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Abstract 

GUIDED-MODE RESONANT SOLAR CELLS AND FLAT-TOP REFLECTORS: 

ANALYSIS, DESIGN, FABRICATION AND CHARACTERIZATION 

Tanzina Khaleque, PhD 

The University of Texas at Arlington, 2014 

Supervising Professor: Robert Magnusson 

This dissertation addresses the guided-mode resonance (GMR) effect and its 

applications. In particular, this study presents theoretical analysis and corresponding 

experiments on two important GMR devices that can be broadly described as GMR-

enabled thin-film solar cells and flat-top reflectors. 

The GMR-induced enhanced absorption of input light is observed and quantified 

in a fabricated nano-patterned amorphous silicon (a-Si) thin-film. Compared to a 

reference homogeneous thin-film of a-Si, approximately 50% integrated absorbance 

enhancement is achieved in the patterned structure. This result motivates the application 

of these resonance effects in thin-film solar cells where enhanced solar absorbance is a 

crucial requirement. Light trapping in thin-film solar cells through the GMR effect is 

theoretically explained and experimentally demonstrated. Nano-patterned solar cells with 

300-nm periods in one-dimensional gratings are designed, fabricated, and characterized. 

Compared to a planar reference solar cell, around 35% integrated absorption 

enhancement is observed over the 450–750-nm wavelength range. This light-

management method results in enhanced short-circuit current density of 14.8 mA/cm
2
, 

which is a ~40% improvement over planar solar cells. The experimental demonstration 

proves the potential of simple and well-designed guided-mode resonant features in thin-

film solar cells.  
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In order to complement the research on GMR thin-film solar cells, a single-step, 

low-cost fabrication method for generating resonant nano-grating patterns on poly-

methyl-methacrylate (PMMA; plexiglas) substrates using thermal nano-imprint lithography 

is reported. The imprinted structures of both one and two dimensional nano-grating 

patterns with 300 nm period are fabricated. Thin films of indium-tin-oxide and silicon are 

deposited over patterned substrates and the absorbance of the films is measured. 

Around 25% and 45% integrated optical absorbance enhancement is observed over the 

450-nm to 900-nm wavelength range in one- and two-dimensional patterned samples, 

respectively.  

In addition, two types of GMR flat-top reflectors have been designed, analyzed, 

fabricated and experimentally demonstrated. The first one is GMR broadband reflector in 

the spectral domain whereas the second is a Rayleigh reflector in the angular domain. 

The designed broadband reflector exhibits more than 99% reflectance over a spectral 

width of 380 nm ranging from 1440 to 1820 nm wavelength. Experimental reflectance 

greater than 90% is achieved over a ~360-nm bandwidth. The reported reflector 

bandwidth exceeds comparable published results for two-part periodic structures working 

in transverse electric polarization. In the Rayleigh reflector, the interaction of GMR and 

Rayleigh anomaly creates an extraordinary photonic response and results in a flat-top 

angularly delimited optical filter. The physical process of the rapid energy exchange 

between the reflected zero-order wave and a propagating substrate wave across a small 

angular change is investigated with numerical computations. An experimental proof of the 

Rayleigh reflector concept is presented. The combined GMR-Rayleigh anomaly effect 

holds the potential to portend a new research area of novel photonic devices with 

interesting and useful attributes. 
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Chapter 1 

Introduction 

Guided-mode resonance (GMR) effects arise via quasi-guided, or leaky, 

waveguide modes induced on patterned films with subwavelength periods. Materials 

including dielectrics, semiconductors, and metals can be used to build GMR elements 

patterned in one or two dimensions. Nanopatterned resonance elements yield versatile 

spectra with a rich variety of possible surface-localized photonic states. On account of 

advances in design and fabrication, new aspects, attributes, and application possibilities 

continue to appear. The parametric design space allows control of light amplitude, phase, 

polarization, near-field intensity, and light distribution on surfaces as well as within the 

device volume. The desired output spectra can be retrieved in either transmission or 

reflection mode. There is a growing body of publications on these resonance effects [1-

25]  

In the literature, various different terms have been used to define the 

fundamental resonance effect. The term "guided-mode resonance" first appeared in 1990 

to describe the resonance behavior in planar dielectric layer diffraction gratings [5]. 

Guided-mode resonance (GMR) or leaky-mode resonance (LMR) refers to a sharp peak 

in the diffraction efficiency spectrum of a waveguide grating structure associated with 

100% energy exchange between reflected and transmitted waves. The periodic 

modulation of the waveguide's relative permittivity constitutes the phase-matching 

element to couple the externally propagating diffracted fields to the modes of the 

waveguide [6, 7]. Due to the periodic modulation of the guide, the structure is leaky in 

nature and thus the guided-modes cannot sustain on the waveguide grating. With device 

period and thickness on the order of the incident wavelength, the GMR elements yield 

versatile photonic spectra. Using powerful electromagnetic design methods, the spectral 
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bands of these subwavelength resonant structures can be engineered to achieve 

photonic devices with efficient practical attributes. It has already been shown that a 

simple resonance layer enables narrow-line bandpass and bandstop filters [6, 7, 26-33], 

laser mirrors [6, 25, 34], polarizers [13, 20, 35], wideband reflectors [36-38], tunable filters 

[22, 23, 39-41], polarization-independent filters [13] and biosensors [42, 43]. This 

dissertation focuses on GMR applications in thin-film solar cells [44, 45] and analysis of 

the extraordinary capability of flat-top reflectors using combined effect of GMR and the 

Rayleigh anomaly [46, 47]. We note that these topics are but a fraction of the possible 

applications proposed thus far. To put this work in further perspective, we provide in 

Table 1-1 a partial listing of some of the application identified to date [48]. 

 

1.1 Basic Concepts of GMR Devices 

In the simplest form, a GMR element consists of a single layer grating on a 

substrate. This single layer also serves as a waveguiding medium with effective refractive 

index greater than that of the cover and the substrate. The waveguide layer may also be 

accommodated with one or multiple homogeneous layers in between the grating structure 

and the substrate. A guided-mode resonance occurs when one of the diffracted waves 

generated by the grating element is phase-matched to a leaky mode admitted by the 

waveguide structure [5-7]. 

Figure 1-1 shows schematic view of a GMR element with an obliquely incident 

plane wave and corresponding forward and backward diffracted waves. The grating layer 

consists of a high-index material nH and a low-index material nL; ns and nc are the 

refractive indices of the substrate and cover respectively. The characteristic parameters 

are denoted as period Λ, fill factor F, and grating depth dg. 
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Table 1-1 Applications Enabled by the Guided-Mode Resonance Effect  

• Frequency selective elements 

- Narrowband bandstop/bandpass filters (  ~sub nm) 

- Wavelength division multiplexing (WDM) 
- Ultra high-Q thin-film resonators 
- Laser resonator frequency selective mirrors 

• Biochemical sensors 
- Spectroscopic biosensors 
- Chemical and environmental sensors 
- Multiparametric biosensors (biolayer thickness, 

refractive index, and background in a single 
measurement) 

• Wideband lossless mirrors 

- Wideband bandstop/bandpass filters (  ~100’s nm) 

- Mirrors for vertical-cavity lasers 
- Omnidirectional reflectors 

• Polarization control elements 
- Polarization independent reflection/transmission 

elements for both 1D and 2D periodicity 
- Narrow or wideband polarizers 
- Non-Brewster polarizing laser mirrors 
- Polarization control including wave plates 

• Tunable elements 
- Tunable filters, EO modulators, and switches 
- Liquid-crystal integrated tunable devices 
- Laser cavity tuning elements 
- MEMS-tunable display pixels and filters 
- Thermally tuned silicon filters 

• Security devices 
- Resonant Raman templates 
-       Compact non-dispersive spectroscopy 

• Thin-film light absorbers 
- Absorbance-enhanced solar cells 
- Omnidirectional, wideband, polarization-independent 

absorbers 
- GMR coherent perfect absorbers 

• Photonic metasurfaces 
- Wavefront-shaping elements including focusing 

reflectors 

• Dispersive elements 
- Slow-light/dispersion elements 

• Hybrid resonant elements 
- Leaky-mode nanoplasmonics 
- Hybrid plasmonic/modal resonance sensors 
- Rayleigh reflectors with sharp angular cutoff 
- Rayleigh-anomaly based GMR transmission filters 
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Figure 1-1 A basic single layer waveguide grating GMR element; Λ indicates grating 

period, F denotes fill factor, dg is the grating thickness,  is the angle of incidence, and n 

represents the refractive indices of the various regions. 

 
When a plane wave is incident on the waveguide grating, it is divided into 

multiple diffracted orders. The diffracted orders that satisfy the phase matching condition 

get coupled into the waveguide layer. The coupled-wave equations governing the field 

distribution inside the rectangular grating region can be expressed as [7, 49], 

 
   

 
   

2
22 2 2 2

0 0 02
1

sin
sin / 0

i

g c i i h i h

h

dE z h f
k n k n i E z k E z E z

dz h


  





 



                

                                                                                                             (1.1) 

where  iE z  is the y-component of the electric field amplitude of the i 'th order diffracted 

wave, 0 2 /k   ,  is the free-space wavelength, gn  is the average refractive index of 

the grating layer,   is the indent angle,
2 2

H Ln n    is the modulation strength, i  is the 

integer diffracted order index, and h  is the integer Fourier harmonic index. 

When the modulation is weak  0  , the coupling term becomes negligibly 

small and coupled-wave equation (1.1) reduces to,  
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                                         (1.2)  

                                                                                
The wave equation associated with an unmodulated dielectric waveguide is given 

by [7], 

 
 

2

2 2 2

02
0g

dE z
k n E z

dz
                                                                            (1.3)                                                                               

where   is the propagation constant of the mode supported by the structure. A guided 

wave can be excited if the effective refractive index 
0/N k is in the range [7],  

 max ,c s gn n N n   

 
From direct comparison between equations (1.2) and (1.3), the effective mode 

propagation constant corresponding to the i 'th order evanescent diffracted wave is 

obtained as,  

 0 sin /i ck n i                                                                                (1.4)      

                                                                                            

with an effective refractive index 
0/i iN k . Equation (1.4) is the necessary phase 

matching condition to couple an evanescent diffracted order to a waveguide propagating 

mode. If the 1i   and/or 1  order is phase matched to a waveguide mode, the 

amplitude of this leaky mode can become large enough to strongly couple to zero-order 

propagating waves and a GMR occurs with a complete energy exchange between the 

reflected and transmitted waves. If there is a constructive interference for the reflected 

waves and consequent destructive interference in the transmitted waves, the device 

works as a reflection filter and 100% reflection occurs at the resonance wavelength. An 

example spectrum associated with the GMR effect in a high-spatial-frequency single 

layer waveguide grating structure is shown in Figure 1-2 [29]. The device parameters are 
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Ʌ = 383 nm, F = 0.5, dg = 166 nm, nc = 1, ns = 1.52, nH = 2.0 and nL = 1.8. For transverse 

electric (TE: electric field vector being perpendicular to the plane of incidence) polarized 

normally incident light, a GMR occurs at the 631-nm wavelength. However, a 

corresponding homogeneous layer with refractive index equal to the average refractive 

index of the grating layer does not show such spectral signature, as shown with dashed 

line in Figure 1-2; there is a striking difference in the pertinent spectra. In this work, we 

use rigorous coupled-wave analysis (RCWA) for the computations [49]. 

