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To become a competitor for fossil fuels such as coal, solar installations will need to 

be produced and installed at a price equal to or below grid parity.  This price can be 

approached by either reducing the overall system cost or increasing system efficiency. 

The focus of this paper is on increasing both cell and module efficiency through 

application of nanotechnology and by numeral modeling. The first portion of this 

dissertation will focus on the production and characterization of zinc oxide urchin-like 

nanostructures.  These nanostructures have a very high surface area to volume ratio.  

Such nanostructures could be appropriate for dye sensitized solar cells, an emergent 

PV technology. The second portion focuses on improving a solar module’s anti-

reflective properties.  In a traditional glass-encapsulated solar module at least 4% of 

the incoming light is lost to reflections off of the first optical interface alone. This in 

turn lower system efficiency and increases the levelized cost of energy. The power 

loss can be reduced greatly by thin film or gradient index anti-reflective coatings.  An 

in-depth review of the current options for mathematical modeling of the optics of anti-

reflective coatings is presented.  The following chapter describes a numerical 

approach to anti-reflective interface design and a comparison between the finite-

difference time-domain and the transfer matrix method of optical modeling.  The last 

chapter describes several approaches to applying anti-reflective coatings to solar 

module lamination materials, including glass and a flexible substrate, fluorinated 

ethylene polymer.  Scale up deposition of the anti-reflective coating on the flexible 

substrate is discussed.  
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1 INTRODUCTION 

1.1 Background 

Photovoltaics are becoming an important part of global energy production for many 

reasons, ranging from environmental and economical to political and national security. 

Over the last few decades solar cells have become sufficiently efficient and cost effective 

to enable mass production and increased electrical grid penetration. As seen in Figure 1, 

global photovoltaic (PV) production has seen a tenfold increase every six years for over a 

decade.  Solar energy has become very important economically and is projected to be a 

leading replacement for non-renewable energy sources. 

 

Figure 1. Annual world PV production [1].   

 

To become a competitor for fossil fuels such as coal, solar installations will need to be 

produced and installed at a price equal to or below grid parity.  As demonstrated in 

Figure 2, installed residential rooftop modules must be below about $2/watt to achieve 

grid parity.  This price can be approached by either reducing the overall system cost or 
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increasing system efficiency. The focus of this paper is on increasing both cell and 

module efficiency through application of nanotechnology by advanced numeral 

modeling. 

 

 

Figure 2: Unsubsidized grid parity cost requirements, history, and projections for solar 

modules [2]. 

 

Currently, module efficiency increases has been shown to consistently reduce the price 

per watt of installed modules (see Figure 3).  This phenomenon is due to the increase in 

costs to produce higher efficiency solar cells is marginal compared to the gain made in 

overall system output.  
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Figure 3: Installed solar PV system price[3]. 

 

One potential path to grid parity is to investigate the different chemistries of solar 

cells.  Most solar module pricing data considers only silicon solar cells due to a large 

majority of all solar cell production in the world is of multicrystalline and 

monocrystalline silicon cells (see Figure 4). 
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Figure 4: Solar cell production in 2010 by technology[4]. 

 

Figure 5 displays the record efficiencies for technologies available today, including 

multijunction cells, gallium arsenide cells, thin film cells, and other emerging 

technologies from 1975 to 2014.  In general, the top half of this graph represents more 

expensive and efficient technologies. These state-of-the art high-efficiency solar cells are 

typically used when there is a limited area on which the solar cells are required, such as 

for satellites, concentrated photovoltaics (CPV), solar unmanned aerial vehicles (UAVs) 

and solar cars. The lower half of this graph represents some of the emergent technologies 

such as thin film and other technologies in their infancy.   



 

 

  

Figure 5: History of research solar cell efficiency for each type of solar cell[5].
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1.2 Dissertation Structure 

The second chapter of this dissertation will focus on the production and 

characterization of zinc oxide urchin-like nanostructures.  These nanostructures, which 

are produced by a relatively low temperature atmospheric pressure chemical vapor 

deposition reaction, have a very high surface area to volume ratio.  Such nanostructures 

could be appropriate for dye sensitized solar cells, an emerging PV technology as seen 

in Figure 5. 

Chapters 3 through 5 focus on improving solar module anti-reflective properties.  In a 

traditional glass-encapsulated solar module at least 4% of the incoming light is lost to 

reflections off of the first optical interface alone. This in turn lower system efficiency 

and increases the levelized cost of energy. The power loss can be reduced greatly by a 

thin film or gradient index anti-reflective coating (ARC).  An in depth review of the 

current options for mathematical modeling of the optics of anti-reflective coatings is 

covered in Chapter 3.   

Chapter 4 presents a mathematical approach to ARC design and comparison between 

nanotextured anti-reflective coatings using both the finite-difference time-domain 

method and the transfer matrix method.   

Chapter 5 describes several approaches to anti-reflective coatings and textures for 

solar cells and module lamination materials, including glass and a flexible substrate, 

fluorinated ethylene polymer.  Scale up deposition of the anti-reflective coating on the 

flexible substrate is discussed.   

The appendices of this dissertation contain MATLAB code that was essential to the 

work in Chapter 5.  They also contain two papers written as a part of the solar electric 

vehicle project.  One paper is an application of the Keithley 2440 source meter in tracing 

current-voltage curves for solar modules as an analysis tool during vehicle production.  

The second paper is a finite-difference time-domain analysis of antenna placement in 

and around the carbon fiber body of a solar-electric vehicle.   
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2 HIGH ASPECT RATIO ZNO NANO-URCHINS USING 

CHEMICAL VAPOUR DEPOSITION GROWTH OF ZINC 

ACETYLACETONATE 

2.1 Introduction 

Zinc oxide (ZnO) nanostructures have received much interest in the past decade as 

materials for dye-sensitized solar cell (DSSC) photoelectrodes,1-3 light emitting diodes 

(LEDs),4 chemical sensing,5 and room temperature UV lasing.6 Its direct wide bandgap 

of 3.37 eV and large exciton binding energy of 60 meV facilitate efficient excitonic 

emission at room temperature.7, 8 ZnO can be grown in a large variety of nanostructures, 

including nanorod and other 1D structures, nanoring, nanoparticle, nanosheet, flower-

like, tetrapod-like, and urchin-like structures by several methods such as chemical vapor 

deposition (CVD), electro-chemical deposition9, thermal evaporation, chemical bath 

deposition, carbothermal reduction, etc..1, 8, 10-17  

The properties and utilities of ZnO materials are affected by its nanostructure. 

Nanostructures with high surface area to volume ratios and one-dimensional crystallinity 

are ideal for DSSCs due to their increased surface area for dye adsorption as well as 

their improved electron transport abilities1. Baxter and Aydil18 deposited ZnO 

nanostructures from a zinc acetylacetonate (Zn(acac)2) precursor in gas phase with an 

oxygen source. They found that the structure of the deposited material depended on the 

state of the precursor; upon heating at 75 °C and 2.2 Torr the Zn(acac)2 precursor would 

first dehydrate and would then proceed to lose the organic ligands resulting in ZnO. 

Baxter and Aydil found that the Zn(acac)2  precursor produced a thin polycrystalline 

film that functioned as a seed layer while the anhydrous precursor, when deposited on 

the 550 °C sapphire substrate, grew into primary ZnO nanorods, while the precursor in 

the ZnO state resulted in secondary branches on the nanowires.  
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In this paper we describe a low temperature atmospheric pressure vapor-phase 

method for synthesizing very high surface area to volume ratio urchin-like ZnO 

nanostructures. 

2.2 Experimental 

2.2.1 ZnO nano-urchin growth by CVD 

Zinc acetylacetonate monohydrate (Zn(C5O2H7)2∙H2O, Zn(acac)2, Alfa Aesar) was 

purchased and used without further purification. One gram Zinc(acac)2 was placed in an 

alumina boat just upstream of the heating elements in a 40 mm ID tube furnace. A 

porous alumina frit was placed 20 cm upstream of the heating element to allow the 

precursor to diffuse into the cold upstream section of the tube. Stainless steel (SS304) 

was used as the substrate, which was rinsed with acetone, methanol, and deionized water 

then dried prior to deposition. Substrates were placed between 21 and 35 cm 

downstream from the end of the alumina boat (See Figure 6). An atmospheric pressure 

nitrogen flow was set to 80 mL mim-1 and the tube furnace was set to 550 °C for 16 hrs, 

with a resulting interior gas temperature of about 525 °C. The residence time for the 

growth was approximately 90 seconds. 

 

Figure 6: Schematic of tube furnace CVD urchin growth. 

  

2.2.2 ZnO Nanostructure analysis 

An X-ray diffraction (XRD) pattern was obtained by the Bruker Axs D8 Discover 

instrument. Scanning electron microscope (SEM) images were taken using the FEI 

Quanta 600. Focused ion beam (FIB) cutting of the thin sample was performed on an 
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FEI Helios Nanolab D600 by the method of Schwartz et al.19. The FIB urchin sample 

was approximately 150 nm thick to reduce curtaining artifacts and sample degradation. 

Atomic-resolution scanning transmission electron microscope (STEM) images were 

obtained using the FEI Titan 80-300 operating at 300 kV in conjunction with energy 

dispersive spectroscopy (EDS) and with a point resolution of 0.14 nm. X-ray 

photoelectron spectroscopy (XPS) data were collected on the ThermoScientific 

ESCALAB 250 with a monochromatized Al Kα X-ray source and a spot size of 400 µm. 

The binding energies were calibrated using the C 1s signal located at 284.7 eV. 

Photoluminescence (PL) spectra were measured by an Edinburgh FLS900 spectrometer 

with a Xe lamp (with an excitation wavelength of 305 nm).  

2.3 Results and discussion 

Figure 7 shows the XRD pattern of the product grown on the stainless steel substrate. 

The presence of crystalline ZnO, which is identified by the (100), (002), and (101) 

planes (2θ = 31.8, 34.6, and 36.4, respectively) as a hexagonal phase wurtzite structure 

that corresponds to the reference for ZnO (JCPDS File No. 89-1397). The peaks at 2θ = 

43.8 and 51.0 are attributed to the austenitic phase of stainless steel substrate. The XRD 

pattern also shows the diffraction peak of martensite (2θ = 44.7) due to the formation of 

an oxide layer by thermal treatment. Therefore, XRD pattern confirm that crystalline 

ZnO has been successfully grown on the stainless steel substrate.  
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Figure 7: XRD pattern of ZnO nano-urchins grown on stainless steel with Zn(acac)2 by 

CVD. 

Figure 8A shows the SEM image of the ZnO grown on stainless steel with Zn(acac)2 

by CVD conditions in a N2 flowing environment. A well-ordered ZnO nano-urchin is 

observed with an overall diameter of 7-25 µm and construction of very dense nanowires 

that are 12-17 nm in width (Figure 8C). Here we present a facile synthesis of high 

surface area to volume ratio ZnO nano-urchins, which was grown at the relatively low 

temperature of 525 ºC. To our knowledge, this is first time that Zn(acac)2 has been used 

at atmospheric pressure to grow the ZnO nanowire-based structures. Several urchin-like 

ZnO structures in literature were prepared by small structures with relatively few spines 

that have an aspect ratio between 1 and 10.16, 20-25 Our ZnO nano-urchin structures have 

a much larger aspect ratio of over 100 and contain many nanowires, often densely 

packed.  
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Figure 8:  SEM images of (A) low magnification, (B) single ZnO nano-urchin and (C) 

magnified SEM image indicated by dotted square in Figure 8B. (D-F) Cross-sectional 

STEM images of ZnO nano-urchin prepared by FIB at different magnifications. (G) 
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Results of elemental analysis along green line labeled in Figure 8C for the elements of 

Zn and O. 

 

Cutting the ZnO nano-urchins with a FIB technique revealed that the ZnO nano-

urchins appear to grow in several distinct phases in the gas phase, as seen in Figure 8D-

F; the center of the urchins consists of rings with distinct morphologies. The core has a 

small polycrystalline grain size, the first ring consists of grains around 100 nm in size, 

and the second ring is a sparse region where nanowire growth begins.  

Elemental analyses along green line in Figure 8D were performed in the STEM mode 

and the results are shown in Figure 8G. There are no difference compositional steps until 

second ring. After this, an increased Zn platform and a decreased O platform appear, 

corresponding to the transformation of the O rich core to the outer ZnO layer, which 

reveals the O deficiency on the surface of ZnO nano-urchin.  

On the basis of the STEM and EDS results, we suggest the growth mechanism of the 

formation of ZnO nano-urchin (Figure 9). Consistent with literature results, the 

composition and crystallinity of each layer of growth on the ZnO urchin is dependent on 

the state of the precursor. As discussed previously, Zn(acac)2 is known to undergo 

decomposition upon heating that results first in the loss of water and second in the loss 

of the organic ligand. Baxter and Aydil18 found that as the precursor is heated its 

deposition products change from first nucleation of ZnO crystals to elongation of 

nanowires. Here we see that as the urchins begin to nucleate near the beginning of the 

tube furnace they are formed to oxygen and carbon rich small particles in gas phase, 

suggesting that the precursor at that point is also oxygen and carbon rich. As both the 

nucleated ZnO particles and the precursor travel in the gas phase down the length of the 

tube furnace the precursor continues to decompose, losing both water and the carbon 

ligands. The loss of carbon can be seen as a deposition on the walls of the tube furnace. 

EDS results indicate that when the urchins are less than 2 μm in diameter the oxygen 

decreases significantly. This is likely the result of the precursor changing to provide less 

oxygen to the structure via loss of the organic ligand. This mechanism is supported by 

the significant change in structure outside the core of the urchin, where the structure 
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shifts from predominantly polycrystalline ZnO to aligned nanowires. The nanowires 

have a higher zinc and lower oxygen concentration, indicating a change in the form of 

the precursor during the urchin growth. As the growth progresses the urchins have 

sufficient mass to precipitate from the gas phase onto substrate. Once on the surface of 

the substrate the ZnO nano-urchin continues to grow, as indicated by the asymmetric but 

nearly spherical growth. 

 

Figure 9: A cross sectional view of the proposed mechanism of ZnO urchin growth. 

Gas phase growth is depicted without a substrate while surface growth is shown on a 

substrate. 

 

XPS was used to confirm the chemical states of the ZnO nano-urchin surface. Figure 

10 shows the high-resolution XPS spectra for the Zn 2p (inset of Figure 10) and O 1s 

regions. The binding energies of Zn 2p3/2 and Zn 2p1/2 are 1021.6 and 1044.7 eV, 

respectively. The Zn 2p3/2 peak is precisely 1021.6 eV, indicating that all Zn present is in 

the form of ZnO, which agrees well with the reported values for ZnO26. The O 1s peak 

can be fitted into three peaks located at 530.7, 532.2, and 533.5 eV, respectively, as 

shown in Figure 10, indicating the three different kinds of oxygen species in ZnO nano-

urchin. The higher oxygen peak at 530.7 eV can be ascribed to the lattice oxygen (LO) in 

the wurtzite structure ZnO and the medium oxygen peak at 532.2 eV is associated with 

O2- ions in oxygen vacancy (VO) regions within the matrix of ZnO, and this will be 

further discussed associated with the PL spectrum. The lower oxygen peak at 533.5 eV 

is usually attributed to chemisorbed oxygen (AO) such as species like carbonate, 

adsorbed water or adsorbed oxygen27-29. The wide scan of XPS survey spectrum (data 
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not shown) of ZnO nano-urchin was performed, and the estimated O/Zn atom ratio is 

around 0.81, which reveals OV on the surface of ZnO nano-urchin.  

 

 

Figure 10: High resolution of XPS spectra in the Zn2p and O1s for ZnO nano-urchins 

synthesized by CVD. OL, OV, and OA denote lattice oxygen, oxygen vacancy, and 

chemisorbed oxygen, respectively. 

The optical properties of ZnO nano-urchin was investigated by using a PL at room 

temperature. Figure 11 shows the PL spectrum of ZnO nano-urchin, which had high 

intensity of violet emission at 388 nm and two visible bands centered at 472 nm (blue 

emission) and 522 nm (green emission), respectively.  

The violet emission is commonly observed due to the recombination of photo-

generated electrons and holes in the ZnO structures30, 31. The visible emissions could be 

related to structural defect sites of ZnO. The blue emission was typically attributed to 

VO
32 and the singly ionized oxygen vacancy, VO

+ was widely accepted to explain the 

origin of the green emissions. The VO or VO
+ of the ZnO surface can be generated by 

removing either oxygen atoms or hydroxide via CVD conditions at temperature of 

525 °C. Therefore, the ZnO nano-urchin with defect sites associated with O vacancies 

such as VO and VO
+, and is in good agreement with the XPS result.  
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For photovoltaic applications in semiconductor sensitized solar cells, these surface 

defects such as O vacancies can largely affect to the interfacial bonding between the 

semiconductor and the dye molecule, lead to drastically different electron-transfer 

behaviors and are expected to influence the performance of the solar cells. Tang et al. 

reported that the O vacancies are observed to improve the interfacial bonding, resulting 

in enhanced electron transfer and relaxation dynamics, as well as the charge 

recombination rates in DSSCs33. Therefore, we expect that high aspect ratios of ZnO 

nano-urchin synthesized in this work will be useful in any surface adsorption 

application, such as DSSCs.  

 

Figure 11: Photoluminescence spectrum of ZnO nano-urchins synthesized by CVD. 

2.4 Conclusions 

We have developed a simple method to produce high aspect ratio of ZnO nano-urchin 

that consists of a polycrystalline core and a nanowire shell, having a wurtzite crystal 

structure. The synthesis of ZnO nano-urchin was carried out in atmospheric pressure and 

at a relatively low temperature. Future work should increase the density of the nano-

urchins on the substrate. This would provide more surface area of nanostructures for any 

dye adsorbing or light emitting application. The effects of the substrate could also be 

explored, as a non-conductive substrate may be more useful in DSSCs applications.  
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3.1 Introduction 

Recent trends of global climate change and impending petroleum shortages have 

encouraged researchers to develop a variety of renewable energy production methods, 

solar electricity generation being among the most popular of solutions. Commercially 

available monocrystalline silicon solar cell efficiency is currently above 24%, a mere 5% 

below the theoretical maximum. As solar cell production becomes cheaper, the cost of 

installed solar modules is beginning to depend more on module production and 

installation. One way to reduce the cost of installed solar panels is to minimize losses 

due to light reflection at interfaces, including but not limited to the air/glass and 

adhesive/silicon interfaces. This paper addresses the current status of mathematical 

modeling of anti-reflective sub-wavelength structures (ARSWS), provides the 

background on the most popular of modeling techniques for ARSWS, and suggests 

appropriate applications for each technique. 

3.1.1 Scope 

This paper is intended to be a review of the most commonly used methods for 

optical modeling of anti-reflective subwavelength structures. Optical modeling methods 

have developed over time and, with the introduction of advanced computing resources, 

have largely discarded methods that include non-rigorous assumptions. Likewise, with 

the wide variety of optical modeling methods available, some methods have become 

more popular than others due to reasons other than their computational ability, such as 

availability of commercial software or abundant use in the literature. Currently, only 

four major modeling methods are commonly used in the field of ARSWS: finite-

difference time-domain (FDTD), finite element method (FEM), transfer matrix method 

(TMM), and rigorous coupled-wave analysis or Fourier modal method (RCWA/FMM). 

Of those, all but TMM are capable of describing the geometry of subwavelength 

structures; TMM relies on an effective media approximation for more complicated 
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geometry. The mathematical approach for each of these methods is different, resulting in 

different advantages and disadvantages in modeling capabilities, which are the topic of 

this review. Although these methods are considered accurate and rigorous solutions to 

Maxwell’s equations, it is suggested that exploration of solutions through multiple 

modeling methods is most robust [1].  

Some optical modeling methods are not covered here; these methods include method 

of moments (MoM; for background see ch. 15 in reference [2]) and finite integral 

technique (FIT). These methods, while popular for other optical modeling applications, 

have not been used widely to model anti-reflective subwavelength structures, and will 

therefore not be discussed.  

3.1.2 Background on anti-reflective sub-wavelength structures 

Anti-reflective subwavelength structures are a type of biomimicry. It was found that 

the eyes of moths and butterflies include a surface layer of regular nipple arrays that 

reduced light reflection from the air/eye interface. Stavenga et al. characterized the 

ARSWS on the eyes of 19 diurnal butterfly species and found that the conical nipple 

arrays had periods of 180 to 240 nm with heights up to 230 nm [3], many of which are 

appropriate anti-reflective structures (see Figure 12).  

ARSWSs can be tapered structures with a gradient index of refraction (GRIN), non-

tapered structures, sparse or densely packed, and/or made of the same material as one of 

the interface materials or a different material entirely. These characteristics are chosen as 

a balance between an ideal ARC for the situation at hand and the manufacturability of 

that ARC.  
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Figure 12: Example images of moth-eye structures found in nature. The scale bars are 

(a) 10 µm, (b-g) 500 nm. Example image of Pieris napi (h) Copyright John Pickering 

2004-2013; http://www.discoverlife.org. Figures 1a-1g reprinted with permission from 

reference [4]; Copyright 2006; Elsevier. 

The least complicated ARCs are quarter wavelength, intermediate index thin films 

[5]. These ARCs target specific wavelengths by creating destructive interference 

between the reflections at the interfaces on either side of the film. Thin film ARCs for 

solar applications are ideally chosen to have thicknesses of about 125 nm, to target the 

peak of the air mass 1.5 (AM1.5) solar spectrum of 500 nm. For a quarter wavelength 

ARC to function, the index of refraction of the film must be designed according to the 

following equation:  
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n = (ns × n0)0.5 (1) 

where n is the index of refraction of the thin film and ns and n0 are the indices of the 

substrate and atmosphere (or the neighboring materials), respectively. Thin film ARCs 

can come in the form of single layer anti-reflective (SLAR), double layer anti-reflective 

(DLAR), or multiple layer anti-reflective structures.  

This review will use many terms common in the field to describe ARSWSs and 

optical theory. In the following pages, we will consistently refer to the x, y, and z 

directions as shown in Figure 2. A plane wave at normal incidence will be considered to 

be coming from the +z direction. Also, Figure 13 shows both a 2-D and a 1-D grating, 

which are modeled in 3-D and 2-D space, respectively. The angle of incidence (AOI) of 

the plane wave will be described as the angle from the +z-direction. Both of the 

structures shown in Figure 13 are considered gradient index (GRIN) structures, due to 

their continuously changing effective indexes of refraction as seen from the +z toward 

the –z direction.  

 

Figure 13: Orientation diagram of 2-D grating (3-D model, left) and 1-D grating 

(2-D model, right).  

 

ARSWS materials are chosen to be dielectrics to reduce reflections and absorption. 

Material parameters of concern in this review are index of refraction (RI) and 

permittivity (ε). The index of refraction is the square root of permittivity for materials 

with a relative permeability of one, and both RI and permittivity can be complex 

numbers. The real part of the permittivity describes how light slows down in a medium, 
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which is described by Snell’s law, or the relationship between angles of incidence and 

angles of refraction. The imaginary part of permittivity describes the extinction 

coefficient and is related to light absorption. Both the real and imaginary parts of 

permittivity are found to be wavelength dependent.  

The optical models covered in this review use plane waves as incident light, either 

polarized or unpolarized. Unpolarized plane waves are equivalent to the averaging of the 

two polarizations of the plane waves, transverse electric (TE) and transverse magnetic 

(TM). As shown in Figure 14, TE light (transverse electric) has its E-field aligned with 

the plane of incidence (or the continuous direction of a 1-D grating) and TM light 

(transverse magnetic) has an E-field orthogonal to that of TE. The wavevector, k, 

indicates the direction of light travel. 

 

Figure 14: Diagram of TE and TM incident light at a non-zero angle of incidence on 

an interface plane for AOI < Brewster’s angle.  
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3.1.3 Ideal anti-reflective sub-wavelength structures and gradient 

indexes  

The most promising broadband ARSWSs are gradient-index (GRIN) nanostructures. 

These materials provide a smooth gradient of index of refraction at the interface between 

two layers. For solar modules, those layers are commonly air:glass (n=1:n=1.5), 

EVA:silicon nitride (n=1.5:n=2), among others. Given the few number of materials with 

indexes of refraction between that of glass (around 1.5) and that of air (1.0), researchers 

have come to rely on the effects of mixing materials at subwavelength sizes to produce 

intermediate indexes of refraction. When the periods of the nanomaterials are 

significantly smaller than the wavelength of light the effective index of refraction can be 

calculated using empirical or semi-analytical formulas. These formulas are covered in a 

later section on effective medium theory. This theory dictates that the index of refraction 

for a nanostructure that is smoothly tapered in the z-direction results in a smooth 

transition of effective index of refraction between the two materials of the interface, 

resulting in decreased reflections.  

3.1.4 Properties of ARSWS models 

Inputs to ARSWS reflectivity simulations include the size, shape, period, and/or 

location of subwavelength structures, materials properties (real or complex permittivity 

and permeability) for both bulk materials and the SWS features. The simulation must 

include an input of appropriate EM radiation, usually a polarized plane wave, and a way 

to detect the power of reflected and transmitted EM energy. The simulation must have 

appropriate boundary conditions to describe the material being simulated, either periodic 

or absorbing conditions on x and y and absorbing on z. The absorbing conditions used in 

several techniques, including FDTD and FEM is a perfectly matched layer, a 

mathematical method of attenuating any signal that is traveling normal to the boundary, 

which deletes artificial reflections in the computational domain.  
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Although many optical modeling methods have been developed for diffraction 

gratings to handle higher order reflections and refractions, sufficiently small ARSWSs 

should primarily require consideration of zeroth order reflections and transmissions [6]. 

For frequency-based numerical modeling methods this characteristic simplifies the 

required calculations, though exploring simulations of higher order diffraction 

calculations can confirm the accuracy of the method. Figure 15 displays a 2-D 

simulation of normal incidence on a 1-D grating and the orientations of the zeroth and 

higher order diffractions.  

 

Figure 15: Diffraction orders on a 1-D grating at normal incidence.  

 

ARSWS reflectivity simulations can be performed over a range of wavelengths, 

angles of incidence (AOI), and polarization (TE or TM). For solar module applications 

ARSWS are often modeled between 400 and 800 nm or 400 and 1200 nm, with 400-800 

nm being the peak solar input at AM1.5 and 400-1200 nm being the useful range of 

encapsulated solar modules based on the extinction coefficient of the lamination 

materials below 400 nm and the bandgap of silicon solar cells above 1200 nm.  
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For stationary (non-tracking) solar modules the behavior of an ARC at a variety of 

angles of incidence is important. Chuang et al. found that moth eye structures exhibit 

inverse polarization at the Brewster angle [7]. Although these structures eliminated the 

Brewster effect, they also have potential to decrease reflectance at higher angles of 

incidence, which can be important during morning and evening solar electricity 

collection. All methods covered in this paper are capable of simulating non-zero angles 

of incidence.  

3.1.5 Commercial EM modeling software packages 

There are commercial software packages available for many electromagnetic 

modeling techniques. Though some were originally intended to model EM situations 

such as antennas or EM interference in electric circuits, most can be used to model 

reflection and transmission of anti-reflective coatings as well. A non-exhaustive list of 

software for FDTD simulations is XF by Remcom, FDTD Solutions by Lumerical, 

Meep from MIT, OptiFDTD, EM Explorer, and FullWave by RSoft Design Group. CST 

Studio uses the Finite Integral Technique (FIT), Transmission Line Matrix method 

(TLM), and Finite Element Method (FEM) for frequency and time domain solvers. High 

Frequency Structure Simulator (HFSS) is another commercially available FEM 

software, as is COMSOL. Several software packages use the Rigorous Coupled Wave 

Analysis (RCWA), including RODIS, Unigit, GD-Calc, and DiffractMOD by RSoft 

Design Group.  

