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Abstract 

TOWARDS PERFECT LIGHT COUPLING AND ABSORPTION IN NANOMEMBRANES 

WITH OMNI-DIRECTIONAL ANTI-REFELCTION AND PHOTONIC CRYSTAL 

STRUCTURES 

 

Arvinder Singh Chadha, PhD 

 

The University of Texas at Arlington, 2014 

 

Supervising Professor: WEIDONG ZHOU  

Silicon photonics is realized as a promising platform to meet the requirements of 

higher bandwidth and low cost high density monolithic integration. More recent 

demonstrations of a variety of stretchable, foldable and transfer printed ultra-thin silicon 

integrated circuits have instigated the use of flexible silicon nanomembrane for practical 

applications.  Equally impressive innovations are demonstrated in the area of flat screen 

displays, smart cards, eyeglasses, and wearable displays. However, the overall efficiency 

of a variety of optical device is limited by poor light management resulting from difficulty 

of light coupling, small absorption volume in thin-film nanomembrane, and glare at 

oblique incidence to name a few. The aim of this thesis is to present the work of micro- 

and nano-scale structures for out-of-plane light coupling and absorption for integrated 

silicon photonics and high performance solar cells and photodetectors, with maximum 

absorption in the functional layer and minimal front-surface reflection and minimal rear-

surface transmission. 

Perfect absorption in a variety of semiconductor nanomembranes (NM) and 

atomic layers of two dimensional (2D) materials over different wavelength spectrum is 

realized due to local field intensity enhancement at critical coupling to the guided 
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resonances of a photonic crystal (PC). A judicious choice of grating parameters tailors 

the power diffracted in the zeroth order and higher order modes making the device work 

as a broadband reflector, an in-plane coupler or a combination of both reflector and an in-

plane coupler. At surface normal incidence, the polarization dependence of the grating 

based reflector is eliminated by the use of 2D photonic crystals. The incorporation of such 

a reflector after the functional nanomembrane layer reduces the back-surface 

transmission. Effect of incident angle, polarization and incident plane misalignment 

dependence on the reflection of a silicon NM based reflector are investigated in detail. 

The front-surface Fresnel reflection is reduced with the incorporation of an omni-

directional anti-reflection coating (Omni-ARC) based on nanostructures or by deposition 

of graded refractive index (GRIN) films. A design methodology based on the comparison 

of the rate of change of the refractive index profile of nanostructures of different shapes 

and thickness as an equivalent GRIN film suggests the minimum feature size needed to 

give near perfect ARC. Numerical models were built to account for the non – uniform 

GRIN film deposition on both rigid and flexible, flat and curved surfaces resulting from the 

variation in the resonant infrared matrix-assisted pulsed laser evaporation (RIR-MAPLE) 

process technology.  

With the miniaturization of the devices, the effect of finite beam size and finite 

active area of the photonic components on the optical properties like transmission, 

reflection and scattering loss was studied as well. All the numerical studies presented in 

the thesis are validated by experimental results. 
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Chapter 1  

Introduction 

1.1 Motivation 

While silicon has ruled monolithic integrated electronics, a variety of other 

materials are being explored to expand the wavelength range of operation with better 

performance. Attention of the scientific community is geared towards nanomaterials [1-5]. 

Nanomaterials are a material in which at least one of the dimensions is of the order of 

nanometers. This results in confinement of the carriers and modified density of states 

within the material resulting in both electrical and optical properties quite different from 

their characteristic bulk.  High mobility, optical transparency, low power consumption, 

relatively higher operating temperatures and mechanical flexibility make them attractive 

for a variety of optoelectronic devices like photodetectors, solar cells,   light emitting 

diodes, touch screen, optical limiters, frequency converters, terahertz devices, saturable 

absorbers and lasers [6-15]. However to the reduced absorption volume from the 

nanomaterials leads to much lower absorption [16]. Thus, for a high efficiency practical 

device there lays a need for a near perfect absorption from these nanomaterials to 

explore their true potentials in the area of photonics and optoelectronics. 

To meet the needs for the ever growing data rates, the traditional copper 

interconnect will be replaced by optics all the way to chip-to-chip interconnect.[17] CMOS 

compatible, silicon photonics on a rigid silicon-on-insulator substrate is investigated 

extensively to achieve light generation, modulation, transmission, amplification and 

detection all from one chip package [18]. Heterogeneous integration is also realized as a 

promising approach to build high performance photonic devices [19, 20]. However, 

coupling light from an external fibre to an integrated photonic chip is a daunting task.  
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Another motivation is thin film electronics and more recently, nanomembranes for 

integrated and flexible silicon photonics. Remarkable progress has been made in the field 

of thin film electronics starting from thin film silicon solar cells in 1960s to the mode 

sophisticated large area thin film displays [21-25]. More recent demonstrations of a 

variety of stretchable, foldable and transfer printed ultra-thin silicon integrated circuits 

have instigated the use of flexible silicon nanomembrane for practical applications [26-

30]. 

In both the thin film flexible photonic and the rigid bulk photonic systems, the 

efficiency of an optoelectronic module is dependent on the absorptance in the absorber 

layer. Following the energy conservation law we can write, 

 

��������	 + ∑ ���	�
�� +	�������	 = 1       (1.1) 

 

where Rfront (λ) is the front-surface reflection, measured at the first interface of the  

device, Am(λ) is the m−th layer absorptance constituting the device, and Tback(λ) is the 

transmitted light at the rear-surface transmission, measured at the last interface of the 

device. A judicious light management in any front side, rear side, and/or intermediate 

layers will influence the absorptance in the absorber layer. In what follows  are schemes 

to demonstrated enhanced absorption from atomic monolayers to nanomembranes, 

surface normal vertical to in-plane coupling, near perfect anti-reflection coatings and high 

performance membrane reflectors with the incorporation of the micro- and nano-scale 

structures for out-of-plane light coupling and absorption for high performance solar cells 

and photodetectors, with maximum absorption in the functional layer and minimal front-

surface reflection and minimal rear-surface transmission. Numerical studies presented in 

the dissertation are validated by experimental results. 
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1.2 Overview of Dissertation 

 
Chapter 2 discusses the principle of Fano resonance and local field 

enhancement from the two dimensional photonic crystals. Rigorous coupled-wave 

analysis (RCWA) theory is utilized to design a Fano filter. Absorption enhancement in an 

ultra-thin InGaAs nanomembrane is demonstrated. Consequently, a spectrally-selective 

absorption enhanced stacked InGaAs/Si photonic crystal infrared photodetector is 

demonstrated.   

Chapter 3 is centered on the analysis, design, fabrication and testing of higher 

order grating coupler for high efficiency surface normal vertical to in-plane coupling for 

optical interconnect applications. A fabrication tolerant high efficiency broadband fourth 

order grating coupler is designed using finite-difference time-domain technique.  

Chapter 4 begins by discussing the background of anti-reflection (AR) coatings. 

