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ABSTRACT 
 

GUIDED-MODE RESONANCE DEVICES: OMNIDIRECTIONAL  

REFLECTORS, WIDEBAND ABSORBERS, SENSORS 

 AND NARROWBAND FILTERS 

 

Wenhua Wu, M.S. 

 

The University of Texas at Arlington, 2011 

 

Supervising Professor:  Robert Magnusson 

 In this thesis, a series of guided-mode resonance (GMR) devices are developed and 

optimized in the optical spectral region. Some of these devices are designed by inverse 

algorithms such as genetic algorithm and particle swarm optimization. One-dimensional 

subwavelength silicon and germanium gratings providing high omnidirectional reflectivity within 

specific band are designed respectively for TE and TM polarization. A simple amorphous silicon 

waveguide grating is proposed to enhance the absorbance for solar cells by 60% comparing 

with unpatterned structure. Another presented grating absorbs light nearly totally in the ~ 0.3-

0.6 μm wavelength band for all incidence angles independent of polarization, namely wideband 

omnidirectional absorber. GMR photonic sensors are also discussed and demonstrated mainly 

on a post analysis method that can improve the testing accuracy. It is a back-fitting model that 

helps to differentiate the biochemical target from outside environmental disturbers. In addition, 

GMR filter showing extremely narrow linewidth ~10 pm is also presented.   
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

 Guided-mode resonance (GMR) devices constitute a class of periodic elements that 

utilize a photonic modal resonance effect as a fundamental mechanism related applications 

include narrow/wide band bandstop/bandpass filters, reflectors, polarizers, biosensors, slow-

light elements, leaky-mode nanoplasmonics, absorbance-enhanced solar cells and 

omnidirectional reflectors/absorbers [1]. Guided-mode resonance photonics provide a great 

application platform in various areas such as laser, optical communication, medicine, sensors 

for medical diagnostics, homeland security, and environmental monitoring.  

 Guided-mode resonance was historically recognized as one of the two types of 

dielectric grating anomalies associated with rapid variations in intensity on variation of incidence 

angle or wavelength. The other type is Rayleigh anomaly which is caused by one of the spectral 

orders becoming an evanescent wave inducing energy redistribution [2]. However, the resonant 

type, guided-mode resonance [3-10], is caused by guided complex waves supportable by the 

waveguide grating. In dielectric gratings, these guided waves are leaky waveguide modes that 

may result in total reflection of incident light in broad or narrow bands. This enables applications 

including broadband reflectors, omnidirectional reflectors and narrow linewidth filters. In 

metallic/dielectric gratings, the guided waves can be plasmonic modes and may lead to the total 

absorption of incident light. Recent studies show that even in pure dielectric gratings, total 

absorption within partial solar spectral band is realizable, which provides a promising method for 

enhancing absorbance in solar cells and omnidirectional absorption applications. 
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1.2 Overview of the Thesis 

 This work addresses several types of GMR devices: reflectors, absorbers, biosensors 

and extremely narrow filters. Before demonstrating the details of such devices, it is helpful to 

introduce simulation methods and design tools used in this thesis. Rigorous coupled-wave 

analysis (RCWA) [11] is used to do the forward calculation of the diffraction efficiency and plot 

field patterns. Inverse tools, incorporating particle swarm optimization (PSO) [12] and genetic 

algorithm (GA) [13, 14] into the core RCWA codes, are used for device design.  

 Chapter 2 discusses GMR reflectors, especially omnidirectional reflectors. One-

dimensional subwavelength silicon and germanium gratings providing high omnidirectional 

reflectivity within specific band are designed respectively for TE and TM polarization [15]. In 

Chapter 3, the GMR absorption mechanism is discussed in detail. A simple amorphous silicon 

waveguide grating is proposed to enhance the absorbance for solar cells by 60%. Moreover, 

chapter 3 presents deep waveguide gratings absorbing light nearly totally in the ~ 0.3-0.6 μm 

wavelength band for all incidence angles independent of polarization, thus realizing a wideband 

omnidirectional absorber. Chapter 4 mainly demonstrates a post analysis method that can 

improve the accuracy of resonant photonic biosensors. It is a back-fitting model that 

differentiates the biochemical target from outside environmental disturbers. In chapter 5, a GMR 

filter showing extremely narrow linewidth ~9 pm is discussed. Finally, in the last chapter, the 

thesis is summarized and potential future work is discussed. 
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CHAPTER 2 

OMNIDIRECTIONAL GMR REFLECTORS 

2.1 Introduction 

 Optical reflectors can be considered as a type of optical filters whose main purpose is to 

reflect the incident wave as well as possible. Depending on the applications, additional features 

may be required such as broad frequency band, good angular tolerance, low absorption for high 

power laser applications, and omnidirectional reflection for LED applications. 

 Generally, there are two main types of reflectors: metallic and dielectric. The former is 

simpler but not necessarily with worse performance. Actually, metallic films like silver, gold and 

copper are quite good performers in the infrared (IR) and near infrared wavelengths. Another 

important advantage of metallic mirrors is the small dependence of the incident angle and 

polarization. However, the problem of high absorption appears when the wavelength goes to 

visible and ultraviolet (UV) light ranges. Even at IR wavelengths absorption is high enough to 

damage the mirror for high power laser applications. 