3.1.6 Utility of modeling ARSWS 

Several authors have described the exact size and shape of a theoretically optimal 

broadband anti-reflective coating [5]. However, modeling anti-reflective sub-wavelength 

structures is still an important field due to the difficulty and impracticality of fabricating 

the ideal structures. Modeling can be used to direct the fabrication of nanostructures 

toward a more optimal ARC, given the starting point of a structure that is more cheaply 

or easily fabricated.  
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3.2 Overview of Optical Modeling Methods 

There are many different mathematical models for treating the behavior of 

electromagnetic radiation through subwavelength anti-reflective structures. These 

methods include a numerical time-based approach called the finite-difference time-

domain (FDTD) method, numerical frequency-based methods of the transfer matrix 

method (TMM, models thin films only), rigorous coupled wave analysis (also called 

Fourier modal method RCWA/FMM), coordinate transfer method (C-method), and 

finite element method (FEM), as well as exact approaches such as Knop’s or Sheng’s 

handling of 2D square grooves [8,9] and geometric optics (ray tracing, which is not 

appropriate for sub-wavelength structures). Effective media theory (EMT) is used in 

conjunction with TMM to assign an effective index of refraction to discretized layers of 

an interface that make up subwavelength structures or other gradient index (GRIN) 

materials. Each of these methods has its benefits and limitations in modeling the 

behavior of light through ARCs that will be discussed in the following sections. Only 

numerical methods will be discussed in this review.  

3.3 Effective Medium Theory 

Unlike the other modeling methods reviewed in this paper, effective medium theory 

(EMT) is not a method for directly determining reflectance or transmittance of an 

ARSWS. Instead, this is a method that determines the effective index of refraction of a 

sub-wavelength structured geometry based on the volume fill factors of the multiple 

materials (see Figure 16). As shown here, EMT is only valid when the period of the 

texture is much smaller than the wavelength of light; some authors consider EMT only 

valid when the period is less than one tenth the wavelength [10]. At larger feature sizes 

EM waves behave in the Bragg regime, where only one or two diffraction orders are 

present in the diffracted (reflected or transmitted) light. Larger feature sizes require 

modeling of higher order diffractions and cannot considered gradient index (GRIN) 

materials or effective media. Other methods, such as the transfer matrix method (TMM), 

rigorous coupled wave analysis (RCWA) [11], or finite element method (FEM) [11] can 
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be used to determine the reflectivity of the structured interface once the effective index 

of refraction is obtained for all relevant portions of a sub-wavelength feature.  

 

Figure 16: Schematic of a graded index subwavelength structure (a), the effective 

index of refraction according to how the light would interact with the material (b), 

and a graph of an approximate effective index (c). The various regimes of optical 

behavior with grating sizes are shown in (d), indicating that the effective medium 

theories are applicable for gratings whose periods (p) are much smaller than the 

wavelength of light.  

EMT is used to predict the effective refractive index, and, in some cases unrelated to 

the subject at hand, the effective conductivity of a material. In 1956 Rytov derived an 

EMT solution for one dimensional periodic lamellar structures composed of two 

materials [12]. EMT is not used to predict the effective absorption coefficients of a 

material, so is most useful for dielectric materials. EMT also does not account for the 

size, shape, or arrangement of subwavelength textured materials. The polarization of the 

incident wave on a grating is generally not accounted for, except by Brundrett et al. for 

the case of high special frequency dielectric gratings and by Lalanne and Lemercier-

Lalanne for one-dimensional gratings [13,14].  
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The effective index of refraction of a subwavelength mixture of materials falls 

between the upper and lower indices set by the bulk values for the constituent materials 

(see Eqn. 2 and 3 as well as Figure 17) [11].  

1

휀𝑢𝑝𝑝
=

(1 − 𝑓𝑥)

휀1
+

𝑓𝑥

𝑓𝑦휀2 + (1 − 𝑓𝑦)휀1

 
(2) 

휀𝑙𝑜𝑤 = (1 − 𝑓𝑦)휀1 + 𝑓𝑦[𝑓𝑥 휀2⁄ + (1 − 𝑓𝑥) 휀1⁄ ]−1 (3) 

where εupp and εlow are the highest and lowest possible permittivities of the mixture and 

εeff lies somewhere between these two, ε1 and ε2 are the permittivities of the surrounding 

material and substrate, and fx and fy are the fill factors of material 2 in the x and y 

directions. These guidelines can be used to determine the effective index of refraction of 

gratings.  

 

 

Figure 17: TEM images of moth eye nipple arrays (a and b) and the effective index of 

refraction for three nipple types that exhibit graded index (GRIN) behavior. Reprinted 

with permission from reference [5]; Copyright 2010; Elsevier.  



 

 

 

32 

 

 

3.3.1 Effective Medium Approximations 

The most common effective medium approximations (EMAs) are the Bruggeman’s 

model, the Maxwell-Garnett Equation, and the Lorentz-Lorentz model (See Table 1). 

These three methods assume approximately spherical subwavelength grains with fill 

factors f and 1-f. The Maxwell-Garnett method is used for homogeneous mixtures of two 

materials, where the material with the refractive index (RI) of RI=n2 is surrounded by 

that with RI=n1. This method was originally developed to describe the behavior of light 

travelling through glass with a small volume fraction of silver, copper, or gold 

nanoparticles [15]. Material described by this method is assumed to have low volume 

fractions, where material 2 is in lower quantity and is surrounded by material 1. If these 

assumptions are met, then the effective refractive index can be calculated using the 

Maxwell-Garnett equation found in Table 1. For materials with more than two 

components the Bruggeman or Lorentz-Lorentz models are appropriate estimations of 

the effective index (see Table 1). In these models the effective media are assumed to 

consist of two or more materials, for which the effective index of refraction between 

those of the constituent materials. More information on these three effective medium 

approximations and their microscopic- or macroscopic-based derivations is described by 

Aspnes [16]. 

Table 1: Common EMA methods 

Method Model Notes 

Maxwell-

Garnett [15,17] 

(𝑛2 − 𝑛1
2)

(𝑛2 + 2𝑛1
2)

= (1

− 𝑓1)
(𝑛2

2 − 𝑛1
2)

(𝑛2
2 + 2𝑛1

2)
 

Original model for 

effective RI, assumes 

homogenous mixture of 

low volume fraction of 

spherical SWS for material 

#2 
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Bruggeman 

[18] 
∑ 𝑓𝑖 [

(𝑛1
2 − 𝑛2)

(𝑛1
2 + 2𝑛2)

]

𝑘

𝑖=1

= 0 

Describes effective RI for 

any number, k, of 

constituents in a 

homogeneous mixture 

 

Lorentz-

Lorentz [16] 

(𝑛2 − 1)

(𝑛2 + 2)
= 𝑓1

(𝑛1
2 − 1)

(𝑛1
2 + 2)

+ 𝑓2

(𝑛2
2 − 1)

(𝑛2
2 + 2)

 

Can be extended to more 

than two constituents by 

adding more terms 

Lalanne and Lemercier-Lalanne derived rigorous semi-analytical effective medium 

approximations for normal incidence waves on one- and two-dimensional periodic 

structures [14]. The authors used a Fourier expansion method on the permittivity of the 

gratings to derive an EMA for TE polarization of symmetric or asymmetric 1-D 

structures, a closed-form second-order EMA for TM polarization, and closed-form 

zeroth- and second-order EMA for 2-D symmetric periodic structures (see Supplemental 

Table S1). The results for effective index inserted into the transfer matrix method are 

compared to those determined by rigorous coupled wave analysis with very good 

agreement.  

Forberich et al. used effective medium approximations to model moth eye and 

theoretically ideal anti-reflective subwavelength structures (see Figure 18) [19]. The 

authors used calculated theoretical reflectivity results convoluted with external quantum 

efficiency measurements under a solar spectrum to determine the theoretical current 

output for their organic solar cells with moth eye or ideal anti-reflective coatings. They 

found that the EMT simulations of moth eye coatings (green triangles in Figure 18) were 

comparable to the measured moth eye coated currents (red dots) up to a 60° angle of 

incidence. Simulations and measurements without ARCs on these organic solar cells 

were in very good agreement (black line and dots). Forberich et al. explain the small 

discrepancies between measurement and simulation as due to the imperfect matching of 
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the moth eye material and the solar cell substrate; if the moth eye structures were made 

of the same material as the solar cells then the AR properties would improve.  

 

Figure 18: Simulation with EMT and measurement results of short circuit current 

from organic solar cells with no ARC, with a moth eye ARC, and with an idea 

GRIN structure ARC. Reprinted with permission from reference [19]; Copyright 

2008; Elsevier. 

Brunner et al. reviewed the derivation of polarization dependence of effective 

medium approximations on 1-D gratings [14,20,21]. For 1-D gratings TE polarized EM 

radiation has its E-field lined up with the non-spatially dependent axis in the plane of the 

grating (see Figure 19). The effective index of refraction can be expanded in a power 

series. The two polarizations can be described by power series with up to the 2nd order 

retained:  

𝑛𝑇𝐸 = √𝑓𝑛2 + (1 − 𝑓)𝑛0
2 

∙ √1 +
𝜋2

3
(𝑓𝑛2 + (1 − 𝑓)𝑛0

2)(𝑓(1 − 𝑓))
2

(
𝑔

𝜆
)

2

(
𝑛2 − 𝑛0

2

𝑓𝑛2 + (1 − 𝑓)𝑛0
2

)

2

 

(4) 
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𝑛𝑇𝑀

= √
𝑛2𝑛0

2

𝑓𝑛0
2 + (1 − 𝑓)𝑛2

∙ √1 +
𝜋2

3
(𝑓𝑛2 + (1 − 𝑓)𝑛0

2)(𝑓(1 − 𝑓))
2

(
𝑔

𝜆
)

2

(
𝑛2 − 𝑛0

2

𝑓𝑛0
2 + (1 − 𝑓)𝑛2

)

2

 

(5) 

where g/𝜆 is the period-to-wavelength ratio and f is the fill factor.  

 

Figure 19: TE and TM polarization hitting a 1-D grating. The wavevector is indicated as 

k. 

There are several commonly reported simple mathematical gradient index profiles 

found in the literature. Of these, the quintic and exponential sine profiles (Equations 6 

and 7) are considered to have the most ideal broadband anti-reflective properties [5].  

Quintic index profile: 

𝑛 = 𝑛0 + (𝑛𝑠 − 𝑛0)(10𝑡3 − 15𝑡4 + 6𝑡5) (6) 

where t is the distance from the substrate in the GRIN region.  

Exponential sine profile: 
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𝑛(𝑥) = 휂𝑚𝑎𝑥𝑒𝑥𝑝 (
1

2
𝑙𝑛 (

𝑛𝑚𝑎𝑥

𝑛𝑚𝑖𝑛
) × {𝑠𝑖𝑛 [𝜋 (

𝑥

𝑥𝑡𝑜𝑡
) +

𝜋

2
] − 𝑠𝑖𝑛

𝜋

2
}) 

(7) 

where 𝑥 = ∫ 𝑛(𝑧′)𝑑𝑧′
𝑧

0
 and 𝑥𝑡𝑜𝑡 = ∫ 𝑛(𝑧′)𝑑𝑧′

𝑑

0
are the optical distance from the 

substrate and the total optical thickness. The metric thickness axis, z, increments from 

the substrate toward the top of the ARSWS and d is the total thickness of the ARSWS 

(GRIN region). The effective index of refraction is represented by n, while 휂 is the 

effective admittance at an oblique angle of incidence. Structures with a quintic index 

profile are called ‘Klopfenstein structures’ [20], which are shown in the rigorous 

coupled-wave analysis section of this review. 

Other common GRIN profiles explored in the literature include the linear (Equation 

8) and cubic (Equation 9):  

Linear index profile: 

𝑛 = 𝑛0 + (𝑛𝑆 − 𝑛0)𝑡 (8) 

Cubic index profile:  

𝑛 = 𝑛0 + (𝑛𝑠 − 𝑛0)(3𝑡2 − 2𝑡3) (9) 

where t is the distance from the substrate, n0 is the index of a vacuum, ns is the index of 

the bulk ARSWS material. Another profile type, the super-Gaussian, is give by:  

Super-Gaussian: 

𝑦(𝑥) = ℎ ∙ 𝑒𝑥𝑝 (− |
2𝑥 − 𝑔𝑛

𝜎 ∙ 𝑔
∙ 𝑙𝑛2|) 

(10) 

where σ is the width of the profile, the exponent n is a parameter that models flatness 

(the super-Gaussian order), height h and grating period g are scaling factors in the x- and 

y-directions. This describes the shape of the gradient index, rather than a direct solution 

for the index as in the other profiles in this section. The super-Gaussian topography 

profile describes the gradient index of a sinusoidal surface [20].  
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Xi et al. described the shape of the gradient index and the effects of height, 

wavelength, and angle of incidence on the associated reflectance of the GRIN structures 

(see Figure 20) [22]. The structures included the linear, cubic, and quintic index profiles. 

The quintic index profile performed the best of these three shapes with an overall 

reflectance of less than 0.1% in the visible region. TE and TM polarizations are shown 

for the wavelength and angle of incidence dependence. The shapes in this experiment 

were approximated by 1,000 homogeneous layers, which were used to calculate the 

reflectance by the transfer matrix method.  

 

Figure 20: Reflectivity of several GRIN structures over a range of heights, 

wavelengths, and angles of incidence. Reprinted with permission from reference 

[22]; Copyright 2007; Nature Publishing Group. 



 

 

 

38 

 

 

3.4 Time-Based Optical Modeling Methods 

3.4.1 Finite-Difference Time-Domain 

The finite-difference time-domain (FDTD) numerical modeling method is 

considered to be one of the most accurate and simple rigorous methods to model anti-

reflective properties of sub-wavelength structures. Though it is computationally 

intensive, the FDTD method handles any arbitrarily shaped structure naturally using an 

explicit numerical solution to Maxwell’s curl equations.  

The FDTD method was first introduced in 1966 by Yee and was furthered by 

Taflove [23,24]. Yee developed the mathematical approach to spatially discretize the 

computational space into what is now known as a Yee cube (see Figure 21). The Yee 

cube is the unit cell of the equally offset electric and magnetic field computation points. 

The FDTD method, described thoroughly in Taflove’s book “Computational 

Electrodynamics: the finite-difference time-domain method,” [25] was first developed to 

model electromagnetic (EM) radio waves. However, due to the simple and versatile 

approach, it is able to naturally handle any EM modeling situation given sufficient 

computing resources.  

 

Figure 21: Yee cell. Arrows indicate the direction of the E or H field that is 

calculated at each point.  
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Prior to the turn of the millennium, lack of computing resources was a limiting factor 

to analyzing ARSWS using the FDTD method. Yamauchi et al. paved the way with their 

1993 and 1996 publications that modeled simple 2D thin film ARCs [26,27]. In 2004 

Yang et al. first used the FDTD method to model a 3D nanoporous structure [28]. The 

introduction of exponentially increasing computing resources in the 2000’s enabled the 

EM modeling community to utilize FDTD to its greatest advantage; researchers were 

finally able to model the behavior of light at an interface of any texture, size, or shape, 

regardless of its regularity, with only the knowledge of bulk material properties. 

Calculations in the time domain avoid the problem of the single wavelength restriction 

of other methods. Given sufficient computing power FDTD is also capable of accurately 

modeling structures of any size to wavelength ratio, whereas EMT requires wavelengths 

much longer than the interface texture and geometric optical approaches require 

wavelengths much shorter than interface structures. However, FDTD is highly 

demanding of computer processing, memory, and storage abilities compared to 

frequency-based or non-spatially discretized methods.  

The FDTD method is derived from Faraday’s and Ampere’s laws (Equations 11 and 

12) as well as the relationships between the electric field (E), the electric displacement 

field (D), the magnetic field (B), and the auxiliary magnetic field (H) (Equations 13 and 

14). These four equations are used to derive Maxwell’s curl equations (Equations 15 and 

16).  

𝜕𝐵

𝜕𝑡
= −𝛻 × 𝐸 − 𝑀 

(11) 

𝜕𝐷

𝜕𝑡
= 𝛻 × 𝐻 − 𝐽 

(12) 

𝐷 = 휀𝑟휀0𝐸 (13) 

𝐵 = 𝜇𝑟𝜇0𝐻 (14) 
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𝜕𝐻

𝜕𝑡
= −

1

𝜇
𝛻 × 𝐸 −

1

𝜇
(𝑀𝑠𝑜𝑢𝑟𝑐𝑒 + 𝜎∗𝐻) 

(15) 

𝜕𝐸

𝜕𝑡
=

1

휀
𝛻 × 𝐻 −

1

휀
(𝐽𝑠𝑜𝑢𝑟𝑐𝑒 + 𝜎𝐸) 

(16) 

where ε is the permittivity, µ the permeability of the medium, and σ is the conductivity. 

When conductivity is zero the Maxwell’s equations can be rewritten as 

𝜕𝐻𝑥

𝜕𝑡
=

1

𝜇
(

𝜕𝐸𝑦

𝜕𝑧
−

𝜕𝐸𝑧

𝜕𝑦
) 

(17) 

𝜕𝐻𝑦

𝜕𝑡
=

1

𝜇
(

𝜕𝐸𝑧

𝜕𝑥
−

𝜕𝐸𝑥

𝜕𝑧
) 

(18) 

𝜕𝐻𝑧

𝜕𝑡
=

1

𝜇
(

𝜕𝐸𝑥

𝜕𝑦
−

𝜕𝐸𝑦

𝜕𝑥
) 

(19) 

𝜕𝐸𝑥

𝜕𝑡
=

1

𝜖
(

𝜕𝐻𝑧

𝜕𝑦
−

𝜕𝐻𝑦

𝜕𝑧
) 

(20) 

𝜕𝐸𝑦

𝜕𝑡
=

1

𝜖
(

𝜕𝐻𝑥

𝜕𝑧
−

𝜕𝐻𝑧

𝜕𝑥
) 

(21) 

𝜕𝐸𝑧

𝜕𝑡
=

1

𝜖
(

𝜕𝐻𝑦

𝜕𝑥
−

𝜕𝐻𝑥

𝜕𝑦
) 

(22) 

Equations 17 through 22 can be discretized using the central difference 

approximation to produce six algebraic equations that describe the behavior of EM 

waves in three dimensions. These equations are solvable for the electric and magnetic 

fields in each dimension: Ex, Ey, Ez, Hx, Hy, and Hz. To carry out the FDTD calculations, 

permittivity and permeability properties are assigned to each point in the computational 

grid and boundary and initial conditions are set (described by Taflove [25]). The 

discretized E and H equations are then solved alternately at each half time step, with the 

current E values depending on previous and adjacent H values and vice versa. Using this 
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scheme one can timestep through an entire simulation, resulting in electric and magnetic 

field values at each point for each timestep. For ARSWS analysis, these time-based data 

points are discrete Fourier-transformed (DFT) to the frequency scale [29]. The power of 

the EM waves is then calculated by squaring the absolute value of the DFT result and is 

multiplied by the index of refraction to account for the change in velocity in a non-

vacuum medium if applicable. Reflectance and transmittance are found by normalizing 

the power against the input EM power.  

Appropriate boundary conditions must be applied to the computational boundaries to 

avoid artificial reflections within the domain. Implementing boundary conditions in 

FDTD for ARSWS analysis is normally done one of two ways: an absorbing boundary 

condition or a periodic boundary condition. Periodic boundary conditions are simple and 

allow for modeling of an infinitely large array of ARSWS features. Absorbing boundary 

conditions (ABCs), which are necessary for all non-periodic boundaries, function to 

attenuate the EM signals at the interface. The most commonly used ABC is the perfectly 

matched layer (PML), which was introduced by Berenger in 1994 [30]. The PML 

functions to anisotropically attenuate all EM intensity that is traveling in the direction 

toward the boundary, effectively eliminating any artificial reflections from that surface. 

Introducing a plane wave into an FDTD simulation is done by setting the E and H 

values in one plane to appropriate non-zero values for a period of time, either a short 

pulse or a continuous source. All values in the plane must be the same at any given time 

point to ensure plane wave functionality. The signs of E and H must be chosen to 

propagate the EM wave in the desired direction following the right hand rule. Plane 

waves can be introduced as monochromatic waves (with the E and H fields oscillating in 

time at the appropriate rate) or as a distribution of wavelengths. An example of 

introducing a Gaussian distribution of wavelengths into one simulation can be seen in 

Figure 22. 
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Figure 22: Time-based E-fields introduced as a plane wave (top) to simulate a 

range of frequencies (bottom). 

 

In FDTD materials are defined only by their permittivity and permeability 

properties. Most ARSWS FDTD studies are based on dielectric materials, thus, the 

relative permeability is one and absorptive losses can be ignored. This is especially true 

when analyzing dielectric materials that are optically thin. Most studies also ignore 

dispersion, or the effect of wavelength on the permittivity, as permittivity of the 

commonly studied materials is relatively constant over the AM1.5 range. FDTD does 

not handle dispersion naturally, as multiple wavelengths are input simultaneously, but 

modern computing programs have been improved to include dispersion.  

Programming FDTD simulations manually is feasible and is fully supported by 

Taflove’s text on the subject [25]. However, there are several commercially-available or 

free software products that make FDTD simulations significantly easier to use, including 

XF by Remcom, FDTD Solutions by Lumerical, MEEP (open source), OptiFDTD, EM 

Explorer, FullWave by RSoft Design Group, and Electromagnetic Template Library. 

Commercial software often includes a user-friendly GUI and CAD modeling tools for 

drawing 2D or 3D materials.  
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Whether using in-house or commercial software, several guidelines must be taken 

into account when setting up an FDTD simulation. To be accurate, the software requires 

at least ten computational cells per wavelength. The time step is usually chosen so that 

there are at least 20 timepoints per wavelength. There must also be at least three 

calculation points across any feature that one is expecting to model; failure to comply 

with this requirement often results in the improper modeling of the tips of pointy 

nanostructures [31]. This pixilation effect would produce an artificially abrupt change in 

the effective refractive index at the pointiest parts of the ARSWS. Deinega et al. 

reported a subgrid smoothing method to account for this effect, which improved the 

modeling of fine features [32]. Even with this drawback, several authors reported the 

choice of FDTD over the rigorous coupled wave analysis (RCWA) method due to 

RCWA being oversimplified for some 3D models [29,33,34].  

Several groups have used the FDTD method as an accurate method to fine-tune the 

designs of ideal anti-reflective interfaces. FDTD has been used in conjunction with the 

transfer matrix method (TMM); Feng et al. developed a space mapping technique that 

applied both TMM and FDTD to converge on an optimal design for the thicknesses of a 

multiple thin film layered ARC [35]. Feng et al. compared the calculated reflectivity 

from FDTD, TMM, and experimental data to show that the FDTD method was more 

accurate than the TMM method for their multiple thin film simulations (see Figure 23). 

Li et al. and Zhou et al. both also used TMM with FDTD to design antireflective and 

waveguide structures [36,37]. The transfer matrix method is very efficient, but has 

limited accuracy due to its inherent approximations, while the FDTD method is versatile 

and accurate, but time consuming [35].  
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Figure 23: Reflectivity calculated from the FDTD and TMM methods compared to 

experimental data shows that the FDTD method is more accurate than the TMM 

method. Reprinted with permission from reference [35]; Copyright 2003; IEEE.  

Several groups used both FDTD and TMM, but refer to the TMM simulations as 

“effective medium theory” [28,31,38,39]. Effective medium theory takes 

subwavelength-textured structures and breaks them down into planes of effectively 

homogeneous “thin films.” For example, Schmid et al. sliced their nanotexture every 1 

nm for their EMT models [39]. The traditional thin film reflectivity equation (transfer 

matrix method) is used to calculate the reflectivity of the overall interface. This method 

works well for structures much smaller than the wavelength of EM radiation, but breaks 

down quickly as structures approach the wavelength size and if there are any non-zeroth 

order reflections or transmissions (due to a diffraction grating effect). Figure 24 shows 

the comparison of EMT results with FDTD results (including a subpixel smoothing 

method) for graded-index films with an integral RI profile (𝑓(𝑧) = 𝐶 ∫ 𝑒𝜁−1(𝑑−𝜁)−1
𝑑휁

𝑧

0
), 

square pyramids with linear and quantic RI profiles closely packed in a square lattice, 

and cones closely packed in a triangular lattice reported by Deinega et al. [31]. FDTD 

results are in good agreement with EMT over the wavelengths studied except for very 

short wavelengths where the assumptions of EMT break down. Separate results 
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comparing FDTD, EMT, and experimental values for reflectivity vs. GRIN height are 

shown in Figure 25.  

 

Figure 24: Reflectivity results from graded-index films with an integral RI profile 

(𝑓(𝑧) = 𝐶 ∫ 𝑒𝜁−1(𝑑−𝜁)−1
𝑑휁

𝑧

0
), square pyramids with linear and quantic RI profiles 

closely packed in a square lattice, and cones closely packed in a triangular lattice 

from EMT (lines) and FDTD (points) calculations. Reprinted with permission from 

reference [31]; Copyright 2011; Optical Society of America.  
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Figure 25: Comparisons between reflectivity calculated by EMT, FDTD, and 

experimental results for GRIN structures. Reprinted with permission from 

reference [39]; Copyright 2007; Optical Society of America  

While effective medium theory requires features to be much smaller than the 

wavelengths of interest, geometrical optics or ray tracing is often used when feature 

sizes are much larger than the wavelengths [31,38,40]. Though specifically not useful 

for subwavelength structures, this method is often used to design anti-reflective gratings 

using light trapping. This method uses simple geometrical optics based on the index of 

refraction to calculate the behavior of light, assuming an abrupt change in index of 

refraction at the textured interface. Deinega et al. report ray tracing models the short 

wavelength/large feature size extremes of anti-reflective designs and FDTD is still 

shown to have comparable, accurate results [31]. However, due to the requirements of 

having many computational points per wavelength in space for this method it may not be 

ideal to model particularly large structures with FDTD due to processing power and data 

storage constraints.  

Chen et al. produced two studies that analyzed cones and pyramids using both 

RCWA (discussed in a later section) and FDTD [6,7]. Ichikawa used both FDTD and the 

Fourier modal method (FMM/RCWA) to design two dimensional regular and random 

triangular gratings as early as 2002 [41]. The Fourier modal method was used to 

simulate the triangular gratings as a stack of twenty slabs and was used to verify the 

FDTD results. The author found that, while randomizing the triangular gratings in 

shape-, space-, or depth- modulated structures did not increase the AR properties of the 

SWS, the randomization did relax some of the subwavelength requirement for the ARC, 

which relaxes some of the fabrication constraints. They also determined that FDTD 

predicts higher reflectance than does zeroth order FMM, likely due to the neglect of 

higher order reflections in the FMM model. RCWA is a rigorous simulation method, but 

some authors have felt that it is too oversimplified to accurately model some 3D 

structures [29,33,34], especially those that are aperiodic.  
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As technology improvements have made 3D FDTD modeling faster and easier, more 

authors are performing several FDTD simulations to sweep across a range of feature 

properties in an attempt to design an optimal AR structure (supplemental Table S2). 

Over primarily the last decade researchers have used FDTD to model thin films [26,35], 

nanoporous materials [28], regular and random 2D triangular gratings [41], cones 

[7,31,32,34,38,42,43], pyramids with a variety of base shapes [29], semi-spheres 

[29,33], rounded cones [42,44], nanoholes [45], and nanorods/nanowires [46,47]. As is 

reviewed in Chattopadhyay et al. [5], gradient index materials, or tapered 

nanostructures, generally perform the best as broadband anti-reflective interfaces. Thus, 

most of the FDTD simulation sweeps in the last decade have focused on sizes and 

shapes of pyramid, cone, or other nipple-like arrays of nanostructures. The ARSWS with 

the best broadband AR properties for wavelengths between 400 and 800 nm were found 

to be closely packed tapered nanostructures, cones or pyramids, with periods around 300 

nm and lengths between 300 and 600 nm at about 0.3% reflectivity [33].  

The FDTD method has been verified by experimental results by several authors 

(supplemental Table S3). Deinega et al. found the results of the FDTD simulations to be 

highly comparable to experimental results (Figure 26) [31]. Other authors have 

compared modeling and experimental results for pyramids [6], cones [44,47,48], 

hexaganol nanorods [46], round nanowires [47], tapered nanorods [46], and v-shaped 

nanoholes [45]. Although closely packed pyramids with high aspect ratios are known to 

have a smoother RI profile at the interface with the bulk material than cones due to their 

smooth fill percent profile, and hence theoretically lower reflection given the correct RI 

profile, they can be difficult to fabricate. Chen et al. were able to fabricate what was 

effectively an array of hexagonal pyramids using a polystyrene nanosphere colloidal 

lithography technique [6]. Their simulations predicted that the nanotexture would reduce 

the reflectance of the silicon to less than 1% and they were able to synthesize pyramidal 

structures with a reflectance of less than 1.5% .  
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Figure 26: SEM image of square packed silicon cones (left) and comparison of 

FDTD (dotted) and experimental results (solid). Reprinted with permission from 

reference [31]; Copyright 2009; Optical Society of America.  

