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Abstract 

DESIGN AND FABRICATION OF GUIDED-MODE RESONANCE DEVICES 

 

GuoLiang Chen, PhD 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: Robert Magnusson 

Guided-mode resonance (GMR) effect based on waveguide grating structure has 

been attracting plenty of attention in recent years due to its abundant application in 

energy, information technology, and sensors. This dissertation aims to develop new GMR 

devices and apply them in the above fields.   

Initially thermoelectric devices integrated with optical resonance absorbers are 

demonstrated. We design the absorbers with rigorous numerical methods and fashion 

experimental prototypes by thin-film deposition, patterning, and etching. A ~2.5-µm-thick 

p-type heavily doped polysilicon film on a ~2-µm layer of thermally grown SiO2 enables 

guided-mode resonance. The SiO2 layer additionally serves to thermally insulate the 

polysilicon layer from the Si substrate. A grating layer is etched into the polysilicon film to 

form the absorber. Thus, the polysilicon film works as a functional material for both the 

absorber and the thermoelectric converter itself. Numerical simulations show that the 

resonance segment enhances absorption by ~30% in the visible spectral range and by 

~40% in the infrared range relative to unpatterned devices. Moreover, experimental 

results demonstrate significantly increased electrical output over reference devices. 

These simple devices can be applied as compact voltage generators and IR sensors.   

Thereafter GMR multiline devices are investigated. As a preliminary study, a 

glass-sub multiline guided-mode resonance (GMR) filter is applied as a reflector in order 
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to implement an external cavity laser. We design the resonant element using rigorous 

numerical methods and fashion an experimental prototype by thin-film deposition, 

patterning, and etching. A ~100-nm TiO2 grating layer on a ~170-μm-thick glass slab 

supports thousands of resonant modes. We detect ~10 narrow resonance peaks within a 

~10-nm wavelength range centered at the 840-nm wavelength. We apply this multiline 

GMR device to a gain chip and obtain several simultaneous resonant laser lines that 

compete for the gain. Precise tuning enables a stable laser line that can be selected from 

the multiple available resonant lines.  

Furthermore we investigate GMR multiline devices in more detail and with better 

performances. GMR multiline filters exhibiting resonance lines on a dense spectral grid in 

a broad near infrared (NIR) wavelength range are demonstrated. We design the filters 

using rigorous numerical methods and then proceed with experimental verification by 

patterning, etching, and collecting spectral data. In one embodiment, we design and 

fabricate thick Si slab-based multiline filters within a wavelength range centered at the 

1550 nm with potential application in high sensitivity gas sensors and signal processing 

system. Devices with two types of gratings, Si grating and TiO2 grating, are demonstrated 

experimentally with TiO2 grating devices exhibiting better performances. For TiO2 grating 

devices we can detect 12 narrow resonance peaks within a 10 nm wavelength range 

centered at the 1550 nm. The spectral width of each resonance peak is ~0.1 nm with free 

spectral range of ~0.8 nm. High efficiency of ~0.9 and low sideband of ~0.01 can be 

obtained for individual device output. Design of polarization independent multiline filter 

and Brewster multiline filter are also presented. 

Finally, we apply GMR devices to implement the return-to-zero (RZ) and non-

return-to-zero (NRZ) formats conversion. We realize the conversion by two solutions. For 

solution one RZtoNRZ conversion is done by 2 cascading filters – GMR multiline filter 
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and Gauss filter. We simulate the complete conversion flow using MATLAB where the 

spectral data of the GMR multiline device is directly input into the MATLAB codes. We 

successfully obtained a converted NRZ signal. For solution two we prove that an 

individual filter possessing Gaussian shape can also realize the conversion. Furthermore 

we design GMR filters to possess spectral shape matched to the referred optimal FBG 

filter spectrum. By doing this we can theoretically prove that one individual GMR filter 

(reflection or transmission) can implement RZtoNRZ conversion with good performance. 
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Chapter 1  

Introduction 

1.1 Background 

Optics and photonics have been actively researched over a long history of time 

[1]. Resonance effects of various origins constitute the basis for optical and photonic 

devices engineering in a broad context. Particularly, the guided-mode resonance (GMR) 

effect based on waveguide grating structure has been attracting plenty of attention in 

recent years [2,3,4,5] due to its abundant application in energy [6], information 

technology [5,7] and sensors [8].  Various models and numerical methods such as 

rigorous coupled-wave analysis (RCWA) have been developed to understand and 

describe this optical phenomenon [9,10]. Up to date, the depth and breadth of research in 

this field have been enormous. In this dissertation we continue the endeavor to explore 

new GMR devices and applications as in: GMR coupled thermoelectric device with 

application in voltage generation and IR sensing, multiline thick GMR devices with 

application in laser, gas sensor and signal processing, and GMR reflection / transmission 

devices applied in return to zero (RZ) to non-return to zero (NRZ) signal conversion are 

investigated. In energy field, much effort has been made to efficiently convert 

electromagnetic radiation into applicable electrical output. Daniel et al. experimentally 

demonstrated one solar thermoelectric generator with a selective absorber [11]. Ogawa 

et al. reported an IR thermoelectric sensor with plasmonics photonic crystal absorber 

[12]. Here GMR structure is employed as an efficient light absorber to enhance the 

electrical output. In the field of optical signal and system filtering useful spectra is a 

fundamental function thus can be applied in various areas. Often a single resonance of 

filtering in a given spectral band is sufficient to design useful devices [8]. In contrast, 

multichannel filters passing or blocking selected sets of wavelengths are of interest, for 
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example, arrayed waveguide gratings in telecommunication systems [13]. Whereas 

periodic resonance elements supporting a single, or a few, resonance lines have been 

widely studied in nanoplasmonics and nanophotonics; less effort has involved multiline 

devices. In this dissertation, we aim to design and fabricate multiline GMR devices that 

possess multiple resonance peaks and discuss their possible applications. Finally, we 

investigate the implementation of RZ to NRZ conversion using GMR reflection and 

transmission devices. 

GMR effect is based on the diffraction and interference of light in the waveguide 

grating structure. Considering zero order regime the subwavelength diffraction grating not 

only reflects and transmits zero order light but also diffracts higher order evanescent light 

into the waveguide layer. When the propagating waveguide mode is reradiated by the 

diffraction grating, called leaky mode, by phase matching condition they can have 

constructive or destructive interference with the zero order reflected or transmitted beam 

thus GMR occurs. The basic equations for the grating and phase matching are as 

following:              

 nP sin θP,i = nC sin θin – i λ0 / Λ (1.1) 

where λ0 is the free space wavelength, i is an integer, P is either C or S depending on the 

region under consideration. 

 β i ,ν = k (nc sin θ − i λ
Λ
 ) (1.2) 

where  i is the harmonic order, ν is the mode index, Λ is the period,  k = 2�/λ, λ is the free 

space wavelength. nc is the refractive index of cover medium, θ is the incident angle. 

Classical GMR structure consists of a subwavelength periodic grating and a 

waveguide over a substrate as shown in Figure 1-1(a) with period Λ, fill factor F, grating 

depth dg, waveguide thickness dw, incident beam I, reflected beam R, and transmitted 

beam T. The grating layer can act as the coupling as well as waveguide layer. At 
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resonance, diverse spectral characteristics in both reflection and transmission can be 

obtained as for one example shown in Figure 1-1 (b). Depending on the wavelength, 

incident angle and device parameters designed by RCWA the spectral bands of these 

resonant leaky-mode elements can be engineered for various optical and photonic device 

applications. 

 

Figure 1-1 Schematic view of (a) classical GMR element and (b) spectral response. We 

consider zero-order grating and in the waveguide grating structure nw > ng, av > nc > ns ; 

RGMR is the GMR component of reflection and RF is the Fresnel component of reflection 

with ng, av = Neff [7, 10]. 

 

 
1.2 Overview of the Dissertation 

In this dissertation, we investigate new types of GMR devices and their 

applications.  

In Chapter 2 GMR coupled thermoelectric devices are designed and fabricated. 

In this device the GMR element works as a new light absorber to enhance the light 

absorption within visible and IR wavelength range. P-type heavily doped polysilicon is 
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employed for both GMR absorber and thermoelectric module thus integrate them 

together. The reason we choose this material is due to its high Seebeck coefficient and 

low cost. We use particle swarm optimization (PSO) to optimize the GMR parameters for 

maximum absorption and rigorous coupled-wave analysis (RCWA) to simulate the 

absorption enhancement ratio with comparison to unpatterned devices. Thereafter 

fabrication, characterization and test of the GMR devices are presented and compared to 

unpatterned devices. Experimental results demonstrate that GMR devices can 

significantly enhance the useful electrical output compared to unpatterned devices. The 

preliminary results we achieved provide a good alternative and more design freedom for 

application in voltage generator and IR sensors. 

Chapter 3 addresses multiline thick GMR devices and their applications as laser 

mirrors. A recent study furnished a quantitative evaluation of the resonance properties of 

very thick resonance elements [14]. Motivated by these preliminary results we explore 

this type of new GMR devices profoundly and comprehensively. Based on the application 

of multiline laser mirror we design a glass-based near IR resonant reflector using rigorous 

coupled-wave analysis (RCWA) and fabricate the multiline mirror. The resulting filter 

possesses a dense population of resonant states with relatively narrow resonance 

bandwidths of individual spectral lines. We apply it to an electrically pumped gain medium 

and achieve selective laser lines that correspond to the dense resonance peaks 

generated by the mirror. We implement both mode-competing laser lines and stable 

single laser line experimentally. 