 As an alternative to metallic mirrors, multilayer dielectric coatings are often used [16]. 

The optical principle of multilayer dielectric reflectors is multiple beam interference. The classic 

design of such devices is alternating quarter-wave layers of two different materials. High 

reflectance is observed because the beams reflected from all the interfaces are in phase when 

they reach the last interface where the constructive interference occurs. This type of dielectric 

mirrors provides broadband and omnidirectional reflection; however, this generally requires 

many layers, sometimes even tens of layers. 

 Another sort of dielectric reflectors is based on guided-mode resonance [8-10]. One 

advantage of GMR reflectors is they have good performance comparable to multilayer 

structures but typically with only 1-3 layers. Ding and Magnusson reported a ~600nm band 
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reflector with only a single binary layer with one dimensional periodicity [8]. Shokooh-Saremi 

and Magnusson realized extremely broadband (2-3.2 μm) reflectors with three-level GMR 

structures [17]. Both designs have reached reflectance larger than 99%. As examples of 

devices in this thesis, two new wideband GMR TM-reflector designs are shown with silicon and 

silica substrate for comparison. As Figure 2.1 shows, the design using silicon substrate has 

better flatness and wider band than the one using silica substrate in this case.  

 Figure 2.1 shows high reflectivity, broadband wavelength band response and geometric 

simplicity of these GMR reflectors, but the angular tolerance is not very good. C Tsai reported 

omnidirectional reflector based on dual effect of GMR and surface plasmon resonance, 

combining dielectric material with metal [18]. To the author’s knowledge, no omnidirectional 

reflectors using pure GMR effect in dielectric grating have been previously reported.  In this 

chapter, omnidirectional GMR reflector examples will be presented for both transverse-electric 

(TE) and transverse-magnetic (TM) polarized light. In the whole thesis, we define that TE (TM) 

polarized input light has an electric (magnetic) field vector normal to the plane of incidence. 
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(a)                                                                           (b) 

          

          (c)                                                                          (d) 

           

         (e)                                (f) 

Figure 2.1 Wideband reflectors under TM polarization. The parameters of (a) are dg= 484 nm, 
dwg= 268 nm, dL= 1222nm, Λ= 853nm, F= 0.655, and the corresponding wavelength spectrum 
(c) and angular spectrum (e) are shown. The parameters of (b) are dg= 506 nm, dwg= 821nm, 
Λ= 849 nm, F= 0.555, and the corresponding wavelength spectrum (d) and angular spectrum (f) 
are shown.   
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2.2 Omnidirectional Reflectors 

 Omnidirectional reflectors (ODRs) [19] are of interest for applications in optoelectronics, 

LED lighting [20-22], optical communications [23] and integrated optics [24]. In this section, the 

design of all-dielectric ODRs based on GMR in a simple waveguide grating is demonstrated.  

 The GMR device treated here consists of a subwavelength silicon grating on top of a 

silica substrate as shown in Figure 3.2. All the parameters including grating depth dg, 

waveguide thickness dwg, period Λ, and fill factor F are of importance for properly engineering 

the location, strength, and bandwidth of the resonances. 

 

 

Figure 2.2 Schematic diagram of the GMR ODR.  Here I denotes incident wave, R0 is zero-
order reflectance and T0 is zero-order transmittance. 
 

2.2.1. TE Omnidirectional Reflectors 

 In order to obtain profile parameters where the GMR structure works well for reflecting 

incident waves at all angles, a numerical genetic algorithm is applied in the design. When the 

center wavelength is set to be 2 μm under TE polarization using silicon, the returned 

parameters are dg = 0.989 μm, dwg = 0.15 μm, Λ = 0.816 μm and F = 0.573. 

 To see the performance of the structure with these parameters, RCWA is used to 

calculate the reflectance spectra as function of wavelength and angle [11, 25]. Figure 2.3 

exhibits a computed reflectance map for zero-order reflectance R0 (λ, θ), showing that the 
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device exhibits a bandwidth of approximately 50 nm in the wavelength band spanning 1.953–

2.003 μm for which R0 is high. Additional details for the reflectance spectra are provided in 

Figure 2.4, where the spectral variations of R0 (λ, θ) at fixed example angles in this 50-nm band 

and at fixed example wavelength in all angles are shown. As exemplified in Figure 2.3, our 

computations show that the reflectance varies approximately in the range 0.9<R0<1.0 across 

the angular range 0  < θ <89   and in the spectral range spanning ~1.953 μm<λ<2.003 μm.  

Taking an angular average across this λ-θ rectangle gives an average reflectance R0 >95%. 

 

 

 

Figure 2.3 Reflectance map R0 (λ, θ) for a silicon TE-ODR. Profile parameters are dg = 0.989 
μm, dwg = 0.15 μm, Λ = 0.816 μm and F = 0.573. 
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(a)       (b) 

Figure 2.4 Reflectance spectra for a silicon TE-ODR. Reflectance spectra at example incident 
angles in the 1.95-2.05 µm wavelength band (a), and reflectance spectra at example incident 
wavelengths in the 0-90 degree angular band (b). 
 