FDTD has been used in literature to obtain reflectivity information about ARSWSs 

at non-zero angles of incidence. Deniz et al. studied the effects of angle of incidence and 

plane wave polarization. They modeled hydrogen silsesquioxane nanorods that exhibited 

less than 2% average reflection over 400 to 800 nm wavelengths for between 0 and 60 

degrees of incidence from normal in TM polarization  [46] (see Figure 27). Some 

authors used FDTD to model embedded nanoparticles in silicon to enhance light 

scattering. Mokkapati et al. modeled EM fields around metallic nanoparticles to increase 

light scattering for light adsorption in solar cells [49,50], though they reported E-field 

intensity, not reflectivity. Nagel and Scarpulla modeled the light-trapping effects of 

embedding silica nanospheres in thin film silicon solar cells [51]. Two groups also used 

the FDTD method to model the laser ablation process to produce AR nanomaterials 

[52,53].  



 

 

 

49 

 

 

 

Figure 27: Angle of incidence FDTD simulations for nanorod arrays in TE and TM 

polarization [46]. Reprinted with permission from reference [46]; Copyright 2011; 

AIP Publishing. 

The FDTD method has been shown repeatedly to be a versatile, simple, and accurate 

modeling method for 2-D and 3-D modeling of anti-reflective subwavelength structures. 

This method can be accurate over any wavelength and feature size combination and can 

be used with any structure, regular or irregular. The FDTD method does not naturally 

handle dispersion, though refractive indexes in the visible wavelengths are relatively 

constant, and thus the modeling results from FDTD have been shown to match 

experimental results satisfactorily well. This can be overcome by inputting one 

wavelength per simulation and assigning the appropriate wavelength-dependent optical 

properties to the material. Computational resources have, in the past, limited the utility 

of FDTD modeling, though with the introduction of newer computing technologies these 

limitations are becoming fewer.  

FDTD has been found to have convergence problems when attempting to calculate 

dispersion, with some metal components [54], or when modeling some features whose 

sizes approach the wavelength of EM radiation. These disadvantages have primarily 

been overcome by implementation of new algorithms in commercial software to reduce 

divergence and with faster hardware to handle longer simulation times. Also, for 

analysis of reflectance of ARSWS, FDTD requires post processing of time-based E-field 
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data to obtain values for reflectance. This can either be a part of the modeling software 

or separate post-processing software.  

3.5 Frequency-Based Optical Modeling Methods 

3.5.1 Transfer matrix method 

The transfer matrix method (TMM) is a simple approach to modeling waves passing 

through layered media. Appropriate only for thin film ARC modeling, this method 

employs continuity boundary conditions between layers of material and wave equations 

to describe the electric fields or reflectance and transmittance values across each layer. 

Continuity requires that the fields at the interface between two materials be the same in 

each material. Then, if the electric field is known at the beginning of the layer a transfer 

matrix based on the wave equation can be used to determine the electric field at the other 

end of the layer (see section 6.2.1 in reference  [55]). Both reflected and transmitted 

waves are considered to calculate the overall electric fields.  

Figure 28 demonstrates the theory behind the transfer matrix method. In this figure 

the left hand side contains the incident EM wave and the right hand side depicts the 

transmitted wave. The center blocks represent hypothetical layers of a thin film GRIN 

structure, each with its own index of refraction. In each block the forward and backward 

diffracting EM waves are added up to describe the total fields.  
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Figure 28: Geometry of the transfer matrix method. Each layer left to right 

represents a separate, homogeneous material. H is the magnetic field and E is the 

electric field. The thickness, t, of each layer is drawn. The RI is labeled as n, 

reflected wave energy as ρ, transmitted energy as τ, and k is a designation of layer 

position (this diagram includes layers 1 through k+1).  

Below is a summary of the mathematical derivation for TMM found in Condon and 

Odishaw’s Handbook of Physics, 2nd edition [56]. It begins with Maxwell’s equations 

for a plane wave travelling in the z direction through a dielectric: 

𝜕𝐸𝑥

𝜕𝑧
= −

𝜇

𝑐

𝜕𝐻𝑦

𝜕𝑡
 and 

𝜕𝐻𝑦

𝜕𝑧
= −

𝜖

𝑐

𝜕𝐸𝑥

𝜕𝑡
 (23) 

and the wave admittance, N, is given as the ratio of H to E (all of which have the 

subscripts omitted for simplicity). Given a structure layered in the z direction, each layer 

having its own index of refraction, the admittance, index of refraction, and ratio of N/n 

(Q) can be related in any layer k by: 

𝑁𝑘−1 = 𝑛𝑘

𝑄𝑘 + 𝑖 tan 𝛿𝑘

1 + 𝑖𝑄𝑘 tan 𝛿𝑘
 

(24) 

where the phase angle, δk, is defined as nkλ0
-1tk. This equation can be re-written using the 

definition of Nk = Hk/Ek to give:  

(
𝐸𝑘−1

𝐻𝑘−1
) = (

cos 𝛿𝑘 𝑖𝑛𝑘
−1 sin 𝛿𝑘

𝑖𝑛𝑘 sin 𝛿𝑘 cos 𝛿𝑘
) (

𝐸𝑘

𝐻𝑘
) 

(25) 

Equation 25 contains a 2x2 matrix called the transfer matrix; this equation calculates 

the input admittance Nk-1 for any layer with index nk, thickness tk, and admittance Nk. It 

is important to note that this method solves the system of equations in a way that appears 

backwards; one begins with the light transmitted through all the layers and then back 

calculates to obtain the input light intensity. This is required to account for the 

cumulative effects of light reflected at each interface.  

The boundary conditions applied are: 
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𝐻𝜌 + 𝐻𝑖 = 𝐻𝜏 (26) 

𝐸𝜌 + 𝐸𝑖 = 𝐸𝜏 (27) 

𝐻𝜌

𝐸𝜌
= −𝑛𝑘 

(28) 

where ρ designates the reflected field, i is incident, and τ is transmitted. The amplitude 

reflection coefficient is defined as:  

𝜌𝑘 = (
𝐸𝜌

𝐸𝑖
)

𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦

 
(29) 

And overall yield for reflection is: 

𝜌𝑘 =
1 − 𝑄𝑘

1 + 𝑄𝑘
 

(30) 

While overall transmission is: 

𝜏 =
2𝑄𝑘

0.5

1 + 𝑄𝑘
 

(31) 

with the relative intensities of reflected and transmitted being the normal reflectance 

R=|ρ|2 and T=|τ|2. A transfer matrix is written for each layer of dissimilar material in the 

ARC.  

In 1950 Abelès described a simple and fast method to determine the reflectivity from 

a thin film layered interface [57]. His calculations can be used to model non-zero angles 

of incidence. Boden and Bagnell employed the Abeles matrix method [57], a simple way 

to calculate spectral reflectance at any angle of incidence [58,59]. This method enabled 

them to optimize many layered thin film ARCs for sunrise to sunset at both the equator 

and in the UK. They found that optimizing for all hours of sunlight provided only 

modest gains in efficiency compared to optimizing for normal solar incidence at AM1.5. 

The differences between these optimizations were small enough that fabrication 
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tolerances and uniformities are likely to be a more significant factor in actual 

performance.  

The transfer matrix method has been used in conjunction with the finite-difference 

time-domain method to converge on an optimal multi-layered thin film ARC. Feng et al. 

developed a space mapping technique that coupled the results from TMM and FDTD 

simulations to step through an iterative simulation to design the thicknesses and indexes 

of refraction for two- and four-layered ARCs [35]. Using TMM as a rough model and 

FDTD as a fine model the authors were able to converge on a reflectance of less than 

0.01% over a 30 nm bandwidth around 1540 nm after only three iterations of FDTD. 

TMM and FDTD results correlated well, though the FDTD results were determined to 

be more accurate. 

Kuo et al. used TMM to model a seven layered ARC (see Figure 29) [60]. They 

were able to reduce the reflectance of a silicon solar cell to 1-6% between 400 and 1600 

nm, with a measured 0-60° angle- and wavelength-averaged reflectance of 3.79%. 

Forberich performed optical simulations of the absorption for their solar cells using 

TMM, but used EMT for reflection calculations of the moth eye structures [19]. 

 

Figure 29: SEM image of a seven layered thin film ARC produced and modeled by 

Kuo et al. using TMM. Reprinted with permission from reference [60]; Copyright 

2008;  
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In the application of measuring reflectivity for thin film ARCs the transfer matrix 

method is a fast and simple modeling method. TMM is capable of calculating 

reflectance and transmittance, can handle multiple wavelengths, dispersion, and multiple 

angles of incidence. This method can also handle absorption via complex refractive 

indexes. There are several commercially available software programs that utilize the 

TMM method, including FreeSnell, EMPy, Luxpop.com, and Thinfilm. 

3.5.2 Rigorous coupled wave analysis, Fourier modal method, and 

coordinate transfer method 

 The rigorous coupled wave analysis has been described by several authors [61-

63]. The words of Gaylord et al. [63] provide a concise introduction to the method: 

“The rigorous coupled-wave analysis for grating diffraction was first 

applied to planar (volume) gratings [64]. In these gratings, the refractive 

index and/or optical absorption vary periodically between the two parallel 

planar surfaces of the grating. In this method, the field inside the grating is 

expanded in terms of space-harmonic components that have variable 

amplitudes in the thickness direction z of the grating. This field expansion 

together with the Floquet condition (due to the periodic nature of the 

structure) is then substituted into the appropriate (TE or TM polarization) 

wave equation, and an infinite set of coupled-wave equations is formed. 

Using a state space representation, this infinite set of second-order 

equations is converted into a doubly infinite set of first-order equations. 

The space-harmonic amplitudes are then solved for in terms of the 

eigenvalues and eigenvectors of the differential equation coefficient 

matrix. By applying boundary conditions (continuity of the tangential 

components of E and H across the boundaries), a set of linear equations is 

formed. Truncating this set of equations so that an arbitrary level of 

accuracy is achieved, the amplitudes of the propagating diffracted orders 

and the evanescent orders may then be determined. From the amplitudes of 
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the propagating orders, the diffraction efficiencies may be directly 

calculated. None of the common approximations (neglect of second 

derivatives, neglect of boundary effects, neglect of higher-order waves, 

neglect of dephasing from the Bragg angle, or small grating modulation) is 

used in this analysis. The method is rigorous, and any specified level of 

accuracy can be obtained.  

Rigorous coupled-wave analysis has also been applied to surface-relief 

gratings [65]. In this case, the surface-relief grating is divided into a large 

number of thin layers parallel to the surface. Each thin layer grating is 

analyzed using the state variables method described above and then by 

applying the boundary conditions to the boundaries of each layer, it is 

possible to obtain the forward- and backward-diffracted wave amplitudes.” 

The rigorous coupled wave analysis (RCWA) is a frequency-based, semi-analytical 

optical simulation method that calculates the efficiencies of transmitted and reflected 

diffracted orders. Working in the subwavelength domain, generally only the zeroth order 

of diffracted waves must be considered. This method functions similarly to the transfer 

matrix method, except that it incorporates lateral periodic non-uniformities of material 

properties in the plane of the interface [66]. RCWA is appropriate for subwavelength 

features or larger features, but the calculations can be simplified somewhat under 

subwavelength conditions.  

RCWA is also known as the Fourier Modal Method (FMM) [1,67-70]. This method 

is also not to be confused with the rigorous modal theory, approximate two-wave modal 

theory, approximate multi-wave coupled-wave theory, or approximate two-wave 

coupled-wave theory, all of which include non-rigorous assumptions in the formulation 

of the models that RCWA does not contain [64]. Multiwave coupled-wave theory 

neglects boundary diffraction and second derivatives of the field amplitudes. Higher 

order waves are neglected in the two-wave modal theory (which, as stated before, is 
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appropriate under subwavelength conditions). The assumptions of the two previous 

methods are all made in the two-wave coupled-wave theory.  

The RCWA method begins by discretizing the model geometry into a superstrate, a 

grating region that might include many stairstep-approximated layers to implement the 

grating geometry, and a substrate. An example of a stair-step-approximated geometry 

can be found in Figure 30. The permittivity of each layer in this geometry is described 

by a Fourier series. The boundary conditions of continuity between the tangential E- and 

H-fields at each interface between layers are then used to solve for the diffraction 

efficiencies for each forward and backward diffracted order. This provides the user with 

a simple account of transmission efficiency without the need for data post processing; 

the efficiencies of each forward diffracted wave are summed to obtain total transmission 

efficiency [59].  

 

Figure 30: Stair step approximation of a periodic geometry as drawn in the 

commercially available RCWA software, GD-Calc. Reprinted with permission 

from reference [71].; Copyright 2006; AIP Publishing. 
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The RCWA method, its accuracy, and example calculations are provided by Hench 

and Strakos [62]. The obvious question of level of accuracy of the modeling method is 

addressed. Li developed and proved improved convergence performance of RCWA 

using a fast Fourier method [72], which began the use of FMM as a term for RCWA. Li 

found that discretizations that led to slow numerical computations were incorrect, 

producing a slower and less accurate model.  

For a mathematical example of RCWA consider the early paper from Moharam and 

Gaylord that describes the 2D diffraction properties of a 1D grating with an arbitrarily-

oriented sinusoidal permittivity function that is below a superstrate and above a substrate 

[64]. Figure 31 describes the geometry of their simulation. Similar to the transfer matrix 

method (TMM), RCWA begins with describing the electric fields in the superstrate 

(region 1), grating region (region 2), and substrate (region 3) as shown in Figure 31 by 

the summation of their reflected and transmitted waves of all orders, i: 

𝐸1 = 𝑒𝑥𝑝[−𝑗(𝛽0𝑥 + 𝜉10𝑧)] + ∑ 𝑅𝑖𝑒𝑥𝑝[−𝑗(𝛽𝑖𝑥 + 𝜉𝑙𝑖𝑧)]

𝑖

 
(32) 

where the first exponential term represents the incident wave and the second represents 

the sum of all reflected diffraction orders in the superstrate region. In this equation, 

βi=k1sinθ-iKsinΦ for any integer i (the wave order); ξli
2=kl

2- βi
2 for l=1,2, or 3 (the 

region index); kl=2πϵl
1/2/𝜆 for l=1,2, or 3; 𝜆 is the free-space wavelength; j is the 

imaginary number, θ is the angle of incidence of the light, Φ is the angle of tilt of the 

sinusoidal permittivity of the grating, Ri is the normalized amplitude of the ith reflected 

wave. The reflected wave amplitudes are some of the terms to be calculated using this 

method.  
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Figure 31: Geometry for planar-grating diffraction. Region 1 (left) is the region of 

incident light, which will contain both incident and reflected waves. Region 2 

(middle) is the transmission grating, which will contain transmitted and reflected 

waves. Region 2 (right) is the substrate, which will contain only forward diffracted 

(transmitted) waves. This example uses a simple transmission grating with a 

sinusoidal permittivity that is oriented at an arbitrary angle from normal.  

Inside the diffraction grating one must consider all forward and backward diffracted 

waves from both bounding interfaces, which can be described by:  

𝐸2 = ∑ 𝑆𝑖(𝑧)𝑒𝑥𝑝[−𝑗(𝛽𝑖𝑥 + 𝜉2𝑖𝑧)]

𝑖

 
(33) 

where ξ2i=k2cosθ’-iKcosΦ, θ’ is the angle of refraction inside the modulated region, and 

Si(z) is the normalized amplitude of the ith wave field at any point within the modulated 

region. The transmitted waves into the substrate can be described by:  



 

 

 

59 

 

 

𝐸3 = ∑ 𝑇𝑖𝑒𝑥𝑝[−𝑗(𝛽𝑖𝑥 + 𝜉3𝑖(𝑧 − 𝑑))]

𝑖

 
(34) 

where Ti is the normalized amplitude of the ith transmitted wave. The term coupled-

wave comes from the expression of each ith wave (each diffraction order in each region) 

as a superposition of an infinite number of plane waves, which completely describes the 

forward and backward traveling waves of that order.  

The permittivity of the grating region is described by an equation, either a Fourier 

expansion that describes the permittivity of one layer in a staircase approximation of a 

more complicated geometry, or, as in our example here, a simple equation that spatially 

describes the permittivity in the grating layer. Our grating follows the equation: 

𝜖(𝑥, 𝑧) = 𝜖2 + ∆𝜖cos[𝐾(𝑥sin𝛷 + 𝑧cos𝛷)] (35) 

where ϵ2 is the average dielectric constant of region 2, Δϵ is the amplitude of the 

sinusoidal relative permittivity, Φ is the grating slant angle, and K=2π/Λ, where Λ is the 

grating period. This equation will change to match the specifics of the grating of interest, 

of course, but this sinusoidal index grating is used as a simple example.  

The amplitudes of the superimposed infinite sum of waves for each diffraction order 

are determined after considering the modulated-region wave equation (Eigen function):  

∇2E2 + (
2𝜋

𝜆
)

2

𝜖(𝑥, 𝑧)E2 = 0 
(36) 

Once the permittivity and fields are appropriately described the Eigen function is 

solved using scattering matrices, similar to the transfer matrix used in the transfer matrix 

method, for the field strength of each diffracted wave.  

RCWA is a highly accurate method for determining the reflectivity of a periodic 

grating. Numerical error comes from how well the grating can be described by a stair-

step approximation, how many Fourier terms and diffraction orders are retained, and 

round-off errors from the numerical calculations. Due to the Fourier and Flouquet 
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expansions used in the derivation of this method, it is necessary to truncate the 

expansions appropriately in order to enable fast and efficient solution with a computer. 

The amount of truncation chosen is determined by the accuracy required and the 

computing resources available [54].  

RCWA has been used to model a large variety of periodic anti-reflective structures 

in three dimensions (which are considered two dimensional gratings). Most of the 

structures modeled with this method are hexagonally or square packed, GRIN, moth-

eye-like nipple arrays [59,71,73-82] (see Figure 32) or, more specifically, tapered and 

truncated cones [83-86], nanocones and nanopillars [87], core/shell GRIN structures 

[88,89], and inverted moth eyes [66]. Many of these studies concentrated on designing 

the optimal period, height, or refractive index profile for the moth eye structures and 

some explored the effects of angles of incidence of the plane wave of light. These results 

show that the anti-reflection band is bounded by the period of the sub-wavelength 

structures and the height of the structures for any given index shape. All studies support 

that a smooth change in effective index of refraction from the superstrate to the substrate 

results in the best anti-reflective properties. Ideal index profiles are discussed in the 

effective medium theory section of this paper.  



 

 

 

61 

 

 

 

Figure 32: Several moth-eye-like structures with different refraction index profiles 

and their associated reflectance vs. period and height at a wavelength of 1000 nm. 

Reprinted with permission from reference [71]; Copyright 2008; AIP Publishing. 

Any periodic structure can be modeled using RCWA, provided the geometry can be 

accurately described by a stack of slices that are homogeneous in the z-direction for any 

x, y location. Many structures that are either not considered moth-eye GRIN structures 

or are not in a hexagonal pattern have been modeled using RCWA. Pyramids, 

hemispheres [90-92], cones, and other four-sided pyramid-like structures are modeled in 

a rectangular pattern using the RCWA method [93-97]. Grann et al. determined that the 

Klopfenstein taper, shown in Figure 33, displayed similar anti-reflective properties to 

pyramids that were much higher, enabling the production of lower profile structures for 

the same AR effects [97]. It has also been reported that for different indices of refraction 

the shape of the ideal Klopfenstein structure changes; higher refraction indices require 

more slender Klopfenstein structures [5]. Other non-moth-eye structures include 

honeycomb [6], cylinders or nanocolumns [7,98-101], and square holes or cubes [102]. 
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The earliest RCWA studies focused on 1-D gratings, which can be solved in a 2-D 

model, including triangle [67,103-106], rectangular [13,62,63,103,107,108], slanted 

[65], and multilayer triangle gratings [106,109]. Moharam and Gaylord modeled a 2-D 

slanted fringe planar grating in the earliest 3-D RCWA model published [110]. Thin 

films [59,75] and thin films with gradients of refractive index [111] (at an arbitrary 

angle) [64,112] or porosity and stoichiometry [113] have also been modeled using 

RCWA, although a simpler transfer matrix method would have sufficed for any 

geometry that does not change in the x or y direction.  

 

Figure 33: Klopfenstein structures have much better AR properties at shorter 

heights than do pyramids. Klopfenstein structures are shown on the left, and the 

RCWA-calculated reflectivity vs. normalized depth for Klopfenstein and pyramid 

structures is shown on the right. Right side reprinted with permission from 

reference [97]; Copyright 1995; Optical Society of America.  

One of the requirements for the RCWA method is that the geometry of the model be 

periodic or unchanging in the x and y directions in each layer. This is a product of the 

Fourier series used to describe the geometry of the permittivity. However, it is possible 

to create an artificial disordered geometry by making the unit cell very large and having 

many subwavelength structures inside that unit cell. Two groups, Chiu et al. and Lehr et 

al. used this technique to simulate a disordered geometry [114,115]. Chiu et al. reported 

a pseudo-periodic geometry that consisted of repeating blocks of a unit cell that 

contained 49 cones loosely distributed in a 7x7 grid, but with some disorder to the exact 
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placement of the cones (see Figure 34) [114]. Figure 34 shows the modeling and 

experimental reflectance results of three different heights of disordered nanopillars 

between 0 and 90° angle of incidence [114]. This study reported the results from the TE 

and TM plane waves separately. It is clear from these three graphs that RCWA models 

the TE polarization more accurately than TM. Lehr et al. were able to match 

experimental measurements for transmittance nearly perfectly after adding some random 

height variation into their 2nd order super-Gaussian SWS (see Figure 35).  

 

Figure 34: (a) Geometry for disordered GaN cones modeled as a 49-cone unit cell 

using RCWA. Measured and calculated reflectance for the disordered nanopillars 

shown in Figure 34 at s (TE) and p (TM) polarizations show that RCWA is more 

accurate in TE mode than in TM mode for pillars of (b) 300 nm, (c) 550 nm, and 

(d) 720 nm. Reprinted with permission from reference [114]; Copyright 2008; 

Optical Society of America.  
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Figure 35: RCWA simulations accurately predict experimental transmission results 

by modeling the SWS as a super-Gaussian profile with one dimensional height 

variations with a standard deviation of 15%. Reprinted with permission from 

reference [114]; Copyright 2010; Optical Society of America. 

 

Several alterations to the RCWA method have been made to improve the versatility 

of the method. When modeling one-dimensional gratings using RCWA there are 

significant differences between TE and TM polarized light (see Figure 19). It has been 

found that TM polarized light is less accurate to model and produces convergence 

problems in some cases, especially in metallic gratings [108,114,116]. Lalanne and 

Morris [117], Granet and Guizel [118], and Li [72] developed a way to combat this 

problem that is sometimes called the Fourier Modal Method, or FMM, which is able to 

handle both TE and TM polarized light. Currently FMM and RCWA are considered to 

be the same method [1,70].  

One limitation of the RCWA method is that it does a poor job of modeling structures 

with very shallow slopes. This is because it requires significantly more layers to 

accurately describe a shallow slope than a steep slope. To overcome this problem the 

coordinate transfer method, also called the Chandezon method or C-method, can be used 
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[119]. The C-method, introduced by Chandezon and Granet [120], uses a curvilinear 

coordinate system transfer to naturally handle shallow slopes in the RCWA method. The 

C-method, however, fails for steep slopes. Thus it is recommended that a hybrid of the 

RCWA and C-method be used to handle all ranges of geometries [119].  

As one of the rigorous optical modeling methods, RCWA is known to be very 

accurate when applied appropriately, with sufficient discretization of layers, retention of 

Fourier terms and calculation of diffracted orders. Figure 36 shows an example of 

experimental and RCWA modeling results of the reflectance of a smooth crystalline 

silicon wafer and a wafer with an etched nipple array for wavelengths between 350 and 

850 nm [80]. As expected the RCWA simulation is decently accurate, and, in the case of 

the smooth wafer where the experimental result shows less reflectivity than expected, 

the simulation and modeling results at least follow the same trends.  

 

Figure 36: Experimental and simulated results from flat (black) and etched nipple 

array (red) show good agreement for the RCWA method. Blue line is an 

experimental value from a commercial c-Si solar cell. Reprinted with permission 

from reference  [80]; Copyright 2008; AIP Publishing. 

RCWA results have been compared to many other methods in the literature, 

including ray tracing [103], the transfer matrix method [102], effective medium theory 
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[66,71,97], and finite-difference time-domain [6,7,93]. Ray tracing is known to be 

ineffective for modeling sub-wavelength structures [121]. The transfer matrix method 

was found to agree strongly with RCWA for modeling some nipple arrays [80] (see 

Figure 37). However, it was found that a simple effective medium theory cannot predict 

some important features of moth eye reflectance [71] and that effective medium theory 

is only appropriate when the feature size is much smaller than the wavelengths 

considered, while RCWA will work at any period to wavelength ratio [66]. However, 

Grann et al. demonstrated that effective medium theory and RCWA give similar results 

for the reflectance of Klopferstein structures [97]. Several optical effects of ARSWS, 

such as the shifting low reflectance region with period, cannot be predicted with EMT 

and require a more rigorous model such as RCWA to model effectively [71]. Results 

from RCWA and FDTD have been shown to be very comparable by several authors 

[6,7,93].  

 

Figure 37: The thin film multilayer model (TMM) and RCWA show very similar 

results for moth eye structures with 210 nm bases and 800 nm heights. Reprinted 

with permission from reference  [80]; Copyright 2008; AIP Publishing.  
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3.5.3 Finite Element Method 

The finite element method (FEM) is a frequency-based optical modeling method 

that, like the finite-difference time-domain method, solves for the electric and magnetic 

field strengths throughout the spatial computational domain. The domain is divided into 

finite elements, or tetrahedral meshes, and the field strengths are calculated at the 

vertices of the mesh. The electric and magnetic fields are represented by time-harmonic 

complex vectors, with the time dependency described as exp(-iωt). The material 

optoelectric properties, permittivity and permeability, can be written as tensors to 

describe the anisotropic properties of the material. As with all frequency-based optical 

modeling methods, dispersion, or wavelength-dependence of permittivity, is handled 

simply and naturally due to the restriction of modeling one wavelength per simulation 

[54].  

Maxwell’s equations in the harmonic regime are: 

curl E = 𝑖𝜔𝜇0𝜇H (37) 

curl H = −𝑖𝜔휀0휀E (38) 

The FEM sets up these equations in matrix form as: 

𝐴 ∙ 𝑥 = 𝑏 (39) 

where A is a square, sparse, symmetric matrix that represents the material properties at 

nodes, x is the unknown spatial components of the electric or magnetic fields, and b is a 

known vector that is determined from boundary conditions and forced excitation. This 

system of equations is solved either directly for small simulations or iteratively for large 

simulations until the model satisfies Maxwell’s equations (37 and 38).  

Many of the advantages of FEM come from the method’s meshing procedures. 

Meshing is the most important determinator of the accuracy of an FEM model [122]. An 

example computational domain, diagram of meshing, and resulting electric field 
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strengths can be found in Figure 38. Meshing a simulation can be very computationally 

demanding, in some 3-dimensional cases, can take longer than solving the simulation. 

However, the flexibility of the meshing available in FEM provides distinct advantages. 

It is possible to create a conformal mesh at boundaries between different materials, 

increasing the accuracy of the method and eliminating the need for staircase 

approximations, which are usually used in the FDTD or RCWA methods. Like any 

spatially-discretized modeling method, FEM requires appropriate boundary conditions, 

such as a perfectly matched layer, to eliminate artificial reflections at the edges of the 

simulation space [123]. Another advantage of FEM, unrelated to the meshing 

capabilities, is the possibility of multiphysics modeling; FEM optical models can be 

coupled to mechanical or thermal models, which is effective for modeling solar cells or 

temperature-dependent optical properties [54].  
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Figure 38: Diagram of FEM simulation, including meshing scheme. Figure 

Reprinted with permission from reference  [123]; Copyright 2007; Optical Society 

of America. 

