 
𝑟𝑗𝑘 =

𝑛𝑗 cos(𝜃𝑘) − 𝑛𝑘 cos(𝜃𝑗)

𝑛𝑗 cos(𝜃𝑘) + 𝑛𝑘 cos(𝜃𝑗)
,

𝑡𝑗𝑘 =
2. 𝑛𝑗 cos(𝜃𝑗)

𝑛𝑗 cos(𝜃𝑘) + 𝑛𝑘 cos(𝜃𝑗) }
 
 

 
 

 𝑓𝑜𝑟 𝑝 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑒𝑑 𝑙𝑖𝑔ℎ𝑡 (𝑇𝑀) 

 

(3.5) 

 

 

A propagation matrix for the plane wave propagating through the 𝑗𝑡ℎ layer is 

given by 

 
𝑃𝑗 = [

𝑒−𝑖.(2𝜋 𝜆⁄ ).𝑑𝑗.𝑛𝑗.cos (𝜃𝑗) 0
0 𝑒𝑖.(2𝜋 𝜆⁄ ).𝑑𝑗.𝑛𝑗.cos (𝜃𝑗)

] 

 

(3.6) 
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where 𝜆 is the wavelength of the incident wave and 𝜃𝑗  is the angle of refraction.  

By using the transmission and propagation matrices, a total transfer matrix M, 

for the whole stacks of layers which relates the incident electric field at the first 

interface (air/layer-1) with the transmitted electric field through the last 

interface (layer- 𝑙/substrate), is given by 

 

 
[
𝐸0
+

𝐸0
−] = 𝑴 [

𝐸𝑠
+

0
] = 𝑀01 ∗ 𝑃1 ∗ 𝑀12 ∗ 𝑃2…… . . 𝑃𝑙 ∗ 𝑀𝑙𝑠 [

𝐸𝑠
+

0
]

= [
𝑴𝟏𝟏 𝑴𝟏𝟐

𝑴𝟐𝟏 𝑴𝟐𝟐
] 

 

(3.7) 

 

The transmission and reflection coefficients can be expressed from eq. (3.7) as 

𝑡 =
1

𝑴𝟏𝟏
;  𝑟 =

𝑴𝟐𝟏

𝑴𝟏𝟏
. 

Taking into account the above results, the reflectance is given as 𝑅 = |𝑟|2 and 

the transmittance is given as 𝑇 =
𝑛𝑠cos (𝜃𝑠)

𝑛0cos (𝜃0)
. |𝑡|2 , where 𝑠 and 0 are 

corresponding to the substrate and the incident medium (air). 

Since the transmittance needs to be maximized where the solar spectrum has a 

maximum intensity, I have calculated weighted solar power transfer (𝑃𝑤): 

 

𝑃𝑤 =
∫ 𝑇(𝜆)
𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛

∗ 𝑆(𝜆) 𝑑𝜆

∫ 𝑆(𝜆) 𝑑𝜆
𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛

 

 

(3.8) 
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where 𝑇(𝜆) and 𝑆(𝜆) are the transmittances and the intensity of the AM1.5 

solar spectrum at wavelength 𝜆. 𝜆𝑚𝑖𝑛 and 𝜆𝑚𝑎𝑥 are the minimum and 

maximum allowed wavelengths. 

 

 

Figure 3.2 Schematic of the simulated device structure. E, B, and k are electric field, 

magnetic field, and wave vector of the incident electromagnetic wave, respectively. φ 
is the AOI. 

 

The nanocomposite layer made of a 2D array of metal NPs (Ag, Au, Al, and 

Cu) of an equal period in a dielectric matrix (air in my case) bounded with air 

and n – GaAs absorber layer has been investigated. There are three layers (air, 

the nanocomposite layer, and n – GaAs layer) in the simulated device structure, 

each has a wavelength-dependent index of refraction. A schematic of the 

simulated device structure is shown in Figure 3.2. Data of the index of  
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refraction for n – GaAs absorber layer is taken from Ref. [108] and shown in 

Figure 3.4. Optical constants of metals are taken from Ref. [109] and shown in 

Figure 3.5. Linear interpolation is applied to fit the optical constants for the 

desired step size. The AM1.5 solar spectrum, used in the calculation, is shown 

in Figure 3.3 [25]. The angular dependent solar spectrum is ignored as it has no 

effect on the transmittance calculation. The n-GaAs layer is assumed to be non-

absorbing.  

 

 

Figure 3.3 AM1.5 solar spectrum. Only red shaded are is available for n-GaAs 
absorber layer. 

 

The dielectric permittivity of metal NPs (휀𝑟) of radius 𝑟 is calculated by Drude 

model which is described as follows [110] 
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 휀𝑟 = 휀𝑏 + ∆휀 (3.11) 

 
∆휀 = 1 +

𝜔𝑝
2

𝜔2 + 𝑖𝛾𝜔
−

𝜔𝑝
2

𝜔2 + 𝑖𝛾(𝑟)𝜔
 

 

(3.12) 

 𝛾(𝑟) = 𝛾 + 𝐴 ∗
𝜈𝐹
𝑟

 

 

(3.13) 

where 휀𝑏 is the bulk metal-dielectric permittivity, 𝜔𝑝 is the plasma frequency 

(= 5.8 x 1015 s-1), 𝛾 is the electron scattering rate (= 0.01𝜔𝑝), and 𝜈𝐹 is the Fermi 

velocity (= 1.39 x 106 m/s). 𝐴 is a dimensionless constant of order 1. 

 

 

Figure 3.4 Real part (n) of the complex refractive index of GaAs and n – doped GaAs.  
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Figure 3.5 Complex refractive index of bulk metals (log scale) (a) real part (n), and (b) 
imaginary part (k). 
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 RESULTS AND DISCUSSION 

 Radiative and Backscattering Efficiency  

The efficiency curves (𝑄𝑟𝑎𝑑 and 𝑄𝑏) have been illustrated for metal NPs of 

various sizes with the light operating wavelength 300 nm – 1200 nm. 𝑄𝑟𝑎𝑑 and 

𝑄𝑏  of Silver NPs (Ag – NPs), Gold NPs (Au – NPs), Copper NPs (Cu – NPs), 

and Aluminum NPs (Al – NPs) are shown in Figure 3.6, Figure 3.7, Figure 3.8, 

and Figure 3.9, respectively. Ag –, Au– and Cu – NPs show strong localized 

surface plasmon resonance in the visible region [74]. Metal NPs not only scatter 

the sunlight efficiently at resonance wavelength but also absorb. Dips in 𝑄𝑟𝑎𝑑 

spectra show the absorbance in metal NPs. 𝑄𝑟𝑎𝑑 of Ag – NPs of diameters ≥ 

100 nm have been observed more than 80 % in the visible range which is 

desirable for high power transfer (cf. Figure 3.6 (a)). Whereas Au – NPs of 

diameters ≥ 120 nm have 𝑄𝑟𝑎𝑑 higher than 70 %, only for higher 

wavelength (550 nm – 900 nm). For wavelength range 350 nm – 500 nm, 𝑄𝑟𝑎𝑑 

of Au – NPs is below 60 % which is detrimental for high power transfer (cf. 

Figure 3.7 (a)) because the solar spectrum has a high no. of photons near 500 

nm (cf. Figure 1.2). Similarly, 𝑄𝑟𝑎𝑑 of Cu – NPs of diameter ≥ 120 nm is higher 

than 70 % in 650 nm – 800 nm spectrum range (cf. Figure 3.8 (a)) and below 

60 % in 300 nm – 500 nm spectrum range. Al – NPs show weakly localized 

surface plasmon resonance compared to other metal NPs (Ag, Au, and 

Cu) [74]. However, 𝑄𝑟𝑎𝑑 of Al – NPs is more than 80 % in the visible range for 

larger NPs (160 nm – 200 nm). For 40 nm diameter, it goes minimum such that 

80 – 90 % of the incident sunlight got absorbed over all the wavelength (cf. 