 Physical insight into the formation of the all-angle high reflectance can be gained by 

plotting the angular spectrum of the zero-order transmittance on a log scale. Figure 2.5 

demonstrates that two resonances at 10 and 26 degrees, respectively, work together to support 

a nearly flat angular band at λ=1.985 μm. This is analogous to the 600-nm band high-TE 

reflector (normal incidence only) discussed above. By subsequently numerically tracking the 

resonance locations, the resonances are found to be TE1-like for θ=10° with mixed modes for 

θ=26° comprising ~TE0 in the waveguide layer and ~TE1 in the grating layer consistent with 

computed mode patterns as shown in Figure 2.6. 

 

Figure 2.5 Angular spectrum of log (T0) at λ=1.985 μm.  
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(a) 

 

(b) 

Figure 2.6 Electric field distribution patterns in the resonant reflector at λ=1.985 μm, θ=10° (a) 
and θ=26° (b). 
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 Above, a silicon grating waveguide exhibiting 50nm-band omnidirectional reflectance 

larger than 95% is presented and discussed in detail. Such structures can further be optimized 

by using higher refractive index like germanium, because stronger refractive index contrast 

leads to wider resonance. The designed germanium grating waveguide has 66 nm bands for 

omnidirectional reflectance larger than 95%, and 20 nm bands for omnidirectional reflectance 

larger than 99% under TE polarization—see Figure 2.7.  

 

Figure 2.7 Reflectance map R0 (λ, θ) for a germanium TE-ODR. Profile parameters are dg = 
0.87 μm, dwg = 0.426 μm, Λ = 0.829 μm and F = 0.494. 

 

2.2.2. TM Omnidirectional Reflectors 

 Similarly, TM omnidirectional reflectors are also designed. Generally speaking, GMR 

based reflector has wider band for TM polarization. This is also applicable for ODR devices. A 

generated TM ODR using germanium has the following parameters:  dg = 0.808 μm, dwg = 0.931 

μm, Λ = 1.162 μm and F = 0.571. It has a 244 nm band for R0 (λ, θ) larger than 95% and 42 nm 

band for R0 (λ, θ) larger than 99%, as shown in Figure 2.8.  
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Figure 2.8 Reflectance map R0 (λ, θ) for a germanium TM-ODR. Profile parameters are dg = 
0.808 μm, dwg = 0.931 μm, Λ = 1.162 μm and F = 0.571. 

 

 In summary, one-dimensional subwavelength silicon & germanium grating providing 

high omnidirectional reflectivity within specific band are designed for both TE and TM 

polarizations. Note that the GMR location is parametrically scalable, for instance, the center 

wavelength could be scaled from 2μm to 1.55 μm for optical communication applications. 

Polarization-independent ODRs based on GMR are possible by using two-dimensional 

structures as well as properly designed one-dimensional periodicities.   
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CHAPTER 3 

GUIDED-MODE RESONANCE ABSORBERS 

 These years, thin-film solar-cell technology grasps much attention as it provides a 

promising solution to lower the cost [26-29]. High optical absorption efficiency is of prime 

importance for reducing production cost per unit output. In the past, GMR devices have been 

designed most often for reflection, transmission, and polarization-control applications [8, 30]. 

However, by using absorbing material such as hydrogenated amorphous silicon (a-Si:H), GMR 

structures can also be engineered to be efficient absorbers for solar cells [31, 32]. 

 In addition, light absorbers are important for many other applications like cross-talk 

reduction in optoelectronic devices and thermal light emitting sources. Although many efforts 

have been made to achieve high absorption, they are generally limited to achieving absorption 

at specific incidence angles or for narrow bandwidths [33-36]. There are great demands for 

wideband omnidirectional reflectors with simple structure that is easy to fabricate and low cost. 

 In this chapter, GMR absorbers designed for both solar cells and omnidirectional 

absorption applications will be presented, including design principles and simulation results. 
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3.1 Guided-Mode Resonance Absorption 

 Leaky-mode resonant devices are conventionally applied as high reflectors, polarizers, 

antireflection elements, extremely narrow filters and polarization-independent elements. All 

these devices are designed and fabricated based on lossless material. However, leaky-mode 

resonances can also be properly engineered in lossy materials to achieve high absorption, 

which provides a low-cost solution for optical absorption. Firstly, we will study the relation 

between GMR reflection and absorption through an example. 

 Ding reported resonant leaky-mode TE and TM silicon based high reflectors in [8]. 