Trade-offs between the bottom-up and up-down anti-reflection coatings are presented. 

Large area imprinted inverted pyramid textures are demonstrated on commercially 

available a-Si solar cells with increased cell efficiency. Optical designs for the graded 

index anti-reflection coatings (GRIN ARC) are presented. We then propose a design 

methodology to relate nanostructures as an effective GRIN film to design a near perfect 

anti-reflection coating. Optical designs for the omni-directional ARC on rigid and flexible 

surfaces accounting for the process variation from commercially viable resonant infrared 

matrix-assisted pulsed laser evaporation (RIR-MAPLE) technology are investigated. Both 

the ARC based on nanostructures and RIR-MAPLE technology are designed to allow 

near perfect transmission for a broadband spectrum over a wide range of incident angles 

(120
0 
cone angle). 
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Chapter 5 presents an angular and the polarization properties of a two 

dimensional silicon photonic crystal membrane reflector.  Detailed analysis of Fano 

resonant mode dispersion properties is presented to further aid the understanding of the 

mode splitting at oblique incidences. Simulated and measured results are in good 

agreement. 

Chapter 6 investigates a novel grating design that can serve dual purpose of high 

efficiency reflector and in-plane coupler. Different design configurations are analyzed and 

the respective reflection and in-plane coupling efficiencies are compared. Preliminary 

experimental results are also presented in this section. 

Chapter 7 summarizers the work presented in the dissertation. Suggestions for 

future work on perfect absorption from atomic monolayers and higher order gratings for 

dual direction emission from vertical cavity surface emitting lasers (VCSEL).  
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Chapter 2  

Enhanced Absorption 

2.1 Background 

Dating back to the 1980s, photonic crystals were realized as a promise for 

meeting the photonics industry needs. Photonic crystals (PCs) are periodic arrangement 

of materials with different dielectric constants. Such a configuration alters the light matter 

interaction allowing strong photon localization and inhibition of spontaneous light 

emission [31, 32]. The ease of fabrication and device integration allows the use of two-

dimensional photonic crystal slabs (2D - PCs) for practical device applications. The 

unconventional dispersion properties make photonic crystals allows them to realize a 

variety of optical devices like wavelength selective compact filters [33]. Spectrally 

selective Infrared photodetectors finds its various applications in military target 

detection/identification, foliage and camouflage detection, multi-spectral classification of 

dissimilar materials, IR gas sensing and absorption spectroscopy. The photonic structure 

alters the photonic density of states (DOS) thereby altering the absorption property of the 

medium. Enhanced absorption through local electromagnetic field location is investigated 

in defect cavity, metallic surface plasmon-polarization and dielectric photonic crystals.[34, 

35] Most of the work so far has been focused on the absorption change in one-

dimensional distributed Bragg reflector (1D DBR) based cavities, metallic photonic crystal 

cavities or epitaxial quantum dot system [34, 36-39]. Not much work in absorption 

enhancement from all dielectric photonic crystal is reported in literature. 

We report spectrally-enhanced metal-semiconductor-metal photodetectors 

(MSM-PD’s) with interdigitated Au Schottky contacts have been fabricated on stacked 

ultra-thin InGaAs/Si Fano resonance membranes. The study will lead to a new class of 

photodetectors with desired angular-, spectral-, and polarization dependent properties 
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and such devices can be widely used in optical communications, hyper-spectral imaging 

systems and flexible photonics. 

. 

2.2 Fano Resonance in Photonic Crystal Structure 

 
A photonic crystal (PCs) with periodic modulation of the refractive index provides 

phase matching for the out of plane continuum radiation modes coupling with the discrete 

in plane modes, which is not possible with a bulk material. This coupling of the out of the 

plane radiation mode to the in plane discrete mode is a resonant phenomenon called 

Fano resonance [40, 41]. Therefore, Fano resonances provide an efficient way to 

channel light from within the slab to the external environment, and vice versa. A Fano 

resonance is accompanied by a rapid variation in phase which results in a change of 

transmission intensity from 0% to 100%. The resonance frequency and line width can be 

tuned by adjusting the geometric parameters of the photonic crystal. At resonant coupling 

there is strong localization of the fields and hence the energy inside or on the surface of a 

layer is of great interest for applications like bio sensing, light sources, frequency 

converters, optical traps, detectors, etc. 

 

 2.3 Fano Resonance Enhanced Spectrally Selective Metal Semiconductor Metal Infrared 

Photodetector 

 

The Fano filter is designed was designed using Rigorous coupled-wave analysis 

(RCWA) -numerical computational method [42, 43].    
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2.3.1 Device Fabrication 

 
Figure 2-1: Schematic of the Fano Resonance enhanced photonic crystal Infrared 

Photodetectors based on transfer-printed InGaAs/Si nanomembranes 
 

Figure 2-1 shows the schematic of the stacked ultra-thin InGaAs nanomembrane 

on silicon Fano filter transferred on glass substrate. The Fano filter is first fabricated on 

the silicon -on- insulator (SOI) wafer using a standard ZEP520A e-beam lithography 

technique. The silicon device layer is 340nm thick with a 2 µm thick buried oxide layer on 

silicon substrate. After the pattering of the resist, an HBr/Cl2 chemistry based reactive-ion 

etching (RIE) process is used to etch holes in the device layer of the SOI wafer. In order 

to transfer the pattern of the device layer, the patterned SOI wafer is immersed in diluted 

HF (49% HF:DI water :: 1:4) for a few hours when the buried oxide layer is completely 

etched away. The patterned area is then picked and placed on the glass substrate by 

PDMS stamp. The bond strength of the patterned device silicon layer to glass substrate 

is greater than the patterned device silicon layer to PDMS stamp resulting in the transfer 

of the Fano filter on the glass substrate. The 750nm thick InGaAs NM is released from an 

InP substrate. Wax was used to protect the front side InGaAs from H3PO4/HCl (1/1) 

solution. After etching the InP substrate the InGaAs NM was transferred onto the 
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transferred Fano filter on glass. Finally, TCE was used to dissolve the wax and we get 

the desired device. The transferred InGaAs NM was thinned down to 100 nm using 

BCl3/Cl2 plasma reactive-ion etching for optimal absorption enhancement [44]. The metal 

contacts were made by standard metal deposition and lift-off technique. Shown in Figure 

2-2(a) and (b) are the schematic of the Fano Resonance enhanced Infrared 

Photodetector and the cross section view of the device showing the Fano filter lattice 

constant (a), air hole radius (r) and the thicknesses of silicon nanomembrane SiNM (t), 

InGaAs NM (h) and gold electrodes (g). With the target Fano resonance wavelength of 

1550 nm, the thickness of the SiNM Fano filter (h) was 340 nm. The square lattice air-

hole PC structure has a period (a) of 900 nm, and the air hole radius (r) of 280 nm. 750 

nm thick InGaAs nanomembrane (NM) was then transfer-printed on top of the transferred 

Si Fano filter on glass. Shown in Figure 2-2(c) is a top view scanning electron micrograph 

(SEM) of 100nm thick InGaAs NM on top of Si Fano filters on glass substrate. The 

Schottky metal contacts were made by thermal evaporation of 10 nm Au. The active area 

of the photodetector is 100 x 100 µm
2
. The anode and cathode are formed by 

interdigitated finger contacts with spacing of 6 µm, as shown in Figure 2-2(d).  
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Figure 2-2 : Schematic of (a) SiNM Fano photodetector and; (b) cross section schematic 
of Fano PD showing air hole radius (r), lattice constant (a), thickness (t) of SiNM, and 

thickness (h) of InGaAs layer.  (c) Top view scanning electron micrograph of the 100 nm 
thin InGaAs NM on Si resonant filter and; (d) the 10nm thick interdigitated Au finger 

contact on InGaAs NM. 
 