Figure 3.9 (a)). 
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Figure 3.6 (a) Radiative efficiency (𝑄𝑟𝑎𝑑 = 𝑄𝑠𝑐𝑎/𝑄𝑒𝑥𝑡), and (b) normalized 

backscattering efficiency (𝑄𝑏) of Ag-NPs of sizes 40 nm – 200 nm. 
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Figure 3.7 (a) Radiative efficiency (𝑄𝑟𝑎𝑑 = 𝑄𝑠𝑐𝑎/𝑄𝑒𝑥𝑡), and (b) normalized 

backscattering efficiency (𝑄𝑏) of Au-NPs of sizes 40 nm – 200 nm. 
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Figure 3.8 (a) Radiative efficiency (𝑄𝑟𝑎𝑑 = 𝑄𝑠𝑐𝑎/𝑄𝑒𝑥𝑡), and (b) normalized 

backscattering efficiency (𝑄𝑏) of Cu-NPs of sizes 40 nm – 200 nm. 
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Figure 3.9 (a) Radiative efficiency (𝑄𝑟𝑎𝑑 = 𝑄𝑠𝑐𝑎/𝑄𝑒𝑥𝑡), and (b) normalized 

backscattering efficiency (𝑄𝑏) of Al-NPs of sizes 40 nm – 200 nm. 
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𝑄𝑏 of Ag – NPs increases and then decreases with the NPs’ size and also, the 

curves become wider with the NPs’ size (cf. Figure 3.6 (b)). Additionally, the 

resonance peak shifts towards high wavelength with the NPs’ size. The highest 

𝑄𝑏 peak is noticed at 408 nm for 120 nm NPs’ size. 𝑄𝑏 of Au – NPs and Cu – 

NPs increases with the NPs’ size and the highest is between 550 nm – 800 nm 

wavelength range (cf. Figure 3.7 (b) & Figure 3.8 (b)). 𝑄𝑏 of Al – NPs of smaller 

sizes are negligible in the visible range, but for the large NPs’ size, it increases 

dramatically (cf. Figure 3.9 (b)). Same as Ag – NPs, 𝑄𝑏 of Au – NPs, Cu – NPs 

and Al – NPs become wider with wavelength and shifts to higher wavelengths 

with the NPs’ size. 

The optical properties of metals can be divided into free-electron and interband 

regions. The localized surface plasmon resonance in metals is predominantly 

due to the behavior of free electrons in the conduction band. Whereas interband 

transitions either damp or prohibit this transition. Noble metals such as Ag, Au, 

and Cu are distinguished by a threshold wavelength below which the optical 

properties of metals are dominant by the interband transition. This transition 

occurs at wavelengths 327 nm, 517 nm, and 590 nm approximately for Ag –, 

Au – and Cu – NPs, respectively. Al – NPs have a weak interband region near 

827 nm [74]. Our calculations have shown the same behavior for these NPs. 

Ag –, Au – and Cu – NPs absorb the sunlight maximum at these wavelengths 

(cf. Figure 3.6 (a), Figure 3.7 (a), & Figure 3.8 (a)). Al – NPs show high 

absorption in the 800 nm – 900 nm wavelength range (cf. Figure 3.9 (a)). 

In Figure 3.6 (a), Ag – NPs of diameters 160 nm – 200 nm show more than 

90 % scattering of the sunlight over the spectral range 500 nm – 1200 nm. This  
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result coincides with the previously reported outcome such as optimal photon 

scattering could be achieved from large Ag – NPs [75]. 𝑄𝑟𝑎𝑑 of Ag – NPs is high 

for larger NPs, which is a consequence of the localized surface plasmon 

resonance. The optical cross section is also high in this case which means that 

there is less parasitic absorption and more scattering. On the other hand, when 

the scattering is high so as the backscattering such that 𝑄𝑏 curves of Ag – NPs 

of smaller diameters are narrower compared to the larger ones                                

(cf. Figure 3.6 (b)). Single-mode of dipole scattering in Ag – NPs is also noticed 

as the dominant one. Whereas the higher-order mode is only visible in larger 

particles, but the resonance peak of this mode is weaker which can be seen at 

wavelength 350 nm for NPs of size 200 nm as shown in Figure 3.6 (b). The 

higher-order mode is not visible in other metal NPs. 

 

 Power Transfer from the Nanocomposite Layer 

𝑃𝑤 of metal NPs are illustrated in a contour plot using a matrix of NPs’ diameter 

and AOI (cf. Figure 3.10, Figure 3.11, Figure 3.12, and Figure 3.13). There are 

four contour plots for each metal NPs with different volume fraction of NPs in 

the nanocomposite layer such as f = 0.10, f = 0.20, f = 0.30 and f = 0.40. For 

reference, I calculated 𝑃𝑤 of an air / n-GaAs interface at 0°- 80° AOI. At 0° 

AOI, the reference 𝑃𝑤 is obtained as 63.93 %. In contour plots, NPs of 0 nm 

diameter (on Y – axis) is corresponding to the reference (transmission from 

air / n-GaAs interface). 0° AOI is corresponding to the normal incidence. 

𝑃𝑤 from the nanocomposite layer (Ag – NPs in the air medium) into n-GaAs 

layer are shown in Figure 3.10. It is noticed that 𝑃𝑤 is high for NPs of diameters  
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20 nm – 200 nm range at f = 0.10 (cf. Figure 3.10 (a)). At the volume fraction 

f = 0.20, the maximum 𝑃𝑤 = 77 % is achieved for NPs of diameters 60 nm – 

120 nm (cf. Figure 3.10 (b)). As the volume fraction of NPs increases, the size 

of NPs for maximum 𝑃𝑤 decreases. At f = 0.30, the NPs’ diameters for 

maximum 𝑃𝑤 restricts to 60 nm – 100 nm range (cf. Figure 3.10 (c)). In this 

case, the maximum 𝑃𝑤 at 0° AOI is 79 %, which is 23 % increase in 𝑃𝑤 

comparing to the reference. The increase in 𝑃𝑤 has also been noticed for wide 

angles from 0° to 70° AOI. For f = 0.40, the maximum 𝑃𝑤 reduced to 76 % and 

restricts to 50 nm – 90 nm diameter range (cf. Figure 3.10 (d)). 

For Au – and Cu – NPs, I obtained maximum 𝑃𝑤 as 71 % at f = 0.20 which is 

10.75 % increase in the reference 𝑃𝑤 (cf. Figure 3.11 & Figure 3.12). Both 

contour plots look the same because their efficiencies’ profiles are almost the 

same (cf. Figure 3.7 & Figure 3.8). 

𝑃𝑤 contour plots of Al – NPs are shown in Figure 3.13. For Al – NPs, it is 

noticed that 𝑃𝑤 is high for diameters of 40 nm – 200 nm range at f = 0.10 (cf. 

Figure 3.13 (a)). At the volume fraction f = 0.20, the maximum 𝑃𝑤  = 81 % is 

achieved for Al – NPs of diameters 60 nm – 140 nm (cf. Figure 3.13 (b)). Also, 

in Al – NPs, as the volume fraction of Al – NPs increases, the size of NPs for 

maximum 𝑃𝑤 decreases. At f = 0.30, the maximum 𝑃𝑤 at 0° AOI is 86 % and 

the Al – NPs’ diameters for the maximum 𝑃𝑤 restricts to 60 nm – 120 nm range 

(cf. Figure 3.13 (c)). At f = 0.40, 𝑃𝑤 is obtained maximum as 88 % for Al – NPs 

of diameters 60 nm – 100 nm range which is 38.28 % increase in the reference 

𝑃𝑤. Wide – angle enhancement in 𝑃𝑤 has been also noticed in the contour 

plot (cf. Figure 3.13 (d)). 
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Figure 3.10 Weighted solar power transfer (𝑃𝑤) from Ag – NPs nanocomposite layer 
on n-GaAs layer at volume fraction (a) f = 0.10, (b) f = 0.20, (c) f = 0.30, and (d) f = 
0.40. 
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Figure 3.11 Weighted solar power transfer (𝑃𝑤) from Au – NPs nanocomposite layer 
on n-GaAs layer at volume fraction (a) f = 0.10, (b) f = 0.20, (c) f = 0.30, and (d) f = 
0.40. 
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Figure 3.12 Weighted solar power transfer (𝑃𝑤) from Cu – NPs nanocomposite layer 
on n-GaAs layer at volume fraction (a) f = 0.10, (b) f = 0.20, (c) f = 0.30, and (d) f = 
0.40. 
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Figure 3.13 Weighted solar power transfer (𝑃𝑤) from Al – NPs nanocomposite layer 
on n-GaAs layer at volume fraction (a) f = 0.10, (b) f = 0.20, (c) f = 0.30, and (d) f = 
0.40. 
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Figure 3.14 Summary of weighted solar power transfers (𝑃𝑤) from nanocomposite 
layers with NPs: Ag – NPs (d = 80 nm, f = 0.30), Au – NPs (d = 80 nm, f = 0.20), Cu 
– NPs (d = 80 nm, f = 0.20), Al – NPs (d = 80 nm, f = 0.40) into n-GaAs layer. 0° AOI 
is corresponding to normal incidence. 