 

Figure 1-2 GMR effect in single layer waveguide grating structure. The parameters are Ʌ 

= 383 nm, F = 0.5, dg = 166 nm, nc = 1, ns = 1.52, nH = 2.0 and nL = 1.8. The GMR occurs 

= 631 nm for TE polarized light with =0
o
. The dashed line represents the reflectance of 

the equivalent homogeneous layer with refractive index equal to the average refractive 

index of the grating layer. 

 
1.2 Organization of the Dissertation 

This study presents design, fabrication, and characterization of GMR elements 

applied in thin-film solar cells and flat-top reflectors. Chapters 2, 3 and 4 are dedicated to 

GMR thin-film photovoltaic applications. Chapters 5 and 6 include GMR wideband 

reflectors and Rayleigh reflectors, respectively. 
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Chapter 2 investigates GMR effect in lossy media. GMR-induced enhanced 

absorbance is observed in nano-patterned amorphous silicon thin films. Approximately 

50% enhanced integrated absorbance is experimentally obtained compared to a 

reference planar thin-film silicon. Fabrication of nano-grating patterns with periods near 

300 nm and ~60 nm grating depths in silicon films is described. 

Chapter 3 demonstrates light management based on induced resonance effects 

in thin-film hydrogenated amorphous silicon (a-Si:H) solar cells. Integrated absorbance 

enhancement of about 35% is observed in nano-patterned GMR solar cells which led to 

40% enhanced photocurrents as compared to planar solar cells.  

Chapter 4 introduces a fabrication approach of nano-structures using thermal 

nano-imprint lithography. The fabricated one and two dimensional structures on plexiglas 

substrate exhibit 300 nm periods with 60-70 nm grating depths. Deposited silicon films 

over these nano-patterned substrates exhibit enhanced absorption since the nano-

structures induce GMR effect in the patterned films. 

Chapter 5 reports design and fabrication of wideband GMR reflectors operating 

in TE polarization. The designed broadband reflector exhibits more than 99% reflectance 

over a spectral width of 380 nm across the 1440 to 1820 nm wavelength range. 

Experimental reflectance greater than 90% is achieved over ~360 nm bandwidth. 

Chapter 6 describes the extraordinary behavior of Rayleigh reflectors with 

numerical analysis and also provides experimental verification of the concept. The 

combined effect of the GMR and the Rayleigh anomaly results in a flat-top reflector in 

angular spectra with sharp energy exchange between reflected and propagating waves. 

Chapter 7 discusses the future research directions based on the work presented 

herein.  
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Chapter 2 

GMR-Enabled Enhanced Absorption in Nano-Patterned Silicon Films 

 
GMR enabled enhanced light absorption is demonstrated in a thin-film of 

amorphous silicon (a-Si) over glass substrate. One-dimensional nanoscale patterns with 

a period of 300 nm and a grating depth of 60 nm are fabricated on a-Si thin film, and their 

absorbance is compared with that of homogenous reference layers. Around 50% 

integrated absorption enhancement compared to unpatterned silicon reference samples 

is observed for the 400–950-nm wavelength range.   

2.1 Introduction 

Effective light trapping in thin-film solar cells is essential to improve their 

efficiency while contributing to the economic use of valuable silicon feedstock. 

Preliminary research results show engineered nanopatterns combined with minimal 

material expenditures are promising. In past work, diffraction gratings substantially affect 

light-absorption control in thin-film solar cells [1-4]. In order to increase optical path 

lengths in an active layer, random texturing, one- and two-dimensional photonic-crystal 

back reflectors, and patterned top antireflection layers have been studied [5-10]. 

Simulation results [2-4] show significant improvement of solar absorption, but actual high-

quality fabrication of nano-scale patterns remains challenging with much added 

development required.  

In this chapter, enhanced light absorbance in guided-mode resonant periodic 

thin-films is demonstrated theoretically and experimentally. One-dimensional patterns 

with a period of 300 nm and a grating depth of 60 nm are fabricated, and their 

absorbance is compared with that of homogenous reference layers. Considerable 
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enhancement in light absorption is experimentally observed. The fabricated nano-

patterns holds promising applicability in thin-film solar cells to enhance solar uptake. 

 

2.2 GMR in Lossy Media 

A subwavelength periodic pattern and a waveguide layer over a substrate 

constitute a generic GMR element, as shown in Figure 2-1(a), with characteristic 

parameters, period Λ, grating depth dg, waveguide layer thickness dwg, fill factor F, 

incident beam I, reflected beam R, and transmitted beam T. At resonance, an incident 

light beam couples to leaky waveguide modes through the grating structure. An efficient 

energy exchange occurs between the reflected and transmitted waves, resulting in sharp 

peaks in the diffraction efficiency spectrum of the resonant waveguide grating [11-13]. 

The grating couples the incident wave into the resonant waveguide-grating 

structure. A resonance occurs when one of the diffracted waves generated by the grating 

element phase matches to a leaky waveguide mode admitted by the waveguide 

structure, as schematically depicted in Figure 2-1(b). At the phase-matching condition, 

the effective mode propagation constant βi, corresponding to the i-th order evanescent 

diffracted wave, is given by [13] 

( sin / )i o c ink n i                                         (2.1) 

where k0 = 2π/λ, λ is the free space wavelength, nc is the refractive index of 

cover medium, θin is the incident angle, and Λ is the period of the grating. The refractive 

index of the waveguide (nwg) should be such that nwg > nc, ns, ng; where ns is the 

refractive index of substrate and ng is the average refractive index of the grating layer.  



 

10 

 

Figure 2-1 (a) Schematic view of a GMR element featuring period Λ, grating depth dg, 

waveguide thickness dwg, and fill factor F, (b) schematic GMR coupling at resonance 

according to the model provided by Rosenblatt et al. [14]. 

 
 Depending on the device parameters, operating wavelength, and incident angle, 

there can be a single resonance or multiple resonances. Using powerful electromagnetic 

design methods, the spectral bands of these resonant leaky-mode elements can be 

engineered for various photonic device applications. For example, it has already been 

shown that a single periodic layer with one-dimensional periodicity enables narrow line 

filters, polarizers, reflectors, and polarization-independent elements [15]. An example 

spectral response of a single-resonance device is shown in Figure 2-2. For the 

computations, we use a computer code based on rigorous coupled-wave analysis 

(RCWA) [16], which is a proficient algorithm to evaluate diffraction efficiency of periodic 

structures. In our numerical simulations, we use 11 harmonics; we verify good 

convergence by test simulations using 21 harmonics. For a simple waveguide-grating 

structure [17] with Λ = 280 nm, dg = 55 nm, dwg = 110 nm, F = 0.5, nwg = nH = 2.02, nc = nL 

= 1, and ns = 1.5, a complete energy exchange occurs between transmitted and reflected 

waves and a sharp resonance reflectance peak occurs at the 487-nm wavelength when 
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illuminated with normally incident transverse-electric (TE: electric field vector being 

orthogonal to the plane of incidence) polarized light. On the contrary, a homogeneous 

layer with an effective refractive index of the grating layer does not exhibit such spectral 

signature, as evidenced by dashed lines in Figure 2-2. 

 

 

Figure 2-2 GMR spectral response of a waveguide-grating structure with Λ = 280 nm, dg 

= 55 nm, dwg = 110 nm, F = 0.5, nwg = nH = 2.02, nc = nL = 1, and ns = 1.5. The GMR 

occurs at the 487-nm wavelength with TE polarized normally incident light. The dashed 

line represents the reflectance of a corresponding homogeneous layer with the grating 

replaced by a simple layer with an effective refractive index. 

 

However, the GMR effect is strongly sensitive to material loss. Presence of 

material loss (complex refractive index N = n + iκ, where κ is the extinction coefficient) 

diminishes the external signatures of the resonance. If κ = 0.05 is considered in the 

previous example (nwg = nH = 2.02 + i0.05), the reflectance decreases significantly, as 

depicted in Figure 2-3. The total internal electric field distributions of these elements for 

both lossless and lossy materials are shown as insets in Figure 2-3. We observe that 
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even though the reflectance decreases, the field distribution with loss maintains key 

features with lower field levels. This shows that the field-enhancement aspect of the GMR 

effect can be beneficial without the traditional external signatures being present. If we 

compare the absorbance with a planar reference, an enhancement ratio of around 2.3 is 

obtained at the resonance wavelength, as shown in Figure 2-4. 

 

 

Figure 2-3 GMR spectral response of a waveguide-grating structure with Λ = 280 nm, dg 

= 55 nm, dwg = 110 nm, F = 0.5, nc = nL = 1, and ns = 1.5. The solid line represents the 

GMR effect for lossless material where nwg = nH = 2.02, and the dashed line represents 

the reduced reflectance for lossy material where nwg = nH = 2.02 + i0.05. The total internal 

electric field distributions for both lossless and lossy materials at the resonance 

wavelength of 487 nm are shown as figure insets. 
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Figure 2-4 The solid line represents TE polarized absorbance spectra of a GMR structure 

with Λ = 280 nm, dg = 55 nm, dwg = 110 nm, F = 0.5, nc = nL = 1, ns = 1.5, and nwg = nH = 

2.02 + i0.05. The dashed line represents the absorbance of a corresponding 

homogeneous layer with κ = 0.05. The absorbance is 2.3 times greater for the GMR 

element at the resonance wavelength of 487 nm. 

 

 
2.3 Fabrication of Nano-Patterned Silicon Films 

Amorphous silicon film with 570-nm thickness is deposited over clean glass 

substrate by sputtering. The thickness is measured by an Alpha-Step IQ surface profiler. 

Bottom antireflection coating, BARC (DUV30J-6), of 80 nm and photoresist (SEPR-701) 

of 240 nm are spin coated over the amorphous silicon. A laser interferometer with a 266-

nm wavelength is used to transfer a one-dimensional grating pattern with a 300-nm 

period to photoresist by laser interferometric lithography. BARC from opening area is 

removed by reactive ion etching (RIE). The silicon is etched using a sulfur-hexafluoride 

(SF6) and oxygen (O2) gas mixture. The remaining photoresist and BARC layers are 

removed by RIE. Schematic view of the fabrication steps are summarized in Figure 2-5. 
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The image of the fabricated pattern taken with an atomic force microscope (AFM) is 

shown in Figure 2-6. From the figure, Λ = 302 nm, dg = 60 nm, and F = 0.5. 

 

 
 

Figure 2-5 Schematic view of nano-patterned silicon film fabrication steps. 

 

 
Figure 2-6 AFM image of fabricated nano patterned amorphous silicon film where Λ = 

302 nm, dg = 60 nm, and F = 0.5. 
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2.4 Results and Discussion  

An Ocean Optics USB4000 fiber optic spectrometer is used to measure the 

reflected and transmitted light associated with these patterned amorphous silicon 

elements. Figure 2-7 shows schematic view of the transmission and reflection 

measurement setup through and from the devices respectively. In transmission 

measurement, light is directed to the sample through beam splitter and the light through 

the sample is detected by a detector. In reflection measurement, the reflected light from 

sample passes through the beam splitter to the detector. 