FEM has been used to model 2-D and 3-D random triangular gratings [124], 1-D and 

2-D trapezoidal backside thin film solar cell diffraction gratings [54], and anisotropic 

anti-reflective gratings [123]. Two of these works reported the effects of modeling a 

grating in two dimensions versus three dimensions. Hishikawa et al. showed that 

random triangles or triangular pyramids were more effective anti-reflective structures 

when modeled in three dimensions than in two, and that their two dimensional 

simulation had an accuracy of +/- 3% [124]. Isabella et al. took advantage of the 

multiphysics capabilities of the method to model the short circuit current, ISC, of an 

amorphous silicon thin film solar cell deposited on a diffraction grating (not an anti-

reflective surface). This group found that the textured backside of the solar cell 

increased the ISC by 25.5 and 32.5% for 1-D and 2-D structures, respectively [54]. As 

FEM handles any geometry, multiphysics simulations, and anisotropy naturally, it is an 

appropriate method for optical simulation of thin film solar cells.  

The finite element method is effectively based on the transfer matrix method, except 

that the geometry of FEM is discretized to sufficiently describe the shape and size of 

subwavelength structures. This eliminates the need for effective media approximations, 

such as are used in the transfer matrix method. Lee et al. compare the reflectance 

calculated by FEM and TMM over 400 to 1000 nm wavelengths for SWS with heights 

of 150 nm and widths of 70 nm [125] (see Figure 39). It is clear that the two methods 

give the same result for very large wavelengths, when the period to wavelength ratio is 

very small. However, at shorter wavelengths the assumptions behind the effective 

medium approximation used in TMM are no longer met, resulting in a decrease in 

accuracy.  
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Figure 39: Comparison of reflectance calculations from FEM and TMM. Reprinted 

with permission from reference  [125]; Copyright 2010; Elsevier. 

FEM has been used only sparingly in the literature to model the optics of anti-

reflective coatings. Most commonly the method has been used to model the optics of 

thin film solar cells [54,124]. Thorough information on FEM must be found from related 

works, not specifically anti-reflective modeling studies. Andonegui and Garcia-Adeva 

assess the fitness of FEM for optical modeling of photonic crystals and resonant cavities 

[122]. In this article they site some complaints that FEM modeling software is either 

inflexible or too complex for practical studies. The authors compare FEM to FDTD 

optical modeling; both methods handle arbitrary geometries and are computationally 

intensive. They find that FEM is stable, robust, rigorous, and reliable and is in some 

cases superior to more commonly used optical modeling methods when calculating 

extremely sensitive quantities. The authors noted that comparisons between FEM and 

FDTD can be difficult, as FEM handles only monochromatic radiation per simulation, 

while FDTD models a range of wavelengths naturally and some post processing is 

necessary to compute the Q factor (quality factor) from the FDTD method, while the Q 

factor is simple to compute using FEM. However, the authors found that FEM was able 

to accurately reproduce modeling results originally computed using FDTD.   
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3.6 Conclusion 

This article reviews the current popular modeling methods and their results for the 

anti-reflective properties of sub-wavelength structures. Characteristics of FDTD, FEM, 

TMM, and FMM/RCWA are summarized in  

Table 2.  

Table 2: Summary of features for the four main modeling methods for ARSWS. 

 FDTD FEM TMM FMM/RCWA 

Geometry 

Restrictions 

None  None Thin Films 

Only 

Not efficient for 

aperiodic 

surfaces 

Time or 

Frequency Based 

Time  Frequency Frequency Frequency 

Output Field Strengths Field Strengths %R/%T %R/%T 

Spatially 

discretized 

Yes Yes No No 

Models 

dispersion 

naturally 

No Yes Yes Yes 

Multiple 

wavelengths per 

simulation 

Yes No No No 

Rigorous Yes Yes Yes Yes 

Anisotropic 

gratings 

Yes Yes No Yes 

Computation 

Speed 

Slow Meshing slow, 

computation fast 

Fast Medium 
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Source of 

Inaccuracies 

Discretization of 

geometry and 

rounding error 

Discretization of 

geometry and 

rounding error 

EMT or 

slicing of 

geometry 

into layers  

Truncation of 

Fourier series 

expansions for 

field values, 

permittivity and 

truncation of 

orders of 

diffracted light 

Numerical 

convergence 

Difficult for some 

metals, dispersion, 

and wavelength-

sized features 

Good Good  Difficult for TM 

polarization 

Maximum 

Dimensions 

3D 3D 1D 3D 

In general, these optical modeling techniques can be described by their spatial 

discretization techniques and their time- or frequency-based treatment of Maxwell’s 

equations. Spatially discretized methods (FDTD and FEM) produce field strength results 

for each discretized point and naturally handle arbitrary geometries. Other methods 

provide only reflected or transmitted efficiency, though RCWA/FMM provides the 

efficiency of any diffracted order of interest. Time-based methods (FDTD) are capable 

of inputting a range of wavelengths into one simulation. Frequency-based approaches 

must be solved for each wavelength, which gives them the advantage of handling 

dispersion naturally. TMM, though intended for thin film simulations only, can be used 

in conjunction with effective medium approximations to model the optics of sub-

wavelength structures. The accuracy of TMM suffers, though, when structures approach 

wavelength sizes.  

Commercial modeling software is available for each of these modeling methods. 

Most modern software enables these methods to handle simulations for which the 

method is not normally appropriate, such as aperiodic structures (RCWA), dispersion 

(FDTD), and multiple wavelengths (frequency-based methods). For the most accurate 
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optical simulation of anti-reflective sub-wavelength structures it is best to use a variety 

of modeling methods to account for the disadvantages of each. 
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4 FINITE DIFFERENCE TIME DOMAIN MODELING OF 

SUBWAVELENGTH-STRUCTURED ANTI-REFLECTIVE 

COATINGS 

4.1 INTRODUCTION 

Improvements in solar module efficiency have been a popular topic of research these 

past few decades, usually focusing on either decreasing costs or increasing efficiency. 

One method to increase efficiency is by reducing reflections off solar module lamination 

materials. Reflections occur when light travels between media with two different 

refractive indices (RI). The amount of light reflected at a normal incidence can be 

described by 

 
2

1 2

1 2

n n
R

n n
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where n1 is the index of refraction of the low RI material (usually air) and n2 is the index 

for the high RI material. One technique to reduce reflection is to gradually increase the 

index of refraction from that of air to that of the surface so that there are little to no 

abrupt changes in RI that would induce reflections. This can be done by creating a sub-

wavelength structured anti-reflective coating (ARC) at the reflective interface. Sub-

wavelength sized structures (SWS) are perceived by light as a material with an 

intermediate index of refraction between that of air and that of the surface.  

Advances in computing resources have made it possible to quickly and accurately 

model the anti-reflective properties of 3-dimensional sub-wavelength structures. The 

FDTD method performs numerical time-stepping of Maxwell’s curl equations to 

describe the behavior of electric and magnetic fields. The FDTD method has been used 

to model ARCs in 2 and 3 dimensions of pillars[1], pyramids[2-5], slots[6], cones[3, 4, 

7, 8], conical cylinders[9], triangles[10], spheres[11], hemispheres[5], nanoholes[12], 

thin films[13], nanoporous films[14], and nanowires[15]. Experimental photonic 

nanostructures are reviewed by Chattopadhyay et al[16].  
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To date FDTD has been used primarily to compare modeling ARC results for a small 

number of SWS. This paper will model a variety of shapes and sizes in three dimensions 

to quantify the reflectivity of AR sub-wavelength structures (ARSWSs), compare this 

calculated reflectivity to results from transfer matrix method modeling, describe trends 

in the effects of shape and size of the ARSWSs, and provide a direction for future 

experimental research. 

 

4.2 METHODS 

Remcom’s XF 7.3.1 was used to model the behavior of light reflections from anti-

reflective coatings (ARCs). All simulations were performed on an NVIDIA M1060 

Tesla GPU. The geometry was drawn using the XF CAD GUI to produce an area of air 

on the +Z end of the simulation, a SWS in the middle, and a solid bulk material on the –

Z end (see Figure 40). In all cases the SWS and solid material were assigned the same 

RI, n=1.5, except the thin film ARC, which was 1.22. To simulate solar input, a 

polarized plane wave with an automatic waveform with a Gaussian distribution of 

frequencies between 300-1300 nm was input at the eighth cell from the +Z boundary 

toward the –Z direction (see Figure 40 parts B and D). Boundary conditions in the +Z 

and –Z directions were perfectly matched layer (PML) with 7 cells of padding and in the 

X and Y directions were periodic. Electric field sensors were placed to the +Z side of the 

plane wave generation plane (reflected light sensor; see Figure 40A) and just inside the 

bulk material (transmitted light sensor; see Figure 40C). Cell sizes were 5 nm for short 

or non-tapered structures and 2.5 nm for the cone and pyramid sweeps. The bulk 

material was 2,000 nm x 2,000 nm x 1,000 nm, resulting in 400 x 400 points output for 

each sensor at each time point. Hollow spheres were drawn in a hexagonal closest 

packed structure with one modeling unit consisting of 4 sphere diameters on one axis 

and 4 rows of closest packed spheres on the other axis. All hollow spheres were 

constructed with 5 nm shell thickness and the grid sizing was 1/200th of the overall 

modeling dimension in question for X and Y axes, keeping the mesh size between 0.866 
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nm and 3 nm. These small mesh sizes are required to resolve the shell thickness features 

of the hollow spheres with the FDTD method.  

Hollow spheres were modeled with s- and p-polarized plane waves and the results 

were averaged to report unpolarized results. This is a requirement due to their non-

square packing. For many semi-analytical methods p-polarized light is complicated to 

simulate[17], but FDTD handles either polarization naturally. 

 

 
 

 

Figure 40: Schematic of modeling domain with reflected light plane sensor (A), light 

source (B) and transmitted light plane sensor (C), the shape of the input waveform (D, 

red line) and the intensity of solar input (D, blue line). 

 

Electric field data was post-processed using MATLAB R2012a. A discrete fast 

Fourier transform (DFT) was performed for each space point for each of Ex, Ey, and Ez 

in both the transmitted and reflected planes. The absolute value squared of the FFT 

result at each point in the plane of the sensor was multiplied by the index of refraction 

and the values for Ex, Ey, and Ez were added together, resulting in the light intensity at 

each frequency. Intensities for each frequency were averaged over the area of the sensor. 

The reflected and transmitted light intensities were then added and compared to the 

input wave light intensities to determine the error of the simulation; only simulations 

with <2% error are reported. Reported reflection values are an average of the percent 

reflection weighted over the solar input spectrum as shown in Eqn. 2. 
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%𝑅 =
∑ %𝑅𝜆∗𝐴𝑀1.5𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝜆

∑ 𝐴𝑀1.5𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝜆
. 

 

(2) 

 

Transfer matrix method simulations were performed on the Luxpop software 

(luxpop.com). The Lorentz-lorentz approximation[18] was used to determine an 

effective index of refraction for the pyramids and nanorods. For pyramids 

approximations were calculated for each 1 nm slice.  

 

4.3 RESULTS 

In this experiment all sub-wavelength structures, as well as thin film ARCs with 

intermediate RI values, resulted in lower reflectance than a simple flat surface of glass 

(4.0%). Overall, ARSWSs that have full or nearly full coverage at the substrate and 

taper to a point with higher aspect ratios (2 to 8) exhibited the lowest reflection. 

Structures with widths larger than 200 nm required prohibitively long calculation times 

due to the multiple reflections induced by the higher frequency input wavelengths.  

To investigate the anti-reflective effects of well-oriented nanorods on a surface, a 

series of cylinders of the same material as the substrate (n=1.5) were simulated (see 

Figure 41). All cylinders in this sweep were 375 nm in length and they ranged in fill 

factors of 20, 50, and 79%. For each density, the distance between cylinders was 

modeled to be 50, 100, or 200 nm. The fill factor of the cylinders was the most 

important determining factor in reducing reflections; cylinders covering about 20% of 

the area reflected 2.3 to 3.9% of the light, cylinders covering 50% of the area reflected 

2.0 to 2.1%, and the 79% fill factor cylinders had reflectances of 2.8 to 3.1%. The 

reflectance spectrum of the 375 nm cylindrical ARSWSs was characteristic of that of 

thin films with intermediate indexes of refraction; both ARC types exhibit interference 

patterns, as seen in Figure 41, and the lowest reflection was seen in the 50% fill factor 

cylinders and the thin film, both of which had an effective index of refraction of 1.22. 
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FDTD-predicted reflection characteristics for nanorods matched FDTD results for 

thin films will the same effective refractive index as well as TMM results for effective 

medium-approximated nanorods (see Figure 41, red and light blue lines for FDTD 

results and circles for TMM results).  

 

 

Figure 41: Reflectance spectra of nanorods of 375 nm length. Volumetric fill factors are 

indicated by color. 

 

The sub-wavelength structures with the best anti-reflective properties were tapered 

structures with high aspect ratios. Pyramids with lengths of 800 or 400 nm had the 

lowest reflectance (<0.1%; see Figure 42). Cones, which were modeled here in a grid 

array with their bases of each touching its four closest neighbors had reflectances of 

<0.25% for the same lengths (see Figure 43). For both shapes, the configurations with 

the lowest reflectance (<0.25%) were 100 to 200 nm across at the base and 400 to 800 

nm long. The pyramids with the worst AR properties had a length of 100 nm (1.7-1.9%). 

Cones of length 100 nm reflected between 1.6 and 1.75% of light. Thus the height of the 

tapered structure was more important to anti-reflective properties than was base width or 

shape. The main difference between the reflectivity behavior of the cones and pyramids 
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is that cones had a slightly higher reflection due to the step change in effective medium 

where the cone base meets the substrate.  

Comparison of FDTD with TMM simulation results for pyramidal ARSWS structures 

indicates a consistently lower predicted reflectance from TMM for all heights below 800 

nm. For the 800 nm structures the TMM and FDTD simulations matched closely. Upon 

close examination of Figure 42 it appears that the TMM results are not shifted down, but 

are shifted toward longer wavelengths.  

 

 

Figure 42: Reflectance of four-sided pyramid-shaped ARSWSs. Line color indicates 

pyramid height. 
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Figure 43: Reflectance of cone-shaped ARSWSs. Line color indicates cone height.  

 

Several structures with aspect ratios of approximately one were investigated. These 

structures include densely packed hemispheres, cubes (checkerboard pattern), and 

cylinders (see Figure 44) as well as sparsely packed hemispheres, cubes, and cylinders 

(see Figure 45). All except the hemispheres had an aspect ratio of one, while 

hemispheres have, by definition, an aspect ratio of one half. The sparsely packed 

structures were arranged in a grid with the space between each structure equal to the 

width of that structure (Figure 45, right side), while the densely packed structures were 

arranged in a grid pattern with each structure touching its four nearest neighbors (see 

Figure 44, right side). Overall, these smaller aspect ratio structures did not have as low 

of reflectance as did the taller cones and pyramids, with the lowest reflectance coming 

from densely packed hemispheres of 200 nm at 0.9% reflectance. Overall, the 

checkerboard configuration (dotted lines in Figure 44) presented the lowest reflection at 

between 1.1 and 1.6%. Larger structures exhibited less reflectance for both sparse and 

dense structures and the cylinders and cubes both exhibited mild interference patterns at 

sizes larger than 50 nm. 
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Figure 44: Reflectance spectra ARSWSs of aspect ratio one. Colors indicate feature size.   

 

 

Figure 45: Reflectance spectra of sparsely packed ARSWSs. Colors indicate feature 

sizes.  

 

Hexaganol closest packed hollow spheres were modeled for their anti-reflective 

properties (see Figure 46). One, two,  or four layers of spheres were modeled for spheres 

of 50, 100, and 150 nm diameters, all of which had shell thicknesses of 5 nm. In general 

the smaller spheres, 50 nm in diameter, exhibited the lowest reflectances; the structures 

of two layers of hollow spheres of 50 nm in diameter had 0.7% reflectance. The next 
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best ARC in this group was one layer of 100 nm hollow spheres at 1.4% reflectance. 

These values were followed by the other 50 nm hollow spheres, then the rest of the 100 

nm hollow spheres, with the 150 nm hollow spheres making the worst ARCs of this 

subset at between 3.1% (1 layer) and 3.8% (4 layers).  

 

 

Figure 46: Reflectance spectra of hollow spheres layered in a hexaganol closest packed 

structure with shell thicknesses of 5 nm. Diameter is indicated by color and number of 

layers is indicated by line type. 

 



 

 

4.4 CONCLUSION 

Optical simulations of a variety of subwavelength structures were performed 

using the finite-difference time-domain method and confirmed using the transfer 

matrix method. The goal of this study was to provide a quantitative comparison of a 

variety of ARSWSs that can aid in further design of ARCs.  

Nanostructures with non-tapered shapes reflected more electromagnetic radiation 

than did tapered structures. This is due to difference in reflective behavior between 

gradient index materials and the interference properties of thin film and thin film-

like ARCs. Thin film-like ARCs consist of a layer of material that has the same fill 

factor and RI at every level of cross section normal to the travel of the light. These 

films, consisting of both air and nanostructure materials, have an intermediate 

“effective” n, which is between that of the air and the bulk solid. As light hits the 

top of these layers it encounters an abrupt change in n and a portion of light reflects, 

dictated by eqn. (1). The same event occurs at the bottom of the layer as the light 

enters the bulk substrate. When the film thickness is an odd multiple of a quarter 

wavelength, the reflected light from the two interfaces cause interference, resulting 

in reduced reflection. This periodic interference effect results in what appears to be 

wavelength-dependent oscillations in the reflectance spectrum for these materials.  

Tapered nanostructures resulted in more broadband anti-reflective properties 

than did non-tapered nanostructures. This occurs because the effective n of the 

ARSWS layer is continuously increasing from that of air to that of the substrate 

material over the length of the structures, so the incident light does not detect an 

abrupt interface that would induce reflections. Of the structures studied, the 

minimum reflection was through conical and pyramidal structures with bases of 200 

nm and heights of 800 or 400 nm. These results are in accordance with the theory 

that optimal textured surface ARCs have structures with diameters smaller than but 

heights that are at least a significant fraction of the wavelengths.  
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Hollow nanospheres were modeled for their anti-reflective properties as a real 

world example of a nanostructure that can be easily created in the laboratory. 

Hollow nanospheres were modeled in a hexaganol closest packed structure with a 

variety of number of layers. These results indicate a recommendation for two layers 

of smaller (50 nm) nanospheres for best AR properties. These simulation results 

indicate that, like the non-tapered structures investigated in this paper, hollow 

nanospheres exhibit interference-like patterns in their reflectance spectra. This can 

likely be explained by an effective media theory, where the hollow nanospheres and 

the non-tapered nanostructures interact with light in a similar manner as a thin film 

of intermediate index of refraction.  

The transfer matrix method was used to confirm the FDTD methods reported 

here. Very good correlation was found between the two methods for non-tapered 

nanorod structures. However, some discrepancy was found for the tapered 

pyramidal structures. This can be explained in part by the methods used to 

discretize the two simulations. While the TMM simulation was smoothly 

discretized every 1 nm of height of the pyramids, the FDTD method was meshed at 

2.5 nm. This would affect the description of the tip of the structure, making the 

effective height of the structure shorter, which would target a shorter wavelength. 

This effect is seen in the apparent shift of the TMM data toward a longer 

wavelength. Discretizing the FDTD simulations further becomes very 

computationally intensive. 

Models in this study covered feature widths between 50 and 200 nm, which are 

appropriate sub-wavelength widths for 300 to 1300 nm light. Attempts were made 

to investigate the anti-reflective properties of features larger than 200 nm, but 

multiple reflections in the structures not only made modeling times prohibitively 

long, but also resulted in regions of the spectrum that erroneously reported much 
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higher than 100% transmission. For these simulations, error averaged over the 

spectrum was between 2 and 7%, while for all reported simulations the error was 

well below 2% and usually below 0.4%.  

Future work will investigate the effects of angle of incidence and index of 

refraction on the anti-reflective properties of ARSWSs. The index of refraction of 

real materials is wavelength-dependent. A thorough study of ARSWSs within a 

range of indexes of refraction that is reasonable for the materials used to make those 

structures could provide researchers with more realistic modeling capabilities.  
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5 EXPERIMENTAL ANTI-REFLECTIVE COATINGS 

5.1 Introduction to sources of reflection in solar modules 

The theory of anti-reflective sub-wavelength structures and thin films has been 

discussed in detail in previous chapters.  Experimental approaches to the production 

and application of anti-reflective interfaces is presented in the current chapter.   

Solar modules have several important interfaces whose properties determine the 

amount of light that is either reflected from the module or transmitted to the solar 

cell.  The amount of light reflected at an interface can be calculated from the 

indexes of refraction of the two materials that make up the interface using the 

equation 

Equation 1 

2

1 2

1 2

n n
R

n n

 
  

 
. 

The indexes of refraction for solar modules materials can be found in Table 3.  

The first interface is between the ambient air and the outer layer of lamination, 

which is usually glass but can also be plastic, such as fluorinated ethylene polymer, 

FEP.  For this interface reflections can be reduced by applying a quarter wavelength 

thin film of intermediate index or by sub-wavelength texturing of the surface.  The 

index of refraction of this first layer is usually very similar to that of the next, which 

is an adhesive layer, usually EVA or similar, resulting in negligible reflection.  The 

next optical interface is between the adhesive and the solar cell.  Most 

monocrystalline silicon solar cells have both a silicon nitride layer on the surface 

and are pyramidally textured to enhance light trapping.   

 

Table 3: Indexes of refraction of solar module materials[1, 2]. 

Material Index of Refraction (400-800 nm) 

Air 1 

FEP 1.35 
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Glass 1.5 

EVA 1.5 

Silicon nitride 2 

Silicon 3.5 

5.2 Anti-reflective sub-wavelength and light trapping texturing of 

silicon 

5.2.1 Introduction 

Light trapping is an important optical method to improve solar cell efficiency 

[3].  Thin film solar cells use textured backside metals to scatter light toward the 

absorber [4] and monocrystalline silicon cells use a textured front side to improve 

light collection (see Figure 47).   

 

Figure 47: Example of light trapping on the front side of a textured monocrystalline 

silicon solar cell.   

 

Silicon etches anisotropically under basic aqueous conditions[5].  The (100) face 

of silicon etches much faster than the (111) face, as shown in Figure 48.  Sato et al. 

found that in a 70°C, 25% solution of tetramethyl-ammonium-hydroxide the (100) 

face of Si etched 30 times faster than the (111) face [6].  Due to this anisotropic 
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etching, treatment of (100) silicon wafers with basic solutions results in a 

pyrimidally textured surface in which all exposed surfaces are in the (111) planes 

(see Figure 48).  The pyramids resulting from most wet etching have bases of about 

1-2 µm and have 109.4° angles between their opposite faces [3]. While this size of 

pyramid is useful for light trapping, the effects of increased transmission could be 

improved further if the pyramids were designed to be sub-wavelength sized.  

Decreasing reflectance of silicon through sub-wavelength texturing is the focus of 

this chapter.   

 

 

Figure 48: Anisotropic etching of monocrystalline silicon (second figure from 

http://www.inems.com/mems_course_area/02_fabrication/miniaturization/patterntra

nsfer/bulk/bulkmicromachining.htm). 

 

5.2.2 Methods 

Silicon wafers of the (100) orientation were AMD washed prior to all treatments.  

Silicon wafers were either used as received or were pre-treated by a novel technique 

of grazing once in each direction with the grain of the crystal with a fine grit 
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sandpaper (see Figure 49).  Sandpaper grits used here were P3000 (3M Auto Trizact 

Performance Sandpaper Stage 4), P8000 (Detail Master DM 9008), and P12000 

(Detail Master DM 9009).  No scratches were visible on the wafers after the 

sanding treatments.  All wafers were subjected to the same etching procedures.  An 

aqueous solution of 0.5 M NaOH and 2% isopropyl alcohol was heated to 80°C.  

Silicon wafers were placed face up in the solution with a stir bar at the center of the 

wafer (the center circle of the wafer was discarded and not used in the analysis).  

Samples were stirred vigorously for 30 minutes.   

 

Figure 49: Orientations of application of sandpaper on silicon wafers. 

 

5.2.3 Results 

The texture and optical behavior of the silicon wafer samples were explored 

using a Jasco V670 spectrophotometer and an Innova SPM on tapping mode.  

Figure 50 shows the topography of four different etched silicon wafer samples.   
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Figure 50: AFM images of unsanded (A), P3000 sanded (B), P8000 sanded (C) and 

P12000 sanded (D) (100) silicon after etching.  All images are 5 µm x 5 µm. 

 

It was found that between for silicon treated with sandpaper grits between P3000 

and P12000 the size of the pyramids decreased for increasing grit number: 2080 nm 

+/- 300 nm, 1040 nm +/- 380 nm, 630 nm +/- 320 nm, and 380 nm +/- 180 nm, 

respectively.  These pyramid sizes are compared to those on a commercially 

available monocrystalline silicon-based solar cell (see Figure 51) and it is found 

that the solar cell’s pyramids, at 810 nm +/= 360 nm, are between the sizes of those 

on the silicon treated with the P3000 and P8000 sandpapers. The apparent shape 

differences between the pyramids in Figure 51  and those in Figure 50 are likely due 
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to the dullening of the AFM tip.  It is expected that the pyramids actually come to a 

sharper point than shown here.    

 

Figure 51: Textures of surface of commercially available monocrystalline silicon 

solar cell.   

 

To determine whether the pre-treatment of silicon wafers with fine grit 

sandpaper to decrease pyramid size has any potential utility in the silicon solar cell 

processing industry the reflectances at normal incidence were measured (see  

Figure 52).  It was found that pre-treating the silicon with very fine sandpaper 

improved the anti-reflective or light trapping capabilities of the resulting pyramidal 

textures.  It was also found that decreasing the grit size (larger mesh numbers) 

resulted in lower reflectance, but only to a point.  The silicon pretreated with P8000 

and P12000 grit sandpapers had very nearly identical reflectance behavior.   
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Figure 52: Reflectance spectra for unetched and etched silicon.  

5.2.4 Discussion 

The feature size of pyramidally textured (100) silicon was successfully 

controlled by pre-treatment with fine grit sandpaper.  The mechanism of the pre-

treatment with sandpaper appears to be in placement of etch stop locations.  When 

the silicon is scratched with sandpaper some amount of material is removed.  This 

disrupts the (100) surface, leaving some (111) faces exposed.  What remains after 

sanding is a mixture of (100) and (111) faces on the surface that are sized or spaced 

approximately by the grain size in the sandpaper.  Upon introduction to the basic 

etching solution the (100) faces are etched until (111) faces are exposed, creating 

the inverted pyramid-shaped divots in the surface.  A journal article search for 

preparing silicon surfaces in such a way prior to wet etching revealed no previously 

published results on the topic. 

Controlling the size of the pyramids affected the reflectivity of the air-silicon 

interface as determined using a spectrophotometer with an integrating sphere.  The 
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smaller pyramids, averaging 630 nm and 380 nm, both decreased the reflectance 

with respect to the unsanded, etched surface by about 3%.  This is because the 

sanded surfaces with some pyramids smaller than the wavelengths of light 

considered had both light trapping and gradient effective index anti-reflective 

effects, due to their larger and smaller pyramids, respectively.   

One side result of pre-treatment of silicon with sandpaper was what appeared to 

be an increase in etching rate during the beginning of the reaction.  Samples that 

were pre-treated with P3000 and then etched for 2, 5, and 10 minutes were etched 

nearly as much as a fully etched sample, according to visual inspection.   

This section demonstrates effective size tuning of pyramidal texturing on the 

(100) face of a monocrystalline silicon wafer.  Sandpapers between grit sizes P3000 

and P12000 were used to effectively tune the size of the pyramids.  Other abrasive 

materials were tested for pyramid size tuning capabilities.  It was found that pumice 

stone, rottenstone, Auto-wenol, and filtered playa dust from Black Rock City, NV 

were inappropriate for pre-treatment of this silicon etch, primarily due to 

uncontrolled particle size in the abrasive.   