 

The best weighted solar power transfer (𝑃𝑤) from the 2D array of metal NPs 

distributed in the host medium (air) have been summarized in Figure 3.14. Ag – 

and Al – NPs have shown wide-angle improvements in the power transfer. 

Surprisingly, Al – NPs have performed better than all other metal NPs. The 

localized surface plasmon resonance for Al – NPs of smaller size lies in the UV 

range. As the NPs’ size increases, the localized surface plasmon resonance 

shifts towards a higher wavelength and becomes wider. This is the reason that 

Pw is higher for 60 nm – 100 nm Al – NPs sizes. 𝑄𝑟𝑎𝑑 of Al – NPs is not high in 

visible range for all sizes (cf. Figure 3.9 (b)). However, the product of the 

transmittance with the intensity of the solar spectrum becomes higher.  
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Cu – and Au – NPs have shown poor performance in my calculation comparing 

to Ag – NPs and Al – NPs. GaAs absorbs in the visible range. Cu – and Au – 

NPs have localized surface plasmon resonance in the middle of the visible range 

which is the reason for low 𝑄𝑟𝑎𝑑 and for high 𝑄𝑏. From 𝑃𝑤 contour plots, it is 

obvious that high 𝑄𝑏 is destructive for high-power transfer in the absorber layer 

(n-GaAs). Core-shell NPs have been studied and demonstrated to reduce the 

backscattering and enhance the forward scattering which can be a solution of 

high 𝑄𝑏 [111]. 

Metal NPs support the localized surface plasmon resonance with high radiative 

efficiency. Ag – NPs are the preferred one in this case because of low absorption 

loss and high optical cross-section comparing to others (Cu –, Au – and Al – 

NPs) [112]. However, this is not the only factor when considering the choice of 

metals. For example, Ag forms an oxide layer when it comes in contact with 

the atmosphere. This oxide layer is absorbing and dampens the radiation 

property of NPs. Whereas, Au doesn’t form the oxide layer and Al’s oxide layer 

is non-absorbing which doesn’t negatively affect the optical property of Al – 

NPs [113], [114]. The oxide layer which forms on Cu damps the 

resonance [115]. The selection of metal NPs also dictated from a fabrication 

point of view. 

 

 CONCLUSIONS 

I performed a theoretical study on metal NPs (Ag, Au, Cu, and Al) with an 

absorber layer (n-GaAs) over a wide AOI of the AM1.5 solar spectrum. An 

analytical model is developed for the analysis of power transfer from the  



EFFECTIVE MEDIA 

57 
 

nanocomposite layer of NPs of arbitrary sizes which are spread in a 2D array 

on the surface of the absorber layer. The analysis concluded that the scattering 

efficiency doesn’t present a full picture of the high – power transfer in the 

absorber layer because the backscattering efficiency is also high when the 

scattering efficiency is high. NPs which have high backscattering efficiency, are 

good to use on the rear side but not on the front side. For the high – power 

transfer, balance among all the efficiencies such as scattering, absorption, and 

backscattering efficiency is required. The comparative study revealed that Al – 

NPs gives the best performance among Ag –, Au –, Cu –, and Al – NPs at 

normal incidence with a 38.28 % increase in the reference power transfer value. 

Wide-angle improvement has also been noticed in this case. As discussed in the 

introduction section of this chapter, only specular transmission of the incident 

sunlight in the absorber layer has been considered in the current model. 

However, NP behaves like a dipole scatterer [105]. The dipole scattering causes 

a radiation pattern of the transmitted sunlight in the absorber layer. Considering 

this factor, the weighted solar power transfer can be improved further which 

will be discussed in the next chapter. 
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                      4 

NANOPARTICLES MEDIATED LIGHT 

TRANSMISSION 

__________________________________________________________________ 

 INTRODUCTION 

In this chapter, I formulate hybrid NPs’ based ARCs on a Si/GaAs – substrate 

and develop a model. The developed model is a combination of the Dipole 

model [104], the TMM method (cf. Section 3.2.2), and Mie theory (cf. 

Section 2.5.1). When the sunlight incident on a rough interface (hybrid ARC 

layer: NPs embedded in a SiN thin film, in my case), the reflectance from the 

interface divides into two parts – specular reflectance (Rs) and diffuse 

reflectance (Rd), similarly for transmittance as shown in Figure 4.1 [116]. The 

specularly reflected light is obtained by the efficient TMM method of multilayer 

structures. Whereas for the diffusely reflected light, angular power distribution 
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of radiation by an NP in the substrate is calculated. Some of the results have 

been published in Ref. [2]–[4]. In the current study, it is assumed that the 

specular and diffuse reflectance occurrences are independent of each other and 

don’t interfere with each other. 

 

 DIPOLE MODEL 

In a dipole model, the NP is assumed as a dipole oscillating at its resonant 

frequency. The dipole generally excites in the direction of polarization of the 

incident light (regardless of front and back illumination). Therefore, the 

excitation angle changes with the AOI of the sunlight. Mertz [104] has 

formulated a dipole radiating at a distance 𝑧0 above a substrate in a medium of 

refractive index 𝑛ℎ and found an expression for the angular power distribution 

of the scattered light from the NP in air and in the neighboring substrate which 

is as follows 

 𝐿𝜙(𝜃) = 𝐿ǁ
𝑠,𝑝(𝜃) ∗  𝑠𝑖𝑛2(𝜙) + 𝐿⊥

𝑝 (𝜃) ∗ 𝑐𝑜𝑠2(𝜙)

+ 𝑅𝑒[𝐿𝑋
𝑝 (𝜃)] ∗ sin 2𝜙 

(4.1) 

 

where 𝜃 is observation angle; 𝑠 and 𝑝 in the superscript are corresponding to s – 

and p – polarized light, respectively; 𝜙 is the inclination of the dipole from 

vertical and  

 𝐿ǁ
𝑠,𝑝(𝜃) = 𝐿ǁ

𝑠(𝜃)  ∗ 𝑠𝑖𝑛2(𝜑) + 𝐿ǁ
𝑝(𝜃) ∗ 𝑐𝑜𝑠2(𝜑), (4.2) 
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𝐿ǁ
𝑠(𝜃𝑖𝑛) =

𝑛0
𝑛𝑖𝑛

∗ |𝐾ǁ
𝑠(𝜃𝑖𝑛)|

2 (4.3a) 

 𝐿ǁ
𝑠(𝜃𝑜𝑢𝑡) =

𝑛𝑜𝑢𝑡
𝑛0

∗ |𝐾ǁ
𝑠(𝜃𝑜𝑢𝑡)|

2 (4.3b) 

 𝐿𝑋
𝑝 (𝜃𝑖𝑛) =

𝑛0
𝑛𝑖𝑛

∗ 𝐾ǁ
𝑝(𝜃𝑖𝑛) ∗  𝐾⊥

𝑝(𝜃𝑖𝑛)
∗ (4.3c) 

 𝐿𝑋
𝑝 (𝜃𝑜𝑢𝑡) =

𝑛𝑜𝑢𝑡
𝑛0

∗ 𝐾ǁ
𝑝(𝜃𝑜𝑢𝑡) ∗  𝐾⊥

𝑝(𝜃𝑜𝑢𝑡)
∗ (4.3d) 

 

with corresponding definitions for 𝐿ǁ
𝑝
 and 𝐿⊥

𝑝
 as 𝐿ǁ

𝑠. 𝜃𝑖𝑛 and 𝜃𝑜𝑢𝑡 are input and 

output angle of the incident light, similarly the refractive indices; 𝜑 is rotation 

angle in the plane. The definitions for Ks are, 

 𝐾ǁ
𝑝(𝜃𝑖𝑛) = cos(𝜃0)[−exp(−𝑖𝑘0 𝑧0 𝑐𝑜𝑠 (𝜃0))

+ 𝑟𝑝 exp(𝑖𝑘0 𝑧0 cos(𝜃0))] 

(4.4a) 

 𝐾ǁ
𝑠(𝜃𝑖𝑛) = exp(−𝑖𝑘0 𝑧0 𝑐𝑜𝑠 (𝜃0)) + 𝑟𝑠 exp(𝑖𝑘0 𝑧0 cos(𝜃0)) (4.4b) 