The same measurements are conducted on a corresponding homogeneous layer 

of amorphous silicon to show the comparison. Figures 2-8 (a) and (b) show the 

transmitted, reflected, absorbed, and source (halogen lamp) spectra from the patterned 

and unpatterned silicon, respectively. The Rayleigh wavelength for the patterned 

structure is 450 nm. Beyond 450 nm, only zero-order diffraction prevails. Reflectance and 

transmittance spectra normalized to the source spectrum are measured from the data 

shown in Figure 2-8 (a,b), and absorbance is obtained as A = 1-R0-T0. Figure 2-9 shows 

the comparison of absorbance between patterned and unpatterned silicon. Integrated 

absorbance enhancement of about 50% is measured over 400-950 nm wavelength 

range. 

 

Figure 2-7 Schematic view of the optical measurement setup. 
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                               (a)                                                                     (b) 
Figure 2-8 Transmitted, reflected, absorbed, and source spectra of (a) patterned and (b) 

unpatterned samples. 

 

Figure 2-9 Absorbance spectra of patterned and unpatterned samples. 

2.5 Conclusions 

One-dimensional periodic patterns with a 300 nm period and a 60 nm grating 

depth are fabricated on 570-nm thick amorphous silicon over glass substrate. Enhanced 

optical absorption due to the GMR in these films is observed. Integrated absorbance 

enhancement factor of about 50% is found compared to planar reference thin films for the 

400–950-nm wavelength range for the particular device design used. The results 

motivate deployment of photonic resonance effects to increase efficiency in thin-film solar 

cells. 
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Chapter 3  

Light Management through GMRs in Thin-Film Photovoltaics 

 
We theoretically explain and experimentally demonstrate light trapping in thin-film 

solar cells through guided-mode resonance effects. Resonant field enhancement and 

propagation path elongation leads to enhanced solar absorption. We fabricate nano-

patterned solar cells containing embedded 300-nm period, one-dimensional gratings. The 

grating pattern is fabricated on a glass substrate using laser interference lithography 

followed by a transparent conducting oxide coating as a top contact. A ~320-nm thick p-i-

n hydrogenated amorphous silicon solar cell is deposited over the patterned substrate 

followed by bottom contact deposition. We measure optical and electrical properties of 

the resonant solar cells. Compared to a planar reference solar cell, around 35% 

integrated absorption enhancement is observed over the 450–750-nm wavelength range. 

This light-management method results in enhanced short-circuit current density of 

14.8mA/cm
2
, which is a ~40% improvement over planar solar cells. Our experimental 

demonstration proves the potential of simple and well-designed guided-mode resonant 

features in thin-film solar cells.  

 
3.1 Introduction 

Thin-film solar cell technology offers benefits of low-cost material usage and 

processing relative to currently dominant crystalline silicon solar cells. In contrast to 

classic thick, wafer-based silicon cells, the higher absorption coefficients of materials 

used in thin-film photovoltaics allow for a film thickness of hundreds of nanometers to 

micrometers. The quality of material can be relatively poor since the charge carriers only 

travel a distance on the order of the film thickness. However, the low-energy photons 

suffer from short optical paths that ultimately cause low spectral uptake in the cells near 
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the material’s bandedge [1-3]. Consequently, efficient light-trapping mechanisms are 

necessary to obtain comparable performance from thin-film solar cells.  

By incorporating properly designed photonic nanostructures, incoming sunlight 

can be trapped inside the absorbing layer while reducing loss caused by reflection and 

scattering. With a highly concentrated field, a thin absorbing layer sufficiently absorbs 

most of the solar spectrum. This allows further reduction of the absorbing layer thickness 

and ensures minimal usage of materials and better collection efficiency for low-quality 

materials. Numerous studies have been conducted to improve light-capture and 

collection efficiency of thin absorbing layers. The application of diffractive optics [4-6], 

random texturing [7,8], antireflective layers [9,10], plasmonics [11-13], photonic crystals 

[14-16], guided-mode excitation [6,17,18], and three-dimensional structures like nano-

wire, nano-dome, and nano-cone solar cells [19-21] shows distinguished improvements 

in solar absorption. Though each mechanism contributes to the manipulation of optical 

path lengths inside the films, the most efficient light-harvesting scheme is yet to be 

convincingly identified. Using numerical simulation tools, it is possible to design micro- or 

nano-domain photonic structures showing enhanced absorption and photocurrents. 

However, from a practical point of view, application of such features into solar cells has to 

be technologically and economically feasible. 

Here we report guided-mode resonance (GMR) effects in waveguide-grating 

structures for enhanced optical absorption. We experimentally demonstrate the 

application of simple designs of one-dimensional nano-grating patterns into thin-film 

hydrogenated amorphous silicon (a-Si:H) solar cells. With these particular operative 

effects, the periodic spatial pattern couples the input sunlight into a collection of 

waveguide modes associated with thin wave-guiding films that resonate in the cell and 

concentrate the light in the active layer. Thereby the photon interaction path is elongated 
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within the silicon film, which helps particularly to harvest the low-energy photons. We 

describe the fabrication processes and present experimental results that comply with our 

theoretical analysis. 

 
3.2 GMR-Enabled Light Trapping in Thin-Film Photovoltaics 

In this study, absorption enhancement in thin-film solar cells by applying the 

GMR effect is demonstrated. A generic GMR element consists of subwavelength periodic 

pattern and a waveguide layer over a substrate, as shown in Figure 3-1, with 

characteristic parameters, period Λ, grating depth dg, waveguide layer thickness dwg, fill 

factor F, incident beam I, reflected beam R, and transmitted beam T. The grating layer, 

which is a phase-matching element, forces incoming light to couple to leaky eigen-modes 

at resonances. A simple planar structure fails to offer such light confinement. Depending 

on structural parameters and material properties, GMR elements can exhibit single or 

multiple resonances. For efficient solar absorption, the GMR structure should support 

multiple resonances over the broadband solar spectrum. Designing the grating-pattern 

period to be smaller than the wavelengths in the solar spectrum (Λ < λ) allows the GMR 

structure to operate as multiple resonant devices. To demonstrate the multi-resonant 

GMR spectral response, we consider a structure consisting of a a-Si:H grating and a 

waveguide layer over a glass substrate with Λ = 350 nm, dg = 50 nm, dwg = 250 nm, and 

F = 0.5. Hydrogenated a-Si has a complex dispersive refractive index, N(λ) = n(λ) + iκ(λ), 

capable of absorbing light up to the 750-nm wavelength corresponding to bandgap 

energy of 1.7eV. The numerical value of N(λ) provided by Fontcuberta i Morral et al. [22] 

is given in Figure 3-2.  
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Figure 3-1 Schematic view of generic GMR element. 

 
 

Figure 3-2 Dispersive refractive index of a-Si:H as derived from [22]. 

 
Figure 3-3 shows the spectral responses of a multi-resonant GMR structure with 

three different κ values. Plot 1 indicates lossless a-Si:H with κ = 0, plot 2 indicates a 

constant κ = 0.05, and plot 3 indicates the original dispersive κ(λ) over the spectrum, 

while n(λ) remains the same (as in Figure 3-2) for all three plots. The observed 

resonance peaks originate from input light coupling to leaky-modes across the spectrum. 

We observe the reduction of reflection and subsequent enhancement of absorption with 

the increase of the κ value over the spectrum of 450–750-nm wavelengths. 
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Figure 3-3 GMR spectral response for a waveguide-grating structure with Λ = 350 nm, dg 

= 50 nm, dwg = 250 nm, F = 0.5, nc = nL = 1, and ns = 1.5. Plot 1 represents the GMR effect 

for lossless material where κ = 0, plot 2 represents the reduced reflectance for lossy 

material where κ = 0.05, and plot 3 represents reflectance for lossy a-Si:H with the 

original dispersive κ(λ). 

 
The total electric field patterns for the three different κ values (κ = 0, κ = 0.05, 

and κ = 0.082) at the 651-nm resonance wavelength are shown in Figure 3-4. The 

original value of κ at 651 nm is 0.082. Though the field pattern gradually decays with the 

increase of the κ value, the intensified field profile still prevails which is sufficient to 

increase the light absorption. Based on the simulation results, we intend to implement the 

photonic resonant structure into a real p-i-n thin-film a-Si:H solar cell to observe 

enhanced absorption through intensified field patterns and subsequent increased 

electrical efficiency. However, fabrication of resonant patterns into the active region of a 

planar solar cell requires sacrifice of materials and junction interruption, which will cause 

electrical performance degradation. Instead, we consider a superstrate cell configuration 
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to incorporate the patterns into the active region as schematically shown in Figure 3-5. 

We fabricate a nano-pattern on a glass substrate, and the pattern is gradually transferred 

to the silicon region without interrupting the junctions. We consider a thin indium-tin-oxide 

(ITO) layer in between the glass and silicon as a top contact. To observe the GMR-

induced absorbance enhancement exclusively, we conduct the optical characterization 

before the bottom contact is made. 

 
 

Figure 3-4 Total electric field distribution inside a a-Si:H waveguide-grating structure for 

three different values of κ (0, 0.05, and 0.082) at  = 651 nm. The original κ value of a-

Si:H at 651 nm is 0.082. 

 
 

Figure 3-5 Schematic view of a GMR solar cell without bottom contact. 
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3.3 Fabrication of Nano-Patterned a-Si:H Solar Cells 

We fabricate the one-dimensional nano-grating patterns on a glass substrate; 

Figure 3-6 summarizes the fabrication steps. First, a 1×1 inch
2
 glass substrate is cleaned 

with acetone, isopropanol, and deionized water and dried with blown nitrogen. Then an 

80-nm bottom antireflection coating (BARC: DUV30J-6) is spin-coated over the glass 

substrate at 1200 rpm and baked for 60 seconds on a heating plate adjusted to 205°C. A 

350-nm thick photoresist coating (PR: SEPR-701) is spin-coated at 1100 rpm and baked 

for 90 seconds at 110°C. A one-dimensional grating pattern with a 300-nm period is 

transferred into the PR by UV laser interferometric lithography using a laser with λ = 266 

nm. The purpose of using the BARC layer beneath the PR is to reduce the reflection from 

the glass substrate and ensure uniform pattern exposure over the PR. After developing 

the PR, the BARC is removed from the open area of the pattern by reactive ion etching 

(RIE) using oxygen plasma. The glass substrates are etched using an argon (Ar) and 

trifluromethane (CHF3) gas mixture. The remaining PR and BARC is removed by RIE 

using oxygen plasma. In a systematic experimental process, gratings with 50-, 60-, and 

70-nm depths are fabricated on glass substrates. Here, we present the results obtained 

from solar cells with 60-nm grating depths since the results are similar to those obtained 

with 50-nm and 70-nm grating depths.  