In Chapter 4, considering the potential application in high sensitivity gas sensors 

and optical communication, we investigate multiline devices in more details. We employ a 

thick Si waveguide layer that can support thousands of modes; the grating structures 

include both Si grating and TiO2 grating. We realize practical designs with well-shaped 
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resonance spectra using RCWA. We fabricate the designed filters and compare 

experimental performance with theoretical predictions in the telecommunications spectral 

region. Experimental results demonstrate that there is reasonable match between theory 

and experiment. We also study polarization independent devices. Furthermore, we 

investigate the angular characteristics of multiline filter devices. A Brewster multiline filter 

is implemented with extremely narrow linewidth and low, flat sideband. By cascading two 

similar multiline devices with a proper incidence angle we can achieve better spectral 

performances. The FWHM linewidth can be reduced by ~ 25% and the sideband can be 

lowed by ~ -10 dB at the expense of peak efficiency dropping by ~ 0.1 compared with 

individual device. This low sideband and narrow band spectrum has great potential 

application in optical communication and high sensitivity gas sensor. Another angular 

characteristic is the resonance peak angular shift. Experiments demonstrate the 

resonance peak move from ~ 1551nm to ~ 1552nm, i. e. one FSR when incidence angle 

changes from 9.92° to 10.15°. That shows reasonable agreement with the simulated 

spectra. 

Chapter 5 discusses, theoretically, the implementation of RZ-to-NRZ signal 

conversion in optical communication by employing GMR devices. We realize the 

conversion by 2 solutions. In solution 1 RZ-to-NRZ conversion is done by 2 cascading 

filters – GMR multiline filter and Gauss filter. We simulate the complete conversion flow 

using MATLAB and the spectral data of GMR multiline device is directly input into the 

MATLAB codes. We successfully obtain converted NRZ signal. In solution 2 we prove 

that an individual filter possessing Gaussian shape can also realize the conversion. 

Furthermore we design the GMR filter to possess spectral shape matched to the referred 

optimal FBG filter spectrum. By doing this we can theoretically prove that one individual 
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GMR filter (reflection or transmission) can implement RZtoNRZ conversion with good 

performance. 

Finally, Chapter 6 draws the conclusions based on all the results from previous 

chapters and also points out future research directions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

7 
 

Chapter 2  

Thermoelectric Devices Incorporating Photonic Resonance Segments 

2.1  Introduction   

Energy conversion applying thermoelectric materials and devices is of interest in 

numerous practical situations [15,16]. Since the discovery of the Seebeck effect in 1821, 

thermoelectric phenomena have been widely researched and applied to convert heat into 

electricity. The requisite thermal gradients can be induced for example by visible sunlight, 

infrared (IR) radiation, and many forms of wasted heat. Thermoelectric devices can work 

as solar cells, IR sensors, and energy harvesters. Device architecture in the form of 

metal-semiconductor-metal is capable of generating a Seebeck voltage, as discussed in 

depth by Wang [17]. An essential fact is that this device class operates in the presence of 

a temperature gradient such that the two metal contacts are held at different 

temperatures.  

Common thermoelectric devices include two fundamental functional modules, 

namely the absorber and the thermoelectric converter. Numerous published papers 

address different approaches to implement these modules. For example, Kraemer et al. 

experimentally demonstrated a solar thermoelectric generator with a selective absorber 

[18]. Ogawa et al. reported an IR thermoelectric sensor with a plasmonic photonic crystal 

absorber [19]. Xu et al. presented an IR detector employing a dielectric stacked layer as 

the absorber [20]. Mizoshiri et al. demonstrated thin-film thermoelectric modules 

operating under focused sunlight [21] whereas Weinstein et al. provided numerical 

modeling of these types of devices [22]. In practical thermoelectric converters, 

thermocouples or thermopiles are generally adopted to convert input heat into electricity 

[18-23]. Figure 2-1 shows some state-of-the-art thermoelectric devices.  
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 Figure 2-1 State-of-the-art thermoelectric devices [18, 19]. 

 In this Chapter, we investigate an approach to induce absorption and to 

establish a thermal gradient via photonic resonance effects in thin-film thermoelectric 

generators. We present examples of resonance-coupled thermoelectric devices that work 

within the visible- and IR-wavelength ranges and suggest that they can be applied as 

compact, planar voltage generators and IR sensors. 

Numerous device concepts in nanophotonics and nanoplasmonics operate under 

intricate resonance effects generated with nanopatterned films. If the incident light 

couples strongly to the film concomitant resonance effects impose diverse spectral 

signatures on the output light. The guided-mode resonance (GMR) concept refers to 

quasi-guided, or leaky, waveguide modes induced in periodic layers [24,25,26,27]. For 

the thermoelectric converter under study we adopt a simple thin film of p-type doped 

polysilicon that also furnishes the material for the integrated absorber. We focus our 

attention on the resonant absorption enhancement capability and omit actual fabrication 

of a corresponding thermopile; the principle provided can be applied in future complete 

devices and device arrays. We use rigorous coupled-wave analysis (RCWA) [28] to 

simulate the absorption spectra and compare them to unpatterned devices. Computed 
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results show that operating under GMR can enhance the absorption by ~30% for visible 

input light and ~40% in the IR range as compared to the performance of the unpatterned 

structure. The experimental results demonstrate that the integrated resonance segments 

can significantly enhance the electrical output relative to that of simple planar 

thermoelectric converters.  

2.2  Design and Fabrication 

We consider a resonance-coupled thermoelectric device as schematically 

depicted in Figure 2-2. The device includes a GMR absorber segment within the 

thermoelectric module and heavily doped p-type polysilicon as the functional material. A 

lot of thermoelectric materials were investigated in the past several decades and new 

materials are still, recently, being explored [29]. In this work we specifically selected p+ 

polysilicon for its high Seebeck coefficient and wide availability [30]. We aimed to 

demonstrate that GMR device can effectively enhance the light absorption thus improve 

the electrical output. Hence in the device design and experiments we emphasize 

material’s Seebeck coefficient and the voltage output. We did not put much effort on the 

material’s figure of merit and thus the device’s efficiency.  A ~2-μm-thick SiO2 layer is 

adopted to enable GMR light absorption and to maintain a thermal gradient by blocking 

both light and heat leakage into the substrate. We deposit Al on both ends of the device 

to form ohmic contacts with the p+ polysilicon.  When the input light radiation is absorbed 

and converted to heat a temperature difference will develop across the device as noted in 

Figure 2-2. Thereafter, the thermoelectric module converts the temperature difference 

across the device into electrical output by the Seebeck effect ∆V=S∆T in which ∆V is the 

voltage generated across the device, S is the Seebeck coefficient and, ∆T=TH-TL is the 

temperature difference. 
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Figure 2-3 shows the structure and parameters of the resonant absorber. We 

design two different absorbers working in the visible and IR wavelength ranges, 

respectively. We use RCWA to determine useful parameters. A measured doping 

concentration of ~1×1020/cm3 for our p+ polysilicon film is obtained from resistivity 

measurement by using a standard four-point probe. The input wavelength is 0.4–0.9-μm 

for the “visible” range and 2–4-μm for the IR range. In the visible wavelength range, the 

complex refractive index nc=n+jk of p+ polysilicon is approximately the same as that for 

undoped Si as shown in Fig. 9 and Fig. 10 in [31]. In the IR wavelength range the optical 

constants of p+ polysilicon are obtained from Fig. 4 in [32]. We can assume that the n 

and k values are approximately linear with wavelength within the 2–4-μm band. Figure 2-

4 shows the n and k data we adopted in the simulation. 

 We establish values for the grating period (Λ), fill factor (F), and grating depth 

(dg) to achieve high absorption. For visible light we obtain useful parameters as Λ = 0.7 

μm, F = 0.4, dg = 0.6 μm; for IR input we get Λ = 2 μm, F = 0.4, dg = 0.8 μm. We use 

RCWA to simulate reflectance (R), transmittance (T) and absorptance (A) for devices 

with these parameters. Figure 2-5 shows the results for the visible range. It is evident that 

the resonance effects reduce light reflection and transmission thus increasing absorption. 

Figure 2-5 is for transverse-electric (TE) polarization in which the electric field vector of 

the input light is parallel to the grating lines. There exist no higher-order propagating 

diffracted waves as the device operates in the subwavelength regime. 
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Figure 2-2 Schematic diagram of a resonant thermoelectric device. The device structure 

includes the absorber, thermoelectric converter, and Al contacts. Heavily p-type doped 

polysilicon is chosen as functional material. We assume normal incidence with visible 

light at λ = 0.4–0.9-μm or IR radiation at λ = 2–4-μm. 

 

 

Figure 2-3 Schematic diagram of a GMR absorber denoting thicknesses (d) of the layers 

and refractive indices (n) of the various regions as well as the period (Λ) and fill factor (F) 

of the grating. We treat a periodic p+ polysilicon surface-relief boundary illuminated at 

normal incidence as shown. 
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Figure 2-4 Optical constants n, k adopted for (a) visible region and (b) IR region devices. 

 

Figure 2-5 Computed zero-order reflectance (R0) and transmittance (T0) for a resonant 

device and corresponding R and T for an unpatterned device. The device parameters are 

Λ = 0.7 μm, F = 0.4, dg = 0.6 μm, dw =1.6 μm. The unpatterned device has no grating 

structure but only a 2.2-μm-thick flat polysilicon film. 
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Figure 2-6 RCWA simulation of absorptance for resonant and unpatterned devices for 

both transverse-electric (TE) and transverse-magnetic (TM) polarization. (a) Visible 

region GMR device parameters are Λ = 0.7 μm, F = 0.4, dg = 0.6 μm, dw =1.6 μm; (b) IR 

region GMR device parameters are Λ = 2 μm, F = 0.4, dg = 0.8 μm. The unpatterned 

device is a flat ~2.2-μm-thick polysilicon film. 