2.3.2 Optical Characterization 

A broadband white light source is generated from a quartz tungsten halogen 

lamp that is collimated by a collimator. A 50/50 beam splitter is used for transmission and 

reflection measurement. The transmission and reflection measurements were done on 

InGaAs nano membrane on and off the SiNM Fano resonance filter, without metal 

electrodes.  Shown in Figure 2-3(a) is the measured percentage absorption in the 100 nm 

InGaAs NM on and off the SiNM Fano resonance filter. In all the cases, the absolute 

absorption is calculated by subtracting the transmission and reflection spectrum from 

unity.  
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Figure 2-3: Measured absolute absorption in percentage in the 100nm thin InGaAs MSM 
PD on and off the SiNM Fano resonance filter. The inset shows the schematic of the 

InGaAs nanomembrane on and off the filter.  
 
 

2.3.3 Field Distribution 

When the light couples into the discrete modes of the photonic crystal, the 

resonant field decays away from the interface of the filter and strong field region 

penetrates in the InGaAs NM. Thus there is an increased light matter interaction. The 

resonant coupling of the Fano filter increases the 100 nm InGaAs NM absorption from 

7% to 64% (Figure 2-3). This is primarily from the overlapping of the spatial mode of the 

Fano filter onto the 100nm thick InGaAs NM. The amount of the absorption enhancement 

depends on the filter’s modal property. In Figure 2-4, we show the electric field profile 

obtained at Fano resonance wavelength by a finite-difference time domain (FDTD) 

method. This increased light matter interaction increases the photo generated carriers for 

the same amount of incident power and hence would increase the responsivity of the 

photoconductive devices. 
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Figure 2-4: (a) A cross-sectional view of the FDTD calculation of the electric field in the 
vicinity of the Fano resonance membrane at resonance. (b) The intensity distribution 

through the center of the unit cell. The inset shows the orientation of the Fano resonance 
enhanced MSM PD. 

 
2.3.4 Electrical Characterization  

 

 

Figure 2-5: (a) Measured photocurrent in the 100nm thin InGaAs MSM PD on and off the 
SiNM Fano resonance filter. (b) Measured responsivity of the InGaAs Fano 

Photodetector (solid) and reference PD (dash) at -2V. (c) The measured responsivity 
enhancement at 1523 nm for various power levels. 

 

An optical band pass filter with center wavelength 1,520 nm with FWHM of 10 nm 

was used for the photocurrent characteristics. Photodetector performance was 

characterized after the incorporation of finger contacts. Shown in Figure 2-5(a) is the 

measured photocurrent at the resonant nanomembrane wavelength. All the 
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measurements were performed for normal incidence of light.  An optical attenuator was 

used to measure the photocurrents at various incident power levels. Shown in Figure 2-5 

is also the responsivity and responsivity enhancement of the InGaAs MSM PD on and off 

the Si Fano resonance membrane. The responsivity enhancement is defined as the ratio 

of the responsivity of the MSM PD on the Si Fano resonance membrane to the 

responsivity of the MSM PD off the Si Fano resonance membrane. The leaky modes from 

the Si Fano resonance membrane significantly increases the amount of time light spend 

within the detector active region, and therefore enhances the probability of detection. The 

devices exhibit a dark current of 1.15 nA at -2 V. The responsivity measured at 1,523 nm 

wavelength is enhanced from 0.022 A/W to 0.084 A/W. A responsivity enhancement of 

3.8 over the conventional MSM-PD’s without the presence of Si Fano resonance 

membrane is also demonstrated. It is also worth noting that the quality factors of Fano 

resonance in our experiments were far from optimal.  

According to earlier theoretical work, it is possible to design an extremely high Q 

filter. [40, 45] With optimized quality factors it is possible to achieve one or two orders of 

absorption enhancements. The bandwidth of the MSM detectors is limited by the transit 

time which can be overcome by reducing the finger spacing. Although we demonstrate 

the detector at the IR region, the spectral resolution and tunability can be accomplished 

by controlling the cavity Q and resonant peak location by changing the r/a ratio of the 

photonic crystal.  The Fano resonant membranes can potentially be transferred on a 

range of foreign substrates including plastics thereby attracting potentials for flexible 

nano photonics for spectral imaging and detectors applications. 
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2.4 Perfect Absorption via Critical Coupling 

Atomic monolayers of two dimensional materials like graphene and molybdenum 

disulphide are extensively studied due to their unique optical and electronic 

properties.[46, 47] Atomically thin layers are almost transparent with little absorption. 

Practical optoelectronic devices with high efficiencies from these monolayers demands 

near perfect absorption [48]. While absorption can be increased by placing the absorbing 

layer in a resonant cavity, however, fabrication of the top mirror forming the cavity is quite 

challenging [49, 50]. Metallic surface plasmon-polariton (SPP) tend to increase the 

absorption due to local field enhancement near the metal dielectric interface, but it 

involves the use of lossy metal and often requires polarization dependent coupling 

schemes  [51-53]. On the other hand, dielectric photonic crystals are lossless and provide 

dispersion properties that facilitate enhanced photonic density of states and penetration 

of Bloch waves throughout the structure. Fano resonance principle provides the local field 

enhancement in a defect-free photonic crystal. We investigate the perfect absorption in 

atomic monolayers by  critical coupling to Fano resonance of nanomembrane photonic 

crystal structures to achieve perfect absorption [54, 55].  

 

2.4.1 Theory of Critical Coupling and Perfect Absorption 

A proper choice of geometric parameters of the photonic crystal allows the 

coupling of the incident light into the in – plane guided modes of the photonic crystal 

(PhC) slab [40, 56]. These guided modes have a finite lifetime and eventually leak out of 

the photonic crystal. The rate at which these mode leak out can be explained in details by 

the coupled mode theory [57, 58]. An atomic monolayer is featured by almost zero 

absorption and near unity transmission. Thus their incorporation on the photonic crystal 

slab does not perturb the field distribution at resonance or elsewise. Only the amount of 
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field enhancement is altered. The external leakage rate of the photonic crystal is tuned by 

changing the ratio of the radius to the lattice period or the thickness of PhC slab. The 

external leakage rate is determined from the half max at half width of the resonance for 

the slabs in the absence of the graphene monolayer. Likewise the half max at half width 

of the resonance for the slabs in the presence of the graphene monolayer give the sum of 

the external leakage rate and the intrinsic absorption rate within the graphene monolayer. 