The patterned glass substrates are coated with a 140-nm thick film of ITO by 

sputtering. From the scanning electron microscope (SEM) images, we confirm that ITO 

film deposition over the 60-nm deep grating area conforms to the grating structures and 

serves well as the top contact. The ITO-coated glass substrates are annealed in a rapid 

thermal annealer (RTA) in a vacuum chamber at 490°C for 15 minutes. The resistivity of 

the film is 50 ohm/sq. The average transmittance of the annealed ITO thin film is around 

90% over the 450–750-nm wavelength range. Figure 3-7 shows the measured 
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transmittance of the annealed ITO film. Using a multi-chambered plasma enhanced 

chemical vapor deposition (PECVD) system, a complete p-i-n single-junction solar cell 

with an approximate thickness of 10-nm p-type, 290-nm i-type, and 20-nm n-type a-Si:H 

is deposited over the ITO pattern. The a-Si:H film is deposited from silane gas (SiH4). For 

n-type and p-type doping, phosphine (PH3) and boron hydride (B2H4) gases are added to 

the gas phase respectively during deposition. Finally, consecutive sputter deposition of 

130-nm thick ITO and 300-nm thick aluminum films constitute the bottom contact. Thin-

film solar cells on planar glass substrates are also deposited with identical film 

thicknesses for performance comparison.  

 
 

Figure 3-6 Schematic view of nano-patterned solar cell fabrication steps. 
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The surface image of the ITO-coated oxide grating with a grating depth of 60 nm, 

taken with an atomic force microscope (AFM), is shown in Figure 3-8. The grating 

specifications are Λ = 304 nm, dg = 60 nm, and F = 0.5. Figure 3-9 includes images from 

an SEM; Figures 3-9 (a–b) show cross-sectional images of the ITO-coated glass pattern, 

and Figures 3-9 (c) shows the top view. The cross-sectional images of the complete 

patterned solar cell, including top and bottom contacts, are presented in Figure 3-9 (d–e). 

Figure 3-9 (f) displays a photograph of the patterned solar cell. 

 

Figure 3-7 Transmittance of an annealed 140-nm thick ITO film deposited on a glass 

substrate. 
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Figure 3-8 AFM surface images of an ITO-coated patterned glass substrate where Λ = 

304 nm, dg = 60 nm, and F = 0.5. 

 
 
Figure 3-9 (a–b) SEM cross-sectional and (c) top view of ITO-coated glass substrate; (d–

e) SEM cross-sectional images of a nano-patterned solar cell; the scale bar is 100 nm in 

each image; (f) photograph of a nano-patterned solar cell. 

 
3.4 Results and Discussion 

3.4.1 Optical Absorbance 

Regarding the superstrate structure of the solar cell, Figure 3-5 illustrates that 

light is shone from the glass side of the structure at normal incidence. We obtain optical 

absorbance measurements before the bottom contacts are made in order to ascertain 

GMR-induced absorption enhancement exclusively. The reflected and transmitted light 

associated with the patterned a-Si:H solar cells is measured with a fiber optic 

spectrometer. The light source used is a tungsten halogen lamp with a wavelength range 

of 360–2400 nm. We conduct the same measurements on a corresponding planar solar 

cell to establish a comparison. Since the grating pattern has a 300-nm period and the 

refractive index of glass is 1.5, the Rayleigh wavelength of the patterned structure is λR = 

nΛ = 450 nm, i.e., only the zero-order diffraction prevails beyond the 450-nm wavelength. 
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The primary reason for selecting a 300-nm period is to operate the solar cells in a zero-

order diffraction regime for a substantial portion of the solar spectrum. Since no higher 

diffraction orders exist beyond the 450-nm wavelength, it suffices as a good 

approximation to measure the reflectance and transmittance for normally incident light 

without using an integrating sphere. We measure zero-order reflectance (R0) and 

transmittance (T0) spectra normalized to the source spectrum and the absorbance is 

obtained as A = 1- (R0 + T0) for  > 450 nm. The measurement setup is schematically 

shown in Figure 3-10. 

 

Figure 3-10 Schematic view of the optical measurement setup. 

Figure 3-11 shows the comparison of unpolarized absorbance between patterned 

and planar solar cells. Integrated absorbance enhancement of ~35% is obtained in 

patterned solar cells with 60 nm deep grating depths over the wavelength range of 450–

750 nm. Figure 3-12 shows the unpolarized reflectance comparison between planar and 

patterned cells. The reflectance is significantly suppressed in patterned solar cells. 

Designing the period to be smaller than the operating wavelength permits the anti-

reflection effect to contribute to the enhanced optical absorbance. Due to this 

interdependency, it is difficult to differentiate the impact from the GMR effect [6]. 

However, the absorption coefficient of a-Si:H weakens beyond 550 nm. The propagation 

distance of the captured light along the weakly absorbing film, i.e., the decay length of the 
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resonant leaky mode, must be much longer than the film thickness to achieve successful 

absorption in the long wavelength region. Thus, the GMR effect can ensure such optical 

path elongation through multiple resonances. Figure 3-13 shows the transverse electric 

(TE) and transverse magnetic (TM) components of the total absorbance of the patterned 

solar cell, where the electric field vectors in TE and TM polarization are orthogonal and 

parallel to the plane of incidence, respectively. As described in the previous section, the 

spectral signature diminishes with a higher extinction coefficient. Therefore, the individual 

GMR peaks are not visible over the entire wavelength range. In the long wavelength 

region where the absorption coefficient is low, distinguishable GMR resonances are 

visible at 716 nm for TM polarization and at 675 nm and 723 nm for TE polarization.  

 

 

Figure 3-11 Unpolarized absorbance spectra of planar and patterned solar cells at normal 

incidence of light. 
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Figure 3-12 Unpolarized reflectance spectra of planar and patterned solar cells at normal 

incidence of light. 

 

 
Figure 3-13 TE and TM polarized components of absorbance of a patterned solar cell at 

normal incidence of light.  

 
The absorbance of the patterned solar cell is theoretically calculated using the 

RCWA computation method. The simulated and experimental absorbance comparison for 

a 60-nm deep patterned solar cell is shown in Figure 3-14. There are two possible 
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reasons for the discrepancy. First, the dispersion data of a-Si:H used for simulation is not 

measured from the fabricated device, rather taken from literature [22]. Second, the 

fabricated pattern does not completely follow the sharp binary pattern as schematically 

shown in Figure 3-5. According to simulation, the integrated absorbance enhancement 

factor is ~32% for patterned solar cell compared to a homogeneous reference, over the 

450–750-nm wavelength range.  

 

 
Figure 3-14 Theoretical and experimental comparison of unpolarized absorbance of 

patterned solar cell with dg = 60 nm at normal incidence of light. 

 
3.4.2 Electrical Characteristics 

Solar cell efficiency measurement is carried out under AM1.5G illumination. The 

current density (J) versus voltage (V) plots for patterned and planar solar cells are given 

in Figure 3-15. Open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), 

and conversion efficiency (η) for the patterned and planar solar cells obtained from J-V 

plot are summarized in Table 3-1. 
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Figure 3-15 Current density/voltage plot of planar and patterned solar cells. 

 
Short-circuit current density improves by ~40% from 10.5 to 14.8mA/cm

2
 for 

patterned solar cells with dg = 60 nm, compared to the planar cell. Each cell has an 

effective area of approximately 0.1 cm
2
. Open-circuit voltage is 0.82V for both types of 

solar cells. The power conversion efficiencies of the planar and patterned solar cells are 

measured as 2.6% and 4.1%, respectively, with ~57% enhancement. The fabricated 

solar cells exhibit rather low fill factors, which is the main reason for the low conversion 

efficiencies obtained. Fill factors for the planar and patterned cells are 3 and 3.3, 

respectively. By enhancing the contact resistivity, a-Si:H material, and p-i-n interface 

quality, the fill factor and subsequently the efficiency of these solar cells can be improved. 

The higher optical absorbance obtained through GMR resonances in patterned solar cells 

compared to the planar reference cell are reflected in the enhanced electrical 

performance. The experimental results motivate the application of nano-grating patterns 

in thin-film photovoltaics. 
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Table 3-1 Electrical Performance Comparison 

Parameters Planar Cell Patterned Cell 
Enhancement 

(%) 

Open-circuit voltage,  
Voc (V) 

0.82 0.82  

Short-circuit current density, 
Jsc (mA/cm

2
) 

10.5 14.8 ~40 

Fill factor, 
FF (%) 

3 3.3  

Conversion efficiency, 
 η (%) 

2.6 4.1 ~57 

 

 
3.5 Conclusions 

We explain light trapping in thin-film solar cells through guided-mode resonances 

with numerical examples and experimentally implement nano-grating patterns into a-Si:H 

solar cells with 300-nm periods and 60-nm grating depths. Theoretically simulated GMR-

enabled enhanced optical absorption is experimentally observed in fabricated patterned 

solar cells, which leads to improved electrical performance. For the particular device 

design used, integrated absorbance enhancement of ~35% over the 450–750-nm 

wavelength range and short-circuit current density enhancement of ~40% are found in a 

60-nm deep nano-grating patterned solar cell compared to an equivalent planar reference 

cell. GMR phenomena strongly depend on dispersion properties and thickness of the 

absorbing photovoltaic materials. Enhanced optical absorbance leading to increased 

conversion efficiency holds the same potential for micro-crystalline and organic thin-film 

solar cells with optimal structural and material device parameters. 
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Chapter 4 

Fabrication of Thermally Nano-Imprinted Resonant Patterns for Thin-Film Photovolatic 

Applications 

 
A single-step, low-cost fabrication method to generate resonant nano-grating 

patterns on poly-methyl-methacrylate (PMMA; plexiglas) substrates using thermal nano-

imprint lithography is reported. A guided-mode resonant structure is obtained by 

subsequent deposition of thin films of transparent conductive oxide and amorphous 

silicon on the imprinted area. Referenced to equivalent planar structures, around 25% 

and 45% integrated optical absorbance enhancement is observed over the 450-nm to 

900-nm wavelength range in one- and two-dimensional patterned samples, respectively. 

The fabricated elements provided have 300-nm periods. Thermally imprinted 

thermoplastic substrates hold potential for low-cost fabrication of nano-patterned thin-film 

solar cells for efficient light management. 

 

4.1 Introduction 

In order to achieve efficient light absorption in thin-film solar cells, photonic nano-

patterns are of great interest. Two basic approaches are considered to increase light 

interaction in solar media through nano- and micro-structures. One approach is to use an 

antireflective layer with a gradually changing refractive index profile to enhance optical 

transmission [1]. The other approach is to trap light inside the cell. Common light trapping 

schemes include use of front and/or back random texturing to scatter light as well as 

deployment of metallic or dielectric gratings to induce plasmon or quasi-guided modes, 

respectively, to confine light in the waveguide region [2, 3]. Along with one-dimensional 

(1D) and two-dimensional (2D) patterns, three-dimensional (3D) dome-, cone-, or rod-
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shaped structures are reported with enhanced conversion efficiencies [4–6]. The 

resonant photonic patterns are applicable to silicon solar cells and are promising for third-

generation organic photovoltaics. However, additional fabrication steps of nano- or micro-

domain features using conventional photolithography and subsequent etching of 

respective materials adds to production cost. Thus, the main challenge remains to 

improve low-cost and large-area fabrication techniques of such patterns. To overcome 

this issue, nano-imprint lithography (NIL) is a promising alternative.  

The basic concept of NIL is to transfer a pattern from a master (or a mold) to 

various substrates under pressure [7–9]. The desired nano-patterns are normally 

fabricated first as master templates using photolithography or e-beam lithography and 

wet or dry etching. Various materials such as silicon, quartz, or metals can be used as 

masters. The substrate may have a spin-coated polymer resist layer that is subsequently 

cured by ultra-violet (UV) or infrared (IR) light, or it can be a thermoplastic substrate 

softened by a thermal source. Thermally activated NIL process is also known as hot 

embossing lithography. The master may or may not need a release agent depending on 

the type of substrate material used. Laser-assisted direct imprinting on inorganic films 

using excimer lasers has also been reported [10]. 