Figure 2-6 shows results of simulating light absorption for visible and IR devices 

under TE and TM polarization. Averaging the response for TE- and TM-polarized input 

approximates the response for unpolarized light input. From Figure 2-6 we estimate that 

resonance operation enhances the integrated absorption by ~30% for visible light and 

~40% for IR input as compared to the unpatterned device over the specified wavelength 
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range. For the IR devices we also simulate integrated absorption for Λ = 1 μm and Λ = 3 

μm and obtain ~15% and ~30% enhancement ratio, respectively. Table 2-1 shows the 

simulation data for the integrated absorption enhancement for IR devices. 

Table 2-1 Absorption enhancement for IR devices at various periods 

ΛΛΛΛ=1µµµµm TE TM 

Unpatterned 0.97 0.97 

GMR 1.15 1.08 

GMR Enhancement 19% 11% 

Avg 
 

15% 
 

ΛΛΛΛ=2µµµµm TE TM 

Unpatterned 0.97 0.97 

GMR 1.43 1.30 

GMR Enhancement 47% 34% 

Avg 
 

41% 
 

ΛΛΛΛ=3µµµµm TE TM 

Unpatterned 0.97 0.97 

GMR 1.32 1.2 

GMR Enhancement 36% 23% 

Avg 
 

30% 
 

 

 

Figure 2-7 shows the absorption under a small incidence angle variation for TE 

polarization. It is evident that the absorption curves within the whole wavelength range of 

interest are not affected much by the small incidence angle variation. We can obtain 
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similar results for TM polarization (results not shown). This is favorable for the 

experiments because it is allowed to keep not exactly normal incidence which is not 

practical in real experiments. 

 

 

Figure 2-7 RCWA simulation of absorption under small variation of incidence angle for 

both visible and IR devices. TE polarization is assumed. 
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Figure 2-8 summarizes the fabrication steps. We start the device from a 4-inch p-

type (100) silicon substrate. A ~2-µm-thick SiO2 layer is grown on the substrate by wet 

thermal oxidation. Then a ~2.2-µm-thick polysilicon layer is deposited on the SiO2 layer 

along with in-situ heavy doping of Boron. Thereafter, ~100-nm-thick bottom anti-reflection 

coating (BARC) layer and ~500-nm-thick positive photoresist (PR) layer are spun on the 

polysilicon layer at 1100- and 500 rpm, respectively. The BARC is baked at 205°C for 60 

seconds and the PR is baked at 110ºC for 90 seconds. Then we use UV-laser 

interference lithography at 266 nm to obtain the PR pattern needed for the etching 

process. The exposed PR is developed for 60 seconds in AZ 917 MIF developer and 

rinsed with deionized water for 120 seconds. To pattern the polysilicon film we use 

reactive-ion etching (RIE) involving a gas mixture of CHF3 and SF6 to generate the 

polysilicon grating with the profiles used in the design step. After RIE, we strip the 

remaining PR and BARC grating using O2 plasma. Finally, we deposit Al contacts with 

plasma sputtering. 

 

 Figure 2-8 Process for fabricating resonant thermoelectric devices. 
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As stated above, we fabricate the devices to operate in visible light and at IR 

wavelengths. We characterize them using an atomic force microscope (AFM). From the 

AFM image and profile shown in Figure 2-9, we find that for the visible-region devices the 

key parameters are period Λ ≈ 0.69 µm., fill factor F ≈ 0.4, and grating depth dg ≈ 0.59 

µm. For the IR devices we find period Λ ≈ 2 µm, fill factor F ≈ 0.45, and grating depth dg ≈ 

0.8 µm. These parameters are all close to the design values. Figure 2-10 demonstrates 

the fabricated prototype devices which include three GMR devices and one unpatterned 

device. 

2.3  Results and Discussion 

To measure the electrical output and temperature differences we set up a test 

environment which included a light source (sun or IR source), lens, thermometer and 

voltmeter. We used actual sunlight as the input light source for the visible devices and an 

IR lamp for the IR devices (quartz tungsten halogen lamp). The lamp spectrum shows a 

broad irradiation range while containing the 2–4-μm wavelength range of interest here. 

During the test we put the samples directly under the lens to obtain focused light 

radiation. We then used the voltmeter to measure the electrical output and a thermometer 

to measure the temperature differences. Figure 2-11 shows the measurement setup for 

both visible and IR devices. 
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Figure 2-9 AFM images of the fabricated polysilicon gratings. For (a) the visible devices 

the parameters are Λ ≈ 0.69 μm, F ≈ 0.4, dg ≈ 0.59 μm; for (b) the IR devices the 

parameters are Λ ≈ 2 μm, F ≈ 0.45, dg ≈ 0.8 μm. 
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Figure 2-10 Fabricated prototype devices. 

 

We fabricate arrays of prototype devices and perform statistical measurements 

as there is some inherent variability in the devices after processing and in the quality of 

the contacts. In the statistics we focus our attention on voltage output to demonstrate and 

quantify the resonance enhancement. Tables 2-2 and 2-3 show typical test results. For 

the visible region, the GMR devices are fabricated based on maximum absorption around 

Λ = 0.7 μm, F = 0.4, dg = 0.6 μm. To prove that the resonance segments indeed enhance 

the electric output we compare to devices with randomly-patterned and unpatterned 

devices. From Table I we see that several GMR devices successfully demonstrate 

significant electrical output enhancement compared to the reference devices. Taking the 

statistical average of the Seebeck voltage, the GMR devices yield ~1.55 mV output 

whereas the randomly-patterned and unpatterned devices obtain ~0.77 mV and ~0.73 

mV, respectively.  
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Figure 2-11 Measurement setup for the (a) visible (b) IR devices 
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                Table 2-2 Electrical output measurement data for visible devices 

Condition: Stable and focused sun, close to normal incidence 

GMR:  ΛΛΛΛ ≈ 0.69 μm, F ≈ 0.4, dg ≈ 0.59 μm 
Random: Roughened surface 

Unpatterned: Simple poly-Si slab 

Device V (mV) I (µA) ∆T (°C) V Average (mV) 

GMR #1 1.6 0.5 5 

1.55 GMR #2 1.5 0.4 5 

GMR #3 1.4 0.4 4 

Random #1 0.8 0.3 3 

0.77 Random #2 0.8 0.2 3 

Random #3 0.7 0.3 3 

Unpatterned #1 0.8 0.3 4 

0.73 Unpatterned #2 0.8 0.3 3 

Unpatterned #3 0.6 0.2 3 

 

Additionally, we test the IR-range devices to further demonstrate parametric 

impact. On the same wafer, we fabricate arrays of devices with absorbing patches 

fashioned with different periods Λ=1 µm, Λ=2 µm and Λ=3 µm. We compare the electrical 

output to that of unpatterned devices. For Λ=2 µm, the average voltage output is 10.5 µV, 

whereas for Λ=1 µm and Λ=3 µm devices the average output is ~1.75 µV and ~4 µV 

while the unpatterned devices yield ~1 µV. Thus, under the same test conditions, the 2-

µm-period devices show the strongest enhancement. The reason for this is that the 2-

µm-period induces the strongest light coupling and attendant mode concentration. Due to 

the low intensity of the available IR source, the temperature difference is very small and 

we cannot make precise measurements. 

 



 

22 
 

 

Table 2-3 Electrical output measurement data for IR devices 

Condition: Focused QTH lamp, stable, normal incidence 
F ≈ 0.45, dg ≈ 0.8 μm for all periods of GMR devices 

Unpatterned: Poly-Si slab 

Device V (µV) Average (µV) 

GMR Λ=1µm 2 
1.75 

GMR Λ=1µm 1.5 

GMR Λ=2µm 11 
10.5 

GMR Λ=2µm 10 

GMR Λ=3µm 5 
4 

GMR Λ=3µm 3 

Unpatterned #1 1 
1 

Unpatterned #2 1 

  

2.4  Conclusion 

In this chapter, prototype thermoelectric devices incorporating resonant 

absorbers were presented. They were compared to unpatterned and random-surface 

devices to verify performance enhancement. Simulation results show that the integrated 

resonant segments enhance the performance appreciably compared to the reference 

devices for both device classes tested. Additional research is needed to develop this 

concept further and optimize the design and fabrication for improved electrical output. 

These resonance-enhanced thermoelectric elements are simple and compact and may 

be useful in thermopile systems and as voltage generators or IR sensors. 
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Chapter 3  

Guided-mode Resonant Mode – Competing Multiline Laser 

3.1  Introduction   

RESONANCE effects of various origins constitute the basis for photonic device 

engineering in a broad context. With roots in traditional diffractive optics, the guided-

mode resonance (GMR) effect has been known for several decades [33,34,35]. Various 

models and numerical methods have been developed to analyze and understand 

pertinent device embodiments [36,37]. Based on numerical models, resonant structures 

have been designed with applications including lasers [38,39,40,41], optical filters [42], 

and resonant biosensors [43]. GMR-based mirrors can be viewed as being 

complementary to traditional thin-film dielectric mirrors. The GMR design has attributes 

not available in homogeneous thin films. In particular, in laser cavities, these mirrors 

directly polarize the output light and establish the laser’s wavelength at the GMR 

resonance wavelength. In this chapter, we apply multiline GMR mirrors that support 

multiple simultaneous resonances to implement a multi-wavelength external cavity laser. 

A recent study furnished a quantitative evaluation of the resonance properties of 

very thick resonance elements [44]. Accordingly, here we employ a thick glass 

waveguide grating that can support thousands of modes in the near-infrared spectral 

domain. The resulting filter possesses a dense population of resonant states with 

relatively narrow resonance bandwidths of individual spectral lines. We design a resonant 

reflector using rigorous coupled-wave analysis (RCWA). We fabricate the multiline mirror 

and apply it to an electrically pumped gain medium. We achieve selective laser lines that 

correspond to the dense resonance peaks generated by the mirror.  
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3.2  Design   

We consider a TiO2 grating on a glass membrane substrate as schematically 

depicted in Figure 3-1. Both the shallow grating and thick glass film function as a guided-

mode resonator to produce a spectrally dense set of modes in the wavelength range of 

interest. This yields a dense resonance spectrum as shown in Figure 3-2.  