 𝐾⊥
𝑝(𝜃𝑖𝑛) = sin(𝜃0)[−exp(−𝑖𝑘0 𝑧0 𝑐𝑜𝑠 (𝜃0))

− 𝑟𝑝 exp(𝑖𝑘0 𝑧0 cos(𝜃0))] 

(4.4c) 

 

for externally incident light, and 

 𝐾ǁ
𝑝(𝜃𝑖𝑛) = −𝑡𝑝 cos(𝜃0) exp(𝑖𝑘0 𝑧0 cos(𝜃0)) (4.5a) 
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𝐾ǁ
𝑠(𝜃𝑖𝑛) = 𝑡𝑠 exp(𝑖𝑘0 𝑧0 cos(𝜃0)) (4.5b) 

 𝐾⊥
𝑝(𝜃𝑖𝑛) = 𝑡𝑝 sin(𝜃0) exp(𝑖𝑘0 𝑧0 cos(𝜃0)) (4.5c) 

 

for internally incident light, where 𝑘0 and 𝜃0 is the wave-vector magnitude and 

AOI of the light in the incident medium, respectively. 𝑟𝑠, 𝑟𝑝, 𝑡𝑠 and 𝑡𝑝 are the 

Fresnel reflection and transmission coefficients of s – and p – polarized 

light (cf. Section 3.2). 

The diffused reflectance and transmittance can be given from the above 

equations as 

 
𝑹𝒅 = 𝑄𝑠𝑐𝑎 ∗  

1

𝜋
∫ 𝐿𝜙(𝜃)(𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑)
𝜋

0

 𝑑𝜃

𝑎𝑛𝑑                                                                    

𝑻𝒅 = 𝑄𝑠𝑐𝑎 ∗  
1

𝜋
∫ 𝐿𝜙(𝜃)(𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑)
𝜋

0

 𝑑𝜃
}
 
 
 

 
 
 

 

 

(4.6) 

 

 

where 𝑄𝑠𝑐𝑎 is the scattering efficiency of NPs (cf. Section 2.5). The sum of both 

reflectances (specular and diffuse) is the total reflectance from the front surface 

of the device such as 

 𝑹 = 𝑓 ∗ 𝑹𝒅 + (1 − 𝑓) ∗ 𝑹𝒔 (4.7) 
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where 𝑓 is a fraction of the cross-section area covered by NPs at the front 

surface. The dipole approximation is valid when the distance between NPs is 

of the order of or more than their diameters such that 𝑓 < 0.75§.  

§Here, 𝑓 is a surface cross-section fraction and calculated as follows 

From Section 3.2, the dipole model is valid when the volume fraction (𝑓1) 

of NPs in the ARC layer is less than 50 %. So,  

𝑓1 < 0.5 

The volume fraction in terms of the device structure variables is given by 

𝑓1 =
𝑁 ∗ (4𝜋𝑟3 3⁄ )

𝑙 ∗ 𝑏 ∗ ℎ
 

where N is the NPs’ no. density, and r is the radius of NPs. l, b, and h are 

the length, breadth, and height of the layer, respectively. 

The surface cross-section area fraction can be given by  

𝑓2 =
𝑁 ∗ (𝜋𝑟2)

𝑙 ∗ 𝑏
 

From the above equations,  

𝑓2 = 1.5 ∗ 𝑓1 

Hence, for the dipole model, the surface cross-section area fraction should be 

less than 75 % or 𝑓2 < 0.75.  
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The ARCs in solar cells are designed to minimize the reflectance and maximize 

the transmittance across the wavelength range of interest. So that I have 

calculated weighted solar power transmittance (𝑇𝑤): 

 

𝑇𝑤 =
∫ 𝑇(𝜆)
𝜆2
𝜆1

∗  𝑆(𝜆) 𝑑𝜆

∫ 𝑆(𝜆) 𝑑𝜆
𝜆2
𝜆1

 

 

(4.8) 

 

where 𝑇(𝜆) (=  1 − 𝑅(𝜆) − 𝐴(𝜆)) and 𝑆(𝜆) are the transmittance and intensity 

of the AM1.5 solar spectrum at wavelength 𝜆. 𝜆1 and 𝜆2 are the minimum and 

maximum allowed wavelengths. 𝐴(𝜆) and 𝑅(𝜆) are the absorption and 

reflection at wavelength 𝜆, respectively. 

The hybrid ARC made of a nanocomposite layer in which NPs are distributed 

in a 2D array of an equal period in a dielectric SiN matrix bounded with air 

and the substrate is investigated. A schematic of the simulated device structure 

is shown in Figure 4.1. Optical constants of metal NPs (cf. Figure 3.5) and 

refractive index of SiN (cf. Figure 4.2) for the calculations are taken from 

Palik [109]. Linear interpolation is used to fit the optical constants to desired 

step size. The solar spectrum used in the calculation is taken from Ref. [25] and 

is shown in Figure 3.3 (for Si, the absorption range is 300 nm – 1100 nm). An 

angular dependent solar spectrum is ignored as it has no effect on the 

reflectance calculation. The study has been done on four different NPs’ 

densities in the nanocomposite layer. The nomenclature of the nanocomposite 

layer: Ag (40 %) / SiN refers to that 40 % surface cross-section area is covered 

by Ag – NPs and rest are SiN. In the simulation, the SiN layer thickness is kept 

at 70 nm and the NPs’ radius at 35 nm. 
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Figure 4.1 Schematic of the simulated device structure for specular and diffuse 
reflection/transmission. 
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Figure 4.2 Complex refractive index of (a) Si (n & k), and (b) SiN (n & k). 
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 RESULTS AND DISCUSSION 

 Metal Nanoparticles 

Figure 4.3 shows the scattering and absorption efficiency of metal NPs of radius 

35 nm. This has been calculated similarly as in Chapter 3. From the efficiency 

spectra, it is noticed that Ag – and Au – NPs show strong dipole resonance 

scattering peaks in the visible range at 589 nm and 666 nm, respectively. Cu – 

NP has a lower peak than Ag – and Au – NPs in the same range at 643 nm. Al 

– NP has a relatively weak resonance peak (cf. Figure 4.3 (a)). However, on 

average, Au – and Cu – NPs have shown more absorption than others (cf. 

Figure 4.3 (b)). A new peak for Ag – NP has been observed in the absorption 

spectra at 472 nm which corresponds to a higher-order resonance mode. In 

NPs, the primary resonance peak is known as a dipole mode resonance. Higher-

order modes can also be excited for sufficiently large particles. The peak 

positions of higher-order modes are at a shorter wavelength than the primary 

one, and also narrower which can be seen in Figure 4.3 (b). In my case, the 

higher-order mode is only visible for Ag – NP in the absorption spectra.  

The radiative efficiency of NPs is the most useful quantity of NPs for the ARC 

application. The efficiency spectra have been shown in Figure 4.4. It shows that 

Ag – NP has high radiation at 575 nm near to that the solar spectrum has 

maximum intensity. The higher-order modes have a negative effect on the 

radiative efficiency of NPs, however, they can still achieve large radiative 

efficiencies [117]. This is the reason that Ag – NP still shows the highest 

radiative efficiency. Al – NP also follows the solar spectrum curve same as the 

Ag – NP. This makes both promising to incorporate in the conventional SiN 

ARC.  
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Figure 4.3 (a) Scattering, and (b) absorption efficiencies of NPs (radius = 35 nm) 
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Figure 4.4 Radiative efficiency of NPs (radius = 35 nm) 
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Whereas Cu – and Au – NPs show weak radiative behavior in this region. 

Therefore, I didn’t perform the simulation study on these NPs. 