A system is said to be critically coupled when the leakage rate of the optical mode out of 

the photonic crystal is equal to the absorption rate of the mode in the active absorbing 

layer. At critical coupling all the energy is transferred into the absorbing layer and perfect 

absorption is possible. In what follows is an example of near perfect absorption from 

atomic monolayers of graphene and molybdenum disulphide at infra-red and visible 

wavelengths.  

Figure 2-6 demonstrates the concept of perfect absorption from graphene 

monolayer at 1550 nm at surface normal incidence. Graphene monolayer is modeled as 

cited in reference [59]. The two dimensional photonic crystal is realized from a periodic 

arrangement of circular holes in a square lattice. The lattice period (Λ) and radius (r) of 

the holes are 900 nm and 189 nm (= 0.21Λ) respectively. The thickness of the slab is 90 

nm. A monolayer of graphene has only 2.3% with the remainder of the light being 

transmitted [60]. Whereas placing the same monolayer on top of a photonic crystal 

backed by a mirror (Figure 2-6 (a)) increases its absorption to almost 98% as shown in 

Figure 2-6 (b). 5 Bragg pairs are assumed in the simulation to ensure zero transmission 

as any non-zero transmission correspond to energy loss out of the system and cannot be 

absorbed thus, limiting perfect absorption. Since the absorption from graphene is 

relatively wavelength independent, multiple wavelengths are critically coupled 

simultaneously.     
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Figure 2-6: (a) Schematic of absorption enhancement from a monolayer of graphene. A 
photonic crystal with lattice period (Λ), radius (r) and thickness (t) is back by a Bragg 
stack (1.5 pair as shown) of silicon dioxide and silicon. (b) Simulated transmission 

reflection and absorption from the corresponding absorption enhancement scheme.  
 

 This allows the use of this configuration particularly attractive for 

telecommunication applications. Keeping the ratio of the radius to the lattice period fixed, 

the resonance frequency can be tuned by altering the lattice period or the thickness of 

the PhC slab.  

While we have focused our discussion on telecommunication wavelength near 

1550 nm. The critical coupling concept is equally applicable to visible wavelength or any 

wavelength range for that matter and any other two dimensional material. Figure 2-7 

gives an example of total absorption at a visible wavelength of 680 nm from molybdenum 

disulphide material at surface normal incidence. The molybdenum disulphide thickness is 

taken as 0.7nm and the refractive index is modeled as cited in reference [61]. Silicon 

nitride and silicon dioxide are chosen as the materials for the Bragg stack. In the visible 

wavelength, silicon is highly absorbing therefore; we used silicon nitride as a choice of 

the dielectric for the photonic crystal. The refractive index of silicon nitride is modeled as 

cited in reference [62]. In theory, any other lossless dielectric with high refractive index 

could be used as a photonic crystal (eg. tantalum pentoxide (Ta2O5 with refractive index 
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of 2.12). With the lattice period (Λ) of 450 nm, radius (r) of 117 nm (= 0.26Λ) an absolute 

absorption of 98% is easily attainable.     

 

Figure 2-7: (a) Schematic of absorption enhancement from a monolayer of molybdenum 
disulphide at visible wavelength. A photonic crystal with lattice period (Λ), radius (r) and 
thickness (t) is back by a Bragg stack (1.5 pair as shown) of silicon dioxide and silicon 
nitride. (b) Simulated transmission reflection and absorption from the corresponding 

absorption enhancement scheme. 
 

A simple cost effective mechanical exfoliation technique shows the potential of 

integrating the novel two dimensional materials [63, 64].  While we have focused our 

work on the numerically modeling the near perfect absorption at surface normal 

incidence, the impact of oblique incidence needs to be investigated. Additionally, by 

further optimization, it might be possible to design a relatively broad band near perfect 

absorber. Corresponding experimental demonstration will further support the feasibility of 

the critically coupled enhanced absorption scheme for communication, imaging and 

energy harvesting applications.  
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Chapter 3  

Vertical to In-Plane Coupling 

3.1 Background 

Optical interconnects provide an attractive way to meet the increasing bandwidth 

and computation demands. However, coupling of the light to on-chip waveguides is a big 

challenge. Horizontal edge coupling of the single mode fiber to the on-chip waveguide is 

extremely poor due to the mode mismatch or it requires difficult and accurate alignment. 

[65, 66] Vertical to in-plane couplers (VICs) can couple light through any point on the 

planar on chip and can be positioned anywhere across the wafer relaxing the need for 

the coupling along the edges. Several vertical to in-plane couplers have been 

demonstrated to couple light out of or into the waveguide. As reported in the literature, 

most the couplers use the fiber at near normal incidence to couple the light into the 

waveguide. [67-72] Slanted grating and chirped grating couplers have been 

demonstrated to couple light using normal incidence. [73, 74] However, the angled fiber 

is not desirable for low cost packing and is mechanically unstable. The slated grating 

uses non-standard fabrication methods.   

More recently, a novel design of a surface normal second order grating coupler 

with high coupling efficiency is proposed, based on high contrast gratings (HCGs). [75] 

However, no experimental results are reported. We present a design of a robust 

broadband high efficiency vertical to in-plane optical coupler using fourth order gratings. 

The coupler is designed for TE mode with coupling efficiency of 88.5% at 1,535 nm with a 

3 dB bandwidth of 42 nm. The fabrication tolerance of both the second order and fourth 

order grating couplers with surface normal coupling is also assessed. 

. 
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3.2 Grating Theory 

 
A short overview of the gratings and grating based directional couplers are 

presented in this section.  Only dielectric gratings are considered.  Gratings are one 

dimensional period structure where the refractive index is modulated by a high index and 

low index refractive material. Shown is a Figure 3-1(a) is a schematic of the grating 

placed on an infinite substrate with light incident from air. When the structures have a 

period on the order of the wavelength of incident light, the grating diffracts lights. The 

diffracted light travels in different directions. In addition to the incident light wavelength, 

the period (Λ), width (w) and the thickness (tg) of the grating determines the direction of 

the diffracted waves. The exact angles at which the reflected and diffracted beams 

propagate are determined by the grating equation (3.1).  