           

Figure 3-1 Schematic diagram of a multiline GMR filter denoting thicknesses (d) of the 

layers and refractive indices (n) of the various regions as well as the period (Λ) and fill 

factor (F) of the grating. We treat a thick glass slab with a periodic TiO2 surface-relief 

boundary illuminated at normal incidence as shown. The period is chosen to be 

sufficiently small such that only the zero-order transmitted (T0) and reflected (R0) waves 

propagate in the air region. 

For the present investigation, we select the 835- to 845-nm wavelength range 

that matches the amplifying spectral range of the gain chip. We specify a 700-nm period 

to allow only the first diffraction orders to exist in the thick waveguide. We select the fill 

factor (F = 0.4) and grating depth (dg = 100 nm) to obtain reasonable bandwidths and 

spectral shape. To support a relatively high spectral density within this wavelength range, 

we set the waveguide thickness d to be 170 μm. Figure 3-2 shows the simulation and 
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experimental results of the reflectance (R0) spectrum of the GMR multiline device. The 

experimental spectrum in Figure 3-2 (b) is obtained using a collimated broadband source 

(SuperK compact, Koheras) covering the spectral band from 500 nm to 2400 nm and a 

near-infrared spectrometer (HR4000, Ocean Optics) operating at a resolution of 0.1 nm. 

 The two spectral profiles show good agreement with each other in the spectral 

density of ~1.1 resonance modes/nm. The thickness of the device is the primary 

determinant of the spectral mode separation; thus a thinner glass slab will increase the 

separation and reduce the mode density. The observed degradation of the resonance 

contrast in the experimental spectrum is due to non-zero divergence of the incident light 

in the experiment. In contrast to the theoretical calculation in Figure 3-2 (a), the 

experimental spectrum in Figure 3-2 (b) shows a reflection peak split by 0.23 nm. This 

peak splitting is induced by slightly off-normal light incidence with the angle of incidence θ 

≈ 0.2°. In addition, non-zero divergence of the incident light results in additional peak 

broadening and resonance contrast degradation as explained in [35]. As the laser locks 

onto the resonance peaks, this reduced reflectance suffices to attain lasing as 

demonstrated herein.  
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Figure 3-2 Calculated (a) and measured (b) reflectance (R0) spectra of the multiline GMR 

device. Transverse-electric (TE) polarization, with the electric vector normal to the plane 

of incidence, is assumed for the incident light. Simulation parameters of the multiline 

GMR device are Λ = 700 nm, F = 0.4, and dg = 100 nm. Measured device parameters are 

Λ = 700 nm, F = 0.39, dg = 107 nm, ns=1, ng=2.5, and n=1.52. 

 
3.3  Fabrication and Characterization 

Figure 3-3 summarizes the fabrication steps. We use a 40 × 24 mm2 glass 

membrane with a ~170-μm thickness. A ~100-nm-thick TiO2 layer is deposited on the top 

of the membrane to form the grating layer. We establish the refractive index of the TiO2 

film as 2.5 based on ellipsometric measurements. Thereafter, a 300-nm-thick positive 

photoresist (PR) layer is spun on the TiO2 layer at 1200 rpm. The PR is baked at 110ºC 

for 90 seconds. Then we use UV-laser interference lithography at 266 nm to obtain the 

PR pattern needed for the etching process. The exposed PR is developed for 60 seconds 
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in AZ 917 MIF developer and then rinsed with deionized water for 120 seconds. To 

pattern the TiO2 film, we use reactive-ion etching (RIE) involving a gas mixture of CHF3 

and CF4 to generate the TiO2 grating with the profiles used in the design step. After RIE, 

we strip the remaining PR grating using O2 plasma. 

             

Figure 3-3 Multiline GMR laser mirror fabrication steps. 

 
We characterize the device using an atomic force microscope (AFM). From the 

AFM image and profile shown in Figure 3-4, we verify that the parameters, period Λ = 

700 nm, fill factor F = 0.39, and grating depth dg = 107 nm, are close to the design 

values. 
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Figure 3-4 AFM image (a) and profile (b) of the fabricated TiO2 grating; the device 

parameters are Λ = 700 nm, F = 0.39, and dg = 107 nm. 

 
3.4  Results and Discussion 

We apply the multiline device with a gain chip to measure the output spectrum. 

The gain chip is an electrically pumped laser diode with a GaAlAs/GaAs quantum well 

(QW) and a thin waveguide layer that possesses a gain bandwidth range spanning 820-

850 nm. The gain chip is electrically pumped with a precision current source (ILX 

Lightwave LDX-3412), and its temperature is kept constant with a temperature controller. 

Figure 3-5 shows the laser measurement setup. A near-infrared spectrometer (HR4000, 

Ocean Optics) operating at a resolution of 0.1 nm is used to gather the spectral data of 

the output signal.  
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Figure 3-5 Wavelength-selective external cavity laser output measurement setup. 

Figure 3-6 shows the measured gain spectrum with (blue) and without (red) GMR 

device feedback. The transmission spectrum shows comb-like multi-resonance peaks 

within the gain chip’s emission bandwidth spanning 830-850 nm. The experimental 

spectra show reasonable agreement with the simulated spectra in the number of 

resonance peaks per spectral interval. 

 

Figure 3-6 Measured gain spectrum with (blue) and without (red) GMR device feedback. 

Device parameters are Λ = 700 nm, F = 0.39, and dg = 107 nm. The injection current is 

~40 mA for this measurement. 
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Increasing the gain chip’s injection current to provide sufficient optical gain above 

the lasing threshold establishes the laser oscillation of the multi-resonance lines. Figure 

3-7 shows the output spectra at an injection current of 100 mA. This injection current 

value provides optical gain well beyond the lasing threshold for the GMR lines in the 

wavelength range of 834-846 nm. In Figure 3-7(a), four lasing lines oscillate at 837.8 nm, 

838.7 nm, 840.5 nm, and 842.3 nm. Since this mode is near its optimum, it realizes the 

maximum gain and suppresses the neighboring modes. By selecting a single mode in the 

series of lasing lines, specifically 840.5 nm, we obtain a stable laser oscillation as 

demonstrated in Figure 3-7(b). We obtain this mode selection by finely aligning the 

collimation lens with respect to the gain chip. Chromatic aberration causes spatially 

separated feedback focal spots to form along the collimation lens’s optical axis. By tuning 

the working distance of the collimation lens, we select a focal spot that directs the 

dominant feedback to the gain chip when its optical waveguide aligns precisely with the 

collimation lens’s optical axis. Note that we obtain the unstable multimode operation in 

Figure 3-7(a) when the chip’s optical waveguide is off-axis relative to the collimation lens. 

The focal length of the collimation lens is ~5 mm; it can be finely adjusted to slightly 

change the tilt angle and position. 
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Figure 3-7 Measured hopping laser lines and an example stable single laser line. (a) Four 

laser lines competing for the gain simultaneously; (b) a stable single laser line achieved 

by fine tuning the laser mirror relative to the chip. 

 
Figure 3-8 shows the measured stable laser lines and corresponding lasing 

characteristics at different mode wavelengths. Within the 835- to 845-nm wavelength 

range, the thick GMR devices have ~10 resonance peaks and every peak can generate a 

laser line. We select three typical peaks (left, middle, and right) to illustrate the lasing 

mode wavelength selectivity and its associated properties. Figure 3-8(a) shows the 

selected stable laser lines at 836.6 nm, 840.5 nm, and 843.7 nm where the linewidth is 

(FWHM) < 0.5 nm. This spectral width is defined by the linewidth of the GMR mirror. 

Figure 3-8(b) compares the emitted peak power to the injection current for the 
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corresponding laser lines in Figure 3-8(a). These three curves show typical nonlinear 

lasing characteristics with a threshold current of ~65 mA. Figure 3-9 shows every 

resonance peak can generate a corresponding stable laser line. As we stated in the 

description of Figure 3-7 a stable laser line can be achieved by finely adjusting the 

collimation lens to make one of the resonance peaks best aligned with the gain chip 

waveguide. So every resonance peak can generate a corresponding stable laser line 

when that resonance peak is best aligned to the waveguide by finely adjusting the 

collimation lens. 

 

Figure 3-8 Measured selected stable laser lines and their lasing characteristics. 

Lasing wavelengths are 836.6 nm (black), 840.5 nm (red), and 843.7 nm (blue). (a) Three 

typical lines with different wavelengths measured at a 100-mA injection current. (b) 

Corresponding lasing characteristics.  
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Figure 3-9 Stable laser lines generated by every resonance peak.  

 

3.5  Conclusions  

In this chapter, we demonstrated a wavelength-selective external cavity laser 

using a multiline GMR filter as the laser mirror. The experimental results demonstrate that 

a stable selective laser line can be generated from every resonance peak of the GMR 

multiline device. As reasonable agreement is found between the multiline device’s 

generated laser lines and their corresponding resonance peaks, these preliminary results 

verify the applicability of multiline GMR devices. Investigation of analogous resonance 

structures using other material systems and spectral regions may extend the application 

potential of this device class. 
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Chapter 4  

Dense-Grid Multiline Photonic Filters: Theory and Experiments 

4.1  Introduction   

In photonic device engineering, resonance effects of various origins can be 

applied to sculpt versatile spectra. Often a single resonance in a given spectral band is 

sufficient to design useful devices. For example, a guided-mode resonance biosensor 

employing a single resonance can indicate whether or not a particular bioreaction occurs 

[45]. In contrast, multichannel filters passing or blocking selected sets of wavelengths are 

of interest as arrayed waveguide gratings in telecommunication systems [46]. Whereas 

periodic resonance elements supporting a single, or a few, resonance lines have been 

widely studied in nanophotonics and nanoplasmonics, while much less effort has involved 

multiline devices.  