Figure 4.5 shows reflectance spectra of the simulated device structure with Ag – 

NPs in the SiN layer at various AOI. At normal incidence (AOI = 00°), the 

conventional SiN ARC shows the best performance. The reflectance minimum, 

in this case, is obtained at 536 nm. However, incorporation of NPs in the 

conventional ARC increases the reflection and the hybrid ARCs show the worst 

performance. The hybrid ARC (Ag (70%) / SiN) shows around 5 % reflection 

of the incident sunlight at normal incidence and 536 nm wavelength. On 

average, 10 % to 20 % reflection of the incident light from the entire solar 

spectrum has been noticed for the hybrid ARC layer (cf. Figure 4.5 (a)). The 

solar spectrum has maximum intensity near 536 nm wavelength. Therefore, 

Ag – NPs with SiN is not a good combination at normal incidence. As the AOI 

of the light changes from normal to non-normal angles, an increase in the 

reflection near the solar spectrum maxima has been noticed in the reflection 

spectra of SiN ARC. This is caused by constructive interference at the surface 

due to the reflected light from the internal interface (SiN/Si interface). The 

constructive interference is an angle-dependent physical phenomenon that is 

more effective when the incidence angle goes away from the normal incidence 

in this case (cf. Section 2.2). An increase in the reflection can be seen in every 

reflection spectra of SiN ARC, however, a relative decrease in the reflection has 

been noticed in the reflection spectra of hybrid ARC at non-normal angles. At 

60° AOI, the reflectance spectra of SiN ARC and hybrid ARC become almost 

equal. And after this, the hybrid ARCs outperform SiN ARC. Ag (70%) / SiN  
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Figure 4.5 Reflectance spectra of Ag – NPs / SiN layer versus the light operating 
wavelength. 
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Figure 4.6 Reflectance spectra of Al – NPs / SiN layer versus the light operating 
wavelength. 
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ARC has shown the best performance among all the hybrid ARCs at ≥

 60° AOI. At 75° AOI, SiN ARC has shown around 40 % reflection, on 

average. However, Ag (70%) / SiN has the maximum reflection of 20 % at 350 

nm. When the AOI of the light for SiN ARC reaches near to its critical angle, 

the reflectance becomes higher as the constructive interference becomes more 

prominent, whereas NPs don’t show this behavior and perform better at higher 

AOI. 

Figure 4.6 shows the reflectance spectra of the simulated device structure with 

Al – NPs at various AOI. Al – NPs have also exhibited improvement in ARC 

performance at higher AOI. This follows the same pattern as Ag – NPs 

embedded in SiN ARC. The difference in reflectance spectra between Ag – NPs 

and Al – NPs can be seen only at higher AOI, at which the reflectance spectra 

of NPs based ARC follows the same trend as the radiative efficiency curves of 

NP (cf. Figure 4.4). In the case of Al – NPs, the reflectance spectra of SiN ARC 

and hybrid ARC becomes equal at AOI = 60° near 500nm wavelength (cf. 

Figure 4.6 (e)).  

The electric field distribution profile of the sunlight radiated from an Ag – NP 

in the neighboring substrate at various AOI is shown in Figure 4.7. The Ag – 

NP and the substrate are assumed as non-absorbing in the field distribution 

simulation. At higher AOI, it is noticed that the Ag – NP radiates with the same 

order of intensity as at normal incidence which is the reason that the NPs based 

ARC performs relatively better than SiN ARC at higher AOI. The distribution 

profile at normal incidence looks the same as reported in Ref. [118] where 

various structures such as air/ZnO:Al, CuGaSe2 – SnO2:F, and SnO2:F/glass 

have been simulated with the Dipole model. The angular distribution of 

radiation in the substrate also benefits in waveguide-based trapping of the 

incident sunlight. Soller et al. reported that more than 80 % of the sunlight 
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radiated from a dipole directs into the waveguide mode of silicon-on-insulator 

[119]. And, Catchpole et al. reported an enhancement in absorption by a factor 

of 7.5 due to the waveguide mode coupling, experimentally [105].  

Figure 4.8 shows 𝑇𝑤 curves of SiN ARC and metal NPs based hybrid ARC. 𝑇𝑤 

curves have been obtained using the transmittance spectra of ARCs                     

(cf. Figure 4.9 & Figure 4.10). In my case, SiN ARC have shown more than 

90 % transmittance at normal incidence (0°), as expected. As AOI increases 

from 0°, 𝑇𝑤 is almost constant up to 45° AOI. The light wavelength for 

maximum 𝑇𝑤 value varies very little (between 550 nm to 600 nm) between 0° 

to 40° AOI and the solar spectrum have almost equal spectral irradiance value 

in this wavelength range (cf. Figure 3.3). This is the reason for almost constant 

𝑇𝑤 values up to 40°. And after this it start to decrease slowly. At 74° AOI, the 

hybrid ARC (Ag – NPs / SiN) and SiN ARC have equal values. After 74° AOI, 

Ag – NPs based hybrid ARC shows better performance than SiN ARC. In Al –

NPs based hybrid ARC, this happens at 78° AOI (cf. Figure 4.8 (b)). Therefore, 

74° AOI plays a threshold angle for Ag – NPs based hybrid ARC and 78° AOI 

for Al – NPs based hybrid ARC. Before this threshold point, SiN ARC performs 

better and after this threshold point, NPs based hybrid ARC performs better. 

For comparison, I have also computed 𝑇𝑤 for SiN ARC optimized at AOI = 

45° and AOI = 75° which are displayed as SiN(45) and SiN(75) curves in  

Figure 4.8 (a), respectively. Between Ag – NPs and Al – NPs, Ag – NPs 

performs better than Al – NPs at any AOI which contradicts the conclusions of 

Chapter 3. In the current model, the radiation from an NP has been calculated 
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Figure 4.7 Electric field distribution patterns of sunlight (λ = 510 nm) radiated from 

Ag-NP (radius = 35 nm) in Si substrate. AOI = 00° corresponding to normal incidence. 
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Figure 4.8 Weighted solar power transmittance (𝑇𝑤) (a) from Ag-NPs/SiN layer, and 

(b) from Al-NPs/SiN into Si-substrate. 
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Figure 4.9 Transmittance spectra of Ag-NPs / SiN layer into Si-substrate versus the 
light operating wavelength. 
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Figure 4.10 Transmittance spectra of Al-NPs / SiN layer into Si-substrate versus the 
light operating wavelength. 
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first and then used this to describe the property of a hybrid ARC. However, in 

extended MG effective medium theory, the radiation property of an NP has 

been suppressed by assuming an effective thin film medium with only specular 

reflection and transmission, which overlooks the high radiation property of 

Ag – NPs in the visible region. Furthermore, higher-order modes of metal NPs 

have also been neglected in the case of effective medium theory. 

Comparing to the reflectance and transmission spectra of Ag –, and Al – NPs 

based hybrid ARC, it has been noticed that the hybrid ARC shows better 

performance than SiN ARC near 60° AOI in the reflection, but not in the 

transmission (Figure 4.9 (e) & Figure 4.10 (e)). This is because of the parasitic 

absorption in metal NPs, when in fact there is almost no absorption in SiN. 

This emphasizes the use of NPs with less parasitic absorption as an ARC. NPs 

with high absorption and scattering properties are good to use as a rear side 

reflector [120]–[122]. Mendes et al. have presented a study on gold NPs 

integrated into a plasmonic back reflector for thin-film solar cells and have 

shown up to 75 % diffuse reflectance in the red and near-infrared spectrum 

[120].  

The scattering and absorption in metal NPs are highly influenced by the size 

and the host medium of NPs, as discussed in Chapter 3. The geometric cross-

section of a metal NP is generally smaller than the optical cross-section, which 

means that smaller NPs absorb more fraction of the sunlight than the bigger 

ones [123]. On the other hand, an absorber layer in the solar cell has a different 

absorption range. Therefore, optimization of an ARC with metal NPs on the 

absorber layer is a primary task to avoid the parasitic absorption loss of the 

desired wavelength in NPs. The host medium also plays a major role in 

the optical properties of metal NPs. It has been reported that increasing the 

refractive index of the host medium broadens the scattering efficiency peak and 
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shifts the resonance wavelength to a higher value. This is a further way to 

alleviate the parasitic absorption loss of the desired wavelength in metal NPs 

[74].  

 

 Dielectric Nanoparticles 

As discussed in the previous section, metal NPs face absorption loss at the 

resonance wavelength. However, dielectric NPs do not show this behavior in a 

narrow band range [81]. So, I performed the simulation study on the hybrid 

ARC structure in which SiO2 – NPs are embedded in a SiN ARC on a GaAs 

substrate layer in place of metal NPs (cf. Figure 4.1). The calculation has been 

done the same as in the previous section.   

Figure 4.11 (c) shows the contour plot of 𝑇𝑤 of the hybrid ARC (SiO2 – 

NPs (70%) / SiN) in the matrix of AOI and ARC layer thickness. NPs’ 

diameter is equal to the ARC layer thickness in the contour plot. For 

comparison, I also calculated 𝑇𝑤 of SiO2 thin film ARC (cf. Figure 4.11 (d)). 