Below we study one of these examples through artificially giving the lossless material a nonzero 

extinction coefficient. In this way, leaky-mode resonant reflection and absorption are reasonably 

connected.  Figure 3.1 (a) shows the device has a ~600nm band with reflection efficiency larger 

than 99% [8]. This broad band feature is a combined result of two resonances which are shown 

in Figure 3.1 (b). Assuming the material to be lossy with complex refractive index, Figure 3.1 (c) 

presents the absorption efficiency resulting from nSi=3.48+j0.8. It is observed that GMR 

structure absorbs ~80% light by localizing light therefore enhancing the interaction of light and 

material. Further calculation shows that the absorption enhancement due to GMR is determined 

by both radiation coupling rate and internal loss rate. In other words, when they equal to each 

other, the maximum absorption enhancement is achieved. This condition is named critical 

coupling in literature [37-39]. Figure 3.1 (d) supports this argument by showing the average 

absorbance in 1.4µm~2.2µm band as a function of extinction coefficient ĸ. The critical coupling 

condition is satisfied at ĸ=0.8.  
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(a) (b) 

 

  

(b)  (d) 

 

Figure 3.1 A GMR based TE reflector with 600nm band. Reflectance of the GMR device and 
profile parameters are shown in (a), transmittance of the device on a log scale in (b), absorption 
efficiency when assuming nSi=3.48+j0.8 in (c), and integrated absorbance as a function of 
extinction coefficient ĸ in (d). 
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3.2 GMR Absorption Enhancement Engineering for Solar Cells 

3.2.1 Introduction 

 Efficient use of light is required in many practical applications including photodetectors 

and solar cells. In particular, to advance progress in clean energy and to protect the global 

environment, thin-film solar-cell technology is of interest as a promising alternative. High optical 

absorption efficiency is important to reduce production cost per unit output. Enhanced 

absorption of the solar spectrum can be accomplished by periodic and random surface texturing 

to improve light trapping [40]. For example, numerous researchers used classic diffraction 

gratings to elongate the effective path length of the light in the absorbing medium [41, 42]. 

Additionally, nanopatterned films in waveguide geometry including one-dimensional (1D) and 

two-dimensional (2D) subwavelength photonic lattices are under development for the same 

reason. These compact elements exhibit strong resonance effects that originate in leaky modes 

undergoing a guided-mode resonance (GMR) inside the layer [43-46]. 

 Investigation of conditions under which total or near-total absorption is achieved is an 

interesting associated study with analogous applications. Total absorption in narrow spectral 

bands in metallic periodic structures has been reported [47-49]. Clusters of silicon nanowires 

can provide effective antireflection across wide bands with subsequent high absorption; these 

structures are typically very thick [50, 51]. Similarly, it is possible to improve absorption by 

structuring the surface of the absorber as a pyramidal or conical profile, thus simulating a 

graded-refractive-index antireflection layer. These well-known structures transmit light efficiently 

into the underlayer across wide spectral and angular bands [52, 53].    

 We treat the GMR absorber structure that is schematically depicted in Fig. 3.2. It is a 

partially etched a-Si:H waveguide on top of a silica substrate. Hydrogenated amorphous silicon 

has a complex refractive index such that the resonant leaky modes generated by the periodic 

region are absorbed well up to the ~750 nm wavelength corresponding to a band gap energy of 

~1.65 eV. This material can be made n-type or p-type for solar cell as necessary, and its optical 
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properties greatly depend on the H-content [54]. Figure 3.3 shows the complex refractive index 

we use in this thesis. In addition, the substrate silicon dioxide is also considered as dispersive 

nsub
2
=C1+C2λ

2
/ (λ

2
-C3) +C4λ

2
/ (λ

2
-C5), ksub=0, in which C1 = 1.28604141, C2 = 1.07044083, 

C3 = 1.00585997e-2, C4 = 1.10202242, C5 = 100 [55]. 

 

Figure 3.2 Schematic of GMR structure for solar cell. Λ, dg, dwg, and F are period, thickness, 
and fill factor of the a-Si:H waveguide grating, respectively. 
 

 

Figure 3.3 Dispersive curve of a-Si:H deposited at 300°C, H-content of ~9.5% [54]. 

 

 1D grating structures for GMR-induced resonant absorption are proposed as they 

provide sufficient control of the Fourier harmonics affecting resonance locations while remaining 
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simple and amenable to fabrication. We simulate the device using rigorous coupled wave 

analysis (RCWA) . The absorbance is defined as 

                                                                       ∑    ∑                                                                     (3.1) 

in which Ri and Ti are the efficiencies of the i-th reflected and transmitted diffraction orders. 

Based on this core algorithm, we developed inverse numerical codes using genetic algorithms 

to conduct a parametric search to optimize the absorption efficiency in specific spectral bands.  

 

3.2.2 Symmetric Structure 

Generally, two parts grating (with fill factors [F, 1-F]) is referred as symmetric structure, 

while some four parts grating (with fill factors [F1, F2, F3, F4]) can be properly designed as 

asymmetric. Asymmetric GMR structures provide more dimensions for design, and also 

eliminate the degeneracy of symmetric structures therefore more resonances appear [30]. 

However, the former are simpler and more easily to be fabricated. Firstly, a symmetric example 

optimized by genetic algorithm is given below. 