Generation and application of multiline spectra is presently of great scientific 

interest. To this end, various and conceptually diverse means can be employed. For 

example, generation of optical frequency combs in microresonators supporting 

whispering-gallery modes while engaging nonlinear optical effects is important for a host 

of potential applications [47]. A totally different approach for comb generation applies a 

pair of chirped Bragg gratings in a silicon-chip layout geometry [48]. A comb-filter concept 

engaging a gas-filled photonic crystal fiber with a heating implement for modal 

interference has been proposed [49]. A tunable multiline comb filter including Sagnac 

loops and periodic interleaved p-n junctions has been shown to be feasible [50]. In this 

paper we propose a new type of multiline filter based on guided-mode resonance effect. 

Originated in traditional diffractive optics, the guided-mode resonance (GMR) effect has 

been researched over several decades [51,52,53,54]. GMRs occur due to quasi-guided, 

or leaky, waveguide modes that can be induced on patterned films. Nanopatterns with 
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subwavelength periods yield the highest resonance efficiencies, as non-zero-order 

diffracted waves carry no power. Various models and numerical methods such as 

rigorous coupled-wave analysis (RCWA) have been developed to understand and 

describe this optical phenomenon [54,55,56]. Based on theoretical research, numerous 

types of devices have been designed and fabricated with application to energy, 

information technology, and sensors. In particular, diverse species of optical filters that 

employ the GMR effect have been investigated including reflection filters, transmission 

filters, and Brewster filters [57].  

Recently, by theoretical methods, we analyzed the feasibility of comb-like 

multiline GMR filters that operate with an extremely thick periodic waveguide layer [58]. 

This concept was subsequently applied to realize experimentally a multiline laser 

exhibiting several simultaneous resonant laser lines near the λ=840 nm wavelength [59]. 

Motivated by these results, the objective of this present work is to design and fabricate 

multiline GMR filters in different material systems and explore their potential applications. 

To achieve this goal, we employ thick waveguide layers such as silicon wafers or glass 

slides that can support thousands of modes. The resulting GMR comb-like filters possess 

a dense population of resonant states with relatively narrow resonance bandwidths of 

individual spectral lines being possible and controllable by design. We realize practical 

designs with well-shaped resonance spectra using RCWA. We fabricate the designed 

filters and compare experimental performance with theoretical predictions in the near 

infrared (NIR) spectral region at the telecommunication c-band. 
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Figure 4-1 Schematic diagram of a multiline GMR filter denoting thicknesses (d) of the 

layers and refractive indices (n) of the various regions as well as the period (Λ) and fill 

factor (F) of the grating. We treat a thick silicon slab with a periodic boundary illuminated 

at normal incidence. We assume TE or TM-polarized input light with electric-field vector 

normal or parallel to the plane of incidence. The period is chosen to be sufficiently small 

such that only the zero-order transmitted (T0) and reflected (R0) waves propagate 

external to the device. A single-layer antireflection (AR) coating designed for normal 

incidence may be placed at the bottom surface. 

 
4.2  Design and Simulation 

4.2.1 One Dimensional Multiline GMR Device 

1D multiline GMR devices are polarization dependent. Under the same design 

parameters the transverse-electric (TE) and transverse-magnetic (TM) spectra are 

significantly different. The design parameters are optimized for TE polarization. We 

consider a Si slab waveguide supporting a grating as depicted in Figure 4-1. The 

waveguide grating structure functions as a guided-mode resonator to produce a 

spectrally-dense set of guided-modes in the spectral band of interest. On the bottom of 
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the device, a thin antireflection (AR) layer can be deposited to eliminate the interference 

between the resonant diffraction orders and the reflection generated by the directly 

transmitted zero-order wave; this yields a well-shaped, low-sideband resonance 

spectrum as shown in [14].  

In the first design, we select Si for both the waveguide and grating. We specify 

an 800 nm period to allow only the first diffraction orders to exist in the thick waveguide. 

Fill factor (F = 0.16) and grating depth (dg = 190 nm) are selected to obtain narrow 

bandwidths and low sidebands. We set the AR layer thickness at dAR = 0.208 μm and 

refractive index at nAR = 1.865.  

To demonstrate the peak density is determined by waveguide thickness, we set 

the waveguide thickness d to be 10, 30, 100, 300 μm, respectively. Figure 4-2 (a)-(d) 

shows the spectra for the TE-polarized filter; as per design the filter lines are well shaped 

and reach zero reflectance to define a channelized spectrum as illustrated in the figure. 

For d = 10, 30 μm thickness we set the wavelength range to be 1500-1600 nm; for d = 

100, 300 μm thickness due to the large density of resonance peaks we limit our attention 

to the 1540-1560 nm wavelength range. Figure 4-3 (a)-(d) shows the TM spectrum 

generated by the same device; it is clearly not optimized. We can obtain similar spectra 

for TM as the optimized TE spectra in Figure 4-2 by further optimizing TM parameters. As 

simulation shows we can implement that by employing a fill factor value for TM which 

equals one minus the fill factor value of TE while keeping other design parameters 

unchanged. This can be well explained by the effective medium theory (EMT) which 

states that the effective index of the grating layer keeps the same if the fill factor of the 

grating for TE polarization equals one minus the fill factor of the grating for TM 

polarization. 
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Figure 4-2 Calculated reflection spectra in TE-polarization applying a Si waveguide and 

Si grating design. The design parameters of the GMR filter are Λ = 800 nm, F = 0.16, dg = 

190 nm, ng = 3.5, n = 3.5, nAR = 1.865, and dAR = 208 nm; d = 10, 30, 100, 300 μm 

respectively. 
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Figure 4-3 Calculated reflection spectra in TM-polarization applying a Si waveguide and 

Si grating design. The design parameters of the GMR filter are Λ = 800 nm, F = 0.16, dg = 

190 nm, ng = 3.5, n = 3.5, nAR = 1.865, and dAR = 208 nm; d =10, 30, 100, 300 μm 

respectively. 
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Figure 4-4 Analytical and simulation results of the relation of free spectral range with 

waveguide thickness. 

Figure 4-4 shows the relation of free spectral range (FSR) with waveguide 

thickness around 1550nm wavelength. From the mode equation M~(2d/λ)(nf
2 – nc

2)1/2 we 

can derive the analytical expression of free spectral range with waveguide thickness 

described as FSR ≅ λ2/(2d)(nf
2 – nc

2)1/2 ,where M is mode number, d is waveguide 

thickness, λ is free space wavelength, nf and nc are the refractive index of waveguide and 

cover layers, respectively. We also simulate the relation using RCWA at several 

waveguide thicknesses. The error between analytical and numerical results is (FSR ana – 

FSR num ) / FSR ana , approximately 20%. 

To further improve the filter’s performance, in a second embodiment we employ 

TiO2 for the grating while retaining the Si wafer slab waveguide. We limit our attention to 

the d = 300 µm thickness and 1545-1555 nm wavelength range. In the design phase, we 

arrive at a fill factor of F = 0.32 and grating depth of dg = 204 nm whereby narrower 
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bandwidths and lower, flatter sidebands are attained as depicted in Figure 4-5(a). Other 

parameters remain the same as in the Si grating design in Figure 4-2 (d). Figure 4-5 (b) 

provides the corresponding reflectance spectra associated with TM-polarized incident 

light. 

To connect with a familiar, classic resonator response, we also compute the 

corresponding Fabry-Perot (FP) resonance spectrum using the bare unpatterned Si wafer 

with results shown in Figure 4-6. Compared to the GMR spectra, the FP slab possesses 

a lower spectral density and reduced resonance contrast. The fundamental physical 

differences between these device concepts are clear. An FP resonator has a possibility of 

100% transmission when d = qλ/2n, q being an integer. It has no such absolute 

conditions in reflection. In contrast, the thick GMR device has a possibility of 100% 

reflection when the round-trip phase is near 2πq, i.e. a slab waveguide mode is excited. 

 

 

 

 

 

 

 

 

 

Figure 4-5 Calculated reflection spectra in (a) TE- and (b) TM-polarization using a Si 

waveguide and a TiO2 grating design. The design parameters of the GMR filter are Λ = 

800 nm, F = 0.32, dg = 204 nm, d = 300 μm, ng = 2.5, n = 3.5, nAR = 1.865,  

and dAR = 208 nm. 
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Figure 4-6 Calculated Fabry-Perot reflection spectrum associated with a Si slab 

illuminated by a normally-incident plane wave. The unpatterned slab is 300-μm thick and 

has no AR sublayer. 

 
4.2.2 Polarization Independent Multiline GMR Device 

We achieve polarization independent spectra by employing two dimensional (2D) 

GMR structure. The 2D structure is similar to 1D structure as shown in Figure 4-1 except 

that the gratings are distributed at both X and Y directions. Here we omit the schematic 

diagram. For the present investigation, we sample the 1548-1552 nm wavelength range. 

We note that similar effects prevail across much larger spectral bands for the devices 

presented. We specify a 600 nm period to allow only the first diffraction orders to exist in 

the thick waveguide. By design, the fill factor (Fx = Fy = 0.5) and grating depth (dg = 190 

nm) are established to obtain narrow bandwidths and low sidebands. To support a 

relatively high spectral density within this wavelength range, we set the waveguide 

thickness d to be ~300 μm. We set the AR layer thickness at dAR = 208 nm and refractive 
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index at nAR = 1.865. We compute both TE and TM polarization. Figure 4-7 shows the 

calculated spectra. Compared to 1D multiline spectra we note that there exists double 

peaks that are induced by both X and Y directions gratings. The sharper peaks are 

caused by the TM modes in the thick waveguide.  