 

 

 

 
Figure 3-1: (a) Schematic of a grating with oblique incidence showing different diffracted 

order and relevant grating parameters. The grating period, thickness and width are 
denoted as Λ, tg and w respectively. (b) Vector diagram of the corresponding grating. The 

direction of the arrow indicates the diffracted order waves. 
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     (3.1) 

where,  neff and ni are the effective refractive index of the grating and the 

refractive index of the material to/from which the mode is coupled. θq and θu are the 

coupling angle of the q
th
 diffracted order. The working principle of the diffraction grating is 

explained with the aid of the vector diagram as illustrated in Figure 3-1(b). The radii of the 

blue and gray circles are ko (= 2π/λ), and neff ko indicating the wave numbers in air and 

substrate respectively. Furthermore the Bragg condition tells us which diffraction orders 

exist. In the presence of the grating, guided modes propagates along the grating with the 

grating vector denoted by K (= |2π|/Λ). The x component of the wave vector of the 

harmonic wave by q
th
 order diffracted order is given by 

  

&� =	'�� 	������, � = 	&�	 − )*      (3.2) 

 

where na is air incident medium  (= 1) and θq  is the radiation angle. The script i = 

(a), (s) denote superstrate (air) radiation and substrate radiation, respectively. For 

surface normal incidence, the maximum allowed diffraction order (q) for a grating with 

order (m) is q ≤ m/2. Consider the grating parameters based on the second order and the 

fourth order gratings. The second order grating parameters are based on partially etched 

and high contrast grating structures as reported references [76] and [75]  respectively.  

Table 3.1 summarizes the grating geometric parameters and corresponding 

diffraction efficiencies 
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Figure 3-2 :Histogram of different diffracted orders from second order and fourth order 
gratings with surface normal illumination. The second order grating design parameters 
are partially etched and high contrast grating structures as reported references [76] and 

[75]  respectively   
 

 

Table 3.1: Diffraction efficiency of different diffracted order for second and fourth order 
gratings with surface normal ilumination. Second order grating parameters (*) and (**) are 
based on design parameters as stated in reference [76] and reference [75] respectively. 

 

Grating Parameters Grating Order 

(*)Second Order (**)Second Order Fourth Order 

Period (Λ) 630 nm 724 nm 1045 nm 

Fill Factor (FF) 0.5 0.61 0.2 

Grating thickness (t
g
) 70 nm 960 nm 250 nm 

Diffraction Efficiency 

q = -2 – – 4.3% 

q = -1 2.80% 30% 30% 

q = 0 66.90% 19.7% 7.50% 

q = 1 2.80% 30% 30% 

q = 2 – – 4.3% 

 

The higher order diffracted modes (+2 and -2) do not exist for the second order 

grating as governed by the Bragg condition. The power distributed for all the orders is 
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symmetric due to surface normal illumination. A large amount of power (~ 67%) is 

observed in the 0
th
 order for the second order grating based on the partial etched 

structure. For the same second order grating, by adjusting the grating geometric 

parameters, the power can be redistributed into the higher order modes. The power in the 

0
th
 order drops to 20% and as high as 30% is coupled in the +1 and -1 diffracted order. 

For a grating coupler, the power in the 0
th
 order mode represents loss mechanism 

whereas the higher order mode results in the in-plane coupling. Usually, higher order 

diffraction grating has low higher order diffraction efficiency. However, a judicious choice 

of grating parameters allows a large grating period with improved higher order diffractive 

efficiency. As shown in Figure 3-2 when the grating order is changed to four, by 

increasing the grating period, power in the 0
th
 order is further reduced to as low as 7.5%. 

This suggests that higher in – plane coupling is possible with an incorporation of a higher 

order grating. 

3.3 Analysis of High Efficiency Surface Normal Vertical to In-Plane Couplers 

 
Coupling light from an optical fibre into a photonic chip involves the use of an 

optical waveguide. Thus we consider an optical waveguide made from silicon from the 

silicon – on- insulator substrate. We investigate the use of the second order and fourth 

order grating to couple the surface normal incident light in to an in – plane waveguide. 

The light from the fibre is approximated by a Gaussian profile. The schematic of the 

surface normal vertical to in-plane couplers (VICs) are show in Figure 3-3. The 1D grating 

lies on top of the device silicon waveguide of the silicon-on-insulator substrate. The 

grating period (Λ), thickness (tgt), waveguide thickness (twg), fill factor (FF) and the 

number of grating elements (N) control the coupling efficiency of the light. The proposed 

first order coupler consists of a subwavelength HCG grating located upon an in-plane 

waveguide with a certain low index gap. The fill factor is the ratio of the semiconductor 
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grating width to the period. The incoming light propagates in the z- direction. The coupled 

light propagates perpendicular to the incoming light in both the +x and –x direction as 

shown in the schematic.  

 

 

Figure 3-3: Schematic of the surface normal vertical to in-plane coupler (VIC) based on 
(a) high contrast grating and (b) partially etched gratings on silicon-on-insulator substrate, 
where Λ, w, tg and gap are grating period, width, height and the separation between the 

grating and the waveguide respectively. The waveguide thickness is denoted by twg. 
Notice the absence of the low index gap in the partially etched surface normal VIC. 

 
 

We begin the analysis by considering normal plane wave incidence. In order to 

obtain the electromagnetic response of the structure, finite-difference time-domain 

(FDTD) simulation was carried out. [77]  Perfectly matched layers (PMLs) were 

incorporated at the boundaries of the computational domain to avoid unnecessary 

reflections of light at the boundaries. The simulations presented below are designed for a 
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TE mode surface normal vertical to in-plane coupler. The electric field is aligned along 

the gratings. 

  

3.3.1High Contrast Surface Normal Vertical to In-plane Coupler 

 

Figure 3-4: Simulated single side coupling efficiency (black), reflection (green) and 
transmission (red) from the (a) second order and (b) fourth order surface normal vertical 

to in-plane grating coupler. 
 
  

Figure 3-3(a) shows the schematic of the surface normal vertical to in-plane 

grating coupler. The high index contrast is provided by the low index gap surrounding the 

grating as shown in the schematic. Such a high contrast grating supports two modes with 

index 1 and 2 [78]. When these modes reach either the input or exit interfaces of the 

grating, they are reflection back or coupled to each other. The resulting supermodes are 

characterized with a unique propagation constant. The finite thickness of the grating 

establishes a Fabry-Perot resonance condition. Tuning the thickness of the grating allows 

the tuning of the resonance wavelength.  The reflector acts as a guided mode element. 

[56, 79] The in-plane guided modes are generated in the waveguide due the presence of 

the grating on top of the waveguide.  The grating provides the desired phase matching to 
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couple the surface normal light to the second order in-plane waveguide mode. At this 

resonance condition, there is a large buildup of electromagnetic field. The grating coupler 

provides the phase matching between the input and output light. When the waveguide is 

brought close to the grating, there is non-zero overlap integral of the field within the 

waveguide and the grating. When the Fabry-Perot resonance and the grating phase 

matching have same wavelength, the field overlap enlarges and there is strong coupling 

between the high contrast grating and the propagating waveguide mode.  