From the previous section, I have summarized the results of SiN thin film ARC 

and the hybrid ARC (Ag – NPs (70%) / SiN), for comparison in                     

Figure 4.11 (a) & (b), respectively. 

SiN ARC shows high transmittance (> 90 %) for the ARC thickness of 60 nm – 

80 nm over a wide range of AOI (cf. Figure 4.11 (a)). When the ARC thickness 

increases more than 80 nm, the transmittance decreases slowly at normal 

incidence, however with AOI, the transmittance is constant up to 45° AOI and  
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Figure 4.11 Weighted solar power transmittance (𝑇𝑤) from (a) thin film SiN ARC, (b) 
hybrid ARC (Ag – NPs (70%) / SiN), (c) hybrid ARC (SiO2 – NPs (70%) / SiN), and 
(d) thin film SiO2 ARC. 
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Figure 4.12 (a) Weighted solar power transmittance (𝑇𝑤), and (b) Photocurrent density 

(JPH) for 70 nm thick ARC layer. The diameter of NPs is equal to the thickness of the 
ARC layer. 
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then decreases slowly. As we know that a fixed solar cell on a house roof, 

receives sunlight throughout a day at various AOI. Thus, the ARC should 

perform better at higher AOI. From the metal NPs based hybrid ARCs’ 

simulation, it was concluded that embedding Ag – NPs in the SiN ARC shows 

better performance at AOI larger than 74°, but not at normal or near-normal 

AOI. 

From Figure 4.11 (a) & (c), it is noticed that the hybrid 

ARC (SiO2 – NPs (70%) / SiN) shows the nearly same behavior as the SiN 

ARC for the ARC layer thickness interval of 60 nm – 80 nm at AOI 0° – 40°. 

However, the hybrid ARC (SiO2 – NPs (70%) / SiN) doesn’t show much 

decrease with AOI as the SiN ARC. Hence, the hybrid ARC (SiO2 – 

NPs (70%) / SiN) performs better than the SiN ARC, and also, the 

improvement in 𝑇𝑤 is omnidirectional. 𝑇𝑤 of SiO2 thin film ARC decreases at 

higher AOI (cf. Figure 4.11 (d)). From the principle of single layer ARC, the 

refractive index of a perfect ARC should follow the following expression:                                          

𝑛𝐴𝑅𝐶 = √𝑛𝐴𝑖𝑟 ∗ 𝑛𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (Section 2.4). If 𝑛𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 3.5 (for GaAs or Si), 

then 𝑛𝐴𝑅𝐶 equals to 1.87. The refractive index of SiN (𝑛𝑆𝑖𝑁) and SiO2 (𝑛𝑆𝑖𝑂2) are 

2.05 and 1.5 approx., respectively. Hence, 𝑛𝑆𝑖𝑁 is near to 𝑛𝐴𝑅𝐶, but 𝑛𝑆𝑖𝑂2 is very 

far from that. According to the effective medium theory, embedding SiO2 – NPs 

in the SiN dielectric matrix brings the effective refractive index nearer to 𝑛𝐴𝑅𝐶, 

therefore I obtained the best ARC performance in the SiO2 – NPs based hybrid 

ARC (SiO2 – NPs (70%) / SiN). 
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In solar cell applications, the photocurrent density (𝐽𝑃𝐻) is a more commonly 

discussed device property than the transmittance. So, I calculated 𝐽𝑃𝐻 with the 

following formula (cf. Chapter 1) 

 
𝐽𝑃𝐻 = 𝑞 ∗ ∫ 𝑇(𝜆) ∗  𝑃𝐹𝐷(𝜆) ∗

870 𝑛𝑚

300 𝑛𝑚

𝐼𝑄𝐸(𝜆) 𝑑𝜆 

 

(4.9) 

 

where 𝑃𝐹𝐷(𝜆) and 𝐼𝑄𝐸(𝜆) are the photon flux density and the internal 

quantum efficiency at wavelength 𝜆. The photon flux density is taken from 

Ref. [17] and shown in Figure 1.2. The operating wavelength is taken from 300 

nm to 870 nm because GaAs absorbs the sunlight in this spectrum range. It is 

assumed in this calculation that all photons which reach the GaAs layer, got 

absorbed; hence 𝐼𝑄𝐸(𝜆) = 1, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝜆.  

The 𝑇𝑤 curve of optimum condition (ARCs with ARC layer thickness of 70 nm) 

from Figure 4.11 has been summarized in Figure 4.12 (a). I calculated 𝐽𝑃𝐻 for 

these optimum ARCs and have shown in Figure 4.12 (b). 𝐽𝑃𝐻 curves follow the 

same trend as 𝑇𝑤 curves. 𝐽𝑃𝐻 is almost equal for the SiN ARC structure and the 

hybrid ARC (SiO2 – NPs (70%) / SiN) structure till 40° AOI, and after that 

both curves split. 𝐽𝑃𝐻 and 𝑇𝑤 curves of the hybrid ARC (SiO2 – NPs (50%) / 

SiN) are in between of the SiN ARC and the hybrid ARC (SiO2 – NPs (70%) / 

SiN). This means that when the surface filling factor goes to zero, the hybrid 

ARC acts like the SiN ARC (as expected). With the help of Figure 4.12 (b), I 

calculated the net normalized photocurrent density over the course of a year 

with respect to the normal incidence by using the following formula at different 

locations, 
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𝐽𝑃𝐻(𝑖𝑛 𝑜𝑛𝑒 𝑑𝑎𝑦)

=
1

𝑑𝑎𝑦 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (𝑖𝑛 𝑚𝑖𝑛𝑢𝑡𝑒𝑠)
∫ 𝑛𝑜𝑟𝑚. 𝐽𝑃𝐻 𝑑𝑡(𝑖𝑛 𝑚𝑖𝑛𝑢𝑡𝑒𝑠)
𝑠𝑢𝑛𝑠𝑒𝑡

𝑠𝑢𝑛𝑟𝑖𝑠𝑒

 

(4.10) 

 

To calculate over the course of a year, average 𝐽𝑃𝐻 is calculated for each of the 

days of a year using equation 4.10 and summed over. The summation is divided 

by the total no. of days in a year. AOI of the sunlight for the solar cell layer 

changes at every minute of the day and is calculated by the following formula 

given in Section 2.3. The solar cell absorber layer (GaAs layer in my case) is 

assumed to face due south in the Northern Hemisphere, and due north in the 

Southern Hemisphere. The net normalized photocurrent density is summarized 

in    Table 3. I compared the net normalized photocurrent density for two 

different tilt angles: optimum tilt angle and 45°. The optimum tilt angle is taken 

from Ref. [124]. Sun position calculation is performed by the method given in 

Ref. [125] which is based on Meeus formulae [126]. The improvement in 

current density for the hybrid ARC is clearly noticed at every location. The 

change in NPs based hybrid ARC is more when the tilt angle is far from the 

optimum tilt angle.  

This study shows that with careful employment of SiO2 – NPs in the SiN ARC 

layer improves the ARC property at non – normal AOI while keeping it 

constant at normal AOI. It follows the trend of previously published articles at 

higher AOI [93]. In the calculation, I also found that the current density 

enhancement is more than two times at 85° AOI (cf. Figure 4.12 (b)). Ha et al. 

reported that 20 mA/cm2 of photocurrent density at 55° AOI can be achievable  
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by using only SiO2 nanospheres of size 700 nm at the front surface [83]. 

However, I showed 28 mA/cm2 at the same AOI with the combination of the 

SiN ARC layer. Sunrise to sunset calculation has also overpassed the previously 

reported results [17].  

Table 3 Normalized Photocurrent density over the course of a year (2020) at different 
locations (Lat.: latitude; Op.: optimum tilt angle; Hybrid ARC: SiO2  – NPs (70 %) + 
SiN; CLZ: Clausthal-Zellerfeld). 