 

Figure 4-7 Calculated reflection spectra of the unpolarized light incidence. Device 

parameters of the 2D GMR filter are Λx = Λy = 600 nm, Fx = Fy = 0.5, dg = 190 nm, d = 

300 μm, ng = n = 3.48, nAR = 1.865, and dAR = 208 nm.  

 

Figure 4-8 calculates the modes that can be supported by the thick waveguide. 

Calculated wavelength range is 1.5-1.6 µm. V is the normalized frequency and thickness 

parameter, V= 
�
� h�n�	 − n�	 ; b =  

����
����� ; ω is the angular frequency, c is the free space 

light speed, h is the waveguide thickness, nf is waveguide refractive index, ns is the 

substrate index and N= n�  sin θ , θ is the mode angle. We can see that under the same b 

value, that is, the same mode angle, there simultaneously exists one TE mode and one 
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adjacent TM mode within the specified wavelength range corresponding to the double 

peaks shown in Figure 4-7. The modes distance can be calculated by data in Figure 4-8 

and above V formula, and they are close to the double peaks distance value of 0.26 nm 

in Figure 4-7. 

 

Figure 4-8 Calculated TE and TM modes that can be supported by thick waveguide within 

wavelength range of 1.5- 1.6 µm. 

 
4.2.3 Brewster Multiline GMR Device 

In 1D multiline device design we investigate another approach to obtain low 

sideband without anti-reflection (AR) layer. This can be realized by Brewster incidence 

under TM polarization. The Brewster device structure is similar to 1D structure in Figure 

4-1 except that the incident light is at TM polarization and Brewster angle. Meanwhile AR 

layer is not needed. Figure 4-9 shows the Brewster filter configuration. 
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Figure 4-9 GMR Brewster multiline filter configuration 

For the present investigation, we limit our attention to the 1540-1560 nm 

wavelength range. We note that similar effects prevail across much larger spectral bands 

for the devices presented. We simulate the angular response within NIR wavelength 

range to find the Brewster angle for quartz slab to be ~56°. In Figure 4-10 we simulate 

the multiline spectrum under Brewster incidence for a practical design. The design 

parameters are Λ = 800 nm, F = 0.5, dg = 160 nm, d = 170 μm, ng = n = 1.5. From the 

figure we can see that extremely narrow FWHM of ~0.02 nm and very flat, low sideband 

of ~10-3 can be achieved. 
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Figure 4-10 Simulated Brewster multiline device spectrum. Device parameters are Λ = 

800 nm, F = 0.5, dg = 160 nm, d = 170 μm, ng = n = 1.5. 

 
4.3  Fabrication and Characterization 

Here we present a typical 1D multiline GMR device fabrication steps with Si 

waveguide and TiO2 grating. The 2D steps are similar to 1D case except that 2D case 

needs exposure on both X and Y directions. We start the filter fabrication on a 2-inch 

double-side-polished Si wafer with a ~300 μm thickness. Figure 4-11 summarizes the 

detailed fabrication steps. A ~200-nm-thick TiO2 and Si3N4 layers are deposited on the 

top and bottom sides of the Si wafer, respectively, to form the grating and AR layers. The 

refractive index of TiO2 and Si3N4 are measured by ellipsometry to be 2.5 and 1.93, 

respectively. Thereafter, a 300-nm-thick positive photoresist (PR) layer is spun on the 

TiO2 layer at 1200 rpm. The PR is baked at 110ºC for 90 seconds. Then we use UV-laser 

interference lithography at 266 nm to obtain the PR pattern needed for the etching 

process. The exposed PR is developed for 60 seconds in AZ 917 MIF developer and 

then rinsed with deionized water for 120 seconds. To pattern the TiO2 film, we use 

reactive-ion etching (RIE) involving a gas mixture of CHF3 and CF4 to generate the TiO2 
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grating with the profile used in the design step. After RIE, we strip the remaining PR 

grating using O2 plasma. 

                

Figure 4-11 Main steps in the fabrication of GMR multiline filters. 

The Si grating device is characterized using an atomic force microscope (AFM). 

From the AFM image and profile in Figure 4-12 we verify the period, grating depth, and fill 

factor. The AFM profile in Figure 4-12 (b) yields Λ = 798 nm, F = 0.17, and dg = 193 nm; 

these parameters are close to the design values. Another similar device is also 

characterized by AFM and Λ = 800 nm, F = 0.2, and dg = 195 nm are obtained.  

The TiO2 grating device is characterized with an atomic force microscope (AFM). 

From the AFM image and profile in Figure 4-13, we verify the period, grating depth, and 

fill factor. The AFM profile in Figure 4-13 (b) yields Λ = 800 nm, F = 0.36, and dg = 209 

nm; these parameters are close to the design values. 

We also fabricate some 2D devices. The device is characterized with an atomic 

force microscope (AFM) and scanning electron microscope (SEM). From the AFM and 

SEM image and profile in Figure 4-14, we verify the period, grating depth, and fill factor. 

The AFM profile yields Λ = 800 nm, Fx = Fy = 0.3, dg = 190 nm; 
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Figure 4-12 (a) AFM image and (b) profile of one of the fabricated Si grating devices; the 

device parameters are Λ = 798 nm, F = 0.17, and dg = 193 nm. 

                   

Figure 4-13 (a) AFM image (b) Profile of the fabricated TiO2 grating; the device 

parameters are Λ = 800 nm, F = 0.36, and dg = 209 nm. 
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Figure 4-14 (a) AFM image and (b) SEM image of the fabricated 2D multiline GMR 

devices; the sampled device parameters are Λ = 800 nm, Fx = Fy = 0.3, dg = 190 nm. 

 

4.4  Experimental Results 

In the experiments we demonstrate typical results for the design in Section 2.1 

and focus our attention on TE polarization. For 1D devices we measure the transmittance 
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and reflectance of the fabricated sample under TE-polarized light incidence and compare 

to theoretical prediction. In the optical measurement, we use a supercontinuum Koheras 

SuperK Compact light source, which covers the 500-2400 nm wavelength range and for 

collecting spectral data we use an optical spectrum analyzer (Yokogawa AQ6375) 

operating at a resolution of 0.05 nm.  

Figure 4-15 and 4-16 show the simulated and measured spectra for Si and TiO2 

grating devices, respectively. Both devices employ thick Si waveguide and operate 

across wide spectral bands; we focus on the 1545-1555 nm wavelength range in our 

investigation. For the Si grating devices, the experimental parameters are approximately 

Λ = 798 nm, F = 0.3, dg = 193 nm, nAR = 1.93 and dAR = 203 nm; For the TiO2 grating 

devices, the experimental parameters are approximately Λ = 800 nm, F = 0.36, dg = 209 

nm, nAR = 1.9 and dAR = 205 nm. The figures show that experimental spectra for both 

device types demonstrate good agreement with the simulated spectra in the resonance 

locations and spectral shape. Reasonable peak efficiency and sideband are achieved for 

both devices. The TiO2 devices with lower grating modulation strength ∆ε=ng
2-nc

2 exhibit 

smaller spectral linewidths as expected. Also, flatter sideband is achieved for TiO2 grating 

devices. 
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Figure 4-15 Measured vs. simulated reflectance spectra of GMR devices with Si 

waveguide and Si gratings. Measured parameters are Λ = 798 nm, F = 0.3, dg = 193 nm, 

nAR = 1.93, and dAR = 203 nm with corresponding design parameters as Λ = 800 nm, F = 

0.16, dg = 190 nm, nAR = 1.865, and dAR = 208 nm. 

                    

Figure 4-16 Measured vs. simulated reflectance spectra of GMR devices with Si 

waveguide and TiO2 gratings. Measured parameters are Λ = 800 nm, F = 0.36, dg = 209 

nm, nAR = 1.9, and dAR = 205 nm. The design parameters are Λ = 800 nm, F = 0.32, dg = 

204 nm, nAR = 1.865, and dAR = 208 nm.  
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Figure 4-17 shows the preliminary results we obtained for 2D multiline GMR 

devices. We sample the 1545-1555 nm wavelength range in our investigation. The 

experimental parameters are Λ = 800 nm, Fx = Fy = 0.3, dg = 190 nm. The figures show 

that at both TE and TM polarization we can obtain similar multiline spectra that 

preliminarily demonstrate the polarization-independence characteristics. The spectra 

don’t show sharp TM peaks due to the resolution of the test tools.  

 

 

 

 

 

 

 

 

 

Figure 4-17 Measured reflectance spectra of 2D multiline GMR devices on unpolarized 

light incidence. Measured parameters are Λ = 800 nm, Fx = Fy = 0.3, dg = 190 nm. 

 
We also preformed multiple experiments on cascaded multiline devices and 

angular shift. We measured both the individual filter as well as the cascaded devices 

spectra, as shown in Figure 4-18. On each sample Au is deposited beside the device 

area to act as a nearly perfect mirror. By setting up one of the two devices as a mirror, we 

can obtain a spectrum for one single device. We measure reflectance of the fabricated 

samples under TE-polarized light incidence. In the measurement, we use a 

supercontinuum Koheras SuperK Compact light source, which covers the ~500- to 2400-
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nm wavelength range and an optical spectrum analyzer (Yokogawa AQ6375) operating 

at a resolution of 0.05 nm. 

 

 

Figure 4-18 Schematic illustration of spectral measurement of cascaded multiline 

devices. 