The second order grating coupler consists of a thin 100 nm silicon waveguide 

with 4 µm buried oxide layer. The grating height is 960 nm with period of 724 nm and fill 

factor of 0.61. An air gap of 250 nm is required between the HCG and the waveguide for 

surface normal coupling for the second order coupler. The fourth order grating coupler is 

designed with 260 nm silicon device layer with 2 µm buried oxide layer. The grating 

height is 260 nm with period of 1,045 nm and fill factor of 0.2. An oxide gap of 30 nm is 

present between the HCG and the silicon waveguide. Shown in Figure 3-4 are the 

simulated single side coupling efficiency, reflection and transmission from the second 

order and fourth order surface normal vertical to in-plane grating coupler based on HCG 

gratings. For maximum coupling occurs for when both the transmission to the substrate 

and the reflection back to the air is minimum.  High contrast grating couplers based on 

the second order and the fourth order gratings both provide high in-plane coupling 

efficiency. The grating coupler based on second order grating, has 44% single side 

coupling efficiency with 3 dB bandwidth of 50 nm as compared to 41.3% single side 

coupling efficiency with 3 dB bandwidth of 26 nm.    
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Figure 3-5: Field profile of the surface normal (a) first order vertical to in-plane coupler at 
1,557 nm and (b) second order vertical to in-plane coupler at 1,552 nm. 

. 
 

Figure 2-5 shows the field plots for the high contrast grating couplers. For both 

the couplers, equal amount of light is coupled into both the –x and +x direction of the 

waveguide due to the symmetric nature of the light. The second order HCG coupler 

couples 44% light in each direction of the waveguide at resonance wavelength of 1,552 

nm. The 3 dB bandwidth is 50 nm and 1 dB bandwidth is 34 nm for this second order 

grating coupler. Figure 3-5(a) clearly shows a considerable amount of light leaks out of 

the 100 nm waveguide and is confined strongly around it. Most of the light is confined 

within the waveguide for the fourth order HCG coupler. However, only 41.2% light 

couples in each direction of the waveguide at resonance wavelength at 1,557 nm. The 3 

dB bandwidth is 26 nm and 1 dB bandwidth is 14 nm for the fourth order HCG coupler.  In 



 

26 

both the couplers, the grating produces an upwards and a downwards propagating 

waves.  

An obvious question arises: what is the effect of fabrication tolerance for these 

two types of HCG couplers based on second-order and fourth-order gratings? To answer 

this question we investigated the effect of the single side coupling efficiency by changing 

the design parameters like the number of grating, grating, period, grating height, grating 

fill factor, and the waveguide thickness. Only one design parameter was changed at a 

time while all the other parameters were kept constant. It is obvious from the grating 

equation that for a given period, the effective index decreases with larger wavelength 

while the ratio of wavelength to period increases, there is only one possible wavelength 

to match the phase of the grating and the waveguide. Hence, the change in grating 

period makes the 3 dB band shift without affecting the coupling efficiency for both the 

second order (Figure 3-6(a)) and fourth order (Figure 3-6(e)) HCG couplers. The 

reflection band shifts to the longer wavelengths due to the increase in the effective 

thickness of the waveguide with the increase in the thickness of the waveguide.  This 

explains the red shift in the coupling efficiency with the increase in the waveguide 

thickness for the second order and fourth order HCG couplers as shown in Figure 3-6(b) 

and Figure 3-6(f) respectively. It is worth noticing a large spectral shift with a slight 

degradation in the efficiency of the coupling band for only 5 nm variation in the 

waveguide thickness of second-order grating VICs. Almost the same spectral shift with 

negligible degradation is observed in the second order grating coupler when the 

waveguide thickness changes by 10 nm. The fourth order coupler is more tolerant to the 

variation in the waveguide thickness. The grating height determines the perturbation to 

the propagating field [80] and can be characterized by an effective index. With the 

increase in the grating thickness, the effective index increases. This is analogous to a 
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ridge waveguide, where the single mode operation depends on the thickness of the 

waveguide.[81]  

 

 

Figure 3-6: Numerically simulated single side coupling efficiency for (a – d) the second 
order and (e – f) the fourth order surface normal vertical to in-plane coupler. Left panel 

shows the variation in the coupling efficiency due to the changes in the grating period (Λ), 
waveguide thickness (twg), grating height (tg) or fill factor (FF).  
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Also, as can be seen in Figure 3-6(c) and Figure 3-6 (g), a change in 10 nm in 

the grating thickness gives a slight shift in the coupling band. The fill factor affects the 

reflectivity of the grating seriously.[82] A 7 nm variation in grating width changes 

efficiency of the second order grating coupler significantly (Figure 3-6(d)) as compared to 

10 nm variation in grating width resulting in negligible change in the coupling efficiency of 

the fourth order grating coupler (Figure 3-6(h)). In summary, the HCG coupler based on 

the second order and fourth order gratings both provide high coupling efficiency. While 

the 3 dB bandwidth of the second order HCG coupler is higher than the fourth order HCG 

coupler, the second HCG coupler is very prone to fabrication errors and demands very 

stringent fabrication technology.  

 So far we have considered coupling from air in to the waveguide. Using the 

same fourth order grating coupler it is possible to couple light from the waveguide to air 

as shown in Figure 3-7(a). When the light is illuminated from within the waveguide, the 

coupled light can leak out of the device to the air or can be lost to the substrate. The 

reflection and the transmission within the waveguide are also the means of loss. The 

electric field is along the length of the grating (i.e. TE mode illumination) within the 

waveguide. A peak efficiency of 90% is easily achievable with this configuration as shown 

in in Figure 3-7(b). The 1 dB coupling to air extends from 1408 nm to 1459 nm and 

1467nm – 1498 nm. 

The coupling to the substrate, a loss mechanism, can be further reduced by 

optimizing the thickness of the buried oxide or by an addition of a bottom Bragg reflector. 

The transmission through the waveguide can be reduced by either chirping the grating 

elements or by adding distributed Bragg reflector. The placement of an anti-reflection 

coating on top of the gratings will also increase the coupling to the air. Thus by 

optimization it is possible to achieve near perfect coupling from waveguide to air as well.    
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Figure 3-7: (a) Schematic of the waveguide to air grating coupler showing illumination 
direction, coupling to air and transmission (T) and reflection (R) within the waveguide and 
loss in the substrate (S). (b) Simulated coupling efficiency into the air,   the transmission 

and reflection loss within the waveguide and unwanted coupling to the substrate. 
 

 

 
3.3.2 Partially Etched Surface Normal Vertical to In-plane Grating Coupler 

The high contrast gratings involve the use of a low contrast material surrounding 

the grating. The use of the low contrast medium between the grating and the waveguide 

in the HCG based grating coupler adds additional fabrication complexity.  In this section, 

we explore the performance of a grating coupler based on partially etched gratings as 

shown in in Figure 3-3 (b). The parameters for the second order gratings are based on 

design as reported in reference [76]. Shown in Figure 3-8 are the simulated single side 

coupling efficiency, reflection and transmission from the second order and fourth order 

surface normal vertical to in-plane grating coupler based on partially etched gratings. 
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Figure 3-8: Simulated single side coupling efficiency (black), reflection (green) and 
transmission (red) from the (a) second order and (b) fourth order surface normal vertical 

to in-plane grating coupler. 
. 