Commercially available solar cells use a pyramidal texture to reduce reflection.  

The feature size on the commercial cell tested in this experiment was between the 

sizes of the silicon treated with the P3000 and the P8000 sandpaper.  As the P3000 

sandpaper-treated etched silicon has a higher reflectance than the P8000 or P12000 

treated silicon, it follows there is room for improvement in the transmission of light 

into commercial solar modules that taking steps to decrease pyramid size on 

crystalline silicon solar cells could affect.  The technique of pre-treatment with 

sandpaper demonstrated in this section could be an important step to improvement 

of solar cell anti-reflection. 
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5.3 Hollow and Solid/Hollow Silica NP ARCs 

5.3.1 Introduction 

Hollow silica nanoparticles (NPs) are a promising material for anti-reflective 

coatings for glass substrates.  The effective index of refraction of these materials 

can be tuned by changing the diameter, wall thickness, or amount of hardcoat in the 

anti-reflective coating (ARC) precursor solution solution.  Hollow silica NPs can be 

simply deposited onto a substrate by spin coating or applied using any other 

solution-based thin film application method.  Spin coating with a variety number of 

layers allows tuning of the NP film thickness, which enables targeting of a 

particular wavelength for anti-reflection properties.   

5.3.2 Methods 

Hollow silica NPs were produced using a batch process by adding a mixture of 

10 mL of ethanol and 0.75 mL of tetraethylorthosilicate (TEOS) at a rate of less 

than 2 mL/hour to a room temperature solution of 0.122g polyacrylic acid (PAA, 

MW 5,000) and 1.5 mL ammonium in 30 mL of ethanol.  The solution is stirred 

vigorously during the addition and the procedure takes at least five hours.   

Solid silica NPs were produced by adding 10 mL of TEOS, 4 mL of DI water, 

and 4 mL of ammonium to 200 mL of 100% ethanol.  The solution was stirred at 

room temperature for 6 hours.  The NP solution was used as produced or was 

diluted with 100% ethanol before use, depending on the sample. 

The hollow silica NP solution is then diluted to 40% NP solution in 60% ethanol.  

Rhino-Q hard coat is added to make a 1% hard coat solution.  This ARC solution is 

spin-coated onto water white glass substrates (microscope slides cut to 1x1”) that 

has been AMD-washed.  Spin coating is performed at 1500 RPM and room 

temperature.  Samples are coated with applications of 0.1 mL of solution each time, 
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between 1 and 8 times per substrate.  Substrate is allowed to dry between 

applications.  After coating, substrates with as-deposited ARC layers are cured in 

air at 300°C for 30 minutes to cure the hard coat and to remove the residual PAA 

from the center of the silica NPs, resulting in the hollow form.  Reflectance data 

was taken at this time using a Jasco (V670) spectrophotometer between 400 and 

800 nm.  Samples are scored on the back side and are broken to reveal a cross 

section near the center of the substrate.  Samples are then gold sputter coated and 

the cross sections are imaged using SEM. 

5.3.3 Results  

Reflectance data for films with varying thickness comprised of hollow silica NPs 

can be found in Figure 53.  SEM images of these same films are shown in Figure 

54.   

 

Figure 53: Experimental reflectance spectra for eight different samples of hollow 

silica NPs on water white glass. Samples were spin coated with between 1 and 8 
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depositions of ARC solution.  Backside reflectance contributions have been 

subtracted from these spectra.   

SEM images (Figure 54 and Figure 55) are analyzed using Image J software for 

the outside diameter of the silica NPs as well as the film thickness of each of the 

eight types of NP films.  These eight films were all deposited using the same NP 

solution, but were each deposited with a different film thickness by altering the 

number of drop applications in the spin coating procedure.  Nanoparticle size 

measured using these images was found to be 43 nm +/- 17 nm (see Figure 55).  

Film thicknesses were fitted to a linear regression line using Excel (Figure 56).  The 

thickness increase of each layer was about 15 nm.  This indicates that each time a 

drop is spin coated onto the substrate the layer applied is not a full layer, except for 

the first layer, which was about 60 nm from one drop, indicating a larger number of 

NPs sticking to the bare glass substrate than to the NP covered substrate in 

subsequent drops.  It is likely that the first application deposits a layer with the 

approximate thickness of the diameter of the nanoparticles and that each subsequent 

layer deposits a partial layer, increasing the film thickness by about 1/3 the mean 

diameter of the nanoparticles.   
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Figure 54: SEM cross sectional images of ARC thin films with 1 through 8 (A 

through H) spin coated layers.  Average thicknesses measured using Image J are 

labeled on the image. 
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Figure 55: Enhanced images of the cross section of the hollow silica NPs ARC 

made from eight layers of deposition that was used to determine the average 

diameter of the nanoparticles.   

 

 
Figure 56: Linear regression with R2 value for film thicknesses of one through eight 

spin coated layers of hollow silica NPs, as measured using Image J from SEM 

images.   

Given film thickness and reflectance data over a specific wavelength range, it is 

possible to numerically fit a thin film ARC to a model that can determine the film’s 

index of refraction.  If the primary components of the film are known, such as silica 

and air in this case, then from the effective index of refraction one can calculate the 

fill factor for each component according to an effective media approximation (see 
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Chapter 3 section 3).  The mathematical model allows one to obtain analytical 

feedback from experimental data.  Hollow or solid silica nanoparticles can be 

grown to have a variety of particle diameters and wall thicknesses (discussed later 

in this section), which in combination alter the effective fill factor of the NPs.  All 

of this information can be combined to take the research one step further and to 

predict and then create an idea ARC.   

The transfer matrix method (see Chapter 3 on ARC modeling methods) was used 

to numerically fit the hollow silica NP thin films with an effective index of 

refraction according to their film thicknesses and reflectance spectra. The method, 

described in depth in Chapter 3, is depicted in Figure 57. MATLAB code, partially 

adapted from that of George F. Burkhard and Eric T. Hoke from Stanford 

University [7], was used as the optical modeling backbone for the data fitting.  The 

code also follows Troparevsky’s TMM formalism for calculation of optical 

response in multilayer systems[8].   

 

Figure 57: Geometry of the transfer matrix method. 

Electric field amplitudes can be described from one boundary to the next by: 
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Equation 2 

(
𝑬𝒎−𝟏

+

𝑬𝒎−𝟏
− ) = 𝑰𝒎−𝟏,𝒎 (

𝑬𝒎
+

𝑬𝒎
− ) 

Equation 3 

𝑰𝒎−𝟏,𝒎 =
𝟏

𝒕𝒎−𝟏,𝒎
(

𝟏 𝒓𝒎−𝟏,𝒎

𝒓𝒎−𝟏,𝒎 𝟏
) 

Im-1,m is effectively a calculation of the change in intensity in the light transferred 

across an interface.  The values tm-1,m and rm-1,m are transmission and reflection 

Fresnel coefficients, calculated by the following equations (Equations 9.86 and 9.87 

in Griffiths Introduction to Electrodynamics 3rd edition[9]): 

Equation 4 

𝒓 =
𝒏𝟏 − 𝒏𝟐

𝒏𝟏 + 𝒏𝟐
 

Equation 5 

𝒕 =
𝟐√𝒏𝟏𝒏𝟐

𝒏𝟏 + 𝒏𝟐
 

Let it be noted that for a single interface the %R and %T can be calculated by 

squaring each of these previous values, but with multiple interfaces, such as in with 

thin film ARCs, the interactions of interference must be considered.  The change in 

phase of the light, or the phase angle, must be considered at each interface to 

accurately determine the interference behavior between the light reflected at each 

interface: 

Equation 6 

(
𝑬′𝒎

+

𝑬′𝒎
− ) = 𝑷𝒎 (

𝑬𝒎
+

𝑬𝒎
− ) 
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And 

Equation 7 

𝑷𝒎 = (𝒆−𝒊𝜹𝒎 𝟎
𝟎 𝒆𝒊𝜹𝒎

) 

The phase angle shift is given by 

Equation 8 

𝜹𝒎 = 𝟐𝝅𝝈𝒏𝒎𝒅𝒎𝒄𝒐𝒔𝝋𝒎 

Where σ is the wave number, nm is the complex refractive index of the mth layer, 

dm is the thickness of the layer, and φm is the complex propagation angle following 

Snell’s law.  Optical behavior across many layers can be calculated by 

Equation 9 

(
𝑬𝟎

+

𝑬𝟎
−) = 𝑰𝟎𝟏𝑷𝟏𝑰𝟏𝟐𝑷𝟐𝑰𝟐𝟑 … 𝑷𝑵𝑰𝑵(𝑵+𝟏) (

𝑬𝑵−𝟏
+

𝑬𝑵−𝟏
− ) = (

𝑻𝟏𝟏 𝑻𝟏𝟐

𝑻𝟐𝟏 𝑻𝟐𝟐
) (

𝑬𝑵−𝟏
+

𝑬𝑵−𝟏
− ) 

The reflectance can be calculated by the two left values of the system transfer 

matrix 

Equation 10 

𝑹 = (
𝑻𝟐𝟏

𝑻𝟏𝟏
)

𝟐
. 

The resulting optical modeling portion of the code can be found in the appendix 

under TransferMatrixFitting.m (which also references I_mat.m and L_mat.m, which 

calculate the intensity and phase angle, respectively, of the EM radiation across thin 

film layers).  A range of possible indexes of refraction are suggested by the 

TMMExperiemntalFindRIValues.m code.  This program creates the possible values 

of index of refraction for each layer (although in this first example the films are 

modeled as one layer) and then calculates the reflectance spectrum for each film 
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thickness/index of refraction combination.  These spectra are compared to the 

experimental reflectance spectra of their respective thicknesses and percent error is 

reported for each index profile.   

The percent error is graphed against each iteration (see Figure 58).  In this 

example there are 800 iterations.  This is because there were eight different thin 

films input into the program for this run and each one was tested against 100 

different indexes of refraction: from 1 to 1.5 every 0.005.  As you can see from the 

graph there are some iterations with clear minimum errors for each experimental 

layer.  These low error iterations are found at very low (close to 1) and very high 

(close to 1.5) indexes for the first few samples (samples deposited with 1-3 layers of 

hollow silica NPs).  The samples with 4 through 8 layers (depositions) of NPs begin 

to show a clear minimum error in the lower index region, closer to around 1.1.   
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Figure 58: Percent error between experimental and suggest RI profiles for hollow 

silica NP thin films with 1 through 8 deposition layers approximated with a single 

thin film theory swept from n=1 to 1.5 every 0.005.   

The low and high fitted index values found for the thinner films (1-3 

depositions) is probably due to the fact that their reflectance spectra have no clear 

minimums in the range of wavelengths that is relevant to this study (400-800 nm).  

Thus, as it is clear that there is still significant reflection, leaves two options for the 

reflectance spectra; one with a very low index of refraction that induces a high 

reflection off of the thin film: glass interface and one with a high index of refraction 

that has a high reflection from the air: thin film interface.  Note, neither of these 

reflections is higher than that of an air:glass interface, but they are still significant.   

The thicker films (4-8 layers) all show a clear minimum reflectance within our 

wavelengths of interest.  This enables the effective index finding program to target 
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the experimental data more specifically and results in a clear index of refraction that 

best matches the experimental data.   

In order to find an effective index of refraction that describes the optical 

behavior of all eight thicknesses of thin films the iterations with the lowest error 

were plotted in a histogram (see Figure 59). This figure was created by inputting the 

experimental %R data from the eight samples of varying thicknesses and the 

thicknesses predicted by the linear regression in Figure 56.  The experimental data 

were compared to thin films predicted by the TMM code for each index of 

refraction between 1 and 1.5 by 0.005.  This resulted in 800 iterations overall.  Of 

these 100 iterations per sample, the top 20 were plotted in a histogram. This gives 

one an idea of where to look in the data to find the best index of refraction for all of 

the experimental data at once.   

 

Figure 59: Histogram of best theoretically fitted RI values for each different sample 

of hollow silica NP thin films.   
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With the index of refraction indicated by the highest value in the histogram (in 

this case n=1.115) one can then go back and graph the experimental vs. predicted 

reflectance spectra (see Figure 60).  In this figure it is clear that, while the 

experimental and predicted values are similar, there is still a decent discrepancy 

between these values.  In fact, all eight of the predicted lines appear to fall at longer 

wavelengths than their associated experimental spectra.  According to thin film 

theory this indicates that the films are behaving as thinner than initially predicted 

based off of the SEM images.  This could be for two reasons.  First, the top layer of 

the films, not being volumetrically completely filled with spheres, behaves as a 

much lower index material and does not affect the incoming light in a significant 

way or second, measurements from SEM images that are near the resolution limit of 

the SEM tool are difficult to take and what is seen as the edges of particles could be 

haze.   

 

Figure 60: Experimental (wavy) and predicted (smooth) reflectance spectra for each 

sample of one through eight deposition layers using the TMM method with an 
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effective index of 1.115 and the film thicknesses calculated using the linear 

regression in Figure 56. 

The discrepancy between the measured film thickness and the observed optical 

film thickness is likely to be approximately or just less than half the diameter of an 

average NP, or about 15 - 20 nm.  Thus, 15 nm was subtracted from the linear 

regression values for film thickness and the TMM model was re-run using the 

values for the 1 through 8 “layer” (depositions) films as such: 51, 65, 80, 95, 110, 

124, 139, and 154 nm.  The result is Figure 61, which shows very good agreement 

between the experimental and predicted reflection for all samples, particularly the 

thicker thin film samples.   
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Figure 61: Experimental (wavy) and predicted (smooth) reflectance spectra for each 

sample of one through eight deposition layers using the TMM method with an 

effective index of 1.13 and the film thicknesses calculated using the linear 

regression in Figure 56 minus 15 nm. 

Thus it is predicted that these hollow silica NPs behave in an anti-reflective layer 

capacity as a thin film with the index of refraction of 1.13 and an effective film 

thickness of about 15 nm less than the thickness observed in the SEM images.  The 

thin films consist of tightly (but not closest) packed hollow silica spheres.  The wall 

thickness can be back calculated from the index of refraction using the Lorentz-

Lorentz approximation[10] of effective media to obtain the fill factors of silica and 

air in the material, assuming the hard coat is in very small proportions and does not 

affect the index of refraction.  For more information on the Lorentz-Lorentz 
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approximation see Chapter 3.  From the fill factor of about 0.29 (based on n=1.13) 

and average diameter of particle of 43 nm, geometry can be used to calculate the 

wall thickness.  Assuming a packing density of one complete sphere per unit cell 

(see Figure 62a) the wall thickness of the hollow silica NPs is found to be about 7.8 

nm.  If a closest packing density (Figure 62b) is assumed then the wall thickness is 

about 5.5 nm. According to the SEM images the packing density is likely to be 

between these two extremes.  This wall thickness is in agreement with TEM data on 

these hollow NPs obtained by others (Figure 63).   

a)    b)  

Figure 62: Image of loose packing density assumed for wall thickness calculation 

(a) and closest packing (b).   
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Figure 63: TEM Image of hollow silica NPs, courtesy of Yujuan He.   

As discussed in chapters 3 and 4 of this dissertation, oftentimes gradient index 

materials are a more attractive approach to broadband anti-reflection as compared to 

optically uniform thin films.  In an attempt to produce a gradient index layer of 

hollow silica NPs two different sizes of NPs were deposited onto a glass substrate 

in sequence.  First a batch of smaller NPs mixed with a Rhino Q hard coat were 

applied to the glass surface.  The thin film was allowed to air dry and then a slightly 

larger hollow NP solution was spin coated on top of the first layer.  As the NPs 

were expected to have the same shell thickness, the change in overall diameter is 

expected to produce a different ratio of silica to air in the hollow silica NPs, which 

gives the deposited coating a gradient of effective indices.   

Figure 64 shows the first rough attempt at fitting a single layer thin film model to 

the reflectance data.  The best fit for the data was an effective index of refraction of 

1.11 and overall film thicknesses of 115 nm, 150 nm, and 180 nm for the three 

different samples.   



 

 

 

126 

 

 

 

Figure 64: ARC on water white glass consisting of two sizes of hollow silica NPs 

fitted to a single layer thin film TMM model. 

To account for deviations between the experimental and theoretical curves at low 

wavelengths a double layer thin film model was fitted to the reflectance data (see 

Figure 65).  The thin films were considered to be two films of equal thickness.  The 

fitted model with indices of 1.08 and 1.14 indicates a higher fill factor of silica 

closer to the glass interface, indicating either a larger wall to overall diameter ratio 

in the hollow NPs or a greater fill factor of NP packing in the film.  These indices of 

refraction correspond to fill factors of 0.175 and 0.3, according to the Lorentz-

Lorentz approximation[10].  Upon observation of the average NP size of 43.5 and 

45 nm, as measured from SEM images, it is concluded that the most likely 
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explanation for the gradient of indices is incomplete NP packing in the surface layer 

of the NP film.   

 

Figure 65: ARC on water white glass consisting of two sizes of hollow silica NPs 

fitted to a double layer thin film TMM model. 

There were insufficient differences between the indexes of refraction of the two 

samples of hollow silica NPs to produce a strong gradient index ARC due to their 

close similarity in size.  Thus solid silica NPs were used in conjunction with the 

hollow NPs in order to create a true gradient.  Solid NPs with a narrow size 

distribution and diameters of 32 nm +/- a standard deviation of 5 nm were spin 

coated onto a water white glass surface.  Hollow silica NPs were spin coated on top 

of this solid NP layer.  A cross section SEM image of a layer of solid silica NPs and 
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two images of gradient layers of solid and then hollow silica NPs are shown in 

Figure 66. 

 

Figure 66: Images of a film of solid silica NPs with a layer of Rhino Q on top (top), 

image of sample #9 with a layer of hollow NPs on top of a layer of solid NPs 

(middle), and sample #10 with a thicker layer of hollow NPs on top of a layer of 

solid NPs.  The top sample is representative of sample #8, as it was produced using 

the same nanoparticle solution, but the sample in this image has a thicker layer of 

NPs and produced SEM images with better visibility.   

Reflectance data for the three samples portrayed in Figure 66 was fit to a transfer 

matrix model.  Figure 67 shows the resulting best fit for the reflectance data in 

conjunction with the film thickness observed in the SEM images.  Sample #8 
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consists only of solid silica NPs, which produced a very even film upon spin 

coating.  The result is that the reflectance of sample #8 matches the TMM predicted 

values very well.  Samples #9 and #10 had much more variation in the location and 

thickness of the hollow silica NP films, resulting in increased reflection compared 

to the predicted values.  Sample #8 was modeled with effectively no gradient; 

although it was modeled as three layers, the theoretical layers all had nearly the 

same index of refraction of around 1.3.  The other two samples, though, were 

modeled with three layers of identical thickness in which the first layer had the 

index of refraction of the hollow silica NPs, 1.1, and the bottom two layers had the 

index of refraction of approximately that of the solid silica NPs, 1.35.  An index of 

refraction of 1.35 could be achieved with a closest packed arrangement of solid 

silica NPs surrounded by air.   



 

 

 

130 

 

 

 

Figure 67: Normalized reflectance for samples from Figure 66 fitted to a three layer 

TMM model.   

Thin film ARC structures can be constructed to approximate a gradient index 

(GRIN) geometry.  These structures are multi-layer thin films, each layer with a 

homogenous effective index of refraction that is intermediate to each of its adjacent 

layers.  For the purpose of this study let’s consider only up to 5 layers of thin films.  

Theoretically the more layers into which a GRIN thin film stack can be divided, the 

smoother the index profile will be and the lower the reflectance over a broadband.  

However, let us consider only five layers to make the thin film more easily modeled 

and more realistically produced in experiment.   

The ideal 5 layer thin film ARC is simulated using TMM and described in 

Figure 68.  This film was designed for each layer to have an optical thickness 
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(thickness*n) that is one quarter that of the target wavelength, 500 nm.  Overall the 

film has an optical thickness of 5/4𝜆 for the 500 nm target.  The reflectances from 

each interface are matched, as calculated by Equation 1 of this chapter.  The result 

is a very low reflectance over the broadband range shown here.  Notice that it is 

important that the overall film thickness of these five layers be similar to the 

wavelengths of interest in order for the GRIN structure to have the best AR 

properties.   

 

Figure 68: Reflectance spectrum and image for ideal 5-layer ARC structure (left) 

and graph of index of refraction of the five layers between the surface of the top 

layer and the surface of the substrate (right). 

The very precise requirements for the 5 layer AR film in the previous paragraph 

must be relaxed to some extent to provide realistic goals for experimental results.  

Figure 69 Describes three “gradient” index stacks of five layer films with some 

relaxed constraints compared to the ideal structure shown in Figure 68. In part A the 

constraints of precisely one quarter wavelength of optical thickness and the 

perfectly matched reflectances off of each interface have been lifted.  Instead each 

of the five films is 100 nm thick and the steps between refractive indexes is about 

0.08 each step.  This has resulted in a slight increase in reflectance at the maxima of 

the reflectance graph in part A, but not a huge change.  This indicates that being off 

of ideal by a few nm in thickness or 0.02 for the index of refraction won’t have a 
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huge effect on the reflectance.  However, it should be noted that parts B and C 

indicate that a very thin or very thick stack of films is not ideal for this application 

and should be avoided.   

 

Figure 69: Theoretical thin film ARC designs comprised of five layers, each of 

which has the same film thickness as the other four and the five have indexes of 

refraction that are evenly spaced out between the substrate (1.52) and the 

superstrate (1).  Overall film thicknesses are 500 nm (A), 125 nm (B) and 2500 nm 

(C).   
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A very thick film with 5/4𝜆 optical thickness for each layer was investigated (see 

Figure 70).  Multiple harmonics are visible in the reflectance spectrum that result in 

massive constructive interference at some wavelengths.  This is not optimal for an 

anti-reflection coating.   

 

Figure 70: TMM simulated reflectance spectrum for a very thick film where each of 

the five layers is designed to have 5/4𝜆 optical thickness.   

To further increase the manufacturability of this 5 layer ARC the indexes of 

refraction of the film layers were constrained in simulations to be between 1.1 and 

1.3, which are the approximate effective indexes of the available hollow and solid 

nanoparticles when deposited in a film, respectively.  The result of simulating the 

reflectance spectrum of this five layer film can be seen in Figure 71.  Although this 

does have a much higher reflectance than the ideal film shown in Figure 68, this 

film is a more realistic idea of what can be obtained using uniformly sized hollow 

and solid silica nanoparticles.   
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Figure 71: TMM modeled reflectance spectrum for a five layered film, each layer 

having a thickness of 100 nm and indexes of refraction between 1.1 and 1.3.   

The solid and hollow nanoparticles used in this study were primarily between 

about 30 and 50 nm in diameter.  As these nanoparticles are well below half a 

wavelength of the high energy AM1.5 sunlight wavelengths (over 400 nm, below 

1200 nm), effective medium approximations can be used to assign an effective 

index of refraction to films produced by these particles (see Figure 72).  Using this 

theory, several mixtures of solid and hollow nanoparticles were created to produce 

five films of different refractive indices.  A solution of only solid nanoparticles 

would produce a film with a refractive index around 1.3 (assuming the interstitial 

space was filled with air), a solution of only hollow nanoparticles is expected to 

produce a film with a refractive index of around 1.1, and 3:1, 1:1, and 1:3 mixture 

ratios of these two solutions would produce films with indices of 1.15, 1.2, and 

1.25.  These five solutions were spin coated onto water white glass substrates with 

one application of 1% Rhino-Q hard coat between each application, three 

applications per mixture ratio to comprise of one of the five layers in the film.  The 

film was heated in ambient air at 450°C for 30 minutes to remove the PAA from the 

center of the hollow NPs and to cure the Rhino-Q hard coat.   
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Figure 72: Schematic of proposed gradient index hollow/solid silica nanoparticle 

ARC (left) that can be approximated by five intermediate index thin film layers 

(right).   

The reflectance spectrum and SEM image of the experimental five layer GRIN 

nanoparticle film can be found in Figure 73.  From this SEM image the film 

thickness was found to be between 510 and 525 nm.  The reflectance spectrum, 

however, did not match exactly to any TMM model fitting for the proposed index 

profile of 1.1, 1.15, 1.2, 1.25, and 1.3, nor any other conceivable index profile.  The 

precise range and location of the minima and maxima in the reflectance spectrum 

were not able to be modeled as a thin film model.   

 

Figure 73: Experimental reflectance spectrum for 5 layer GRIN ARC (green line, 

left) and bare glass (black line, left) and SEM image of the same film (right).   

The experimental reflectance (Figure 73) for the 5 layer GRIN ARC was similar 

in shape to the TMM predicted reflectance seen in Figure 71 but was shifted to 

higher reflectance at all wavelengths over the range considered.  As this could not 
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be explained by a different thickness or index profile, or, for that matter, any 

situation that is able to be modeled under the assumptions of the transfer matrix 

method, then it can be concluded that the actual film is likely to be more 

complicated than the layers of homogenous thin films proposed by the TMM 

model.  In fact, it is most likely that a variety of defects in the film are the cause of 

increased reflection.   

A finite-difference time-domain (FDTD) model was used to simulate a five layer 

thin film with various random defects in the film (see Figure 74).  The indexes of 

refraction for these five layers were chosen to most closely match the experimental 

results.  Each layer was 105 nm thick and the five indexes of refraction were 1.19, 

1.22, 1.25, 1.3, and 1.35.  Defects were modeled as cubes or spheres of 50, 100, or 

150 nm in diameter placed at random locations within the five layers of ARC.  The 

index of refraction for each of these defects was a random number between 1 and 

1.5, representing the variety of materials between empty air and solid silica.  Note 

that the peaks in the curves are likely due to interference patterns from the defects.  

These peaks would be less intense if the defects were a sized continuously rather 

than discretely.   
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Figure 74: FDTD modeling results for a five layer thin film ARC with layers of 

1.19, 1.22, 1.26, 1.3, and 1.35 (black dotted line) and that same film with cubic 

(blue, cyan, and green solid lines) or spherical (green dotted line) defects of 50, 

100, or 150 nm in diameter and indexes of refraction randomly assigned between 1 

and 1.5.  Red line is the experimental reflectance for the five layer ARC and black 

solid line is the prediction for the bare glass substrate. 

 

5.3.4 Discussion 

Hollow silica NPs with diameters of around 45 nm and shell thicknesses of 5 nm 

and solid silica NPs of about 30 nm were applied to a glass substrate to create an 

intermediate index anti-reflective coating.  The hollow spheres are expected to be 

packed onto the surface somewhere between a closest packed arrangement of 

uniform-sized particles with a  fill factor (glass to air volumetric ratio) of around 

30% and a loosely packed arrangement with a fill factor of around 21%, or less if 

the layer of spheres is incomplete.  The solid NPs have a maximum packing ratio of 
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around 74% according to closest packed geometry.  The diameters of these NPs are 

small, order of magnitude 1/10 of an average wavelength for the solar spectrum, 

making them an appropriate size for an effective medium approximation.   

Reflectance data and film thickness measurements were fitted to a transfer 

matrix method optical model to determine the effective index of refraction for the 

hollow NP thin films.  This method allows one to input film thickness and index of 

refraction information and to predict the percent of light reflected.  The method can 

be programmed to input a range of indices and thicknesses, determine how well 

each set of parameters fits the experimental data, and report back the best fit 

parameters and predicted reflectances.  This way, one can learn the optical 

behavioral properties of the material, which in turn describe information on fill 

factor composition that can be challenging to determine without such modeling.  

Given the index of refraction of silica or glass at around 1.5 and that of air at 1.0, 

the index of refraction of this porous layer of hollow NPs is expected to be around 

1.1.  Thus these hollow silica NPs would be an appropriate anti-reflective coating 

for a low index material, such as the FEP discussed in the following section, and a 

reasonable but non-ideal anti-reflective coating for glass.  However, hollow NPs 

were not applied to FEP, as they require heating above 270°C to remove the PAA 

from the center of the particles, and FEP melts at 260°C. 

The films discussed in Figure 53 through Figure 61 pertain to uniform index thin 

film ARCs.  To tune the anti-reflective properties of these hollow silica NPs to the 

solar spectrum one could produce a quarter wavelength intermediate index thin film 

of particles with an effective index of refraction of 1.22 and a thickness of around 

100 nm.  This could be accomplished by either decreasing the particle diameter or 

increasing their wall thickness to reach a fill factor of 47.5%.  Another approach 

would be to create a gradient index film by depositing several layers of different 
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NPs, with the highest index on the glass substrate and indices decreasing in 

subsequent layers. 