Figure 4-19 shows calculated and measured spectral response after one single 

device. From the dashed curve for the experimental spectrum we can observe that a 

peak efficiency of ~ 0.9 and an FWHM linewidth of ~0.2 nm are obtained. The sideband 

rejection is between – 15 and – 20 dB over the measurement range of 10nm. The 

numerical result of solid curve is obtained by rigorous coupled-wave analysis (RCWA) 

approximately using Λ = 800 nm, F = 0.16, dg = 190 nm, nAR = 1.865, and dAR = 208 nm. 

The figure denotes that the measured spectra show reasonable agreement with the 

simulated spectra, particularly for the resonance wavelength locations and bandwidths of 

individual spectral peaks. 
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Figure 4-19 Measured and simulated individual GMR device (a) reflectance and (b) 

reflectance in dB spectra. Measured parameters are Λ = 798 nm, F = 0.17, dg = 193 nm, 

nAR = 1.93, and dAR = 203 nm. Fitting parameters are Λ = 800 nm, F = 0.16, dg = 190 nm, 

nAR = 1.865, and dAR = 208 nm. Incidence angle θ = 10° . 

 
Figure 4-20 shows calculated and measured spectral response after two 

cascaded devices. From the experimental spectra we can observe that a peak efficiency 

of ~ 0.8 and an FWHM linewidth of ~0.15 nm are obtained. The sideband rejection is 

between – 25 and – 30 dB over the measurement range of 10nm. The cascaded devices 

parameters are Λ = 798 nm, F = 0.17, dg = 193 nm and Λ = 800 nm, F = 0.2, dg = 195 

nm, respectively. As compared with individual device the linewidth is reduced by ~ 25% 

and the sideband lowered by ~ -10 dB at the expense of peak efficiency dropping by ~ 

0.1.  
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Figure 4-20 Measured and simulated cascaded GMR device (a) reflectance and (b) 

reflectance in dB spectra. Measured parameters are Λ = 798 nm, F = 0.17, dg = 193 nm 

and Λ = 800 nm, F = 0.2, dg = 195 nm, respectively. Fitting parameters are Λ = 800 nm, F 

= 0.16, dg = 190 nm, nAR = 1.865, and dAR = 208 nm. Incidence angle θ1 = θ2 = 10°. 

For the angular shift investigation, we select the 1545-nm to 1555-nm 

wavelength range for the input wave spectrum and small incidence angle is assumed. 

For small angle incidence ( < 20° ) AR layer works well and the spectra are not affected 

significantly by the angle except from the peak splitting effect. For this investigation we 

ignore the peak splitting phenomenon and focus on the angularly peak shifting. We 

compute the peak shift using RCWA. Figure 4-21 shows the simulation result of peak 

shifting within considered wavelength range. From the figure we can clearly see that the 

resonance peak is shifting one whole free spectral range (FSR) under the variation of 

incidence angle from 9.92° to 10.15°. Due to the periodic characteristics of resonance 

peaks the angular shift can cover a very broad wavelength range of several hundred 

nanometers. 
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We measure the angular reflectance of the fabricated sample under TE-polarized 

light incidence. Incidence angles are the same as in the simulation i.e. θ = 9.92°, 10.04°, 

10.15°. In the optical measurement, we use a supercontinuum Koheras SuperK Compact 

light source, which covers the ~500-nm to 2400-nm wavelength range and an optical 

spectrum analyzer (Yokogawa AQ6375) operating at a resolution of 0.05 nm. Figure 4-22 

shows the measured angular reflectance spectrum. The experimental spectra fit the 

numerical results approximately using Λ = 800 nm, F = 0.17, dg = 190 nm, nAR = 1.9, and 

dAR = 190 nm. The figures denote that the measured spectra show reasonable 

agreement with the simulated spectra, from 9.92° to 10.15° the resonance peak move 

from ~ 1551nm to ~ 1552nm, i. e. one FSR as shown in Figure 4-21. 

     

Figure 4-21 Calculated peak shiftting spectrum of multiline GMR device. Transverse-

electric (TE) polarization, with the electric vector normal to the plane of incidence, is 

assumed for the incident light. Device parameters of the GMR filter are Λ = 0.8 μm, F = 

0.2, dg = 0.19 μm, d = 300 μm, n = 3.48, nAR = 1.865, and dAR = 0.208 μm. 
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Figure 4-22 Measured peak shifting spectrum of multiline GMR device. Transverse-

electric (TE) polarization, with the electric vector normal to the plane of incidence, is 

assumed for the incident light. Device parameters of the GMR filter are Λ = 0.8 μm, F = 

0.17, dg = 190 nm, nAR = 1.9, and dAR = 190 nm. 

 

Figure 4-23 and figure 4-24 shows the simulation and experimental results of 

thermally tunable characteristics of GMR multiline devices. By heating up the devices we 

can move the resonance peaks. As seen from the figures heating up the device by ~50K 

we can move the resonance peak by ~0.5nm.  
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Figure 4-23 Simulated resonance peak shift by heating up the device. 

    

Figure 4-24 Measured resonance peak shift by heating up the device. 
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4.5  Applications 

There are many applications for GMR multiline devices such as laser mirrors, 

which were demonstrated in Chapter 3, signal processor which will be shown in the next 

chapter, and gas sensor which is presented here in more detail. The application as gas 

sensors by GMR multiline devices can be accomplished by matching the absorption 

spectrum of the gas of interest to a proper GMR multiline filter. One reason that the 

multiline filter is needed for gas sensors is that directly using broad light source covers 

interfering gases leading to cross gas issue. The other, is that directly using broad light 

source makes the power variation caused by gas absorption too small to be detected. So 

we need to filter the broad light spectrum to match the absorption lines of the specified 

gas. A design example of gas sensor for CH4 is shown as following. Figure 4-25 shows 

the CH4 absorption spectrum within a specified wavelength range of 1.63µm ~ 1.67µm. 

Figure 4-26 and figure 4-27 show the design example of GMR multiline spectrum to 

match the gas absorption spectrum. 

 

Figure 4-25 CH4 absorption spectrum within a specified wavelength range of 1.63µm ~ 

1.67µm. [Data from: http://spectralcalc.com/spectral_browser/db_intensity.php] 
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Figure 4-26 Designed GMR multiline spectrum. 

 

  

Figure 4-27 GMR multiline spectrum matched to the CH4 absorption spectrum. 
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4.6  Conclusion 

In conclusion, simulated and experimental spectral properties of multiline guided-

mode resonators are presented based on various applications. There is a reasonable 

match between theory and experiment. Possible applications include spectral sampling 

and wavelength discretization. In sensing gas species and evaluating attendant 

concentrations, cross gas mitigation may be needed to ascertain detection and 

quantification of the species of interest while excluding others. This can be accomplished 

by matching the absorption spectrum of the gas of interest to a proper multiline filter [60]. 

Important in mine safety and some industrial control processes, optical monitoring of 

methane gas concentrations has recently been accomplished using matched comb 

filtering. In one case this was implemented by a Sagnac loop filter [60], and in the other 

by a high-finesse Fabry-Perot filter [61]. In optical communication systems RZ to NRZ 

signal conversion is the key technology for the requirement of connecting between optical 

time-division multiplexing network employing RZ format and wavelength-division 

multiplexing network employing NRZ format. This can be implemented by employing 

different multiline filters, in one example by MKR(micro knot resonator)[62] and in the 

other by ring resonator[63]. GMR multiline filters have analogous application potential in 

above systems as spectral range, resonance peak locations, bandwidth, and sideband 

levels are readily matched to the specific spectral lines by tuning key geometrical 

parameters.  

Cascaded Si-based multiline GMRF devices are calculated and measured. 

Reasonable match between simulation and experiments are achieved. From the 

experiments  compared with individual devices the cascaded devices linewidth FWHM is 

reduced by ~ 25% and the sideband lowed by ~ -10 dB at the expense of peak efficiency 

dropping by ~ 0.1. The improvement in sideband level rejection and linewidth FWHM can 
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make this new type of multiline GMRF devices possess great potential for optical 

communication and high sensitivity gas sensor system. 

Angular tunability of Si-based multiline GMRF devices are also calculated and 

measured. Reasonable match between simulation and experiments are achieved. From 

the experiments we can conclude that within a small variation of incidence angle the 

resonance peak can shift for one whole FSR. The tunability can make this new type of 

multiline GMRF devices possess great potential for mode-competing multiline laser and 

high sensitivity gas sensor system. Combined with application in [59] the laser lines can 

be tuned not only on different resonance peaks but also between the peaks, thus a very 

broad tuning wavelength range can be covered that is determined by periodic multiple 

peaks. In another aspect, for gas sensing and signal processing application the specific 

spectral lines of interest is matched to a proper comb filter [60,61,62,63]. In GMR devices 

the tunability of the multiple resonance peaks can relax the difficulty of matching the 

sharp resonance peaks to the specific spectral lines. 

In future research, fabrication of polarization independent 2D devices and 

Brewster devices are contemplated. 
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Chapter 5  

RZ to NRZ Signal Conversion Utilizing Guided-mode Resonance Devices 

5.1  Introduction   

Resonance effects constitute the fundamental phenomena in optics and 

photonics. Originated from traditional diffractive optics, the guided-mode resonance 

(GMR) effect has been investigated for several decades [64,65,66]. Various models and 

numerical methods have been developed to analyze and understand pertinent device 

embodiments [67,68]. Based on numerical models, resonant structures have been 

designed with applications including energy [69], information technology [70], and 

resonant sensors [71]. In future optical communication system[s] all-optical networks may 

be required to support a variety of modulation and data formats. Two standard data 

formats that are fairly mature and widespread in current optical transmission systems are 

the return-to-zero (RZ) and non-return-to-zero (NRZ) formats. Various all-optical 

conversion schemes from RZ to NRZ have been demonstrated to provide an important 

interface technology at the nodes of wavelength division multiplexing (WDM) and optical 

time division multiplexing (OTDM) networks [72,73,74]. In this chapter, we apply multiline 

GMR devices that support multiple simultaneous resonances to implement the 

conversion. Also GMR reflection and transmission filters with single resonance peaks are 

investigated to implement the conversion. Due to GMR devices’ simple, compact 

characteristics they can be a good alternative for the conversion both in free space and 

on chip. 