 

Based on the discussion from section 3.2 as expected the high transmission from 

the 0
th
 order diffracted mode from the second order grating limits the in-plane coupling to 

around 25%.  The dimensions of the fourth order partially etched grating coupler are such 

that both the first and second order diffracted waves are coupled into the waveguide. The 

first diffracted order guided within the silicon waveguide due to total internal reflection at 

the oxide-silicon interface and the silicon-air interface. The second diffracted order 

couples to in-plane waveguide due to k-vector matching. At surface normal incidence, 

some leakage to the substrate is present which limits the in-plane coupling efficiency of 

the fourth order grating coupler to near perfect. Numerically 44% single side in-plane 

coupling efficiency with 3 dB bandwidth of 42 nm is demonstrated. Fabrication tolerances 

of the partially etched fourth order surface normal vertical to in –plane grating coupler is 

presented in Figure 3-9. As before only one grating parameter was changed at a time. A 

relatively high single side coupling efficiency of ~ 44% is observed numerically 
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irrespective of the variation to any of the grating parameter.  The bandwidth is also 

relatively independent of the grating parameter variation.  

 

 

Figure 3-9: Numerically simulated fourth-order grating coupler single side coupling 
efficiency due to variations in (a) grating period Λ; (b) waveguide thickness twg; (c) fill 

factor FF; and (d) grating thickness tg. 
 
 

So far we have analyzed the coupling of the light from air in to the waveguide. 

Specifically, the light couples evenly into the waveguide in the + x direction and – x 

direction (Figure 3-3).   The symmetric coupling is a manifestation due to the inherent 

symmetric of the grating coupler. This symmetry can be broken by the addition of a 

distributed Bragg reflector in one of the arm of the grating coupler, resulting in 

unidirectional coupling. Shown in Figure 3-10 (a) is the schematic of the unidirectional 

surface normal vertical to in-plane grating coupler. The incident light has electric field 

oriented along the length of the gratings. Three pairs of quarter wave reflectors centered 
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on 1550 nm are assumed in the simulation. Upon surface normal illumination, the 

coupled light into the backward direction (i.e. – x direction) is suppressed as shown in 

Figure 3-10(b). The coupling in the forward direction (i.e. + x   direction) is increased. The 

in-plane coupling increases from 44% (Figure 3-8(b)) to 70% (Figure 3-10(c)) due to the 

presence of the quarter wave reflector (QWR). The spacing (s) between the QWR and 

the grating coupler section determines the coupling in the forward direction. This distance 

(s) affects the reflectivity of the in-plane of the guided mode from QWR facet resulting in 

interference either constructive or destructive.  Consequently, we see enhanced coupling 

in the forward direction. With further optimization of the grating parameters, in-corporation 

of anti-reflection coatings and bottom Bragg reflectors, perfect surface normal 

unidirectional vertical to in-plane coupling in possible.  
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Figure 3-10: (a) Schematic of a unidirectional surface normal vertical to in-plane grating 
coupler.  Simulated single side coupling efficiency in (b) the backward and (c) the forward 

direction. 
 

Table 3.2 summarizes the surface normal to vertical in – plane grating coupler 

performance based on the partially etched and high contrast second order and fourth 

order gratings. The fourth order grating parameters were designed such that the 

diffracted power in the higher order modes is increased. In all the grating couplers, the 

buried oxide-silicon interface reflects the downward propagating wave and interferes 

directly with the upwards propagating wave. Thus, properly choosing the buried oxide 

thickness the coupling efficiency can be improved [83, 84]. The buried oxide layer acts as 

the lower cladding layer preventing the guided mode field from penetrating the substrate 
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below. The coupling will be satisfactory as long as the oxide is thicker than the 

evanescent fields of the guided mode. The fourth order grating coupler couples 88% of 

the surface normal incident light at 1,535 nm from surface normal to in-plane waveguide 

with 3 dB bandwidth of 42 nm. Overall, the fourth-order grating coupler has high coupling 

efficiency with large fabrication tolerances. The compact 20 µm size, fabrication error 

tolerant robust design, and bigger grating periods with high efficiency and bandwidth 

makes the proposed fourth-order grating coupler promising candidate for integrated 

silicon photonics. 

Table 3.2: Summary of the grating parameters, coupling efficiency and 3 dB bandwidth of 
the surface normal grating coupler based on partially etched and high contract grating 

coupler. Second order grating parameters (*) and (**) are based on design parameters as 
stated in reference [12] and reference [11] respectively. 

 

Grating 
Parameters 

(*) Second 
order partially 
etched grating 

coupler  

Fourth order 
partially 

etched grating 
coupler 

(**) Second 
order high 

contrast grating 
coupler 

Fourth order 
high contrast 

grating coupler 

     

Period (Λ) 630 nm 1045 nm 724 nm 1045 nm 

Fill Factor (FF) 0.5 0.2 0.61 0.2 

Grating thickness 
(t

g
) 70 nm 250 nm 960 nm 260 nm 

Waveguide 
thickness (twg) 

220 nm 250 nm  260 nm 

Gap Material – – Air Oxide 

Gap thickness – – 250 nm 30 nm 

Number of 
Grating elements 

(N) 

26 19 29 31 

BOX 2 µm 2 µm 4 µm 2 µm 

Single side 
coupling 
efficiency 

25% 44% 44% 41.25% 

Total coupling 
efficiency 

50% 88% 88% 82.5% 

3 dB bandwidth 60 nm 42 nm 50 nm 26 nm 

1 dB bandwidth 40 nm 28 nm 34 nm 14 nm 
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3.4 Fabrication and Optical Characterization of the High Efficiency Fourth Order Surface 

Normal Vertical to In-Plane Grating Coupler 

 

 

Figure 3-11: Process flow the fabrication of the high efficiency second order surface 
normal vertical to in-plane coupler. 