Some success was achieved at spin coating two slightly different sizes of hollow 

NPs onto glass as seen in Figure 65; the numerically modeled fitted reflectance data 

suggested that the resulting film could best be described as a double layer thin film 

ARC.  Attempts were also made to apply a gradient of decreasing hard coat mixed 

with NPs on top of the glass substrate, but the increased concentrations of hard coat 

applied here negatively affected the spin coating efficacy.   

For a more dramatic index gradient than could be had with the hollow 

nanoparticles, several ARC films were deposited using first solid silica 

nanoparticles and then hollow silica nanoparticles on top.  The solid silica 

nanoparticles are expected to have an index of refraction of between 1.3 and 1.35 

and the hollow nanoparticles had an index of around 1.1, as explored previously.   

The solid/hollow NP ARC films were modeled using three layers of uniform 

thickness.  More and fewer layers were investigated but were found to not provide 

any advantages over the three layered films as far as data fitting is concerned.  For 

the gradient films, though, two of the layers had identical reflectances, so these 

films can be considered two layered films with the solid NP layer being twice the 

thickness of the hollow layer.  However, according to the SEM images the hollow 

layer ought to have been thicker than the solid layer.   

The most likely cause for the apparent discrepancy between hollow NP film 

thickness in the SEM images and the film thickness predicted by TMM modeling is 

the uneven distribution of this layer.  It is clear from some of these images that the 

hollow nanoparticles have an uneven coverage that is larger than 400 nm in texture, 

which will affect the reflectance in the range studied, as these aberrations are near 

or larger than some of the wavelengths being considered.  Aberrations smaller than 
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half a wavelength or so may form an effective medium, and those below one tenth 

of a wavelength are certainly considered smooth according to the way the light 

interacts.  However, these larger textures are likely to disrupt the reflectance more 

significantly.  So, while the overall reflectance follows the shape of the predicted 

reflectance curve for the gradient ARC of two layers, the experimental reflectance 

is offset to be higher than theoretical at all points.  This also explains why the 

theoretical model matches the experimental data so well for the solid NP ARC 

(sample #8 in Figure 67); this thin film is very uniform and is therefore more 

predictable than the uneven hollow NP films.   

It is unknown to exactly what extent the hollow nanoparticle layer had uneven 

distribution.  SEM imaging cross sections of this material is difficult even with the 

application of a hard coat to keep the particles adhered to the substrate and each 

other.  The act of snapping the substrate to expose the cross section also dislodges 

many of the nanoparticles, so only small areas that have broken in more gentle 

manners, such as small chips missing from the cut edge that are only visible under 

the SEM scope, display a decent view of the film.  

Some samples show increased reflectance in the experimental data at shorter 

wavelengths compared to the predicted values.  This is for two reasons.  First, the 

unevenness of the coatings will affect the shorter wavelengths more than the longer 

wavelengths as the subwavelength and effective medium assumptions are tighter for 

shorter wavelengths.  Second, in this transfer matrix model, dispersion is ignored.  

The reflectance of the bare substrate is considered to be 4% across the wavelengths 

of interest, while observing the experimental reflectance of the bare substrate 

indicates that the index of refraction at shorter wavelengths is indeed slightly higher 

than at longer wavelengths.  In reality the index of refraction of the glass substrates 
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ranges from 1.51 at 800 nm to 1.565 at 400 nm.  Incorporating this change into the 

TMM model would increase the accuracy of the results.   

The attempted deposition of a gradient index five layer ARC resulted in a 

reflectance spectrum that showed the interference patterns of a thin film with a 

gradient index of refraction, but one that is shifted by over 1% toward higher 

reflectance.  Using FDTD the author has shown this shift to be likely due to defects 

in the film.  Incorporation of defects in the FDTD model did not result in a 

simulation that describes the experimental results precisely.  This is likely for 

several reasons.  First, the model assumes the defects are all of a certain shape, 

either cubic or spherical, while in reality defects in a film are likely to be a variety 

of shapes.  Second, there are spikes in the reflectance spectra of the defect-laden 

FDTD simulations that are not seen in the experimental results.  These spikes are a 

result of interference from the defects due to their consistent sizes: 50, 100, and 150 

nm.  The spikes decreased when the simulation was changed from 100 defects of 

150 nm in diameter to the combination of 50 of 50 nm, 50 of 100 nm, and 50 of 150 

nm.  One problem with the spherical defects was that, under the random location 

generator, none of the spheres were able to land closer to the edge of the 

computational domain than the size of their radius.  This left a ring of low-defect 

population at the edges of the domain.  However, the spherical shape induced less 

artificial interference than the cubic shape, so neither defect shape described the 

experimental results precisely.  It is shown, however, that introducing defects into a 

thin film ARC allows the ARC to maintain the general shape and behavior of its 

reflectance spectrum, with the minima and maxima locations remaining largely 

unchanged, but increases the overall reflectance.   

Layering nanoparticles in decreasing order of fill factor, and, hence, index of 

refraction, is a promising method for creating a gradient index anti-reflective 
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coating.  A next step in this process could be to include a bottom layer of a mixture 

of solid nanoparticles of various sizes to increase the fill factor even further.  

Hollow and solid nanoparticles are a promising material to tune the index gradients 

for anti-reflective coatings.   

5.4 ARC deposition on flexible substrates 

5.4.1 Introduction 

Deposition or growth of an anti-reflective sub-wavelength interface has previously 

been limited primarily to rigid substrates.  There are, however, applications for anti-

reflective flexible materials.  Example applications are solar-powered airplanes and 

solar-powered electric vehicles.  A picture of the Oregon State University solar 

vehicle from 2013, the Phoenix, can be found in Figure 75. This picture shows that 

the solar modules must be slightly flexible in order to conform to the curves of the 

vehicle’s aerodynamics.  

 

Figure 75: Phoenix, Oregon State University’s 2013 solar electric vehicle racing in 

the 2013 Formula Sun Grand Prix. 

Solar-powered electric vehicle racing dates back to 1987 when the first Panasonic 

World Solar Challenge was held in Australia.  Since then universities and 

representatives from industry (including GM and Honda) have created and raced in 

races all over the world.  Some of these races are confined to race tracks, but many 
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are cross country, week-long (legal) highway races.  During these races cars travel 

on the order of magnitude of 1600 miles over 7-10 days.   

The solar arrays of solar electric race cars are usually constructed for minimum 

weight and some protection to the (usually) monocrystalline silicon solar cells. 

Common materials used in these modules are ethyl vinyl acetate (EVA) hot-cured 

adhesive and 2 mil fluorinated ethylene polymer (FEP) plastic film for protection.  

This results in a solar cell that is sandwiched between sheets of EVA adhesive (with 

a very thin fiberglass scrim material that helps in removal of gasses during the 

vacuum lamination process but does not affect the optics) which are encapsulated in 

FEP.   

The air-FEP interface in these solar modules elicits some reflection due to the 

difference in index of refraction.  The index of refraction of FEP can be 

appropriately approximated as n=1.35 across the 400-1200nm wavelength region 

(see Figure 76).  Notice that the slight increase in the index near the shorter 

wavelengths will introduce some error in the subsequent calculations, but that it will 

be a small amount, as the index only increases to around 1.37 in that range.  The 

extinction coefficient over this region is negligible.  Using the following equation, 

reflection off of one surface of an air:FEP interface should be: 

Equation 11 

𝑹 ≡ (
𝑛𝟐−𝒏𝟏

𝒏𝟐+𝒏𝟏
)

𝟐
= (

𝟏.𝟑𝟓−𝟏

𝟏.𝟑𝟓+𝟏
)

𝟐
= 𝟎. 𝟎𝟐𝟐. 

Thus the theoretical reflection from the air:FEP interface is 2.2% of the overall 

power for normal incidence light.    
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Figure 76: Index of refraction and extinction coefficient of FEP borrowed from 

http://www2.dupont.com/Photovoltaics/en_US/assets/downloads/pdf/OptPropCPV

Matls-Slides.pdf. 

A good solar vehicle array outputs about 1200 W of power with the 6 m2 of 

allowed solar cells (usually SunPower C60 Bin C or higher). If reflections between 

the air:FEP interface can be decreased or eliminated then there could be up to an 

additional 2.2%, or more than 25W, increase in power. This order of magnitude 

increase in power would enable a solar-powered electric vehicle, such as the 

Phoenix, to increase its average speed by 0.5 to 0.75 mph.  Over a 1600 mile race 

that is equivalent to 20 to 30 miles gained due to anti-reflective coating the solar 

array with a near-ideal coating.  For comparison, the vehicle in Figure 75 won the 

2013 Formula Sun Grand Prix by a lead of 3 miles over a 600 mile race.  

The most common solar module encapsulation material is glass.  Hence, most 

anti-reflective coatings are tuned to the index of refraction of glass, approximately 

1.5.  In this section we will explore the effects of an anti-reflective coating that was 

originally designed for glass being applied to an FEP substrate.   
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One type of simple, robust, and reasonably broadband anti-reflective coating is a 

quarter wavelength, intermediate index ARC.  The reflectance described by 

Equation 11 is diagramed in Figure 77.  The top portion of Figure 77 part A 

demonstrates simple reflection from a single interface, which will have an intensity 

as described in Equation 11.  If a thin film is introduced to the interface, as shown 

in the bottom half of Figure 77 part A, then ignoring interference between the two 

reflected waves, the reflected power will be the sum of the reflections from the two 

interfaces.  With an intermediate index film the sum of the two reflections will be 

smaller than the reflection from the single interface that has no intermediate film.  

Figure 77 part B describes the magic of quarter wavelength intermediate index 

films.  If the same power is reflected off of each interface and if the reflected waves 

are precisely 180 degrees out of phase, then the reflected power will experience 

destructive interference and will be reduced to zero, creating a perfect anti-

reflective coating for the wavelength of interest.  To achieve this interference the 

thickness of the film must be one quarter of a wavelength of the light traveling 

through the thin film, which is smaller by a factor of the index of refraction than the 

light traveling through a vacuum.  Thus, if one wishes to target a wavelength of 500 

nm and they have a thin film with the index of refraction of 1.22 (which is the best 

intermediate index between air and glass due to n = (nsn0)1/2), rather than a 125 nm 

thin film one would need a 125/1.22 nm film, or about 102 nm.  
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Figure 77: Demonstration of light reflection with and without a thin film coating of 

an arbitrary thickness (A) and an example of complete destructive interference from 

a quarter wavelength anti-reflective film with an index of refraction of n = (nsn0)1/2. 

From http://en.wikipedia.org/wiki/Anti-reflective_coating.  Accessed Feb 2014. 

Due to the periodicity of light, a thin film of intermediate index can be an 

effective anti-reflective coating as long as its thickness is an odd quarter of the 

wavelength of interest.  So, if light traveling through the film has a wavelength of 

400 nm, a film of 100 nm or 300 nm would both produce maximum destructive 

interference and therefore maximum anti-reflective results for that wavelength.  

However, the film of 100 nm would be more effective for a broader band AR effect 

than would the thicker film.  This is demonstrated in Figure 78, as reflectances 

predicted by the transfer matrix method for several thin film between an air and 

glass interface are shown.  There are several important aspects to these graphs.  

First, notice that over the range of wavelengths of interest the thinner films have 

fewer minimums and maximums, which results in an overall lower, nearly 

broadband anti-reflective result.  This is because the thicker films are more likely to 

hit near the odd or even quarter wavelength (minimum and maximum reflectances, 

respectively) at any given wavelength than are the thinner films.  It should be noted 

that the one-quarter wavelength films (parts A and B) are not as effective for longer 

wavelengths as the thicker films, as they have no more minima at the long 
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wavelengths.  Also notice that only the thin film with the index of n = (nsn0)1/2 will 

achieve zero reflectance at any point (parts A, C, and E).  This is due to the fact that 

the same amount of power is reflected off of each of the two surfaces (air-thin film 

and thin film-glass).  Notice that the wavelength of minimum reflectance is 

different between two films with the same thickness but different indices (parts A 

vs. B, C vs. D, and E vs. F).  This is due to the different optical thickness, as the 

wavelength of a particular light wave will change proportional to the index of 

refraction.  So in part A the minimum is just over 600 nm while in part B the 

minimum is just over 650 nm, which is a ratio of 1.35/1.22.    
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Figure 78: Theoretical reflectance properties of air-glass interfaces with quarter 

(A,B), three-quarter (C,D), and five-quarter (E,F) wavelength thin films predicted 

by the transfer matrix method for two different intermediate indices.   

Over a range of wavelengths the reflectance of a thin film ARC mimic a sine 

wave with a constantly increasing period and an unchanging amplitude.  Figure 79 

shows the minimum and maximum reflectances that would be observed for any thin 
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film ARC between an air/glass interface.  For any given thickness of film the 

reflectance will change as the wavelength of interest is changed.  The reflectances 

will always fall between the maximum and minimums shown in this graph.  The 

minimum reflectance is determined by 

Equation 12 

𝑅 = (
𝑛𝑎𝑖𝑟𝑛𝑠 − 𝑛2

𝑛𝑎𝑖𝑟𝑛𝑠 + 𝑛2
)

2

 

Where r is the portion of the incident power that is reflected from the single layer 

thin film interface, nair is the index of refraction of air, ns is the index of refraction 

of the substrate, and n is the index of refraction of the thin film.  The median 

reflectance is determined by  

Equation 13 

𝑅 = 𝑅1 + 𝑅2 = (
𝑛𝑎𝑖𝑟 − 𝑛

𝑛𝑎𝑖𝑟 + 𝑛
)

2

+ (
𝑛𝑠 − 𝑛

𝑛𝑠 + 𝑛
)

2

 

The maximum reflectance for a single layer thin film ARC is the same as for the 

interface without a thin film, in this case 4% reflectance.  This maximum 

reflectance occurs at even multiples of quarter wavelength film thicknesses.   
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Figure 79: The minimum and maximum reflectance predicted for a thin film ARC 

on an air/glass interface as determined by the film’s index of refraction.   

Theoretically a thin film with an index of refraction between 1.14 and 1.31would 

have a minimum reflectance of below 0.5% for an air/glass interface.  This relaxes 

the design and production requirements for a thin film ARC, as it is clear that 

absolute precision for the index is not essential at these mid-range indices.   

There has been limited attention to anti-reflective coating flexible substrates in 

the literature.  Kleinhempel et al. used a sputter coating method to apply a quarter 

wavelength-thick intermediate index thin film of SiO2 to a PET substrate[11].  The 

high index of refraction of PET (1.65) makes SiO2 (n=1.46) an appropriate 

intermediate index material.  Kettle et al. used a nano-textured nickel mold to 

thermally imprint nanotexture into a PET substrate, resulting in improved angle of 

incidence transmission results[12].  Jiang et al. spin-coated a porous polymer thin 

film ARC onto a flexible polymer substrate[13].  Ting et al. used a roll-to-roll 

technique to imprint a nanotexture into PET[14].  However, there has been no 

attempt to roll coat an anti-reflective material onto a low index film, such as FEP.   
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This section will investigate the anti-reflective properties of a proprietary anti-

reflective coating precursor solution, called TMOS-b (CSD Nano).  The solution 

will be applied via spin-coating to glass and flexible plastic substrates and 

deposition will be scaled up on flexible substrates by roll-to-roll coating.   

5.4.2 Methods 

An anti-reflective coating precursor solution was obtained from CSD Nano LLC 

and was used as obtained.  The solution was spin coated onto FEP, PET, soda lime 

glass, and water white glass substrates, each of about 1”x1”.  Spin coating was 

carried out at room temperature and 1500 rpm with at least 0.1 mL of solution per 

application.  Application conditions were varied such as: rotation speed, number of 

applications per sample, dilution of precursor solution, and substrate material (see 

Table 4: Experimental conditions for spin coating TMOS-b ARC precursor 

solution.).  Some samples were also spin coated with a 1% Rhino Q hard coat in 

methanol and were cured using elevated temperatures.  A target film thickness of 

around 100 nm was desired for optimum ARC properties near 500 nm, which is the 

peak of the solar spectrum.   

Table 4: Experimental conditions for spin coating TMOS-b ARC precursor 

solution. 

Rotation 

Speed 

(RPM) 

# of 

Applications 

Dilution of 

Precursor 

Substrate Hardcoat Curing 

1500 1 None Water 

white glass 

None None 

1750 2 4:1 Soda lime 

glass 

1 drop 1% 

Rhino-Q on 

top of ARC 

135°C, 

various 

time 

2000 3  FEP   

   PET   
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Samples were tested for reflectance using a Jasco V670 spectrophotometer from 

400 to 800 nm every 1 nm at 1000 nm/min.  Scanning electron microscopy images 

were taken using a Quanta 600 FEG SEM from FEI.  Contact angle measurements 

were tested on a First Ten Angstroms optical contact angle measurement tool.  

Scale up production of anti-reflective coated flexible substrates was carried out 

on a Yasui Seiki µCoater.  The tool was used with both the 250 mesh micro gruvere 

roller that came with the system and a 5.5 gauge wire-wound Mayer rod.   

5.4.3 Results 

Figure 80 shows the reflectance of the bare substrates.  It was found that testing the 

reflectance of rigid samples produced more consistent reflectance results than that 

of more flexible substrates.  It was found that PET had the highest reflectance of all 

substrates tested, between about 12 and 15%; both types of glass, soda lime and 

water white, reflected between 8 and 10%, and FEP had the lowest reflectance at 

between 4 and 6%.  The average standard deviation of bare 2 mil thick FEP 

measurements was 0.14% reflectance.  In comparison, the average standard 

deviation for bare 5 mil this PET substrates was 0.03% and that of different samples 

of FEP anti-reflective coated with the same procedure on the same day was 0.53% 

(see Figure 89). 
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Figure 80: Reflectance of bare substrates shows higher variation in FEP than PET 

or glass. 

Soda lime glass was coated with a variable number of drops of TMOS-b solution at 

1500 rpm to further explore the nature and function of the ARC film.  Soda lime 

glass was used because it provided a more stable substrate than FEP for 

measurements of reflectance and for SEM imaging.  One, two, or three drops of 

TMOS-b were spin coated onto the substrates, allowing time to dry between drops, 

about fifteen seconds.  For most of the samples one drop of 1% Rhino-Q hard coat 

was added on top of the film for stabilization through the SEM process.  

Reflectance measurements were taken and then the samples were scored on the 

backside and snapped down the middle to expose the cross section of the film.  

Samples were sputter coated with gold prior to imaging.   

The reflectance spectra for the different thicknesses of ARC show strong 

interference patterns, as is common in thin film ARC theory (see Figure 81).  The 

films created by applying only one drop are the most appropriate for an anti-

reflective coating, as their reflectance minima is close to 500 nm and they have a 
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broadband AR effect.  The relative intensity of sunlight at air mass 1.5 is shown in a 

grey dotted line.   

 

Figure 81: Reflectance spectra of soda lime glass with and without TMOS-b ARC 

of several different layer thicknesses.   

 

Figure 82 shows a close up image of thin film #4, three drops of the TMOS-b 

ARC solution, on soda lime glass.  These images indicate that the film is textured 

on a very small scale, on the order of magnitude of a few nanometers or up to tens 

of nanometers.  Due to the small size of the texturing, an effective media 

approximation for the index of refraction is appropriate here.   
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Figure 82: Structure of TMOS-b thin film on glass (top) with a close-up view of the 

film structure (bottom).   

The reflectance spectra from Figure 81 were fitted to a transfer matrix method thin 

film optical model to determine the effective index of refraction and film thickness 

of the four samples.  It was determined that an index of refraction of 1.3 and film 

thicknesses of 85, 90, 165, and 250 for samples #1 through #4 were the least error 

fit (see Figure 83).  Notice samples #1 and #2 only differ in the application of the 
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hard coat on sample #2.  The predicted thicknesses of sample #2 is only 5 nm 

thicker than #1, indicating the thickness of the hard coat layer is only about 5 nm. 

 

Figure 83: Reflectance spectra for several thicknesses of TMOS-b ARC thin film on 

soda lime glass fitted to theoretical reflectance spectra using the transfer matrix 

method.  Smooth lines are theoretical predicted spectra and jagged lines are 

measured spectra.  

 

The film thicknesses used to fit the theoretical data to the experimental 

reflectance values in Figure 83 were determined by measuring the film thickness of 

each sample on scanning electron microscope images (see Figure 84).  Values 

reported on each part A through D are the mean and standard deviation of the 

thicknesses as measured by Image J.   
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Figure 84: SEM images to determine film thickness of samples described in Figure 

83. 

A second batch of varied layer thickness TMOS-b samples were spin coated onto 

water white glass and the transfer matrix method was used to fit an index of 

refraction to each line (see Figure 85).  The film thickness values for these samples 

were measured from the images in Figure 86.  These films were modeled with an 

index of refraction of 1.36 and film thicknesses of 50, 105, and 150 nm.  The index 

of refraction was chosen based on the least numerical error between the theoretical 

and experimental lines.   
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Figure 85: Experimental and theoretical reflectance values for TMOS-b films on 

water white glass.   
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Figure 86: Film thickness images for samples from Figure 85. Samples #1,2, and 3 

correspond to parts A, B, and C, respectively.   

Upon further inspection of Figure 83 and Figure 85 it was determined that the 

chosen indexes of refraction, 1.3 and 1.36, were possibly not realistic values, even 

though they provided the least absolute error in comparison to the experimental 

values.  The shapes of the theoretical curves did not precisely fit the shape of the 

data.  Often experimental data does not fit theoretical data perfectly; one expects an 

experiment to not provide perfectly theoretical results.  However, for anti-reflection, 

experimental data is expected to have a higher reflection than theoretically 

predicted due to aberrations in the film deposition or impurities on the material, but 

the shape and behavior of the data are expected to follow theory.  The data fitting 

simulations were re-run to determine the effective index of refraction that fits the 

optical behavior of each sample, rather than the absolute value of the reflectance.  

This entails choosing an index that matches the correct wavelengths of the 

minimums and maximums for each measured film thickness.  The resulting 
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effective index of refraction was 1.25 and the fitted curves can be found in Figure 

87 and Figure 88.  Notice that, while the absolute value of the experimental 

reflectances are generally higher than the theoretical approximations, the shape of 

these curves match more appropriately than the curves predicted with higher values 

for the index.   

 

Figure 87: Experimental reflectance data for TMOS-b thin films on soda lime glass 

fitted to transfer matrix method predictions using the most realistic prediction of the 

effective index of refraction.   
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Figure 88: Experimental reflectance data for TMOS-b thin films on water white 

glass fitted to transfer matrix method predictions using the most realistic prediction 

of the effective index of refraction.   

 

The effects of spin coating speeds were investigated (see Figure 89).  One drop of 

TMOS-b ARC solution was spin coated onto FEP substrates and allowed to dry.  

Spin coating at 1500 RPM resulted in lower reflectances, longer wavelengths of 

optimal ARC properties, and a wider variety of reflectance results than did spin 

coating at higher speeds.   
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Figure 89: Reflectance of FEP spin coated with one drop of TMOS-b ARC 

precursor solution at different RPMs. 

FEP substrates were spin coated with one drop of TMOS-b ARC at 1500 rpm, 

allowed to dry, and were then spin coated with one drop of 1% Rhino-Q hard coat 

in methanol at 1500 rpm (see Figure 90).  Reflectance measurements were taken 

after application of TMOS-b, after application of Rhino-Q, and after curing (for all 

except sample #3, which was not cured).  Curing was done in atmospheric 

conditions at 135°C. For all samples addition of the hard coat layer increased 

reflectance.  This could be due to increase in overall film thickness upon addition of 

the Rhino-Q.  For most samples, curing decreased the reflectance.  Only sample #1, 

which was only cured for 2 minutes, did not have less reflection after curing.  

Curing would decrease film thickness by removing residual methanol, decreasing 

the overall film thickness and the effective index of refraction due to voids where 

methanol had been. 
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Figure 90: Effects on reflectance of adding and then curing a hard coat layer. 

As the TMOS-b ARC solution ages the viscosity and spin coating deposition 

properties changed.  The changes were first noticed after the solution was 7 weeks 

old (see Figure 91). After 8 weeks the solution is considerably more viscous, as 

indicated by the much longer optimal anti-reflective wavelength.  After 9 weeks the 

solution had solidified and needed to be replaced with a fresh solution.   



 

 

 

164 

 

 

 

Figure 91: Reflectance of TMOS-b ARC solution on FEP as the solution ages.  

The 2 month old, higher viscosity TMOS-b solution can be rescued by diluting 

with methanol (see Figure 92 and Figure 93). The old solution was diluted 20% 

methanol to 80% old TMOS-b and FEP and PET samples were spin coated with 

one drop at 1500 rpm.  For both substrates, the minimum reflectance drops from 

about 750 nm to just over 500 nm, indicating a film thickness decrease of about 

30%.   
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Figure 92: 20% dilution of 2 month old TMOS-b solution with methanol on FEP. 

 

Figure 93: 20% dilution of 2 month old TMOS-b solution with methanol on PET. 
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The reflectance of TMOS-b thin films of varying thicknesses on FEP was 

explored (see Figure 94).  These films were applied under identical spin-coating 

conditions as the films on glass from Figure 87 and Figure 88: 1500 rpm at room 

temperature.  SEM cross section images were prohibitively expensive to obtain due 

to the fact that FEP cannot be snapped in two and imaged the way glass can because 

it is not brittle, even when soaked in liquid nitrogen.  To determine the film 

thicknesses of the TMOS-b on FEP the simulations were begun with educated 

guesses on the thicknesses according to the number of drops applied to each 

sample.  This guess, combined with the knowledge that the effective index of 

refraction of the films was around 1.25, resulted in the best and most realistic 

predicted curves as shown in Figure 94.  Notice that with an index of refraction of 

1.25, this thin film cannot allow the reflectance of the AR-coated FEP to reach zero 

at any wavelength; the optimum intermediate index for an FEP ARC would be 1.16.  

Also, none of these samples are precisely optimal for a target minimum of 500 nm.  

The optimum thickness would be between samples #5 and #6. 
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Figure 94: Experimental reflectance data for TMOS-b thin films on FEP fitted to 

transfer matrix method predictions using the most realistic prediction of the 

effective index of refraction, as determined by experiments on glass substrates.   

 

PET was used as a practice substrate for scale-up deposition on the Yasui Seiki 

µCoater.  PET was chosen due to its availability.  The suitability of the PET was 

explored by measuring the contact angle for several different solvents on each of 

the PET and FEP, as well as glass (see Figure 95).  The most relevant information 

came from the test with methanol, as TMOS-b is a methanol-based solution.  If the 

contact angles for FEP and PET are similar for methanol than it is likely that 

practicing with the PET would be an appropriate approach to scale-up.   
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Figure 95: Contact angle measurements for methanol on water white glass (A) PET 

(B) and FEP (C) and for water on FEP (D) and water white glass (E). 

The contact angles, and thus the attractive forces between substrate and solution, 

were similar for methanol, ethanol, and isopropanol on PET and FEP (see Figure 

96). Thus PET was determined to be an appropriate practice material during the 

scale-up process.   
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Figure 96: Contact angles for several solvents on glass, PET, and FEP. 

Initial attempts at roll coating TMOS-b onto FEP produced mediocre anti-reflective 

results (see Figure 97) that only realized about half of the anti-reflective 

contribution compared to spin coating.  During these tests there were several 

problems with inconsistent web speed, resulting in what is likely an inconsistent 

film thickness.  The reflectance results also suggest that the thin film is too thin. 
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Figure 97: Reflectance results from initial roll coating attempts for TMOS-b 

deposition on FEP.  Solid black line is uncoated FEP, dotted and dashed black lines 

are spin-coated FEP.  Colored lines are roll coated at webbing to roller ratios of 

0.67 (red), 0.83 (yellow), 1.0 (green), 1.43 (blue) and 2.0 (purple).  Solid colored 

lines were not cured, dashed lines were blow dried and heated at 85°C for one 

minute, and dotted lines were blow dried without heat.   