We endeavor to maximize the TM absorbance in the wavelength band of ~460-560 nm, 

where solar energy is mainly concentrated. The parameters suggested by the genetic algorithm 

are Λ=310 nm, F=0.58, dg=90 nm, and dwg=270 nm. For this period, the substrate Rayleigh 

anomaly occurs at λR=nsΛ= ~481 nm below which higher-order transmitted waves begin to 

appear, reducing the absorption efficiency. In our example device, the transmission diffraction 

efficiencies for these waves are λ<0.02% for 300<λ<481 nm. For λ>481 nm, a pure zero-order 

GMR regime occurs, which provides an efficient interaction between the incident light and the 

resonant film. Figure 3.4 (a) shows that the TM polarized light is nearly totally absorbed (>98%) 

in the ~460-560 nm band. TE polarized light is less absorbed but still exceeding that absorbed 

in the corresponding planar structure across the band. 

To elucidate the resonance character of the device, Figure 3.4 (b) shows the leaky-

mode resonance spectral features by plotting the TM reflection spectrum of the same structure 
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with the extinction coefficient ĸ artificially set to zero. It is found that three guided-mode 

resonance reflection peaks occurring near 489 nm, 534 nm, and 591 nm correspond to the high 

absorption band in Figure 3.4 (a). As the value of κ rises and the resonant light is absorbed, the 

reflection peaks diminish, broaden, and shift in frequency as discussed by Shin et al [56], 

leading to the monotonic absorption spectrum in Figure 3.4 (a). 

To evaluate the absorption in the actual solar spectrum, the absorbance A(λ) in Fig. 3 is 

weighed by the standard AM1.5 solar spectrum I(λ) and defined as 

            

                                                                                                                                     (3.2) 

 

We find that this integrated absorbance (measuring the fraction of sunlight absorbed) is 

~77% for the (optimized) TM polarization case whereas that under TE polarization is near ~55%. 

Figure 3.4 (c) shows that most of the unabsorbed light is reflected as zero-order diffraction. We 

further calculate the integrated reflectance, whose definition is analogous to Eq. 2, finding ~21% 

for TM polarization and ~37% for TE polarization. The unpolarized integrated absorbance 

across the 300-750 nm band is calculated as ~66% while the corresponding planar structure 

with thickness dg+dwg has ~41% absorption. Thus, this device achieves a ~60% increase 

relative to the unpatterned film, which is an improvement over previously reported single-layer 

grating design finding a ~35% increase in the 300-750 nm range [57]. 

As sunlight impinges on a flat surface from every direction, the angular response of the 

device is also examined. Figure 3.4 (d) shows that the angular aperture of the GMR absorber is 

wide and that it provides increasing enhancement as the angle becomes larger.  

In conclusion, we applied GMR effects to enhance absorption in an ultra-thin film of 

amorphous silicon. A 1D photonic structure with subwavelength periodicity is designed and 

optimized using RCWA with a genetic algorithm for operation with the standard AM1.5 solar 

spectrum. For TM polarized light, this device remarkably achieves near-total absorption in a 
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~100 nm wide band in the center of the solar spectrum. The GMR-based solar-cell structure 

found has a ~60% increase in absorbance relative to a comparable planar structure. Imbuing 

the device with a metal reflector yields a higher integrated absorbance nearing 73%.  

 

      

(a)             (b) 

 

 

    

(c)     (d) 

Figure 3.4 Spectral response of a GMR-based solar cell symmetric structure. Computed absorption 
spectra (a) at θ=0 for TE, TM, and unpolarized light and for a planar reference structure with thickness of 
360 nm, zero-order normal-incidence reflection spectrum with ĸ=0 for TM polarization (b), zero-order 
reflection spectra under TM and TE polarization for κ=0 (c), and integrated absorbance and 
enhancement ratio of the optimized GMR absorber as a function of incidence angle (d). 
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3.2.3 Asymmetric Structure 

 Above we have mentioned that asymmetric structure can further enlarge the absorption 

band by eliminating the degeneracy of resonance. Asymmetric structures may be realized 

through using triangle shape; however, fabrication is more complicated. Another option is to 

fashion four-part binary grating without mirror symmetry. In addition, four parts structure 

provides more dimensions to control the resonance location and line-width. A polarization-

independent 1D solar cell is generated by genetic algorithm shown in Figure 3.5. The fill factors 

are F= [0.02, 0.31, 0.37, 0.30]. In this case, the smaller a-Si:H ridge in the grating profile 

provides a channel for absorbing the TE polarization light, while the larger part mainly contribute 

to the TM polarization absorbing. This can be observed from the field pattern shown by Figure 

3.6 (b) and (c). On the whole, this device absorbs ~62.4% of AM 1.5 solar energy. 

 

 

Figure 3.5 Absorption spectra of an asymmetric structure for TM, TE, and unpolarized light. 
Λ=310nm, dg=90nm, dwg=340nm and F= [0.02, 0.31, 0.37, 0.30]. 
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(a) 

 

(b) 

Figure 3.6 Field pattern of the polarization-independent asymmetric cell. Both electric field 
amplitude pattern for TE polarization at 481nm (a) and magnetic field standing wave pattern for 
TM polarization at 481nm (b) are shown. 
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3.2.4 Absorption Enhancement with Metal Reflector  

The absorption efficiency can be further enhanced by adding a metal reflector on the 

backside of the absorbing layer to decrease the transmitted light [58]. Computed absorption 

spectra are shown in Figure 3.7. The integrated absorbance is increased to ~69% with a 70 nm 

thick Ag reflector and to ~73% with an Al reflector with the same thickness. These metal 

reflectors principally work for wavelengths larger than ~540 nm. 