 Munich, Germany 

(Lat. = 48.13°) 

CLZ, Germany 

(Lat. = 51.807°) 

Chennai, India 

(Lat. = 13.07°) 

Perth, Australia 

(Lat. = -31.93°) 

Antofogasta, Chile 

(Lat. = -23.43°) ARC type 

 Op. = 33° 45° Op. = 36° 45° Op. = 13° 45° Op. = 27° 45° Op. = 22° 45° 

SiN ARC 0.85 0.85 0.84 0.84 0.87 0.82 0.87 0.85 0.87 0.84 

Hybrid ARC 0.89 0.88 0.89 0.88 0.93 0.88 0.92 0.89 0.92 0.89 

% increase 4.71 3.53 5.95 4.76 6.89 7.32 5.75 4.71 5.75 5.95 

 

In this study, I focused on SiN as a host medium to present the idea, albeit it’s 

not limited. I have also restricted myself to spherical NPs for less complexity in 

NP structure and easy to model analytically. However, the shape of NPs plays 

a major role in the scattering of sunlight to the neighboring substrate. Atwater 

et al. have published a review article and have shown that the cylindrical shape 

of NPs scatters more fraction of the incident sunlight in the neighboring 

substrate than the spherical one [66]. The fraction of dipole radiation also varies 

with the position of NPs. The sunlight radiation is more in the substrate when 

NPs are in-contact with the substrate than to be suspended above that [67]. 

Therefore, NPs embedded in an ARC must be in contact with the substrate. 
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 CONCLUSIONS 

I performed a theoretical study on metal NPs (Ag & Al) based hybrid ARC 

with a Si-substrate and dielectric NPs (SiO2) based hybrid ARC with a GaAs 

substrate over a wide AOI of the AM1.5 solar spectrum. NPs are embedded in 

a conventional SiN ARC. A point dipole approach with the TMM method was 

implemented to calculate the total reflectance by NPs based hybrid ARC. I 

found that embedding metal NPs in SiN ARC enhance the antireflection 

property of conventional SiN ARC at non-normal AOI. At normal incidence, 

SiN ARC still performs the best. Electric field distribution patterns of radiation 

by a metal NP in the substrate support improvements in the antireflection 

performance. I also obtained weighted solar power transmittance curves which 

show that Ag – NPs in SiN ARC performs better than SiN ARC over 74° AOI 

and Al – NPs in SiN ARC performs better over 78° AOI but both hybrid ARC 

performs less efficient at normal and near-normal AOI. On the contrary, the 

dielectric SiO2 – NPs based hybrid ARC improves the weighted solar power 

transmittance at higher AOI while keeping it constant (insignificant change) at 

normal incidence. The improvements are also visible in the photocurrent 

density in the GaAs layer at higher AOI. It is more than two times 

enhancement at 85° AOI. Sunrise to sunset calculation of the normalized 

photocurrent density has also shown improvement in the dielectric SiO2 – NPs 

hybrid ARC case.  
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                      5 

SUMMARY  

__________________________________________________________________ 

In summary, I presented a theoretical framework on the light photon 

management in Si and GaAs solar cells with hybrid ARCs using 

metal/dielectric NPs embedded in a traditional single-layer SiN thin film ARC.  

The theoretical study on metal NPs (Ag, Au, Cu, and Al) with an absorber 

layer (n-GaAs) over a wide AOI of the AM1.5 solar spectrum revealed that 

Al – NPs gives the best performance among Ag –, Au –, Cu –, and Al – NPs at 

normal incidence with a 38.28 % increase in the reference power transfer value. 

Wide-angle improvement was also determined in this case. In this study, only 

the specular transmission of the incident sunlight was considered. Whereas an 

NP behaves like a dipole scatterer and causes a radiation pattern of the 

transmitted sunlight. To remove this shortcoming, I modified the model with a 
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dipole approach and designed NPs based ARCs (hybrid ARCs). I found out 

that embedding metal NPs in SiN ARC enhance the antireflection property of 

the SiN thin film ARC at non-normal AOI. However, SiN ARC still performs 

the best at normal incidence. I calculated weighted solar power transmittance 

curves which showed that Ag – NPs in SiN performs better than SiN over 74° 

AOI whereas Al-NPs in SiN performs better over 78° AOI. The weak 

performance of ARC at normal and near-normal AOI is related to the parasitic 

absorption in the metal NPs. Therefore, I performed the same analysis on 

dielectric SiO2 – NPs because dielectric NPs don’t show absorption in a narrow 

band spectrum. The analytical study on dielectric SiO2 – NPs based hybrid 

ARC affirmed the enhancement in weighted solar power transmittance at 

higher AOI while keeping it constant (insignificant change) at normal AOI. I 

also performed the photocurrent density calculation and obtained more than 

two times enhancement in SiO2 – NPs based ARC case at 85° AOI. Sunrise to 

sunset calculation of the normalized photocurrent density has also shown 

improvement in the SiO2 – NPs based ARC case. Overall, the hybrid 

ARC (SiO2 – NPs (70%) / SiN) improves the antireflection property and is 

recommended to use as an ARC in solar cells. 

In the future, solar cells integrated into buildings, cars, etc. might become more 

important. In these cases, solar panels are typically not oriented toward the sun 

and they have to deal with AOI far from the normal incidence. Conventional 

thin-film ARC such as SiN ARC is generally optimized for a certain AOI 

(typically close to the normal incidence). Therefore, the hybrid ARC gives a 

route to lessen the unwanted reflection at higher AOI and increase the overall 

efficiency of a solar cell. 
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This study can also be used to guide future experimental design. Optimizations 

of experimental work such as the optimization of NPs’ size, the optimization 

of nanostructures, etc. might lead to even better performance than that 

predicted by this simulation study [66]. 
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                      6 

OUTLOOK 

__________________________________________________________________ 

 QUANTUM – WELL (QW) AND WAVEGUIDE SOLAR 

CELLS 

GaAs has a direct bandgap and a large absorption coefficient (1x104 /cm) in 

the visible range. These two major physical properties make it a promising 

material for high conversion efficiency solar cells for space applications or 

terrestrial scenarios. One of the major issues in achieving high efficiency is the 

recombination (non-radiative and radiative) of photon generated charge 

carriers inside the device structure (as discussed in Chapter 1). The non-

radiative recombination consists of Auger recombination and SRH 

recombination. Since, in GaAs based solar cells, the Auger recombination can 

be easily minimized by the optimization of doping concentration and the SRH 

recombination is almost negligible in pure GaAs [127]. So, the efficiency of 
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these devices is mostly dictated by radiative recombination. Better photon 

management in the device designing is suggested to prevent the radiative 

recombination loss [24], [128] i.e. the usage of a highly reflective contact mirror 

at the rear side is proposed to minimize the effect of radiative recombination by 

recycling radiatively recombined electron-hole pairs and unabsorbed photons. 

The recycling mechanism significantly improved the efficiency of the solar cell 

resulting in a record efficiency of 28.8 % for a GaAs single-junction solar 

cell [128].  

The efficiency of a single junction solar cell is determined by a single bandgap. 

Striving for highly efficient solar cells, Barnham et al. reported a multi-bandgap 

solar cell in which the absorption range was spanned from visible to infra-

red [11]. It was reported that the incorporation of GaAs quantum well (QW) 

layers in the intrinsic region (i-region) of an AlXGa1-XAs p-i-n solar cell and 

InXGa1-XAs QW layers in the i-region of a GaAs p-i-n solar cell allow the 

absorption of low energy photons, increasing the short-circuit current 

density (JSC), although it decreases the VOC from the VOC of baseline p-i-n solar 

cell. The decrease in VOC is due to the increased space charge recombination 

trapped in QW layers [129]. The reduction of charge carrier recombination in 

a multi-bandgap solar cell is a big challenge. Welser et al. [130] suggested that 

the unwanted space-charge recombination can be minimized by incorporating 

a wide band gap material within the heterojunction depletion region and/or 

incorporating a step-graded QW layer.  
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 Preliminary Results – one QW  

I simulated a QW solar cell with one QW of In0.2Ga0.8As of thickness 13 nm 

sandwiched between two unintentionally doped GaAs (i-GaAs) layers with a 

thickness of 460 nm and 470 nm. A 150 nm p-type (p = 1 x 1018 cm-3) GaAs and 

a 230 nm n-type (n = 2 x 1017 cm-3) GaAs layer are on both sides of i-GaAs. A 

contact layer of Silver (Ag) with a thickness of 100 nm is used on the backside 

of the device for a better back reflection. For the p-i-n solar cell, the total 

thickness of the i-GaAs layer is 943 nm. 