PET was used as a practice substrate for the roll coater, as it is cheaper than FEP 

and, at 5 mils thick, is less likely to break when slender rolls of the material are 

pulled through the roll coater.  PET was roll coated 0 through 6 times to build up 
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TMOS-b film thickness.  The reflectance results can be found in Figure 98. From 1 

through 6 layers the reflectance of the PET decreased with each additional layer.  

However, repetition of the experiment did not show improvement in the AR 

properties upon addition of more than six layers.   

 

Figure 98: Roll coated PET with 0 through 6 layers of TMOS-b using the 250 mesh 

Gruvere roller, 1 m/min, 16 rpm (a 1:1 ratio of substrate to Gruvere surface speed), 

and 80°C blow drying for curing.  

5.4.4 Discussion 

The TMOS-b ARC precursor solution from CSD Nano was investigated as an 

anti-reflective coating for a flexible plastic substrate, fluorinated ethylene polymer 

(FEP).  Although the TMOS-b solution was developed for glass substrates, it still 

has a significant effect on FEP substrates, despite the difference in index of 

refraction between glass (1.5) and FEP (1.35).  The TMOS-b thin film was 

determined to have an effective index of refraction of 1.25, which is near ideal for 

glass, but higher than the value of 1.16 that would be ideal for FEP.  Even at this 

non-ideal index, though, the theoretical minimum reflection for the TMOS-b ARC 
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on FEP is 0.5% reflectance, which equates to nearly a 75% reduction in power loss 

due to reflections.   

ARC deposition on flexible substrates presents a unique set of challenges.  Being 

a very thin (2 mil) flexible substrate, FEP is rarely perfectly flat.  Techniques that 

rely on flat surfaces, such as draw bar deposition and, to a point, spin coating, can 

produce films of inconsistent thickness on flexible substrates.  Also wrinkles in the 

FEP substrates increased the standard deviation of the reflectance measurements 

significantly.  As the substrate is flexible, the ARC must be resistant to flexing 

without delamination.  The glass transition and melting temperatures of the 

substrate limit the cure processes that are appropriate for flexible substrates; the 

hollow silica nanoparticles from the previous section would be a nearly perfect 

ARC for the FEP film, if not for the 300°C cure temperature required to develop the 

anti-reflective properties.  The adhesion of precursor solutions, thin films, and 

nanoparticles is often easier on a glass substrate than on a flexible polymer 

substrate.  Glass has many dangling hydroxyl groups that attract solvents and films, 

while plastics must be corona treated to increase adhesion, and even then are less 

attractive to the relevant materials than is glass.   

A thin, single layer thin film is an appropriate anti-reflective coating for a 

flexible substrate.  Single layer, quarter wavelength films are about 100 nm thick, 

which are more flexible and crack resistant than thicker films.  Quarter wavelength 

films also provide a more broadband AR result than do thicker films, such as three-

quarter films.  In this application the quarter wavelength film is able to reduce 

reflections across the band of solar spectrum that is important for silicon 

photovoltaics.  Also, quarter wavelength films require less material and cure faster 

than thicker films, and are likely to be more robust than sub-wavelength structured 

features.   
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SEM imaging of the ARC film cross sections was an important step in validating 

the TMM model fitting results for index of refraction.  SEM imaging of the glass 

and FEP both presented specific challenges.  The films on FEP were not imaged as 

the cross section could not be exposed.  The FEP was too soft to break cleanly; even 

when soaked in liquid nitrogen the FEP refused to become brittle.  Thus, modeling 

was validated by the results on glass.  Glass samples were scored on the backside 

and snapped to reveal intact thin film on the front side, though a hard coat layer was 

required to keep the TMOS-b ARC layer intact upon breaking the glass.  Glass, 

being a dielectric material, had to be gold sputter coated for at least 45 seconds 

prior to imaging to obtain images.  Even with gold coating and silver paste 

connections to the sample holder, some SEM images appeared skewed on the edges 

and images had to be taken very carefully to avoid skewing.  The film thicknesses 

for the glass samples were guessed accurately by TMM modeling before film 

thicknesses were measured from the SEM images.  The measured film thicknesses 

were very close to the predicted thicknesses, validating both the modeling method 

and the predicted index of refraction for the TMOS-b ARC of 1.25.  This index was 

chosen for the FEP samples to estimate the film thicknesses that could not be 

measured using SEM.   

Scale-up of the TMOS-b ARC deposition onto the FEP film was explored using 

the µCoater roll-to-roll coater by Yasui Seiki.  This coater uses the Gruvere method 

of solution application onto a flexible, rolled substrate.  The Gruvere roller 

associated with this tool is a very small roller, less than an inch in diameter, 

compared to the traditional six inch diameter Gruvere rollers, hence the name micro 

Gruvere roller.  Gruvere rollers are specifically designed to accumulate and then 

deposit a metered amount of a solution onto a substrate with the wet film thickness 

controlled by the depth of the texturing of the rod, with excess material scraped 
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from the roller prior to contact with the substrate by a doctor knife blade (see Figure 

99).   

 

Figure 99: Deposition set-up for µCoater. 

Gruvere rollers are designed to apply a very specific wet film thickness.  

Altering the wet film thickness is done to a small extent by changing the ratio of 

speeds between the webbing and the roller, but in general requires the use of 

different rollers for different wet thicknesses.  Due to the high cost and lead time of 

acquiring a new Gruvere roller, a Mayer rod, or a wire-wrapped rod, was used 

instead of the Gruvere roller for some applications.  The Mayer rod is designed to 

meter out an already deposited amount of solution on a flat or flexible substrate.  As 

this type of rod is not designed to pick up a very specific amount of material, and is 

only expected to meter the material, some troubles obtaining a thick enough wet 

film were found.  Reflectance results from preliminary scale-up attempts indicate a 

very thin ARC film on the FEP substrate.  Also, it was noted that the webbing speed 

for the FEP was inconsistent during many of the applications.   

The Gruvere roller was used with the PET substrate in an attempt to layer on 

enough TMOS-b to make a quarter wavelength coating.  Several problems were 
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encountered in this attempt.  First, the reflectance minima of the ARC was never 

observed between 400 and 800 nm.  It is likely that all of the films attempted were 

too thin to hit a quarter wavelength targeting 500 nm light.  However, attempts to 

increase film thickness did not improve AR properties.  This is likely because the 

precursor solution was not designed to be Gruvere roll coated.  The solution tends 

to gel up when exposed to the environment and Gruvere roller after minutes to half 

an hour of being placed in the precursor trough.  It is likely that the film thickness is 

highly variable due to the precursor being in various stages of curing into a gel in 

the trough.   

Future roll coating attempts will include controlled experiments with consistent 

webbing speed and a variety of curing methods: blowing air, heated blowing air, 

and UV curing.  Webbing will be run through the tool multiple times to attempt to 

accumulate a thicker film for comparison to spin coating results.  A hard coat will 

be added to dried ARC films, also using the roll-to-roll coater, and will be cured by 

UV light.   

AR- and hard-coated FEP will be investigated for environmental, scratch, and 

dirt resistance.  Contact angle of water with the coated materials is one indicator of 

resistance to dirt accumulation.  Preliminary results show contact angles of bare 

FEP, coated but uncured FEP, and cured hard- and AR-coated FEP at 85°, 60°, and 

70°.  This indicates that the uncoated FEP is the most resistant to water, when the 

ARC and hard coat are added water (and hence, dirt) adhesion opportunity 

increases, and upon curing the films become less attractive to water.  Environmental 

and scratch tests will also be required prior to AR coating lamination material for 

any outside application, such as the solar vehicle.   

Roll coating an anti-reflective film onto a flexible substrate is a great next step 

for improving the efficiency of flexible solar modules.  The current challenges 
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faced by this task are not insurmountable.  Development of a lower index anti-

reflective coating would be of great use to substrates such as ETFE or FEP.  Precise 

application methods such as Gruvere roll printing are promising for the large scale 

application of anti-reflective films on flexible substrates.   
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6 CONCLUSION 

This dissertation has presented several ways in which nanotechnology can be 

used to improve solar module efficiency or decrease cost per watt.  Tuning the size 

and shape of solar cell components can enable the production of the most efficient 

photovoltaic effect with the smallest material usage.  The zinc oxide nano urchins 

could improve extremely thin absorber cells or dye sensitized solar cells by 

replacing the nanoparticles with the nanowire urchins, potentially increasing the 

crystallinity of the material in the path of the electron transfer, which would 

decrease recombination that can occur at crystal boundaries.  Their high surface 

area to volume ratio could be used to adsorb more dye and collect more of the solar 

spectrum, which is a challenge for thin film solar cell technologies. The optics of 

monocrystalline solar cells can be improved by introducing not only light trapping 

but also subwavelength texture to increase transmission.  This can be achieved by 

tuning the features on the silicon surface on a nano scale.  Reflections at all other 

interfaces in a solar module can be reduced by subwavelength texturing, quarter 

wavelength ARC films, or gradient index multilayer thin films.  Each of these 

applications of nanotechnology require a precise and uniform subwavelength or 

otherwise nano structure that is designed and tuned for greatest efficiency.   

Zinc oxide nano urchins with wurtzite crystal structure were grown using 

atmospheric pressure chemical vapor deposition at a relatively low temperature of 

525°C.  These urchins, with their high surface area to volume ratio and their high 

crystallinity, are appropriate materials for the electrodes of dye sensitized solar cells 

or extremely thin absorber cells. Dyes or quantum dots could be adsorbed onto the 

high surface area of these urchins and collected electrons could be transported 

through the nanowires toward the anode.   
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It was found that the ZnO nano urchins grew denser and straighter (more 

crystalline) nanowires when the tube furnace was free of contaminants.  The 

contaminates in the tube were from carbon build up on the inside of the tube from 

previous runs of the experiment, likely from the acetylacetonate groups that the 

precursor loses during the various growth phases.   Also it was found that excess 

water remaining in the tube after cleaning inhibited urchin growth.  The presence of 

water in the tube would increase the sources of oxygen during the crystal growth.  

This could change the form of the precursor that is available for growth of the 

different rings of the cores of these urchins, which would change the shape of the 

seed shape.  Growth and particle shape would then depend on a different seed shape 

and the final product would be a different result.  Also, excess carbon could 

interrupt crystal growth, resulting in fewer nanowires with more grain boundaries.   

The zinc oxide nano urchins introduced in this dissertation would require some 

improvement before successful incorporation into a device.  The crystallinity of the 

nanowires should be analyzed and the electron mobility should be measured.  Dye 

or quantum dot adsorption should be tested and optimized.  The density of urchin 

growth on the substrate should be improved, possibly by increasing the pressure in 

the tube furnace.  As urchin growth is not substrate-dependent, then they should be 

grown on glass or other appropriate substrate to prepare for incorporation into a 

solar cell.  Urchins were primarily grown on stainless steel to facilitate faster and 

easier SEM imaging.  If these changes are made then the zinc oxide nano urchins 

are a promising nanostructure for use in devices that require dye adsorption.   

Optical modeling of anti-reflective sub-wavelength structures (ARSWS) is a fast 

way to predict the optical behavior of any interface.  There are many approaches to 

optical modeling: numerical approaches and semi-analytical approaches.  The semi-

analytical approaches include approximations on the size, shape, or material 
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properties of nanotextures with analytical solutions to Maxwell’s equations once the 

geometry has been approximated to be solvable.  A numerical method does not 

necessarily approximate the geometry and material properties, but does use a simple 

numerical method for solving Maxwell’s equations.  Some methods, such as the 

finite-difference time-domain (FDTD), require a very long time and significant 

computer power/memory, but can model very complicated features.  Other 

methods, such as the transfer matrix method (TMM), have limited geometrical 

applications but are fast in solving.  Most of the methods complement one another 

in some fashion.  This is why both TMM and FDTD were used in this experiment.  

By using multiple methods provides the most efficient and correct modeling 

solutions to most problems.  Multiple methods can increase speed and precision, 

increase solution validity, and enable more information about the optical behavior 

of an ARC to be discovered.   

Optical modeling can improve ARC designs in several ways.  Design of an ARC 

using optical modeling is a relative fast way to determine goals for production of 

said ARC; the design can be done before setting foot in a lab and can reduce time 

wasted with trial and error in the lab.  Optical modeling can also be used to analyze 

AR interfaces produced in a lab.  Modeling results for thin film ARCs can indicate 

a likely film thickness and index of refraction profile.  This knowledge can provide 

information quickly and cheaply, without having to analyze the films with 

expensive SEM and EDS tools for every sample.  Optical modeling can also be 

used to investigate existing ARCs, to back calculate information on fill factors of 

various materials and effective indexes of refraction.   

As computer technology increases and processing power becomes less of a 

hindrance to optical modeling, approaches such as model fitting with FDTD will 

become feasible.  One method presented in Chapter 3 of this dissertation introduced 
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the idea of a space mapping technique to use both TMM and FDTD to converge on 

the perfect AR interface design.  This technique would begin determining an 

effective index of refraction profile with the fast method of TMM and would then 

transfer the resulting best index profile to FDTD to determine a geometry and 

materials properties combination that provides the best AR properties.  Using both 

of these methods together results in the best design for an ARC in very little time, 

as using an iterative process with FDTD would be very time consuming.  The next 

step for this type of experiment would be to use a space mapping technique with 

these modeling methods to model fit existing reflectance data.  This could be an 

automatic method for determining likely defect placement and properties in a thin 

film, similar to the defect analysis provided in Chapter 5.  This method could 

provide a significant benefit over the method used in Chapter 5 by using an 

automatic feedback iterative process to determine a best fit model of the defects in 

the film.  These defects are likely not to be perfect spheres or cubes of discrete 

sizes, as explored in Chapter 5, but are more likely to be of continuous sizes.   

The finite element method (FEM), which is not discussed in great detail in this 

dissertation, could be used to take ARC design to the next level: design for AR 

properties and lifetime or self-cleaning capabilities.  FEM is a method that can be 

used together with other types of numerical modeling, such as material strengths 

finite element analysis (FEA) or thermal models.  It could be very useful to set up a 

finite element model that considers optical properties, mechanical strength of the 

nanostructures at the interface, and surface energy properties.  This model could 

determine the best combination of an ARSWS design that also is mechanically 

stable and has self-cleaning characteristics.  This could save a significant amount of 

time, as most ARSWS interfaces are only optimized for AR properties, and must 

then be explored for mechanical stability and dirt adhesion/repulsion properties 

after the ARSWS has been designed, optimized, and deposited/created.   
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One ARSWS that was explored in this dissertation is the pyramidal texturing of 

(100) silicon crystal faces upon etching in an aqueous basic solution. Here, the 

feature size of the pyramids was controlled by pre-treating the silicon with a fine 

grit sandpaper.  Although pyramid sizes are normally micron sized from this etch, 

the pre-treated samples produced subwavelength feature sizes.  These pyramids 

have an angle of 109.4° between each (111) face. If these pyramids are sub-

wavelength sized their shape is too short and wide to be an ideal anti-reflective 

surface, but does aid in transmission of light across the interface.  The sandpaper 

pre-treated etched silicon exhibited reduced reflections.  The theory is that 

scratching the (100) surface with sandpaper dislodges some silicon atoms from the 

crystal and exposes some (111) faces.  Upon etching, the (100) faces etch much 

faster than the (111) faces.  This results in troughs of diminishing diameter etched 

down into the (100) face and eventually a pyramidal texture.  The location of the 

pyramid points are determined by the location of where the silicon was scratched, 

which is approximately the distance between abrasive grains on the sandpaper.  

However, it was also found that over-sanding would result in less decrease in the 

reflection of the sample upon etching.  This is likely due to too many silicon atoms 

being dislodged and the resulting gouges that are etched into the surface being too 

close together and too shallow.  This effectively results in very many very tiny 

pyramids, pyramids that are so significantly smaller in height than a wavelength of 

light that the interface still appears to be a flat interface rather than a gradient 

effective index interface, which induces reflections.   

Angle of incidence was not considered in the analysis of these etched silicon 

samples.  Most pyramidal etched silicon wafers exhibit a visibly noticeable increase 

in reflection at a certain angle, one that is determined by the angle of the (111) 

crystal face and is consistent to all such samples.  This is due to the light trapping 

effect; there is an angle above with all reflected light is not trapped, but is reflected 
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completely away from the textured surface.  This effect is expected to decrease 

upon sub-wavelength texturing of the silicon surface.   

This pre-treatment of silicon could be improved by regulating the sanding 

treatment.  The number of passes and pressure on the silicon could be calibrated to 

produce the most uniform surface coverage of primarily subwavelength pyramids.  

Also, scale up for industry would require finding an in line solution for scratching 

the surface; perhaps a fine grit abrasive in a solution or a highly durable sandpaper 

on a fixture.  Also, modeling could predict the most ideal pyramid size, especially 

considering how the aspect ratio of these pyramids is fixed according to the crystal 

shape of the silicon.  If these considerations are addressed then this method could be 

incorporated into current solar cell production techniques.   

The glass/air interface of a solar module is currently the hottest topic of study for 

anti-reflective structures or coatings.  This interface requires either subwavelength 

textured glass (or similar material) or intermediate index materials for thin film 

ARCs.  Porous silica is a good intermediate index material.  One way to produce 

porous silica is to use nanoparticles of subwavelength sizes, so the silica and air 

mixture is subwavelength featured, and therefore follows effective medium theory.  

The index of refraction of solid and hollow silica nanoparticles can be tuned by 

changing the wall thickness to diameter ratio of the hollow nanoparticles, mixing 

hollow and silica NPs together, or by mixing a variety of sizes of solid 

nanoparticles, to cover a wide range of indexes of refraction between that of glass 

and air.  The anti-reflective coatings produced by these nanoparticles can be either 

quarter wavelength thin film coatings or multilayer thin (with gradient index) thin 

films.   

One major problem that was faced in the experimental work with the hollow 

silica nanoparticles was that producing an even film coating was difficult.  The 
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nanoparticles either agglomerated or didn’t adhere well to the surface.  The recipe 

to produce the hollow and silica nanoparticles differed by only one component: 

poly acrylic acid (PAA). PAA is used to form the center of the hollow silica NPs 

and is normally cooked out of the system at high temperature after deposition. The 

PAA in the hollow silica NP solution could have changed the surface energy of the 

nanoparticles in a way that makes them undesirable for spin coating.  One potential 

approach to this challenge could be to wash the PAA out of the silica NPs with a 

solvent and successive procedures of solvating, centrifuging, and rinsing the 

particles.  This could improve the adhesion of the particles on the glass surface, or 

particles deposited on top of other particle films.   

A second type of silica thin film ARC employed in this dissertation is the 

TMOS-b thin film.  Deposition of a silica ARC on flexible substrates was explored 

with this precursor solution.  However, the effective index of refraction of the 

TMOS-b film, which was found to be about 1.25, is too high to be an ideal 

intermediate index thin film ARC for flexible solar module lamination material.  

Two popular flexible solar module lamination materials are ethylene tetra fluoro 

ethylene (ETFE) and fluorinated ethylene polymer (FEP).  Both of these materials, 

being heavily fluorinated, have low indexes of refraction: 1.4 and 1.35, 

respectively.  For this dissertation FEP was investigated, as it has the lower of the 

two indexes and therefore loses less light to reflections with an ARC than does the 

ETFE. The ideal index for an intermediate thin film ARC on FEP is about 1.16. 

A more appropriate intermediate index thin film ARC for FEP could be created 

from hollow silica nanoparticles.  Hollow silica NPs with overall diameters of 

between 40 and 50 nm and wall thicknesses of about 5 nm have an effective index 

of refraction of about 1.12, according to the Lorentz-Lorentz approximation.  This 

index can be adjusted easily by changing the wall thickness or diameter.  With this 
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index of refraction, an ideal quarter wavelength ARC would have a film thickness 

of about 110 nm.  This film thickness could be achieved approximately with NPs of 

this size, but there would still be significant local variation in thickness due to the 

shape of the nanoparticles and the film would need to be highly uniform.  Also, to 

be used as an ARC on FEP, the procedure for producing the hollow silica NPs 

would need to be altered to delete the high temperature curing step.  PAA 

evaporates at about 270°C and FEP melts at about 260°C, making a post-deposition 

cure not feasible.  However, if the PAA could be removed from the nanoparticles 

prior to deposition then the hollow NPs could make a very appropriate ARC.   

PET was used as a scale up substrate for roll coating practice.  Although PET has 

a much higher index of refraction than FEP, at 1.65, it was an appropriate practice 

material due to its similar affinity to methanol.  The FEP was corona treated, which 

enables adhesion, and which changed the surface properties from a highly repulsive 

surface to one that can be adhered in a similar manner as the PET.   

Scale-up for deposition of an ARC on a flexible substrate provided several 

challenges. Several conditions contributed to what is likely an uneven coating of 

thin film on the substrate.  Uneven rolling due to substrate catching on some part of 

itself or the tool produced very bad ARC results.  There was a combination of the 

Gravure roller being very difficult to clean and the TMOS-b precursor solution 

undergoing a rapid increase in viscosity upon exposure in the roll coater that 

probably induced uneven deposition.  Also, using a Gravure roller that was intended 

to coat a 2 µm wet thickness was not sufficient for this application, and had to be 

re-coated many times to provide more anti-reflective effects.   

For future scale-up the use of a hard coat and the durability of the film must be 

considered.  The film must be able to pass tests for scratch resistance, moisture 

resistance, and resistance to temperature fluctuations before the ARC can be 
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recommended for any industry use or application.  The deposition of both the ARC 

and the hard coat must be fast, even, and able to be cured; finding an ARC 

precursor solution that can be mixed with a hard coat could decrease the steps in 

deposition.  Hard coat applicability and effectiveness in roll coating must be 

explored.   

Other future work from this dissertation could include combing the silicon 

etching experiments with production of ARSWS on flexible substrates by 

embossing.  This is a very easy way to produce a sub-wavelength featured master 

for embossing and could be useful in nano-texturing of polymer substrates.  Also, 

developing the hollow silica nanoparticles for use with flexible substrates would 

allow one to tune the index of refraction to the particular substrate at hand.  Lastly, 

the zinc oxide urchins could be incorporated into a device, such as an extremely 

thin absorber solar cell or a dye sensitized solar cell.  With the approaches explored 

in this dissertation and these suggestions for future work the utility of 

nanotechnology for improving solar module efficiency is demonstrated.   
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7 APPENDICES 

 

7.1 Appendix A: MATLAB Code Examples 

TransferMatrixFitting.m 

% Copyright 2010 George F. Burkhard, Eric T. Hoke, Stanford University 

  

%     This program is free software: you can redistribute it and/or modify 

%     it under the terms of the GNU General Public License as published by 

%     the Free Software Foundation, either version 3 of the License, or 

%     (at your option) any later version. 

%  

%     This program is distributed in the hope that it will be useful, 

%     but WITHOUT ANY WARRANTY; without even the implied warranty of 

%     MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See 

the 

%     GNU General Public License for more details. 

%  

%     You should have received a copy of the GNU General Public License 

%     along with this program.  If not, see <http://www.gnu.org/licenses/>. 

  

% This code has been heavily modified by Kat Han 1-25-14 

  

% This program calculates the reflectance at in interface that contains one or more 

thin film layers of ARC 

  

% The procedure was adapted from J. Appl. Phys Vol 86, No. 1 (1999) p.487 

% and JAP 93 No. 7 p. 3693. 

  

% George Burkhard and Eric Hoke February 5, 2010 

% When citing this work, please refer to: 

% 

% G. F. Burkhard, E. T. Hoke, M. D. McGehee, Adv. Mater., 22, 3293. 

% Accounting for Interference, Scattering, and Electrode Absorption to Make 

% Accurate Internal Quantum Efficiency Measurements in Organic and Other  

% Thin Solar Cells 
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%------------BEGIN USER INPUT PARAMETERS SPECITIFCATION--------------

- 

% 

  

  

% The layer thicknesses are in nanometers. 

  

  

  

%------------END USER INPUT PARAMETERS SPECIFICATION------------------- 

  

%assume non-wavelength dependent index of refraction 

n1=1.5; %index of substrate, glass 

n2=1.22; %index of first layer of ARC 

n3=1; %index of second layer of ARC 

% n4=1.35; %index of third layer of ARC 

% n5=1.3; %index of fourth layer of ARC 

% n6=1.25; %index of fifth layer of ARC 

% n7=1; %index of air 

  

%RI = [n1 n2 n3];% n4 n5 n6 n7]; 

  

n=[];   %Initializes a blank matrix 

for index = 1:length(lambda)  

    n(:,index) = RI; 

end 

  

t = thicknesses; 

  

% Calculate transfer matrices, and field at each wavelength and position 

t(1)=0; 

R = zeros(length(lambda),1); 

  

for l = 1:length(lambda) 

    % Calculate transfer matrices for incoherent reflection and transmission at the 

first interface 

    S=I_mat(n(1,l),n(2,l)); 

    % Continue to add phase angle matrix and intensity matrix for each 

    % additional layer 
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    for matindex=2:(length(t)-1) 

        

S=S*L_mat(n(matindex,l),t(matindex),lambda(l))*I_mat(n(matindex,l),n(matindex

+1,l)); 

    end 

    %Calculate the reflectance for each wavelength 

    R(l)=abs(S(2,1)/S(1,1))^2; %JAP Vol 86 p.487 Eq 9 Power Reflection from 

layers other than substrate 

  

end 
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L_mat.m 

% Function L_mat 

% This function calculates the propagation matrix, L, 

through a material of 

% complex dielectric constant n and thickness d for the 

wavelength lambda. 

function L = L_mat(n,d,lambda) 

xi=2*pi*n/lambda; 

L=[exp(-1i*xi*d) 0; 0 exp(1i*xi*d)]; 
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I_mat.m 

% Function I_mat 

% This function calculates the transfer matrix, I, for 

reflection and 

% transmission at an interface between materials with 

complex dielectric  

% constant n1 and n2. 

  

function I = I_mat(n_1,n_2) 

r=(n_1-n_2)/(n_1+n_2); 

t=2*n_1/(n_1+n_2); 

I=[1 r; r 1]/t; 
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TMMExperimentalFindRIVaryingThickness.m 

%% Initialization 

  

%Housekeeping 

clc; 

clear all; 

close all; 

  

%Sets start of possible RI, end of possible RI and 

interval of RI stepping 

numStartOfPossibleRI = 1; 

numEndOfPossibleRI = 1.5; 

numInterval = .005; 

  

%Constrain search to just increasing RIs 

bolConstrainSearch = 1; 

  

%Number of layers 

numLayers = 1; 

  

%Error threshold  

numErrorThreshold = .01; 

  

%Specificies the number of best RI to display from each 

column of data 

numNumberOfBestRI = 20; 

  

%Target data file name 

strTargetFileName = 'Hollow silica ARC one 

interface.xlsx'; 

  

%% Setup 

  

%Sets the "history" index 

intHistoryIndex = 1; 

  

%Loads simulation data settings 

[NUM,TXT,RAW]=xlsread(strTargetFileName,'Settings'); 
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%Extracts the thickness (nm) parameter from the Excel 

spreadsheet 

numThickness = NUM(1); 

  

%Extracts the first data column from the Excel 

spreadsheet 

numFirstDataColumn = NUM(2); 

  

%Extracts the data column from the Excel spreadsheet 

numIsDescending = NUM(3); 

  

%Extracts the number of data columns from the Excel 

spreadsheet 

numNumberOfColumns = NUM(4); 

  

%Extracts the thicknesses for each column 

arrThickness = NUM(6:(numNumberOfColumns+5)); 

  

%Loads the simulation data 

[NUM,TXT,RAW]=xlsread(strTargetFileName,'Data'); 

  

%Resorts the data to ascending order if necessary 

if numIsDescending == 1  

    NUM = sortrows(NUM,1); 

end 

  

%Initializes an empty target RI history array 

arrTargetReflectanceHistory = []; 

  

  

%% Runs a search, looping through each column of data 

for intDataSearchIndex = 1:numNumberOfColumns 

    %Extracts the target reflectance values 

    arrTargetReflectance = 

NUM(:,(intDataSearchIndex+numFirstDataColumn-1))/100; 

     

    %Stores the target reflectance for later use 

    arrTargetReflectanceHistory = 

[arrTargetReflectanceHistory;arrTargetReflectance']; 
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    %Sets the "need to continue" flag to true for 

varaible layers 

    bolContinue = true; 

     

    %Generates the variable layers RI matrix 

    numRIMatrix = 

ones(1,numLayers)*numStartOfPossibleRI; 

  

    %Loops through each column of data, trying to find 

the best RI 

    while (bolContinue == true) 

        %==================== 

        %Simulation of TMM 

        %==================== 

  

        %=====Setup for the TMM simulation===== 

  

        % Wavelengths over which reflectance is 

calculated 

        lambda=400:800;  

  

        % The layer thicknesses are in nanometers. 