 

(a) 

 

(b) 

Figure 3.7 Absorption enhancement with metal reflector. Schematic of the cell (a) and 
absorption spectra (b) when the backside is coated with 70 nm thick Ag or Al. Spectrum without 
metal is plotted for comparison.  
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3.3 Omnidirectional Wideband GMR Absorbers 

 Light absorbers are important for many applications like solar cells, cross-talk reduction 

in optoelectronic devices and, thermal light emitting sources. Although many efforts have been 

made to achieve high absorption, they are generally limited to achieving absorption at specific 

incidence angles or for narrow bandwidths. Periodic grating structures have been proposed to 

absorb light but are limited to specific range of incidence directions. Total light absorption in a 

nanostructured metal surface has been reported but the working frequency band is narrow [59]. 

Deeply etched 2D gratings have also been reported for enhancing absorption in thin crystalline-

silicon solar cells with ~15 μm thick films [60]. 

 In this section, we show that near-total omnidirectional absorption of light for both TE 

and TM polarizations can be achieved in one guided-mode resonant grating that enhances 

absorption by strongly localizing the light. Also, the angle-independent thin GMR absorber (~2 

μm silicon film) works near-uniformly in the wavelength range from 0.3 μm to 0.6 μm, while still 

remaining very simple 1D geometrical shape. 

 Guided-mode resonant devices have been applied as high reflectors, polarizers, 

antireflection elements, extremely narrow filters, and polarization-independent elements. These 

devices benefit from one or more aspects of the GMR effect including narrow or broad band 

resonance, polarization independence, full or null reflection, and high angular tolerance. In this 

work, we utilize these features together to realize an omnidirectional, polarization-independent, 

broadband absorbing device. The result shows a remarkable structure with excellent features 

and could potentially be useful for solar cells and other absorption applications. 
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3.3.1 Structure Design 

 The structure for omnidirectional wideband GMR absorber is similar to that designed for 

solar cell, as shown in Figure 3.2. The difference is that a deep resonant grating has to be 

adopted in order to achieve higher absorption and larger tolerance to incident angle and 

wavelength.  

 By using inverse codes incorporating RCWA and genetic algorithms, the profile 

parameters are determined to be Λ=0.419 μm, F=0.155, dg=2 μm, dwg=0.03 μm, and a-Si:H is 

adopted as absorbing material—see Figure 3.2. 

 

3.3.2 Simulation Results 

 The proposed GMR absorber is investigated using hemispherical simulation. Here, we 

define the angle between the incidence plane and x-z plane (see Figure 3.2) as azimuthal angle 

φ, and the angle between incidence light beam and z-axis as incidence angle θ. Figure 3.8 

exhibits a computed absorption map A(λ, θ) at φ=0, showing that the device exhibits a 

bandwidth of 300 nm in the chosen wavelength band spanning 0.3-0.6 μm for which all-angle 

incidence TE & TM light is nearly-fully absorbed. 

 Further calculation shows that such high absorption is also independent of the 

azimuthal angle. We define θ-averaged absorbance 

                                                   [ ]       
 

 
∫                 

   

    
                                         (3.3) 

which is plotted in Figure 3.9.  
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(a) 

 

(b) 

Figure 3.8 Absorption map A (λ, θ) at φ=0 under TE polarization (a) and TM polarization (b).  
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Figure 3.9 θ-averaged absorbance for wavelength in the 300-600 nm range and φ in the 0-90 
degree range. Incident light is TM polarized. 
 

It is observed that the device shows very good uniformity both for azimuthal angle and 

frequency. In order to compare GMR absorber with planar structure, θ and λ averaged 

absorbance is defined as 

                                                             [ ]       
 

      
∫  [ ]      

      

      
                                        (3.4) 

In Figure 3.10, θ and λ averaged absorbances for both TM and TE are plotted. One may note 

that the device performs well for both polarizations: above 80% light is absorbed for each. 

Planar structure with the same thickness has only ~52% light absorbed. Finally, averaged 

absorbance for θ, λ and φ is given by 

                                                              [ ]      
 

  
∫  [ ]      

  

 
                                                    (3.5)   
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Figure 3.10 θ and λ averaged absorbance [A]θ,λ(φ) for TE and TM polarizations. Absorbance for 
planar structure is also computed for comparison. 
 

By averaging two polarizations, the GMR grating absorbs 87% of the hemispherical incidence 

light as represented by Eq. 3.5; while the planar structure with the same thickness and hence 6 

times the amount of material absorbs only 52%. In other words, the GMR absorber increases 

the absorption by 167% while using only 16% of the material volume used in planar structure. 