NIL is applied in vast topical areas including organic and inorganic thin-film 

transistors, light emitting diodes (LEDs) and organic LEDs, and organic and thin-film solar 

cells [7]. For thin-film solar cell applications in particular, NIL technique is mostly applied 

to fabricate antireflection layers. One- or double-sided imprinted films are fabricated 

separately and later attached on top of the solar cells [11–14]. For light trapping, 

imprinted randomly textured substrates are fabricated to scatter light in thin films of solar 

cells [15–17]. In contrast to scattering, light trapping through coupling quasi-guided or 

leaky modes into the waveguide region of solar cells requires resonant structures with 
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precise shape and periodicity on the order of the operating wavelength. Few studies have 

been done on periodic nano-pattern fabrication using soft-NIL and nanomoulding [18, 19], 

and simple and easy fabrication techniques based on these concepts still needs to be 

conquered. 

We have reported on enhanced solar uptake in thin-film hydrogenated 

amorphous silicon solar cells through guided-mode resonance (GMR) effects [20]. Here 

we complement our research by presenting a simple, easy, and faster fabrication 

approach of the nano-patterns with periods smaller than the operating wavelength using 

thermal nano-imprinting lithography. The technique involves fewer processing steps than 

soft-NIL and nanomoulding, circumvents solution process spin coating or UV-source 

curing, ensures high repeatability and a large printing area, and uses low-cost materials. 

These characteristics make the method suitable as an integrated step in production of 

thin-film photovoltaic devices. 

 
4.2 Experiments 

4.2.1 Master Fabrication 

The master grating is made of quartz, and Figure 4-1 schematically shows the 

fabrication steps. A 1x1-inch
2
 quartz substrate is cleaned with acetone, isopropanol, and 

deionized water; the substrate is then dried with blown nitrogen. An 80-nm-thick bottom 

antireflection coating (BARC) is spin-coated at 1200 rpm and baked for 60 seconds on a 

heating plate adjusted to 205°C. A 300-nm-thick photoresist (PR) layer is subsequently 

spin-coated at 1100 rpm and baked for 90 seconds on a heating plate at 110°C. Both 1D 

and 2D grating patterns with a period of 300 nm are transferred to the PR using UV laser 

interferometric lithography. 2D grating patterns require double exposure with 90° sample 

rotation between exposures. After developing, the BARC layer in the PR windows is 
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removed by oxygen plasma. Quartz is etched down to 66 nm for the 1D and 75 nm for 

the 2D grating using an argon (Ar) and trifluromethane (CHF3) gas mixture in a reactive-

ion etch (RIE) chamber. The remaining PR and BARC are removed using oxygen 

plasma. 

 

 
 

Figure 4-1 Schematic view of nano-patterned master fabrication steps on quartz 

substrate. 

 
4.2.2 Imprinted Plexiglas Fabrication 

Plexiglas (polymethyl methacrylate, PMMA) is a thermoplastic material 

transparent to visible light. It has a luminous transmittance of 92%. Figure 4-2 shows the 

measured transmittance over the 400-nm to 700-nm wavelength range. The refractive 

index is 1.49 at the 589.3-nm wavelength [21], and the glass transition temperature (Tg) 

is 105°C. Plexiglas with higher Tg, up to 165°C, is also available. A ~1.5-mm thick 

plexiglas sheet is used for the experiments. 

A schematic view of the pattern transfer setup is shown in Figure 4-3. A quartz 

master is placed on a heating plate, and the plexiglas substrate sits on top of it. A load in 

the form of a metal chunk is applied from the top side to create a pressure of 1.57 bar 
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(22.8 psi). The pressure is applied before the heating plate is turned on. When the 

temperature rises above Tg, the plexiglas behaves as a viscous liquid and under pressure 

allows the quartz grating to penetrate the substrate. The temperature of the heating is 

adjusted so that the temperature of the master, as measured by a thermocouple, is 

maintained at 160°C. After 60 minutes at 160°C, the heating plate is turned off and 

cooled down to 60°C after which the pressure is released. The imprinted plexiglas is 

ejected without any adhesion or damage to the master. We notice that the fabricated 

grating area on the master and the imprinted area on plexiglas is the same, 5x5mm
2
. 

With a larger fabricated master grating area and uniform application of pressure over 

plexiglas, larger imprinted grating areas can be obtained. 

 

Figure 4-2 Measured transmittance of plexiglas. 

 
 

Figure 4-3 Schematic summarizing thermal nano-imprinting. 
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The grating geometry of a GMR element is defined by the period (Λ), fill factor 

(F), and grating depth (dg); Figure 4-4 shows a schematic picture. Atomic force 

microscope (AFM) and scanning electron microscope (SEM) images are taken to 

characterize the profile dimensions of the fabricated nano-patterns. The AFM images of 

1D and 2D master grating profiles are shown in Figures 4-5 and 4-6, respectively. 

Figures 4-7 and 4-8 present the AFM images of respective imprinted plexiglas. Table 4-1 

gives the profile dimensions obtained from the AFM/SEM images. The period of both 

master and imprinted gratings is 300 nm as measured with AFM. The 1D master grating 

depth is 66 nm whereas the imprinted grating depth is 65 nm as measured with AFM. 

The 2D master grating and the imprinted grating depths are 75 nm as measured with 

AFM; the fill factors are 0.45 and 0.55, respectively. The dimensions obtained from the 

AFM images closely match the SEM images shown in Figure 4-9. Figure 4-9 (a) and 4-9 

(d) show the SEM images of quartz masters with a 1D and 2D grating, respectively, and 

4-9 (b) and 4-9 (e) show the corresponding imprinted plexiglas. These topological SEM 

images show that the fill factor is approximately the same in the copy as in the master. 

Small cracks are observed on the imprinted plexiglas, which are due to the gold films 

deposited for improved visibility of the SEM images. 

 
 

Figure 4-4 Schematic view of grating geometry showing period (Λ), fill factor (F), and 

grating depth (dg). 
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Table 4-1 Characteristic Numbers of Grating Profiles Obtained from AFM and SEM 

Images 

 

Parameters 

Values 

Master 
(1D) 

Imprinted 
Plexiglas 

(1D) 

Master 
(2D) 

Imprinted 
Plexiglas 

(2D) 

Period (Λ) 300 nm 300 nm 300 nm 300 nm 

Grating Depth (dg) 66 nm 65 nm 75 nm 75 nm 

Fill Factor (F) 0.5 0.5 0.45 0.55 

 

 

 
 

Figure 4-5 AFM images of the quartz master 1D grating. 

 

 
 

Figure 4-6 AFM images of the quartz master 2D grating. 



 

40 

 
 

Figure 4-7 AFM images of the imprinted plexiglas 1D grating. 

 

 
 

Figure 4-8 AFM images of the imprinted plexiglas 2D grating. 

 
4.2.3 ITO and a-Si Film Deposition on Plexiglas Grating 

To observe the optical absorbance enhancements enabled via the imprinted 

grating structures, 80-nm-thick indium-tin-oxide (ITO) layers and 200-nm-thick 

amorphous silicon (a-Si) layers are deposited via sputtering over the imprinted plexiglas. 

As a reference sample, identical films are deposited on top of a planar plexiglas 

substrate. In principle, the presence of the ITO film has little effect on the optical 

enhancement but is applied to mimic a thin-film solar cell in order to demonstrate the 

potential of the imprint method for solar cell fabrication. Light is shone from the plexiglas 



 

41 

side to realize a superstrate configuration of a solar cell with ITO serving as the front 

transparent conducting oxide. Figure 4-10 gives a schematic view of the structure with 

incident (I), reflected (R), and transmitted (T) beams. Figures 4-11 and 4-12 visualize the 

AFM surface image of ITO-coated patterned plexiglas. The grating depths after ITO 

coating remain similar, 67 nm for the 1D grating and 76 nm for the 2D grating. The SEM 

images of the ITO-coated nano-patterns are included in Figure 4-9. Shallow grating 

patterns with grating depths of approximately 22 nm for the 1D grating and 35 nm for the 

2D grating are transferred to the top surface of the a-Si layer after a 200-nm-thick a-Si 

deposition over the ITO pattern as shown in Figure 4-13. 

 
 

Figure 4-9 SEM images of the (a) 1D quartz master grating, (b) 1D imprinted plexiglas 

grating, (c) ITO-coated 1D imprinted plexiglas grating, (d) 2D quartz master grating, (e) 

2D imprinted plexiglas grating, and the (f) ITO-coated 2D imprinted plexiglas grating. 
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Figure 4-10 Schematic view of fabricated nano-patterned a-Si film; arrows indicate the 

directions of the incident, reflected, and transmitted beams. 

 
 

Figure 4-11. AFM surface images of the ITO-coated patterned plexiglas substrate 1D 

grating. 

 
 

Figure 4-12 AFM surface images of the ITO-coated patterned plexiglas substrate 2D 

grating. 
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       (a)                          (b)  
Figure 4-13 AFM surface images of a-Si over an ITO layer. (a) 1D and (b) 2D grating. 

 
4.3 Results and Discussion 

A fiber optic spectrometer is used to measure the transmitted and reflected light 

from the fabricated devices shown in Figure 4-13. Light is shone normally from the 

plexiglas side as Figure 4-10 depicts. Taking the refractive index of plexiglas as 1.49 and 

the period of the grating as 300 nm, the Rayleigh wavelength of the patterned structure is 

λR = nΛ ≈ 450 nm. Hence, only zero-order diffraction prevails beyond 450 nm. 

Reflectance (R0) and transmittance (T0) spectra normalized to the source spectrum are 

measured, and the absorbance is obtained as A = 1-R0-T0. Figure 4-14 shows the 

comparison of unpolarized absorbance between patterned and unpatterned reference 

samples at normal incidence. Integrated optical absorbance enhancement of about 25% 

for 1D and 45% for 2D nano-patterns is observed over the 450-nm to 900-nm wavelength 

range. Figure 4-15 gives the polarization dependent absorbance for a 1D grating pattern.  

We recall that even in these thin patterned films, a large number of resonant 

leaky modes fundamentally exists across the spectral region of interest in this work. The 

modes can be visualized by artificially setting the imaginary part of the complex refractive 

index to zero as exemplified in Ref. [22]. In a real material, the modes at shorter 
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wavelengths experience large absorption and the spectrum appears smooth without 

discernible resonance peaks. As the absorption falls with increasing wavelength as in 

normal material dispersion, the modal signatures become more distinct. Thus in our 

experiments, besides broadband monotonic absorption at shorter wavelengths, 

distinguishable resonance-based absorption peaks are observed at longer wavelengths 

as particularly evident at 762 nm for transverse electric (TE) and at 792 nm for transverse 

magnetic (TM) polarizations. At first, this result may appear curious to an experimentalist 

assuming that these are the signatures of the fundamental TE and TM modes as the TE 

modal resonance should appear at the longer wavelength. Here, the TE mode is in fact 

not the fundamental mode but rather the TE1 mode. To illustrate this, we compute the 

total electric and magnetic field distributions at resonance using rigorous coupled-wave 

analysis [23]. Figure 4-16 (a) shows that a TE1-like mode profile belongs to the resonant 

peak at 762 nm. Figure 4-16 (b) demonstrates the TM0 mode profile associated with the 

peak at 792 nm. 