The designed QW of In0.2Ga0.8As material in i-layer have two discrete energy 

levels in the conduction band (CB), first at 1050 nm and second at 950 nm, 

calculated by the following formula [131]: 

 
𝐸𝑛 =

𝑛2𝜋2ħ2

2𝑚𝑎2
 

 

(6.1) 

 

where  𝑛 is the energy level in the CB of QW, 𝑚 is the effective mass of an 

electron in the QW layer, and 𝑎 is the width of the QW layer. The band gap 

(𝐸𝑔) of In0.2Ga0.8As material has been calculated by using the following 

expression with doping concentration 𝑥 in GaXIn1-XAs compound 

semiconductor [132]: 

 𝐸𝑔 = (0.36 + 0.63𝑥 + 0.43𝑥
2) 𝑒𝑉 (6.2) 

 

Hence, a photon absorption is only possible for the aforementioned two energy 

levels. The absorption of a photon inside any layer is directly proportional to 

the electric field intensity distribution in the layer [133]. Hence, I calculated the 



OUTLOOK 

96 

 

normalized electric field intensity, |E|2, distribution (cf. Figure 6.1) for both 

wavelengths by using the following equation obtained from the TMM method. 

From Section 3.2.2, the electric field in 𝑗𝑡ℎ layer is given by  

 

𝐸𝑗(𝑥) = 𝐸𝑗
+(𝑥) + 𝐸𝑗

−(𝑥)

= [𝑡𝑗
+. 𝑒𝑖.(2𝜋 𝜆⁄ ).𝑛𝑗.cos(𝜃𝑗).𝑥 + 𝑡𝑗

−. 𝑒−𝑖.(2𝜋 𝜆⁄ ).𝑛𝑗.cos(𝜃𝑗).𝑥]𝐸0
+ 

 (6.3) 

where 𝑡𝑗
+ =

𝑡0𝑗

1+𝑟0𝑗.𝑟𝑗𝑠.𝑒
2𝑖.(2𝜋 𝜆⁄ ).𝑑𝑗.𝑛𝑗.cos(𝜃𝑗)

 , 𝑡𝑗
− = 𝑡𝑗

+. 𝑟𝑗𝑠. 𝑒
2𝑖.(2𝜋 𝜆⁄ ).𝑑𝑗.𝑛𝑗.cos(𝜃𝑗) 

and the transmission and the reflection coefficients for 𝑗𝑡ℎ layer can be obtained 

in terms of matrix elements as 

 
𝑡0𝑗 =

1

𝑀11
0𝑗
 , 𝑟0𝑗 =

𝑀21
0𝑗

𝑀11
0𝑗
 , 𝑤ℎ𝑒𝑟𝑒 𝑀0𝑗 = 𝑀01. 𝑃1. 𝑀12. 𝑃2…………𝑃𝑗−1. 𝑀𝑗−1 

  (6.4) 

 

𝑡𝑗𝑠 =
1

𝑀11
𝑗𝑠
 , 𝑟𝑗𝑠 =

𝑀21
𝑗𝑠

𝑀11
𝑗𝑠
 , 𝑤ℎ𝑒𝑟𝑒 𝑀𝑗𝑠

= 𝑀𝑗(𝑗+1). 𝑃𝑗+1. 𝑀(𝑗+1)(𝑗+2). 𝑃𝑗+2……………𝑃𝑚. 𝑀𝑚𝑠 

 (6.5) 

 

𝑡0𝑗, 𝑟0𝑗, 𝑡𝑗𝑠 and 𝑟𝑗𝑠 are the partial transmission and reflection coefficients (from 

0𝑡ℎ to 𝑗𝑡ℎ and from 𝑗𝑡ℎ to substrate) for the 𝑗𝑡ℎ layer, respectively. 
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Figure 6.1 Electric field intensity inside a QW solar cell. 

 

The barrier layers are very thick in the simulated device so that the escape of 

minority charge carriers via tunneling is almost negligible and is only possible 

via thermionic emission. This is a reason that I have optimized the device for 

the light of wavelength 950 nm. The maxima and minima in Figure 6.1 show 

that there is an existence of strong Fabry-Perot resonances and waveguide 

mode coupling effects inside the device. The multiple reflection and  

interference enhance the field intensity drastically in the QW layer. The electric 

field intensity distribution at the interfaces like GaAs/In0.2Ga0.8As and 

GaAs/Ag become discontinuous which is because the complex refractive index 

changes at the interface. For the light of wavelength 950 nm, the electric field 

intensity inside the QW layer is higher than the rest of the device which 
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confirms that most of the light of this wavelength is concentrated in the QW 

layer which makes sure of high absorption in this layer. On the other hand, the 

electric field intensity for the wavelength of 1050 nm distribution inside the QW 

layer is nearly zero. For the simulated device, the absorption of light photons 

with a wavelength of 1050 nm is also undesirable. 

 

 Preliminary Results – multiple QWs 

I took an optimum GaAs p-n solar cell structure from a published research 

article [128]. Since multiple QWs solar cells are p-i-n solar cells with QWs 

incorporated in the i-region. Therefore, using 1D Poisson solver, a GaAs p-i-n 

SC is designed from the p-n GaAs solar cell.  In the i-region of p-i-n GaAs solar 

cell, three InXGa1-XAs QW layers are integrated each with a thickness of 13 nm 

separated by 10 nm GaAs barrier layers with 470.5 nm thick undoped GaAs 

immediately above and below the multiple QW region. The thicknesses of p-

type GaAs (p = 1 x 1018 cm-3) and n-type GaAs (n = 2 x 1017 cm-3) layer are 

150 nm and 230 nm, respectively (cf. Figure 6.2). 
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Figure 6.2 Simulated energy band diagram of multiple QW solar cell. 

 

The multiple QWs solar cell has been simulated using the Silvaco TCAD 

simulation tool. Silvaco TCAD is a commercial device simulation tool based 

on the drift-diffusion model using the finite element method (FEM) for 

semiconductor devices. The flow diagram of the simulation model for a solar 

cell in Silvaco TCAD is shown in Figure 6.3. The structure of the device is 

generated in the structure editor and meshed for FEM simulation. Some 

material parameters are already in the TCAD database, which is not, they are 

provided manually from literature. Different models are used to execute the 

solar cell characteristics. In my case, carrier mobility models, carrier statistics 

model, and recombination model are used for multiple QWs solar cell 

simulation. The Poisson equation, drift-diffusion equation, and Schrödinger 

equation are solved for the I-V characteristics and EQE simulation. The TMM 

method is applied for the optical generation profile in the device. 
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Figure 6.3 Flow diagram of Silvaco TCAD simulation model. 

 

Table 4 Photovoltaic characteristics of the GaAs p-n solar cell devices under AM1.5 
illumination (CE: conversion efficiency). 

Device Structure JSC 

(mA/cm2) 

VOC 

(V) 

FF CE 

(%) 

GaAs p-n solar cell (ADEPT 2.0) 29.49 1.107 0.867 28.35 

GaAs p-n solar cell (Silvaco TCAD) 29.87 1.071 0.887 28.39 

 

Using Silvaco TCAD, I simulated EQE and the I-V characteristics of the device 

structure with various compositions of InXGa1-XAs QW layers (cf. Figure 6.4). 

To verify the accuracy of the Silvaco TCAD simulation tool, I first applied it to 

the  

 

work presented in Ref. [128] in which a GaAs p-n solar cell device has been 

designed and calculated the photovoltaic characteristics, which is presented and 
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compared to my simulated results in Table 4. The comparison proves the 

accuracy of the Silvaco TCAD simulation model and advocates use for 

simulation. 

From Figure 6.4, it has been clear that incorporation of QWs in the i-region 

enhances the absorption range from visible to the infra-red region (cf. green 

rectangle in Figure 6.4 (b)) and hence the photogenerated current density (cf. 

current axis in Figure 6.4 (a)). However, due to an increase in the radiative 

recombination in the QW layer, VOC of the device decreases which causes an 

overall decrease in the efficiency of multiple QWs solar cell from the 

baseline (p-i-n) solar cell (cf. inset in Figure 6.4 (a)). 

 

 

Figure 6.4 Simulated (a) I-V characteristics, and (b) EQE of InxGa1-xAs/GaAs multiple 

QWs solar cells. 

 

Optical scattering via NPs and efficient coupling of the scattered sunlight in a 

waveguide mode of QWs can be used to improve the trapping of the sunlight. 

This will further increase the absorption in the solar cell by increasing the 
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optical path length through the solar cell absorber layer without changing the 

electronic path of photon generated charge carriers [133]–[136]. Li et al. [133] 

have demonstrated this phenomenon in In0.3Ga0.7As/GaAs based quantum 

well solar cell and reported 2.9 % enhancement in EQE per QW for longer 

wavelength, experimentally. The hybrid ARC designs can be used in 

QW/waveguide solar cells which will not only promote the ARC property but 

also the waveguide mode coupling. 
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