Thickness of each  

        %corresponding layer in nm (thickness of the 

first layer is irrelivant) 

        thicknesses = [0 

arrThickness(intDataSearchIndex)/numLayers*ones(1,numLay

ers) 0];  

  

        %Sets up the RI in descending order 

        RI = [1.5 sortrows(numRIMatrix',-1)' 1]; 

  

        %Executes the TMM fitting 

        run TransferMatrixFitting 

  

        %==================== 

        %Evaluates the error 

        %==================== 

  

        %Calculates the normalized error against 

reflectance of bare glass 
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        numError = sum(abs(arrTargetReflectance-

R))/(0.04*length(lambda)); 

  

        %==================== 

        %Incrementing and data recording 

        %==================== 

  

        %Records the history of the RIs 

        arrHistory(intHistoryIndex,:) = [intHistoryIndex 

intDataSearchIndex numError numRIMatrix   R']; 

  

        %Increments the history index 

        intHistoryIndex = intHistoryIndex+1; 

  

  

        %Displays number of runs performed 

        intNumberOfRunsPerformed = intHistoryIndex    

  

  

        %Loops through each layer's RI, incrementing if 

needed 

        for intIndex = numLayers:-1:1 

            %Increments the layer's RI if it's the last 

layer 

            if intIndex == numLayers 

                numRIMatrix(intIndex) = 

numRIMatrix(intIndex) + numInterval; 

            end 

  

            %Checks to see if we have exceeded the 

ending RI - if so, we reset 

            %the current layer's RI and increment the 

next layer's RI. Only do 

            %this for not the first layer 

            if ((numRIMatrix(intIndex)-.000001) > 

numEndOfPossibleRI) && (intIndex > 1) 

                %Increments next layer's RI 

                numRIMatrix(intIndex-1) = 

numRIMatrix(intIndex -1 )+ numInterval; 
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                %Set's the current layer's RI to 0, so 

that we can later find 

                %it and set the current layer's RI to 

the correct value 

                numRIMatrix(intIndex) = 0; 

            end 

        end 

  

        %Loops through each layer's RI, looking for RIs 

that need to be reset 

        %to the beginnging of search 

        for intIndex = 2:numLayers 

            %Checks for RI of 0, which indicates the RI 

needs to be reset 

            if numRIMatrix(intIndex) == 0 && 

(bolConstrainSearch == 1) 

                %Sets the current layer's RI to the 

previous layer's RI 

                %(implements the "with constraint" 

sweep") 

                numRIMatrix(intIndex) = 

numRIMatrix(intIndex-1); 

            elseif numRIMatrix(intIndex) == 0 && 

(bolConstrainSearch == 0) 

                %Sets the current layer's RI to the 

beginning of possible RIs 

                %(implements the "without constraint" 

sweep") 

                numRIMatrix(intIndex) = 

numStartOfPossibleRI; 

            end 

        end 

  

        %Checks for end of sweep by checking if the 

current RI matrix minus the 

        %target ending RI matrix (which would consist of 

all values that with 

        %the EndOfPossibleRI) is equal to 0's  

        if abs(numRIMatrix - 

ones(1,numLayers)*numEndOfPossibleRI) <= 

(ones(1,numLayers)*numEndOfPossibleRI * .00001) 
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            %Stops the while loop 

            bolContinue = false; 

        end   

    end 

end 

  

%==================== 

%Plots the results from the run 

%==================== 

  

%Plots error vs. iteration 

figure 

plot(arrHistory(:,(3))*100,'-rx'); 

xlabel('Iteration'); 

ylabel('Percent Error (%)'); 

title(sprintf('Percent error with %d 

layer(s)',numLayers)); 

  

%Finds the indice of the lowest error run 

numBestRunIndex = find(arrHistory(:,(3))== 

min(arrHistory(:,(3)))); 

  

%Initializes the best RI data 

arrBestRI = []; 

  

%Loops through the history and finds the best RI 

for intIndex = 1:numNumberOfColumns 

    %Finds the indicies for one column of data 

    numIndicesForOneColumnOfData = find(arrHistory(:,2) 

== intIndex); 

     

    %Extracts the history data for one column data  

    arrDataForOneColumn = 

arrHistory(numIndicesForOneColumnOfData,:); 

     

    %Sorts the one column data by error 

    arrErrorSorted = sortrows(arrDataForOneColumn,3); 

     

    %Populates the best RI array 

    arrBestRI = [arrBestRI; 

arrErrorSorted(1:numNumberOfBestRI,:)]; 
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end 

  

%Displays the histogram of the best runs 

figure(2) 

hist(arrBestRI(:,4),50); 

[N,X] = hist(arrBestRI(:,4),50); 

  

%Sorts arrBestRI by RI 

arrBestRI = sortrows(arrBestRI,4); 

arrHistory = sortrows(arrHistory,4); 

  

%Manually selects indices to display for comparison - 

IMPORTANT!! 

%Look at "arrBestRI" in Workspaceto figure out the 

index(row number)  

%of the RIs  (colimn 4)  you're intersted in, and then 

enter them below.  

arrRIIndiciesToDisplay = 193:1:200; 

  

%Displays all original data 

numTargetRIndex = 1:numNumberOfColumns; 

  

%Plots the best run 

figure 

hold on 

plot(lambda,arrHistory(arrRIIndiciesToDisplay',(numLayer

s +4):size(arrBestRI,2))); 

plot(lambda,arrTargetReflectanceHistory(numTargetRIndex,

:)); 

  

7.2 Appendix B: Solar Module Troubleshooting: IV Curve 

Tracing with a Keithley 2440 Source Meter 

 

Analysis and troubleshooting of in-house monocrystalline silicon solar modules for 

solar vehicle applications using a Keithley 2440 source meter 

 

Katherine M. Han, Josh Triska, Danielle Sitts, Zeno LeHericy 
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Introduction: 

The Oregon State University Solar Vehicle Team (OSUSVT: www.osusvt.org, 

Figure 100) is a group of students, staff, and faculty who are working together to 

build a solar-powered vehicle for the 2012 American Solar Challenge 

(www.americansolarchallenge.org).  The team is planning on racing their newest 

vehicle, the Phoenix, in the race of July 2012.  The vehicle and solar array are 

designed and constructed by students.  The team was donated bare monocrystalline 

solar cells and has developed a soldering, testing, and laminating procedure to 

produce slightly flexible, lightweight solar modules.    

 

Figure 100: Shown here is the OSUSVT’s second vehicle, the Odyssey.  The third 

vehicle, the Phoenix, will look much like the Odyssey in body shape but is expected 

to perform much better due to higher solar array power output and a lighter vehicle. 

 

The OSUSVT requires parametric data on each solar module constructed in 

order to lay out the sub-arrays on the car in the most efficient manner.  The overall 

power output and maximum power point current are measured with an IV curve 

tracing test using a Keithley 2440 source meter.  This Keithley device allows the 

students in the OSUSVT to obtain fast, easy, and accurate data that reports the 

performance of each solar module and allows for easy side-by-side comparison. 

http://www.osusvt.org/
http://www.americansolarchallenge.org/
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This data is measured before and after lamination of each solar module and is used 

for both troubleshooting and current matching in the sub-arrays, as well as a way to 

obtain predictions on the output of the vehicle’s entire solar array.  

Experimental Setup: 

A solar vehicle module consists of 6 full-size SolarWorld 156mm cells, which 

have each been scribed and diced into two half-cells. The 12 half-cells are wired in 

series to make one module (see Figure 101). A thin-section bypass diode is 

connected across the module and contained within the laminated product. 

A) B)  

C)  

Figure 101: Laminated solar modules for the 2012 OSU Solar Vehicle (the 

Phoenix).  The back side of the module (A) has spots for both the positive and 

negative connections to the module (on the left side marked by extra Kapton tape 

under the main bus bar).  The front side of the module is seen in (B) and its position 

under the solar simulator is regulated by consistent placement of the module on the 

marked tape (C). 
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Figure 102: Pictures of the solar module team building and testing solar modules.  

Notice the Keithley 2440 source meter tucked safely behind and below the monitor.  

The most prominent member of this group is the team baby, Penny, who works 

tirelessly to keep up morale.   

The Solar Vehicle Team uses a halogen lamp with approximately 1/3 sun light 

output to establish baseline comparisons between both individual cells and modules 

(See Figure 103). The spectral match between the halogen lamp and typical sunlight 

is imperfect, but adequate for comparison and troubleshooting purposes and 

predicting approximate power levels under sun-illuminated conditions (See Figure 

104). The measurement probes of the Keithley 2440 are used in the Kelvin (4-wire) 

configuration for accuracy with high test currents present, and are combined and 

connected at the module test point seen in Figure 101A. A National Instruments 
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GPIB-USB-HS high-speed GPIB controller is used for communication between the 

Keithley 2440 and Oriel PV IV software. 

 

Figure 103: Experimental Set-up concept 

 

Experimental Procedure: 

The module is centered and illuminated by the halogen lamp, and the test 

program in the Oriel PV IV Test Station is immediately run to avoid over-heating 

the module. Consistent timing of measurement with respect to time of illumination 

is important for testing consistency as the cells undergo heating during illumination, 

which adds unwanted time-dependent changes in measurements. A desk fan is used 

to minimize heating of the module due to convection and increases the 

reproducibility of measurements.  For these modules the following test parameters 

are used: 

Table 5: Oriel PV IV Test Station measurement parameters 

Max reverse bias -0.1V 

Max forward bias 7.0V 

Number of sweep points 100 

Dwell time 30 ms 

Current limit 4200 mA 

 

Modules with no connection problems and power levels within a margin of error 

of that of a known-quality reference module are designated to be laminated. After 

lamination the modules are re-tested with identical parameters to verify final quality 

and power levels, after which they are attached to the solar vehicle. 



 

 

 

204 

 

 

 

Output data (under approximately 1/3 sun) 

 IV curve between 0 and 7V forward bias 

 Pmax  

 Imax  

 Voc 

 Isc 

 Fill factor 

 

Figure 104: Representative IV curve for an entire solar module 

 

Data analysis 

The output data from the IV curve tracing tests on the laminated modules are 

used to determine which modules should be arrayed in series with each other.  

Pmax, the power output in Watts at the maximum power point, is the most useful 

overall descriptor of a solar module’s efficiency when using our fixed illumination 

source.  Thus Pmax was used to determine whether or not solar modules would be 

placed on the vehicle, or if they would be excluded due to low power output.  The 

current at maximum power, Imax, was used to current-match modules into five 
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different sub-arrays.  The current of a string of cells in series is limited by the 

lowest-current module, so sub-arrays are designed with current-matched modules to 

minimize this current-limiting effect.    

Once all five sub-arrays have been populated with modules, the Pmax from the 

IV curves can be used to predict the overall output of the car’s entire solar array.  

To do this, the current from the module with the lowest Imax in each string is 

considered the current-limiter and the voltage of that string is calculated by the 

Vmax voltages of each module added together.  These two numbers are multiplied 

to get the output power of that sub-array in watts.  The power from each of the five 

sub-arrays is added together to get the overall power of the solar array.  Since these 

tests are done under a halogen lamp that is known to be approximately 1/3 sun, this 

power output is multiplied by 3 to get a general idea of the power output of the 

vehicle.  We expect this number to be within 10% accuracy, based on previous 

results.   

 

Troubleshooting 

Troubleshooting problems in stringing or laminating the modules began with 

looking at Pmax.  Most major problems that these cells develop could be detected 

by a low Pmax.  These problems include low current (Imax, Isc), low voltage 

(Vmax and Voc), or low fill factor (FF) and high internal resistance.   

Figure 105 shows an IV curve for a single solar cell that was laser cut from the 

front side.  The p/n junction is located on the very front of the solar cell and the 

back side is made of bulk monocrystalline silicon.  Thus, laser cutting a cell from 

the front side results in some melting of the p/n junction, which causes internal 

shorts and increased internal resistance in the cell.  This is seen by the slope in the 

IV curve of Figure 105, which significantly decreases the maximum power point.  

The sloped portion of the IV curve indicates ohmic resistance, which is highly 
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undesirable in a solar cell.  One of the team’s previous solar arrays was constructed 

entirely of cells that had been cut thus.  This problem was not detected until the 

team was able to borrow a Keithley source meter from one of the labs at OSU, the 

data from which helped the team re-design a solar array with 60% more power.   
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Figure 105: IV curve for a single solar cell that has been laser cut from the front 

side under low illumination.  

 

An abnormally low Voc may indicate a problem with the solder joints.  In one 

instance, the leads on one cell were too long and shorted the cell by touching the 

next cell in series.  This problem was diagnosed by observing the low Voc value 

(see Figure 106) and the offending lead was found and fixed, resulting in a 

complete fix of the problem.  Voc can also drop due to increased cell temperature, 

which is an indication that the cooling fan was not on during the test and should be 

re-run.   

Slope caused by a melted p/n junction; 

maximum power point decreased 
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Isc is proportional to the cell efficiency, cell area, and light input.  Low current is 

usually caused by cracks in the cells that electrically isolate large areas from the tab 

ribbon (See Figure 107).  This is usually not a repairable problem and results in the 

module being excluded from the vehicle.   
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Figure 106: Shorting one cell in a string of twelve cells decreases the Voc and 

Vmax.  
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Figure 107: Significant differences in power output are primarily due to higher Isc 

values, often due to significant cracking in the cells that electrically isolates a 

portion of the cell area. 

 

Conclusion 

The OSU Solar Vehicle Team successfully used the Keithley 2440 source meter 

to accurately, consistently, and easily obtain IV curve data for all solar modules 

before and after lamination.  The Pmax, Voc, Isc, Vmax, and Imax were used in 

both troubleshooting as well as deciding which modules would go on the car and 

into which sub-arrays.  These data were used to detect problems such as shorted 

cells and cracked cells.  The overall power output for the solar vehicle was 

maximized using the data provided by the Keithley 2440.  This device made it easy 

to set up, train students, explain solar module performance and behavior, collect 

data on all modules, and make decisions regarding the construction of the vehicle’s 

solar array.   
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7.3 Appendix C: Finite-difference time-domain modeling of 

ultra-high frequency antennas on and inside the carbon fiber 

body of a solar-powered electric vehicle 

Katherine M. Han, Paul Freeman, Hai-Yue Han, Jacob Hamar, James F. Stack, 

Jr. 

 

Abstract - Finite-difference time-domain simulations are performed on a 900 

MHz band antenna inside and outside the carbon fiber body of a solar-powered 

electric vehicle. Data are analyzed to determine the optimal antenna placement for 

transmission to a receiving antenna located toward the rear of the solar vehicle. 

Modeling data are compared to experimental results. Computational fluid dynamics 

are used to determine acceptability of external antenna placement. It is found that 

the ideal antenna would be inside the vehicle’s body and oriented vertically, but that 

the portion of the body surrounding the antenna must be constructed of a non-

conductive material.   

 

I. INTRODUCTION 

Since the first World Solar Challenge in 1987 student groups and others from 

around the world have been designing, building, and racing solar-powered electric 

vehicles. These vehicles, primarily one-person, three-wheeled vehicles are designed 

to travel during the daylight hours for one to two weeks across 1200 to 2400 miles 

while only charging their batteries from their solar array. During this race the solar 

vehicle is flanked in front and back by lead and chase vehicles in order to protect 

the solar vehicle.  
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Radio communication, both audio and telemetry data, is required between these 

vehicles to enhance safety and racing strategy. The telemetry receiving antenna is 

usually located behind the solar vehicle in the chase vehicle.  

Over the last two decades radio and cell phone communication in passenger 

vehicles has been studied by several types of modeling and experimentation [1]. 

Applications from modeling and experimentation include installing miniature 

printed magnetic phonic crystal antennas into vehicular platforms and studying the 

effects of signal bounce and attenuation on vehicles in urban environments [2,3]. 

Modeling methods have included method of moments (MoM) [4-8], geometric 

theory of diffraction (GTD) [9], finite-integration (FI) [10,11], and finite-difference 

time-domain (FDTD) [12]. All of these methods require significant computer 

resources to solve and report the field strength or gain patterns and polarization 

information of antenna signals within or around a vehicle. FDTD is a simple and 

accurate approach to a differential numerical solution of Maxwell’s curl equations 

[13]. The FDTD method allows simulation of complex geometric shapes, uses no 

linear algebra, is accurate and robust, treats impulsive or nonlinear behavior 

naturally, is a systematic approach to modeling, and is becoming increasingly 

powerful as computing resources improve [13].  

The FDTD method was first described in 1966 by Yee [14]. This research 

proposed what is now known as the Yee cell, a method of gridding a physical 

model in order to solve alternately for the electric and magnetic fields in the 

modeling space as the simulation steps through time. This method is a numerical 

solution to Maxwell’s curl equations, which describe the behavior of the electric 

and magnetic fields of EM radiation in one, two, or three dimensions. Until recently 

most three dimensional simulation methods, including FDTD, were too 

computationally demanding to simulate large models. However, advances in 
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personal computing technology have enabled highly accurate modeling of 

complicated structures in three dimensions.  

This study uses Remcom’s XF 7.3.0 software to simulate the electromagnetic 

fields around the 2012 Oregon State University solar vehicle resulting from a 900 

MHz band antenna. Antenna placement is explored. The goal of the investigation is 

to determine the optimal antenna placement for data transfer to the chase vehicle 

during the solar vehicle competitions. To determine effects of antenna location on 

vehicle efficiency, all simulations with external antenna locations are also analyzed 

for aerodynamic effects using computational fluid dynamics.  

 

II. METHODS 

FDTD simulations were carried out using Remcom’s XF 7.3.0 software. A PEC 

monopole antenna with a center frequency of 915 MHz was modeled to represent 

the antenna of the FLC910E Ethernet radio from Data-Linc Group. The solar 

vehicle body, titanium frame, and human driver were modeled in XF, with the 

vehicle body modeled as a thin carbon fiber shell with a conductivity of 2 x 105 

S/m [15]. The antenna was fed with a 50 ohm voltage source excited at 915 MHz. 

Outer boundary conditions were all set to perfectly matched layer (PML) conditions 

with seven absorbing layers. Far field sensors were used to detect realized gain. 

Realized gain is the gain of the antenna reduced by impedance mismatch losses. 

This allows for a consistent, qualitative comparison of system performance between 

potential antenna locations. Solidworks Flow Simulation 2013 was used to perform 

the computational fluid dynamics (CFD) for 50 mph air flow. A computational 

domain that is 80 meters long, 20 meters wide and 6 meters tall was setup with a 

velocity opening in the front of the vehicle, a ground plane with moving air below 

the vehicle and environment (1 atmosphere at STP) pressure openings on the 
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remaining sides of the car. The vehicle was located 30 meters from the front of the 

opening, centered width wise, and was placed 6 inches above ground for ground 

clearance. 

Experimental results were obtained by recording signals around the frequencies 

of interest (900-912 MHz) for five seconds of data using a Terratec T Stick 

software defined radio. The software defined radio antenna was oriented vertically 

for all vertical antenna positions and horizontally for all horizontal positions. 

Measurements were taken at twelve evenly spaced locations around the car, fifteen 

feet from the center of the vehicle. The vehicle and all antennas were in the center 

of a field away from any other buildings or significant metal objects. Normalized 

average power was computed for each data point by  

P=10log([A/N]^2 )  ,                      (1) 

where P is the normalized average power at a particular XY point and antenna 

position, A is the amplitude of the FFT under those conditions, and N is the 

normalization factor, or the average amplitude of the FFT of all twelve XY points 

for the top vertical antenna position.   

 

III. RESULTS 

Six different antenna positions were analyzed for their gain patterns (see Figure 

108). The “Inside Back” position is the location of the antenna during the 2012 

American Solar Challenge. “Inside Front” is a proposed internal position for 

improving gain toward the receiver. The “Top” and “Back” positions are proposed 

external positions that are likely to improve the gain but could potentially increase 

aerodynamic drag. Both horizontal and vertical orientations are analyzed at these 

external locations. Vertically polarized realized gain plots were analyzed for each 

antenna location in the XY, YZ, and XZ planes (Figure 109, Figure 110, and Figure 
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111). Special attention was paid to transmission toward the rear of the vehicle, as 

that is the location of the receiving antenna in the chase vehicle during highway 

races. To address concerns of increased aerodynamic drag due to antenna placement 

outside the vehicle, computational fluid dynamics (CFD) was performed on the 

vehicle with and without external antennas. For EM safety analysis, SAR data is 

considered for each antenna position.  

 

 

Figure 108: Locations of antenna in and on the solar vehicle body. Positions “Inside 

Back” and “Inside Front” are inside the body and are both vertical antennas. 

Positions “Top” and “Back” are outside and are analyzed for both vertical and 

horizontal antennas. Colors of the numbers in this figure correlate to the colors of 

the lines in Figures 2, 3, and 4. 
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Figure 109: XY cut of a theta-polarized realized gain plot for six antenna positions. 

Realized gain was analyzed for antennas located inside the solar vehicle’s body. 

“Inside Back” is the antenna placement during the 2012 American Solar Challenge 

and “Inside Front” is a proposed improved antenna location that is closer to the 

windshield (see Figure 108), both modeled in a vertical orientation. It was found 

that for both internal antenna locations the signal strength toward the rear of the 

vehicle was significantly attenuated when observing both the XY and YZ realized 

gain plots compared to external antenna locations (see red and blue lines in Figure 

109 and Figure 111, respectively). In the XZ gain plot the Inside Back antenna 

displays a null at 270 degrees (toward the right of the vehicle; see Figure 111), 

which may explain some of the communication difficulty when the car is racing on 

a track and the receiver is stationary. Transmission in all directions of the XY plane 

is important during track races. The internal antennas were both found to have 

relatively high gains toward the top of the vehicle (see Figure 110 and Figure 111).  
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In an attempt to increase signal strength toward the rear of the vehicle, vertically-

oriented antennas were modeled at the top of the vehicle and the center back of the 

vehicle (see Figure 108). These vertical external antennas both showed significantly 

increased gain toward the right and left of the vehicle, with the Top antenna being 

the strongest transmitter (see the solid green line in Figure 109 and Figure 110).  

 

 

Figure 110: YZ slice of theta-polarized realized gain plot for the six antenna 

positions.  

 

With the prediction that they would cause less aerodynamic drag than vertical 

antennas, horizontal antennas in these two external locations were modeled for their 
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signal gain and aerodynamics. Computational fluid dynamics (CFD) modeling was 

performed on the bare solar vehicle body as well as the body with each of the four 

externally located antenna positions. It was found that all antenna positions had 

negligible drag impact on the car at 50 mph, as determined by CFD.  Also, as seen 

in the dotted lines of Figure 109, the signal gain in the XY direction for a 

horizontally polarized antenna is not as strong as for the vertically polarized 

antennas, making horizontal antennas doubly undesirable.  

SAR data were analyzed to determine the energy absorbed by a 147 lb human 

phantom in the driver’s seat for each antenna position. All external antenna 

locations resulted in no energy absorbed. The Inside Front and Inside Back 

positions produced peak absorption of 4 and 2 mW/kg, respectively (both averaging 

about 2 mW/kg). If the carbon fiber backing on the seat is removed the energy 

absorbed from the antenna located in the Inside Back location increases to a peak 1 

g average SAR of 170 mW/kg.   
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Figure 111: XZ slice of theta-polarized realized gain plot for the six antenna 

positions. 

  

Experimental results were obtained using a software-defined radio. To make the 

modeling results more comparable to the experimental results, modeling results 

were reported for the polarization that matches the transmitting antenna orientation; 

theta polarized data are reported for vertical antenna positions and phi results are 

reported for horizontal antenna positions (see Figure 112A). Experimental results 

were obtained with the receiving antenna in the same orientation as the transmitting 

antenna in or on the car. As seen with the modeling results, external vertical 

antenna positions were by far the strongest locations, with the overall strongest 
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transmitting position being the top vertical (see Figure 112B). Although we had 

expected that the inside antenna positions would be least powerful we found that the 

positions with the lowest transmission were the inside front and outside back 

horizontal. The top horizontal antenna position performed better than expected. The 

location of the antenna during the 2012 American Solar Challenge, the inside back, 

was found to be a mediocre position, a stronger performer at all measured locations 

in the XY plane than the inside front, but generally weaker than external vertical 

antennas.  

 

IV. DISCUSSION 

The telemetry antenna modeled in this study is required to transmit data between 

the solar vehicle and its chase vehicle, which is located toward the solar vehicle’s 

rear during cross country races and anywhere in the XY plane during track races. 

Six antenna positions were studied to assess their signal strength and aerodynamic 

drag for purposes of choosing the best antenna position and orientation for racing 

conditions. The optimal antenna position would be one where the signal strength is 

high toward mainly the rear but also the sides and front of the vehicle and the 

aerodynamic drag is not significantly increased.  

It was found that although externally placed, vertical antennas are most effective 

at transmitting signal toward the rear of the vehicle. The body of the solar vehicle is 

designed to hold the solar array, contain the driver and electronics, and have as little 

aerodynamic drag as possible. This is done by minimizing both the frontal cross 

sectional area and low pressure regions on the back side of any structures in the 

vehicle. The antenna modeled here does not appear to contribute a detectable 

amount of drag by Solidworks 2013 Flow Simulation. Experimental studies have 

shown that vehicle antennas typically produce approximately 1N of drag force, 
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which would be approximately 23W of power loss [16]. Although this is a 

significant amount of drag in solar car racing (23 W of drag could decrease average 

speed by 0.5 or 1 mph), it is not accurately detectable using CFD.   

  

 

Figure 112: XY slice of realized gain from modeling (A) and normalized average 

power from experimental measurements (B). 

 

  

Modeling and experimental results suggest that the proposed internal antenna 

position, “Internal Front,” was not any better for transmission in the XY plane than 

was the original “Internal Back” position.  Experimental results confirmed that, in 

fact, the “Internal Front” position was a worse location for the transmitting antenna 

than “Internal Back.” 

Simulations suggest that horizontal positioning of the antenna on the outside of 

the vehicle was found to improve neither the aerodynamics nor the signal 

transmission in the XY plane, which is the plane of interest to receivers at ground 

level. The signal transmission of a horizontal antenna is expected to be reduced in 

the horizontal direction. The two horizontal antenna positions modeled did show a 
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higher gain toward the +z axis (above the vehicle), but this information is only 

useful if one were interested in detecting the signal from the space above the 

vehicle. Experimental results in the XY plane indicate that horizontal orientation of 

the antenna in the back of the vehicle is highly discouraged, while a horizontal 

antenna on the top of the vehicle produced higher than expected signal strength.  

Discrepancies between modeled and simulated results could come from several 

factors.  In the simulation the car was modeled in free space, without ground 

underneath, while during experiments the car was in a field.  The simulation did not 

include every component currently on the car; there are several electronic and some 

small mechanical systems that were not practical to simulate.   

SAR data indicate that all antenna locations are very much below the FCC safety 

limit of 1600 mW/kg peak 1 g averaged SAR (80 mW/kg whole body average 

SAR). The carbon fiber seat back had a significant effect on energy absorbed by the 

driver; removal of the seat back increased the peak energy by more than 40x, 

resulting in an energy absorption that is about 10% of the FCC limit. Thus the 

internal configuration of the vehicle could affect the safety of the antenna, 

especially if multiple antennas are to be considered.  

It is concluded that two of the proposed antenna positions will satisfy both of the 

design constraints of increased XY transmission and low aerodynamic drag 

compared to the original placement used in the 2012 American Solar Challenge. 

Future improvements of the vehicle would include incorporating a vertical antenna 

inside the body of the vehicle but in an area that is free of conductive carbon fiber. 

Other solutions to explore are antennas incorporated into the composite structure of 

the car’s body surrounded by non-conductive materials. The simulation and 

modeling data are found to be in enough agreement to help the designers engineer 

better communications in future revisions of the vehicle. 
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