 
 

Figure 4-14. Unpolarized absorbance spectra of planar reference and imprinted patterned 

samples at normal incidence of light. 
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Figure 4-15 TE (electric field vector normal to the plane of incidence) and TM (electric 

field vector parallel to the plane of incidence) polarized components of absorbance of the 

1D grating patterned sample at normal incidence of light. 

 

 
 

(a)       (b) 
 

Figure 4-16 Total (a) electric field distribution for TE1 mode excitation at the 762-nm 

wavelength (b) magnetic field distribution for TM0 mode excitation at the 792-nm 

wavelength, observed in the absorbance spectra of the 1D grating sample shown in 

Figure 4-15. 
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Conversely, the 2D grating pattern exhibits a polarization-independent response 

as shown in Figure 4-17. In general, for both 1D and 2D patterned devices, the 

absorbance response and enhancement will vary widely for different photovoltaic 

absorbing materials and embodiments. Indeed, the occurrence and density of GMRs 

depends on the complex dielectric constant and its dispersion properties as well as on 

the thickness, fill factor, and grating modulation strength of the absorbing waveguide-

grating layer system. 

 
 

Figure 4-17 TE and TM polarized components of absorbance of the 2D grating patterned 

sample at normal incidence of light. 

 
As visualized by the surface images in Figure 4-13, the sharpness of the 1D and 

2D patterns decreases on account of the ITO deposition and still further upon a-Si film 

deposition. This does not substantially affect the optical enhancement obtained since the 

pattern period and dimensional regularity persist. 
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4.4 Conclusions 

A low-cost approach to nano-pattern fabrication of resonant thin-film solar cells 

for efficient light trapping is proposed and experimentally demonstrated. The process 

includes a single step to fabricate the pattern on a substrate, which eliminates the need 

for photolithography and RIE steps. Imprinted 1D and 2D elements containing nano-

patterns with a 300-nm period on thermoplastic substrates are designed and fabricated. 

The spectral variation of optical absorbance in thin a-Si films is measured, and it shows 

integrated absorption enhancement of ~25% for 1D and ~45% for 2D grating patterns 

across the 450-nm to 900-nm wavelength range, referenced to planar samples, for the 

particular device embodiments studied. Future research work may extend this 

methodology to real thin-film p-i-n solar cell fabrication over patterned imprinted 

substrates. Single-step fabrication methods facilitate production by enabling roll-to-roll 

printing of substrates for thin-film solar cells including organic photovoltaics. The thermal 

nano-imprint fabrication technique described in this study is not limited in shape or 

dimension of the pattern profile. Once a master grating is fabricated with a desired 

photonic structure and reasonable aspect ratios, concomitant patterns can be replicated 

with high repeatability and a long master lifetime. 
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Chapter 5 

Design and Fabrication of GMR Broadband Reflectors 

 
We present the design and fabrication of guided-mode resonant broadband 

reflectors operating in transverse electric (TE) polarization. The structure consists of a 

subwavelength one-dimensional grating with a two-part period and a nanometric 

homogeneous layer of amorphous silicon on a quartz substrate. A representative 

reflector exhibits 99% reflectance over a 380-nm spectral range spanning 1440–1820 

nm. The fabrication involves thin-film deposition, interferometric lithography, and reactive 

ion etching. Experimental reflectance greater than 90% is achieved over a ~360-nm 

bandwidth. The spectral bandwidths demonstrated exceed formerly reported results for 

two-part periodic resonators working in TE polarization. 

 

5.1 Introduction 

Wideband reflectors based on photonic resonances are important because of 

their diverse design possibilities and integration compatibility for application in couplers, 

resonant cavity-enhanced photodetectors, and lasers [1-4]. These reflectors exhibit less 

material losses than metal mirrors and avoid multilayer depositions traditionally required 

for dielectric stack mirrors. These reflectors reveal guided- or leaky-mode resonances 

(GMRs or LMRs) and are most effectively fashioned as subwavelength waveguide 

grating structures. With proper parametric design, engineering the spectral, polarization, 

and phase attributes of GMR reflectors is achievable to match numerous applications. 

Transverse electric (TE) and transverse magnetic (TM) resonant reflectors using 

subwavelength two-part or multipart periodic grating structures have been studied in the 

past [5-11]. Reviewing briefly, for TM polarization, Mateus et al. demonstrated a two-part 
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device with a ~500-nm bandwidth [5] whereas Ding et al. reported four-part structures 

with a ~600-nm bandwidth [6]. For TE polarization, Ding et al. presented a four-part 

reflector with a ~600-nm bandwidth [6], and Wu et al. reported a ~630-nm bandwidth for 

a similar element [7]. Additionally, Wu et al. reported the fabrication results of a six-part 

TE device with reflectivity R > 97% over a 240-nm bandwidth [8], and Lee et al. 

fabricated a two-part TE structure with R ˃ 90% over a ~130-nm bandwidth [9]. We 

addressed the physical basis for GMR wideband reflectors in [10] and investigated the 

effects of added sublayers on the reflection response and bandwidth in [11]. In summary, 

TE-polarized wideband resonant reflectors with multipart periods have been achieved 

whereas the simpler two-part devices that are much easier to fabricate show markedly 

narrower bandwidths in the published literature. In this contribution, we aim at 

ameliorating this condition by designing and fabricating new resonant reflectors in this 

class.   

Accordingly, in this study, we present theoretical and experimental spectra 

pertaining to TE-polarized reflectors with two-part periods operating in the optical 

communication band. The structures consist of one-dimensional (1D) silicon grating 

patterns with integral nanometric silicon sublayers deposited on silica substrates. We find 

that the homogeneous layer plays a crucial role in extending the bandwidth. A similar 

resonant structure was recently reported and operated as a Rayleigh reflector [12]. This 

study elaborates the design approach with systematic parametric variations to tune the 

bandwidth. The fabrication and characterization processes are described in detail. 

 

5.2 Device Structure and Design 

The generic GMR element consists of a subwavelength periodic grating and a 

homogeneous layer on a substrate. Figure 5-1 shows the schematic view of a device 
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model with the characteristic design parameters being period (Λ), fill factor (F), grating 

depth (dg), and homogeneous layer thickness (dh). The refractive indices of cover, device, 

and substrate are denoted as nc, n, and ns, respectively. 

Figure 5-2 shows the reflectance and transmittance spectra of a wideband 

reflector for normally incident TE-polarized light. We use rigorous coupled-wave analysis 

(RCWA) for the computations [13]. The design parameters are Λ = 960 nm, F = 0.5, dg = 

320 nm, and dh = 55 nm. The structure’s Rayleigh wavelength is λR = nsΛ = 1440 nm, 

where ns = 1.5 is the refractive index of the quartz substrate; the reflectance in Figure 5-

2(a) drops sharply at this wavelength. Beyond λ = 1440 nm, only zero-order diffraction 

prevails. The figure shows R0 > 99% over a ~380-nm bandwidth in the 1440-nm to 1820-

nm wavelength range. Two transmission dips exist inside the reflection band at 1465 nm 

and 1771 nm as depicted on a logarithmic scale in Figure 5-2(b); each dip corresponds to 

a GMR. Since 100% reflection is associated with GMRs, the interaction between these 

two side-by-side resonances yields wideband reflection.  

Varying the device parameters such as homogeneous layer thickness, grating 

depth, and fill factor changes the number and loci of resonances, which ultimately tunes 

the bandwidth. The effect of changing each of the parameters is described in successive 

sections. Among these variable parameters, tuning the homogeneous layer thickness is 

essential for making the reflector wideband in nature as reduced bandwidths are seen in 

its absence.  
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Figure 5-1 Wideband reflector model denoting the period Ʌ, fill factor F, grating 

thicknesses dg, homogeneous layer thickness dh, and refractive indices of cover nc, 

silicon n, and substrate ns. The incident (I), reflected (R), and transmitted (T) light waves 

are indicated. The TE-polarized incident light’s electric field vector is orthogonal to the 

plane of incidence and along the grating ridges in this case. We set nc = 1, n = 3.56, and 

substrate ns = 1.5 in this study. 

 

5.2.1 Effect of Homogeneous Layer Thickness 

Figure 5-3 shows a zero-order reflectance (R0) map plotted against wavelength 

and homogeneous layer thickness with  the parameters set as Λ = 960 nm, F = 0.5, and 

dg = 320 nm. With an increasing value of dh, the two GMRs separate correspondingly. 

Interaction between closely located resonances ensures high reflectivity but lowered 

bandwidth, whereas distantly located resonances yield a wider bandwidth with lowered 

reflectivity in the middle. For example, when dh = 45 nm, the two GMRs are located close 

together at 1491 nm and 1640 nm, resulting in a reflector with R0 > 99% over the 1440- to 

1729-nm (289 nm) wavelength range as shown in Figure 5-4(a); R0 is shown on a linear 

scale, and T0 is shown on a logarithmic scale. When dh = 75 nm, the GMRs locate farther 

apart at 1456 nm and 1940 nm, and the reflectance value drops to 96% at λ = 1700 nm. 
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In this case, R0 > 95% in the 1440- to 1988–nm wavelength range, providing a 548-nm 

bandwidth as shown in Figure 5-4(b). As evident in Figure 5-3, the reflector’s bandwidth 

narrows when dh  0. Hence, determining a proper value of the homogeneous layer 

thickness is essential to obtain a wideband TE reflector. When the thickness of the 

homogeneous layer exceeds ~100 nm, the reflectivity drops significantly because the 

GMRs are located too far apart to interact strongly as depicted in Figure 5-3. 

 
        (a) 

 
       (b) 

                                                                   

Figure 5-2 Zero-order reflectance and transmittance spectra; (a) linear and (b) logarithmic 

plots for normal incidence of TE-polarized light. Device parameters are Λ = 960 nm, F = 

0.5, dg = 320 nm, and dh = 55 nm. 
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Figure 5-3 Map of zero-order reflectance in wavelength and homogeneous layer 

thickness. The reflectance is quantified according to the scale bar on the right. 

 

5.2.2 Effect of Grating Thickness 

Figure 5-5 displays a zero-order reflectance map showing wavelength and 

grating thickness with the other parameters set as Λ = 960 nm, F = 0.5, and dh = 55 nm. 

The reflector’s bandwidth is determined by the grating depth as the spectral positioning of 

the GMRs varies with dg. In this example with an increasing value of dg, the two GMRs 

approach each other and the bandwidth of the reflector gradually decreases. When dg = 

290 nm, the two transmission dips are located farther apart and the reflectivity drops to 

96% at λ = 1700 nm as depicted in Figure 5-6(a). Nevertheless, R0 > 95% is achieved 

over a ~450-nm bandwidth. Thus, a broadband reflector prevails with a lowered value of 

maximum reflectivity. When dg = 350 nm, R0 > 99% over a 340-nm bandwidth as shown 

in Figure 5-6(b). In this particular example, when the grating thickness exceeds 400 nm, 

the flat band shifts to longer wavelengths and narrows as illustrated in Figure 5-5. 