 As discussed above, the GMR absorber greatly enhances the absorption for all incident 

light, independent of incidence plane and incidence angle. In a sense, it is also independent of 

incidence wavelength. All of these good features are of great significance for absorption 

applications. The grating depth is designed properly in thickness in order to make the 

resonance density larger. The resonances localizing in the grating remarkably increase the 

interaction time of photons and matter, therefore enhance the absorption and decrease the 

reflection. This is why GMR absorber exhibits broad band in both azimuthal and incidence 

angles, as well as wavelength.  

 Figure 3.11 displays how the grating depth influences the absorbance. For simplicity, 

we limit the calculations to TM polarization and θ=0, φ=0. Note that even though the 4-μm-depth 
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grating has better performance, the enhancement is not very significant comparing with 2-μm-

depth grating. Thus, 2 μm is a promising thickness.  

 

Figure 3.11 Absorption increases as the grating thickness increases, where θ=0, φ=0 and TM 
polarization are assumed. 
 

3.3.3 Tolerance Analysis 

 Generally GMR devices are very sensitive to profile parameters and incidence 

wavelength or angle. This is the principle used in high-accuracy GMR sensors. However, in 

some other applications like broadband reflectors and absorbers, good tolerance is desirable. 

We demonstrate through simulations that the absorber proposed in this paper has very good 

tolerance to incidence wavelength and angles. Moreover, it is also not sensitive to the profile 

parameters as Figure 3.12 (a) and (b) present. It is shown that the value of [ ]         is quite 

robust near F=0.155 and Λ=0.419 μm.  
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(a)                                                                        (b) 

Figure 3.12 Omnidirectional absorber’s tolerance to the grating fill factor and period, where θ=0, 
φ=0 and TM polarization are assumed. 

 

 In summary, we designed an omnidirectional wideband absorber with excellent 

performance and good tolerance to profile parameters based on guided-mode resonance. 
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CHAPTER 4 

GUIDED-MODE RESONANT PHOTONIC SENSORS 

 The market has great demands for cost-effective and reliable sensor technologies for 

applications in homeland security, biomedicine and environmental monitoring. Ultrasensitive 

and label-free GMR biosensors are in the early stages of commercial development, and the 

subject of much research in both academia and industry.   

 

4.1 Principle of GMR Sensors 

 The label-free resonant photonic biosensors [61, 62] work based on guided-mode 

resonance: when a broadband light source illuminates the GMR sensors, a specific wavelength 

and angle of light is totally reflected, while the nearby band is fully or partly transmitted. This 

reflection peak wavelength or angle is then tracked during biomedical or environmental 

detections.  Figure 4.1(a) schematically shows the binding interaction of an immobilized 

receptor with an analyte; it can be monitored, without use of chemical tags, by following the 

corresponding resonance wavelength shift with a spectrometer as denoted in Figure 4.1(b). 

Since the resonance layer is polarization-sensitive, separate resonance peaks occur for incident 

TE and TM polarization states. These separate resonances are helpful for determining several 

unknowns in one channel.  The sensor element can be prepared with standard surface 

chemistries to covalently attach a selective detection layer such as antibodies or other 

alternatives for different applications.  
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(a) 

 

(b) 

Figure 4.1 An example of GMR sensor: schematic (a) and principle (b). Binding events 
occurring at the sensor surface produce resonance-peak shifts that can be tracked in real time 
[62]. 
 
 There are two basic ways tracking the resonance location: angle based and wavelength 

based. The former tracks the resonance angular shift by using fixed wavelength light source, 

while the latter tracks the resonance spectral shift by using fixed incident angle light source. 



 

32 

 

When light illuminates a periodic waveguide element, a guided-mode resonance can 

occur at a specific frequency and angle. The element has a bio-selective layer used to attract 

the target analyte; as a result, the sensor parameters change whereby a resonance shift is 

detected. However, the experimental environment contains noise, including temperature 

fluctuations, which can also cause resonance location shifts through changing the background 

refractive index. For this class of ultrasensitive sensor devices, it is of great significance to 

differentiate the analyte influence from background noise. Therefore, resonant photonic 

biosensor back-fitting method, a powerful mathematical model, is proposed to fulfill this 

objective. 

 

4.2 Back-Fitting Model 

 The back-fitting model is used to do the post analysis for experimental data. As we 

mentioned above, the measured resonance shift could be caused by detecting objective or 

background noise. By using the model, they can be differentiated clearly. As this model greatly 

improves the accuracy of the sensor, it is recognized as important as the data collection. An 

example is given below for demonstrating the validity and capability of this model. 

 Generally, the back-fitting model starts from a given experimental data that shows the 

TE and TM resonance shifts, for instance, Figure 4.2. In order to back-fit the data, both TE and 

TM resonance shift maps are needed. But before mapping, the initial resonance locations have 

to be found first. In summary, there are three steps need to be performed. 

1. Find the initial resonance location without detecting layer and without any interference 

from background; this initial data will be the start point of next step--mapping. 