A recent study furnished a quantitative evaluation of the resonance properties of 

very thick resonance elements [14]. Accordingly, here we employ a thick Si waveguide 

grating that can support thousands of modes in the near-infrared spectral domain. The 

resulting filter possesses a dense population of resonant states with relatively narrow 
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resonance bandwidths of individual spectral lines. We design a resonant device using 

rigorous coupled-wave analysis (RCWA) and apply it to implement RZ to NRZ signal 

conversion. We achieve preliminary results by using MATLAB simulations. Furthermore 

we prove that using one common Gaussian filter can also implement RZtoNRZ 

conversion but the converted signal shows much larger oscillation. To further improve the 

signal conversion performance, we design GMR filter that possesses the optimal spectral 

shape of FBG filter in [74]. 

5.2  Design and Simulation   

5.2.1 RZtoNRZ Conversion by Two Cascading Filters – GMR Multiline Filter and Gauss 

Filter 

We adopt the GMR device design in Chapter 4.2.1 to implement RZ to NRZ 

signal conversion. We simulate the complete conversion flow using MATLAB and the 

spectral data of GMR multiline device is directly input into the MATLAB codes. The 

following formula and figures show the whole process.  

Consider an N random bit sequence RZ data signal, we generate them by 

employing a sine function to obtain non-ideal square waveform [75]: 

 sn(RZ) = gn sin{0.5 π [sin(2 π fs t + ϕ0)]2} (5.1) 

where gn = [0, 1], n = 1, 2, … , N; fs is the bit rate, ϕ0 is the initial phase, default = 0. gn = 

[0, 1], n = 1, 2, … , N; Figure 5-1 (a) shows the time domain signal waveform. 

By performing discrete Fourier transform (DFT) [76] to the time signal we can 

obtain the frequency domain signal magnitude as expressed as:  

 QRZ(f) = � �����	����
���  ,  f ∈ {1/N, 2/N, … 1,} (5.2) 

Thereafter we calculate the power spectrum of frequency domain signal by: 

 P = QRZ conj(QRZ) / T (5.3) 

where T is the time period. The power spectrum of RZ signal is shown in Figure 5-1(b). 
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Figure 5-1 RZ signal time (a) and frequency (b) domain waveform. 

In the conversion flow as shown in Figure 5-2 we employ 2 cascaded filters, the 

multiline filter and the Gaussian filter. Figure 5-2(a) shows the multiline filter spectrum 

and the RZ signal spectrum from which we can see the spectral lines of multiline filter 

match well with the sideband spikes of the RZ signal spectrum. Thus the sideband peaks 

of RZ signal can be removed. Figure 5-2(b) shows the RZ signal spectrum after the 
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multiline filter and the Gaussian filter spectrum that is adopted to do the second filtering, 

namely narrowing the sideband further. From Figure 5-2(c) we can see that after two 

filters the RZ signal spectrum’s sideband spikes are all removed and the whole spectrum 

is becoming much narrower. In the conversion we input the multiline filter’s spectral data 

from the simulation result by RM_solver software and the Gaussian filter is generated by 

normal distribution as described in (5.5).  

 P_MLF = 10 log10 (P) + 10 log10 (MLF_data) (5.4) 

where P_MLF is the power spectrum in dB after multiline filter.  MLF_data is input from 

RM_solver simulation. 

 P_Gauss = P_MLF + 10 log10 [ exp(-x2 / 2σ2) / (σ √2�) ] (5.5) 

where P_Gauss is the power spectrum in dB after Gaussian filter.  σ=0.02 is the standard 

deviation. 

After filtering RZ signal spectrum is converted to spectrum as shown in Figure 5-

2(c). We perform Inverse Discrete Fourier Transform (IDFT) to achieve NRZ signal time 

domain waveform as described in  

  sn(NRZ) = 
�
�  " #�$% &'()���	� '(�

�

*��
 , n ∈ {1, 2, … N,} (5.6) 

where QNRZ(f) = +, 10/_1234456   exp(i θ) is the NRZ signal magnitude, Θ = angle(QRZ(f)) is 

the phase angle of QRZ(f). The obtained NRZ time domain signal is shown in Figure 5-3.  
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Figure 5-2 RZ to NRZ spectrum conversion flow by employing multiline and Gaussian 

filters. (a) Original RZ signal and matching multiline filter. (b) Spectrum after multiline 

filtering and employed Gaussian filter. (c) RZ signal and converted NRZ signal spectra. 
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Figure 5-3 Original RZ signal and converted NRZ signal time domain waveforms. 

5.2.2 RZtoNRZ Conversion by Single Filter 

In [74] using only one filter to implement RZtoNRZ conversion was 

demonstrated. An optimally designed fiber Bragg grating (FBG) filter was employed to 

make the conversion. In this work, by simulation, we prove that an individual filter 

possessing Gaussian shape can also realize the conversion. Furthermore, we design 

GMR filters to possess spectral shape matched to the FBG filter spectrum. By doing this 

we can prove that one individual GMR filter (reflection or transmission) can implement 

RZtoNRZ conversion with good performance. 

Figure 5-4 shows the RZtoNRZ conversion simulation results using an individual 

common Gaussian filter. It is clear that this single Gaussian filter does realize the 

RZtoNRZ conversion, but the resultant signal shows much larger oscillation compared to 

the results obtained by using both multiline and Gauss filter. The latter is due to the 

removal of sideband spikes by the multiline filter.   
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Figure 5-4 RZ to NRZ signal conversion by one common Gaussian filter. (a) Spectra for 

RZ and NRZ signals. (b) Time domain waveforms for RZ and NRZ signals. 

To further improve the signal conversion performance, we designed a GMR filter 

that possesses the optimal spectral shape of FBG filter as shown in Figure 5-5 [74]. We 

designed two different types of filters to match the spectrum, one is the GMR reflection 

filter and the other is the GMR transmission filter. Figure 5-6 shows the designed GMR 

reflection filter structure and its corresponding spectrum. Figure 5-7 shows the matching 

of the designed GMR reflection filter and optimal target filter spectrum. Figure 5-8 shows 

the designed GMR transmission filter structure and its corresponding spectrum. Figure 5-

9 shows the matching of the designed GMR transmission filter and optimal target filter 

spectrum. 
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Figure 5-5 optimally designed FBG filter spectrum. 

 
 
Figure 5-6 Designed GMR reflection filter structure and its corresponding spectrum. The 

design parameters are Λ = 998.1 nm, F = 0.4, dg = 200 nm, ng = 2.5, dw = 300 nm, n = 

3.5, nAR = 2.2, and dAR = 166 nm, nsub = 1.5. 
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Figure 5-7 Designed GMR reflection filter and target optimal filter spectrum. 

 

Figure 5-8 Designed GMR transmission filter structure and its corresponding spectrum. 

The design parameters are Λ = 1015 nm, F = 0.25, dg = 330 nm, ng = 3.5, dw = 290 nm, n 

= 3.5, nsub = 1.5. 
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Figure 5-9 Designed GMR bandpass filter and target optimal filter spectrum. 
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Chapter 6  

Conclusions and Future Directions 

In this dissertation, new GMR devices and applications are investigated. 

Prototype thermoelectric devices incorporating resonant absorbers are 

presented. They are compared to unpatterned and random-surface devices to verify 

performance enhancement. Simulation results show that the integrated resonant 

segments enhance the performance appreciably compared to the reference devices for 

both device classes tested. Additional research is needed to develop this concept further 

and optimize the design and fabrication for improved electrical output. These resonance-

enhanced thermoelectric elements are simple and compact and may be useful in 

thermopile systems and as voltage generators or IR sensors. 

A wavelength-selective external cavity laser using a multiline GMR filter as the 

laser mirror is presented. The experimental results demonstrate that a stable selective 

laser line can be generated from every resonance peak of the GMR multiline device. As 

reasonable agreement is found between the multiline device’s generated laser lines and 

their corresponding resonance peaks, these preliminary results verify the applicability of 

multiline GMR devices. Investigation of analogous resonance structures using other 

material systems and spectral regions may extend the application potential of this device 

class. 

In much details simulated and experimental spectral properties of multiline 

guided-mode resonators are presented based on various applications. There is 

reasonable match between theory and experiment. Possible applications include gas 

sensors and signal processors as spectral range, resonance peak locations, bandwidth, 

and sideband levels are readily matched to the specific spectral lines by tuning key 

geometrical parameters. Cascaded Si-based multiline GMRF devices are calculated and 
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measured. Reasonable match between simulation and experiments are achieved. 

Angular tunability of Si-based multiline GMRF devices are also calculated and measured. 

Reasonable match between simulation and experiments are achieved. In future research, 

fabrication of polarization independent 2D devices and Brewster devices are 

contemplated. 

Implementation of RZ to NRZ signal conversion in optical communication by 

employing GMR devices is discussed in theory. We realize the conversion by two 

solutions. By the first solution, RZtoNRZ conversion is done by two cascading filters – 

GMR multiline filter and Gauss filter. By the second solution, we prove that an individual 

filter possessing Gaussian shape can also realize the conversion. Furthermore we design 

GMR filters to possess spectral shape matched to the referred optimal FBG filter 

spectrum to obtain better performances. Further research may be considered on 

improving GMR filter performances and experimental verification. 
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