Charting R0 across a wider thickness range would bring in new regions of flat-band 
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reflection as demonstrated in [10,11]; in this study, we emphasize the minimal device for 

expedient fabrication. 

 

   

(a)    

        

(b)                                                                          

Figure 5-4 Zero-order reflectance (linear scale) and transmittance (log scale) spectra for 

(a) dh = 45 nm and (b) dh = 75 nm with Λ = 960 nm, F = 0.5, and dg = 320 nm. 
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Figure 5-5 Map of zero-order reflectance in wavelength and grating thickness. The 

reflectance is quantified according to the scale bar on the right. 

 

 
5.2.3 Effect of Fill Factor 

Figure 5-7 shows R0 plotted against wavelength and fill factor for Λ = 960 nm, dg 

= 55 nm, and dg = 320 nm. A single GMR exists in the device up to F = 0.48, beyond 

which two GMRs prevail. When F = 0.45, the only transmission dip occurs at λ = 1683 

nm, yielding R0 > 99% across a 316–nm bandwidth as shown in Figure 5-8(a). When F = 

0.55, the reflector produces R0 > 95% over a 438-nm bandwidth as depicted in Figure 5-

8(b). 

 

 

 

 

 

 

 

 



 

56 

 

  
(a)     

 
(b) 

Figure 5-6 Zero-order reflectance (linear scale) and transmittance (log scale) spectra for 

(a) dg = 290 nm and (b) dg = 350 nm with Λ = 960 nm, F = 0.5, and dh = 55 nm. 
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Figure 5-7 Map of zero-order reflectance in wavelength and fill factor. The reflectance is 

quantified according to the scale bar on the right. 

 
5.3 Fabrication of GMR Broadband Reflectors 

A schematic of the step-by-step fabrication process is shown in Figure 5-9. The 

fabrication commences with deposition of amorphous silicon (a-Si) on a clean quartz 

substrate by sputtering. The film thickness is 375 nm as verified with ellipsometry. A 400-

nm-thick photoresist (PR) layer is then spin-coated on the a-Si film. A 1D grating pattern 

with a 960-nm period is recorded on the PR by laser interferometric lithography using a 

deep ultraviolet (UV) laser (λ = 266 nm). The exposed patterned area is 5×5 mm
2
. After 

developing the PR, reactive ion etching (RIE) using a gas mixture of trifluromethane 

(CHF3) and sulfur hexafluoride (SF6) is used to etch down the silicon to 320 nm leaving a 

~55-nm sublayer. The residual PR is removed by RIE with oxygen plasma. 

The device is characterized using an atomic force microscope (AFM) and a 

scanning electron microscope (SEM). Figure 5-10 shows the AFM image where Λ = 958 

nm, F = 0.5, and dg = 320 nm, which are close to the design parameters. The top-view 

and cross-sectional SEM images of a similar device in Figure 5-11 show acceptable 
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fabrication uniformity as well as the etch profile and a nanometric homogeneous layer 

adjacent to the glass substrate. In Figure 5-11, we use a device with the same a-Si film 

thickness and period as the measured device to save the measured wideband reflector 

reported in this study from the gold-coat and cross-sectional cut needed to take SEM 

images.  

    

(a) 

 

(b) 

Figure 5-8 Zero-order reflectance (linear scale) and transmittance (log scale) spectra for 

(a) F = 0.45 and (b) F = 0.55 with Λ = 960 nm, dg = 320 nm, and dh = 55 nm. 
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Figure 5-9 A schematic of the GMR reflector fabrication process. 

 

Figure 5-10 AFM image and profile of the fabricated a-Si grating.  The parameters are Λ 

= 958 nm, F = 0.5, and dg = 320 nm.  

 

Figure 5-11 SEM top-view and cross-sectional images of a similar a-Si grating pattern on 

a glass substrate. 



 

60 

5.4 Results and Discussion 

The spectral response is measured using a super-continuum source and an 

optical spectrum analyzer for a wavelength range of 1400–1900 nm. A polarizer is used 

to choose the TE polarization of the input light. After measuring the reflected light from 

the device, it is normalized with respect to light intensity from a reference gold mirror. The 

schematic diagram of the measurement setup at normal incidence of light is given in 

Figure 5-12. 

 

Figure 5-12 Schematic diagram of the optical measurement setup. 

 
Figure 5-13 gives the theoretical and experimental spectra of the fabricated 

resonant reflector. The parameters obtained from AFM and SEM images are used for 

simulation. The theoretical bandwidth is 380 nm with R0 > 99%, which is 255 nm larger 

than the result reported by Shokooh-Saremi et al. in [11] for a two-part grating structure 

for TE polarization. Measured performance of the fabricated device shows R0 > 90% over 

~360 nm ranging from 1478 nm to 1838 nm. The reduced efficiency obtained in 

experiments compared to the simulated results can be attributed to the combined effect 

of scattering from surface roughness, absorption associated with the a-Si material, and 

differences in the experimental device profiles relative to the simulation model. A 

piecewise linear fitting is used to eliminate ripples in the measured data. The 

experimental bandwidth is 230 nm higher than the result published by Lee et al. in [9].  
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Figure 5-13 Calculated and experimental spectra associated with a resonant reflector 

with TE-polarized light at normal incidence. The parameters used for computation are Λ = 

960 nm, F = 0.5, dg = 320 nm, dh = 55 nm, n = 3.56, nc = 1, and ns = 1.5. 

 

 

Figure 5-14 Calculated and experimental spectra for a reflector for TE-polarized light at 

normal incidence. The parameters used for computation are Λ = 960 nm, F = 0.49, dg = 

330 nm, dh = 45 nm, n = 3.56, nc = 1, and ns = 1.5. 
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Figure 5-14 shows theoretical and experimental spectra of a similar wideband 

GMR reflector with different parametric values, namely Λ = 960 nm, dg = 330 nm, dh = 45 

nm and F = 0.49. Since this device has a larger grating depth and smaller homogeneous 

layer thickness than the former design, it exhibits a lower computed bandwidth of 260 nm 

with R0 > 99%. It has an experimental R0 > 90% for a bandwidth of 315 nm ranging from 

1437 to 1752 nm. The theoretical and experimental data for both devices are 

summarized in Table 5-1. 

Table 5-1 Comparison of Theoretical and Experimental Results 

R0 

Bandwidth (nm) 
Device 1 

(dg = 320 nm, dh = 55 nm, 
and F = 0.5) 

Bandwidth (nm) 
Device 2 

(dg = 330 nm, dh = 45 nm, 
and F = 0.49) 

Theoretical Experimental Theoretical Experimental 

R0 > 99% 380 220 260 225 

R0 > 90% 430 360 340 315 

 
5.5 Conclusions 

We design and fabricate wideband GMR reflectors operating in TE polarization 

for normally incident light in the telecommunication spectral region. The device consists 

of a simple 1D grating along with a nanometric homogeneous layer of a-Si on a quartz 

substrate. The bandwidth and the efficiency of reflectors in this class can be tuned by 

properly selecting the values of grating depth, fill factor, and homogeneous layer 

thickness as demonstrated herein via extensive numerical simulations. Experimentally, a 

~360-nm bandwidth wide reflector with R > 90% over the 1478- to 1838-nm wavelength 

range is achieved. The bandwidths demonstrated for these two-part devices in TE 

polarization exceed those previously reported in the literature.  
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Chapter 6 

Research on Rayleigh Reflectors 

 
We theoretically explain and experimentally verify the concept of flat-top resonant 

Rayleigh reflectors, a potential application of the Rayleigh anomaly. A rapid energy 

exchange between a reflected zero-order wave and a substrate wave across a small 

angular interval is foundational to this effect; it is investigated in some detail with 

numerical computations. We fabricate a Rayleigh reflector consisting of a subwavelength 

periodic pattern in an amorphous silicon film on a glass substrate leaving a nanometric 

homogenous layer in between these. A precipitous change in the zero-order reflectance 

at the Rayleigh angle is observed experimentally and shown to enable angularly 

delimited spectra in agreement with theoretical predictions. 

 

6.1 Introduction 

In some specific circumstances, spatially modulated periodic lattices exhibit 

abrupt transitions in diffraction efficiency sometimes referred to as optical anomalies. 

Thus, externally observable optical intensities change rapidly relative to wavelength or 

angle of incidence of the input wave. Wood first observed these natural phenomena 

associated with diffraction gratings [1]. There are two principal types of anomalous effects 

[2]. The first one is the Rayleigh type and second is the resonance type anomaly. The 

Rayleigh anomaly (RA), which is the classical Wood's anomaly, is due to the 

redistribution of energy when a diffracted wave from a periodic surface changes from 

propagating to evanescent or vice versa, upon variation of input wavelength or incident 

angle [3]. The resonance type is due to the incident wave being coupled to possible 
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guided modes supported by the waveguide-grating structure [4]. The modal resonance 

anomaly is known as the guided-mode resonance (GMR) effect [5, 6].  

Whereas the RA has been known for over a century, very few studies have been 

done concerning useful applications of such behavior. Collecting the main results, the 

Rayleigh anomaly was found to interact with surface plasmon polariton resonances in 

palladium subwavelength hole arrays and produce interesting, potentially useful, effects 

[7]. The effect of the Rayleigh anomaly operating in conjunction with a Fabry-Perot 

resonance was reported and found to increase extraordinary optical transmission 

efficiency of a metallic grating [8].   In dielectric, lossless, materials, of chief interest in the 

present work, the combined effect GMR and RA has been shown to produce 

extraordinary spectral signatures [9, 10]. Amin et al. reported transmission filters based 

on the GMR effect cooperating with RA [9]. They showed that the onset of higher 

diffraction orders at the Rayleigh anomaly sharpens the GMR transmission peak. 

Magnusson introduced the concept of Rayleigh reflectors in which sharp angular spectra 

can be stimulated [10]. He showed that a theoretical 100% reflectance of the device 

abruptly drops to zero at the Rayleigh angle when a swift energy exchange occurs 

between the zero-order reflected wave and the first order substrate propagating wave. 

Some possible applications of such reflectors are also mentioned in [10]. The 

diversification of the concept is yet to be explored and thus an extensive understanding of 

the phenomena is necessary. In summary, the GMR-RA effect holds the potential to 

stimulate a new research area in which photonic devices with interesting and useful 

attributes can be invented. 

 Here we report new Rayleigh reflectors operating in the 

telecommunications spectral region. Their operating principles are investigated and 

interpreted through numerical simulations. By way of a fabricated prototype, the rapid 
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energy exchange at the Rayleigh angle is experimentally observed and thereby the 

Rayleigh reflector concept is verified. 

 

6.2 Device Structure and Design 

A schematic model of a Rayleigh reflector is shown in Figure 6-1. The 

characteristic parameters are denoted as period Ʌ, fill factor F, grating depth dg, and 

homogeneous layer thickness dh. The refractive indices of the substrate, silicon and 

cover region are set to ns=1.5, n=3.56 and nc=1, respectively. The structure has period 

sufficiently smaller than the operating wavelength and thus exhibits only zero-order 

transmitted (T0) and reflected (R0) propagating waves at normal incidence. The device 

parameters are chosen such that with varying incident angle, there exist only  1 

diffraction orders in the substrate.   