2. Map the resonance shifts as function of surface and bulk refractive index changes. 

3. Use the maps to back-fit the experimental results. In this step, the program looks for the 

points that fit the TE and TM resonance shift respectively. Then it compares them and 

finds the solution that fits both TE and TM shifts. 
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  Figure 4.2 illustrates the spectral resonance shifts due to the binding of detecting 

objective. In this case, TM polarized reflected wave peak and TE polarized null are monitored. 

At time 0-49 minutes, it was a baseline measurement. The sample was introduced at t=50 min 

and then washed at t=132 min. For t=51-127 min, the resonance shifts are obviously observed 

fluctuating around 50 pm, which is extremely small indicating high sensitivity of the sensor. As 

discussed above, dual polarization detection was applied for the purpose of differentiating 

detected antigen from background noise. There are two known data sets: TE and TM 

resonances shift. They are used to determine two unknown data sets: background refractive 

index change and bio-selective layer refractive index change. The final back-fitted results are 

shown in Figure 4.3. It demonstrates that the background refractive index is not changing but 

the biolayer is changing, which means antigen has been detected. This matches exactly as 

what we have performed during experiment. 

 

Figure 4.2 Experimental spectral resonance shifts.             
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Figure 4.3 The back-fitted results showing antigen detected 

 

 In this chapter, we have demonstrated a valid, fast and economical method to 

differentiate the biochemical target from outside environmental disturbers for resonant photonic 

biosensors. This method has potential for determining biolayer thickness and refractive index as 

well as simultaneous background index variations in a single channel, minimizing the need for 

adjacent reference cells.   
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CHAPTER 5 

EXTREMELY NARROWBAND GMR FILTERS  

5.1 Simulation and Design 

 Above we discussed resonant photonics sensors, which work based on tracking the 

GMR location. The resonance line width is another important factor that affects the performance 

of this sort of sensors. Resonant peaks or nulls with narrow linewidths are more easily 

monitored than the ones with wide linewidths. In addition, narrow linewidth filters are also 

applied in other areas such as extremely narrow single wavelength light source generation. In 

this chapter, we introduce a GMR device showing extremely narrow linewidth of ~10 pm. 

 The structure is designed to be three layers, a SiO2 waveguide grating on top of a 

homogeneous HfO2 layer. Figure 5.1 shows the structure. The substrate of this device is glass 

which is not shown in the figure. Parameters are: period=450.8 nm, HfO2 layer thickness= 200 

nm, SiO2 homogeneous layer thickness= 210 nm, grating thickness=30 nm, and fill factor= 0.5. 

The working wavelength is around 780 nm at normal incidence in TE polarization, where the 

refractive index of HfO2 is 1.979 and SiO2 is 1.46. As shown in Figure 5.2, the resonance width 

is extraordinarily narrow—measured Full Width at Half Maximum (FWHM) is 8.6 pm and 

resonance peak is at 780.204 nm. Moreover, the resonance location shift of the device is linear 

as the incident angle changes, as presented by Figure 5.3. This is good for compensating 

estimation in practice as the real device has unavoidable fluctuation.  
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Figure 5.1 Schematic of the GMR extremely narrowband filter. 

 

   

(a)       (b) 

Figure 5.2 Zero-order reflection spectra of the GMR filter. Both 0.5-1μm band (a) and 
enlargement at resonance center (b) are plotted.  
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Figure 5.3 Dispersion of resonance location. 
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CHAPTER 6 

CONCLUSIONS 

6.1 Summary 

 This thesis mainly presents four types of GMR-based devices, which are designed 

using powerful inverse codes incorporating profile parameter search into diffraction efficiency 

calculations. These devices include omnidirectional reflectors, wideband omnidirectional 

absorbers, photonic biosensors, and extremely narrowband filters.  

 It is the first attempt to design omnidirectional devices based on guided-mode 

resonance. Several simple and easily fabricated omnidirectional reflectors are proposed. One of 

them has an angle-averaged omnidirectional reflectivity of >95% across a ~244 nm band under 

TM polarization. The designed GMR-based omnidirectional absorbers also show good 

performance: the simple amorphous silicon waveguide grating absorbs light nearly totally in the 

~ 0.3-0.6 μm wavelength band for all incidence angles independent of polarization.  

 Besides, GMR based waveguide gratings, symmetric and asymmetric, for enhancing 

the absorption in solar cells are also designed and discussed. It is concluded that asymmetric 

structure affords more channels for enhancing absorption and back metallic reflector helps to 

further increase absorbance. Our grating design shows great enhancement up to 60% 

comparing with an equivalent unpatterned structure. 

 A back-fitting model is developed for improving the accuracy of GMR based biosensors. 

This model is proved to be fast and valid, as well as economical.  Finally, a simple GMR filter 

exhibiting extremely narrow linewidth is discussed. 
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6.2 Future Work 

 As first reported GMR omnidirectional reflectors, they are limited to one polarization 

either TE or TM. However, it is possible to design polarization independent omnidirectional 

reflectors by using asymmetric binary gratings or two dimensional structures. The spectral band 

of these devices could also be widened if better parameters are found. In addition, fabrication 

and experimental measurement are in progress. 
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