 
 

Figure 6-1 Schematic diagram of the Rayleigh reflector denoting period (Ʌ), fill factor (F), 

thicknesses (d) of layers, refractive indices (n) of different regions, incident angle () 

along with reflected (R0) and transmitted (T0, T1) waves. 

 

Using the design parameters Ʌ = 1028 nm, F = 0.43, dg = 319 nm and dh = 60 

nm, a reflectance map plotted against wavelength and incident angle is depicted in 

Figure 6-2. The incident light is transverse-electric (TE) polarized where the electric field 
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vector is orthogonal to the plane of incidence. We use rigorous coupled-wave analysis 

(RCWA) for these computations [11].  From the figure, it is evident that for a very narrow 

window of wavelengths, the reflectance value drops from unity to almost zero at a 

specific incident angle. The transfer of diffracted power takes place from the zero-order 

reflectance (R0) to a first-order propagating wave (T1) beyond the Rayleigh angle which is 

given as,  

                                                   
                                              (6.1) 

This Rayleigh reflector effect for this particular device design occurs at 1621 nm 

wavelength. The angular spectrum of the device at 1621 nm is shown in Figure 6-3(a). 

The Rayleigh angle for this wavelength is 4.4
°
. At the Rayleigh angle, the first-order 

substrate wave (T1) starts propagating. The maximum energy transfer occurs at =4.72
°
 

in this example, explicitly shown in Figure 6-3(b). The structure operates in the zero-order 

regime with only R0 and T0 for incident angles less than R. At operating wavelengths 

other than 1621 nm, partial energy transfer takes place. Angular spectra at two different 

operating wavelengths of 1615 nm and 1630 nm are demonstrated in Figure 6-4(a) and 

(b), respectively. Sharp transitions in R0 occur, but the sidebands are higher than for the 

1621 nm wavelength. Hence we see that the desired filter response with 100% energy 

transfer is limited to a specific operating wavelength for a particular device design 

parameters. By tuning the values of Ʌ, F, dg, dh, n or ns, the filter response can be 

designed for a required operating wavelength. For example, if the operating wavelength  

= 1550 nm is considered, then the Rayleigh reflector with parameters as Ʌ = 957 nm, F = 

0.45, dg = 310 nm and dh = 55 nm, gives the angular spectral response with maximum 

energy transfer, as shown in Figure 6-5. The Rayleigh angle in this case is 6.87°. 

sin /R sn    
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Figure 6-2 Zero-order reflectance map versus wavelength and incident angle for TE 

polarized light. Parameters are Ʌ = 1028 nm, F = 0.43, dg = 319 nm, dh = 60 nm, nc = 1, n 

= 3.56 and ns = 1.5. 

  
       (a)                                                                            (b) 

Figure 6-3 (a) Simulated angular spectrum for the Rayleigh reflector at = 1621 nm. 

Parameters are the same as in Figure 6-2, (b) magnified view at the onset of energy 

switch. 
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            (a)                                                               (b) 

Figure 6-4 Calculated angular spectrum for the Rayleigh reflector at (a) = 1615 nm, (b) 

= 1630 nm. Parameters are the same as in Figure 6-2. 

 
 

Figure 6-5 Simulated angular spectrum for Rayleigh reflector operating at  = 1550 nm. 

Parameters are Ʌ = 957 nm, F = 0.45, dg = 310 nm, dh = 55 nm, nc = 1, n = 3.56 and ns = 

1.5. 

 
6.3 Theoretical Analysis 

Fundamentally, the Rayleigh reflector works as a GMR broadband reflector in the 

spectral domain at normal incidence. The spectral response at  = 0
°
 is shown in Figure 

6-6(a) for the device parameters listed in Figure 6-2. The zero-order regime prevails 
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beyond the Rayleigh wavelength, R = nsɅ = 1548 nm. For clarity, the T0 spectrum is also 

drawn on a log scale to identify the transmission dip and the resonance wavelength. The 

GMR, occurring at 1902 nm wavelength, provides the high reflection bandwidth.  In 

reference [10] it was shown that the Rayleigh reflector characteristics depend on direct 

and efficient transfer of power from R0 to T1 but not to T0. In order to understand this 

property, we investigate the resonance dynamics of the present device under off-normal 

incidence. The key aspect of the Rayleigh reflector structure that leads to these sharply 

delimited angular spectra is that the structure supports a high-Q resonance near the RA 

at off-normal incidence.  This is supported by the spectral response at  = 2
°
 is given in 

Figure 6-6(b). An additional resonance occurs at 1611 nm wavelength whereas the RA 

occurs at 1577 nm at  = 2
°
. The field amplitudes inside the structure at the 1902-nm 

resonance in Figure 6-6(a) and at the resonance at 1611 nm in Figure 6-6(b) are given in 

Figure 6-7(a) and (b), respectively. In the figure, S0, S1 and S2 correspond to the electric-

field amplitudes of the zeroth, first and second order diffracted waves, respectively. In 

Figure 6-7(b), the field strength increases by ~x15 relative to the incident light amplitude 

at the high-Q GMR occurring at off-normal incidence. With the increase in the incident 

angle, the RA and the high-Q GMR both exhibit red-shift in wavelength. However, the 

rate of shift of the RA (20 nm/degree of ) is comparatively higher than the rate of GMR 

shift. Accordingly, when the incident angle is increased, the RA interferes with the GMR 

in a particular angular range. When the RA reaches the GMR, the resonance dip in T0 

triggers energy switch from R0 to the allowed propagating order T1 associated with the 

RA. Eventually this results in a reflectance drop from unity to almost zero and a 

corresponding rise in the transmittance of the T1–wave at a particular operating 

wavelength as shown in Figure 6-3. 
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(a) 

 
(b) 

Figure 6-6 Computed spectral response of Rayleigh reflector at (a)  = 0
°
 (b)  = 2

°
. 

Parameters are Ʌ = 1028 nm, F = 0.43, dg = 319 nm, dh = 60 nm, nc = 1, n = 3.56 and ns 

= 1.5. 
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            (a) 

 
            (b) 

Figure 6-7 The field amplitudes inside the structure for (a)  = 1902 nm at  = 0
°
 and (b)  

= 1611 nm at  = 2
°
. 

 
6.4 Experiments 

The fabrication of the Rayleigh reflector, schematically illustrated in Figure 6-8, 

commences with sputtering a-Si over a clean glass substrate. The refractive index and 

thickness of the film are verified with an ellipsometer. Approximately 400-nm-thick 

photoresist (PR) is spin coated over the silicon film. A one-dimensional grating pattern is 
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transferred to the PR film using laser interferometric lithography. The a-Si layer is partially 

etched down to 319 nm with the PR as a mask using trifluromethane (CHF3) and sulfur 

hexafluoride (SF6) gas mixture. The final device is obtained after removing the remaining 

PR by oxygen plasma. The fabricated device is inspected with an atomic force 

microscope (AFM) and a scanning electron microscope (SEM). The AFM and SEM 

images are shown in Figure 6-9 and Figure 6-10, respectively. From the figures, the 

experimental parameters are Ʌ = 1028 nm, dg = 319 nm, dh = 60 nm and F = 0.43. 

The reflected light from the device at different incident beam angles is measured 

with a spectrum analyzer. A polarizer is used to choose TE polarization of the input light. 

After measuring the reflected light from the Rayleigh reflector, it is normalized with 

respect to the reflected light from a reference gold mirror. Figures 6-11 (a-c) show the 

theoretical and experimental R0 spectra at 0
°
, 3

°
 and 5

°
 incidence angles, respectively. 

Experimentally, a wideband reflector with spectral efficiency greater than 95% across a 

~220nm wavelength range at normal incidence is obtained. The incident angle is varied 

from -8
°
 to +8

°
. The angular spectrum of the fabricated device is provided in Figure 6-12. 

A decrease in the R0 efficiency is observed at  = 4
°
 and maximum energy transfer is 

experimentally observed at  = 5
°
.  The wavelength at which this change is obtained is 

1645 nm. The deviation in operating wavelength relative to the theoretical calculation can 

be attributed to differences in the experimental and model device parameters. Spectral 

measurements at angular intervals of 0.1 of a degree are necessary to observe a sharp 

response change as in simulation. Despite the deviations from the computed results, the 

Rayleigh-reflector concept with sharply varying angular spectra is verified. 
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Figure 6-8 Schematic diagram of Rayleigh reflector fabrication. 

 

 
 

Figure 6-9 AFM image of fabricated Rayleigh reflector. Parameters are Λ = 1028 nm, F = 

0.43, and dg=319 nm. 

 

 
 

Figure 6-10 SEM top and cross-section images of fabricated Rayleigh reflector. 
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     (a) 

 

       (b) 

 

         (c) 

Figure 6-11 Calculated and experimental spectral response of the Rayleigh reflector for 

TE-polarized light at (a) θ = 0
°
, (b) θ = 3

°
 and (c) θ = 5

°
. Parameters: dg = 319 nm, dh= 60 

nm, n = 3.56, nc = 1, ns = 1.5, Λ = 1028 nm, and F = 0.43. 
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Figure 6-12 Calculated and experimental angular spectra of a Rayleigh reflector. 

 

6.5 Conclusions  

The combined effect of RA and GMR possess capability of creating extraordinary 

photonic phenomena. The working principle of a novel optical filter named Rayleigh 

reflector has been analyzed and experimentally verified. A subwavelength, periodic one-

dimensional silicon grating pattern and a nanometric sublayer over glass substrate exhibit 

flat-top reflector profile with sharply limited angular spectra. The onset of extreme energy 

transfer from the zero-order reflected wave to the first-order substrate propagating wave 

occurs at the Rayleigh angle enabled by the RA-GMR interaction. The designed structure 

is fabricated and an agreement with theoretical prediction is achieved.  The theoretical 

analysis and experimental proof leads to the realization of a new type of resonant 

reflector in diversified photonic applications. 
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Chapter 7 

 
Future Research Directions 

 
The research works presented in this study can be carried on in extended 

platforms. Some of the possibilities are summarized below: 

 Optimized resonant solar cells design and fabrication: 

The nano-structured thin-film solar cells require optimization of 

the device parameters to achieve maximum solar absorption. The 

structural shape and parameters should be optimized in such a way that 

it gives maximized carrier collection as well. Combination of enhanced 

absorbance and efficient photo-generated carrier collection is required 

for increased electrical efficiency. Cost-effective thin-film solar cells with 

increased efficiency are the ultimate target.   

 Fabrication of thin-film solar cells on imprinted plexiglas: 

The enhanced absorption in one and two dimensional thermally 

nano-imprinted structures is reported here. The deposition of complete p-

i-n a-Si:H solar cells on these imprinted substrates can be carried out to 

make a real device application. 

 Application in thin-film organic solar cells: 

 The nano-structures presented here are also hold potential to 

enhance solar uptake in thin-film organic solar cells. The consecutive 

spin coating of organic materials over the nano-patterned substrates will 

similarly facilitate the resonances in the active region of organic 

photovoltaics. 
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 Research on Rayleigh reflector: 

 A whole new research field has been initiated for the design and 

applications of the Rayleigh reflectors. The two dimensional and/or 

multilayer structures may add interesting spectral responses in Rayleigh 

reflectors. The application of the Rayleigh reflector concept can lead to a 

new way of designing couplers, filters and reflectors in silicon photonics. 
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