 
The process flow for fabricating the fourth order grating coupler is summarized in 

Figure 3-11. Global Alignment marks are made on the starting silicon-on-insulator (SOI) 

substrate using electron beam lithography (EBL). The thickness of the silicon device layer 

is 500 nm and the buried oxide is 1 µm. Using second electron beam lithography and 

standard reactive ion etching (RIE) dry etch technique, an array of waveguides were 

fabricated. The waveguides are 10 µm and are separated by a distance of 100 µm 

(Figure 3-11(c)). Using third EBL, the grating patterns were aligned to the waveguides via 

the global alignment marks. Shown in Figure 3-11 (e) is a scanning electron micrograph 

zoomed in to the grating region. 
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The coupling efficiency was measured using the cut back method.  The light was 

incident on the grating from top and the coupled power was measured at the cleaved 

facet. The grating couplers were characterized by measuring the in-coupled light spectra 

with an Agilent tunable laser system with 1pm resolution.  The incident beam goes 

through an optical circulator, a laser beam collimator, an optical lens, a linear polarizer 

and an objective lens. The x50 objective lens with numerical aperture (NA) of 0.42 was 

used to reduce the spot size to 7 µm. The circular was used to ensure surface normal 

incidence. An infrared camera was used for initial alignment. The light coming from the 

cleaved is then focused onto the power detector.  We measured the Fabry-Perot 

resonances caused by a cavity formation between the grating coupler and the cleaved 

facet.  Shown in Figure 3-12 is the measured coupling efficiency versus wavelength. This 

is the optical power at the detector divided by the input power incident on the grating. The 

power incident on the grating is 0.5 mW. The spacing between the peaks depends on the 

cavity length. We measured a free spectral range (FSR) of 0.4 nm and compared it with 

the calculated FSR of 0.41 nm. The actual coupling efficiency from fibre to waveguide is 

estimated by taking into the cavity effects. Neglecting the propagation losses of the 

waveguide, facet reflection and the grating reflection determine the quality of the cavity. 

We calculate the normalized transmission for a facet reflection of 0.32 and different 

grating reflections. Without any grating reflection, there is no cavity and 68% of the in 

coupled power reaches the detector. In our measured the ratio of the peak power to the 

minimum power is around 1.5 and the Fabry-Perot peaks correspond to 74% of the 

power that is actually coupled into the waveguide. Thus, we estimate the coupling 

efficiency to be 20%.   
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Figure 3-12: Measured coupling efficiency versus wavelength. This is the optical power at 
the detector divided by the input power from the fiber. 

 
 

Shown in Figure 3-13 are the measured and simulated single side coupling 

efficiency for grating coupler with 250 nm waveguide thickness (twg), 250 nm grating 

thickness (tgrat) and 19 grating elements. The periods were varied and the fill factor (FF) 

of these devices was fixed to 0.3.  A maximum of 20% coupling efficiency is measured 

experimentally. The measured 3 dB and 2 dB bandwidth are 52 and 26 nm respectively. 

The peak reflection occurs at the wavelength of second order Bragg back reflection. For 

surface normal incidence, the wavelength of peak reflection is determined by the simple 

phase matching condition λp = Λ neff, where λp is resonant wavelength, is the period of the 

grating and neff is the effective refractive index. As the period (Λ) changes, the neff 

changes, hence we see a linear dependence of the center wavelength as the period 

changes.  Good agreement between simulations and measurements are observed.  
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Figure 3-13: (a) Measured and (b) simulated single side coupling efficiency of the second 
order surface normal vertical to in-plane coupler efficiency. (c) Comparison of the 

experimentally measured and FDTD simulated center wavelength of the grating coupler. 
 

 

Both the second and the fourth order grating couplers couple surface normal 

incident light with high efficiency. However, the second order coupler based on the 
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partially etch gratings is limited to ~ 20% single side coupling efficiency due to strong 

Bragg reflection. While the second order grating coupler based on the high contrast 

grating coupler provides high coupling efficiency and large band width of operation. The 

coupling efficiency drops significantly with the change in fill factor by few nanometers 

which make the first order grating coupler design very prone to fabrication imperfections. 

A large spectral shift is found with slight degradation in coupling efficiency when the 

waveguide thickness of the first order coupler is changed only by few nanometers as 

compared to insignificant change in the efficiency or the spectral shift of the coupling 

band of the second order coupler. The fourth order coupler can be easily implemented on 

a standard SOI wafer as compared to more demanding second order grating coupler 

design parameters. The larger periods of the fourth order grating also facilitates the use 

of deep UV lithography as compared to more expensive and time consuming electron 

beam lithography for the smaller design parameters of the first order grating coupler. 

Overall, the second order grating coupler gives high coupling efficiency despite the 

fabrication imperfections. The compact 20 µm size, fabrication error tolerant robust 

design, and bigger grating periods with high efficiency and bandwidth makes the 

proposed fourth-order grating coupler promising candidate for integrated silicon 

photonics.  We have numerically demonstrated a fourth order vertical to in-plane optical 

coupler based on a 1-D grating in a SOI waveguide. The fourth order grating coupler 

couples 88% of the surface normal incident light at 1,535 nm from surface normal to in-

plane waveguide with 3 dB bandwidth of 42 nm. We experimentally demonstrated 20% 

single side coupling efficiency with 3 dB bandwidth of 52 nm. The device is very compact 

and couples light only to TE-modes of the planar waveguides. Therefore, it may be used 

in a polarization diversity configuration to implement a polarization insensitive photonic 

integrated circuit based on photonic crystal waveguides. 
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Chapter 4  

Anti-Reflection Coatings 

4.1 Background of Anti-Reflection Coatings 

The overall efficiency of optical devices, e.g., solar cells, detectors, scope optics, 

or remote imaging cameras, can be improved by reducing the reflection of the light from 

the surface. A perfect anti-reflection coating (ARC) eliminates the reflection from an 

interface between two media for all wavelengths, polarizations and angles of incidence 

(AOI). The graded index (GRIN) ARC, where the refractive index (RI) is gradually 

transitioned between the two media using porosity or tapered nanostructures, gives 

extremely low reflection over a broad spectral range for a wide range of incident angles 

(i.e. omni-directional ARC, or Omni-AR) [85, 86]. Single- or multi-layer quarter-

wavelength stack and graded index layers are two prevalent anti-reflection schemes.  

The multilayer coating structure gives low reflection but is relatively narrow band 

and the reflection increases across the spectrum as the AOI increases [87]. The design 

of the multi-layer ARC is further complicated by the availability of the material with the 

correct refractive index and the optical transparency. Graded index layer scheme is more 

widely used to suppress reflection over a broad band. Reduced reflection results in 

improved light coupling. Porous structures can be fabricated easily using electrochemical 

etching or glancing angle deposition (GLAD) [88-92]. The GLAD process is not material 

specific and can be deposited on any flat surface.  Reflection less than 3% is observed 

for AOI up to 30
0
 using GLAD process. The porous structures are fragile and easy to 

break. It is also difficult to control the effective refractive index and the charge transport is 

hindered significantly due to porosity. The porous structures formed by wet etching are 

limited to crystalline substrates and the GLAD process involves complex and costly 

fabrication. A recent review on modern techniques shows the use of nanostructures to 
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generate anti-reflection properties [93-95]. The following section discusses the potential 

of graded index film for improving the light coupling into conventional solar cells. A design 

methodology is developed to relate nanostructures as an effective GRIN film to design a 

near perfect anti-reflection coating. Finally, optical designs for the omni-directional ARC 

on rigid and flexible surfaces accounting for the process variation from commercially 

viable resonant infrared matrix-assisted pulsed laser evaporation (RIR-MAPLE) 

technology are investigated. 

4.2 Light Coupling In Conventional Solar Cells 

 
Light coupling in conventional solar cells is achieved by surface texturing. The 

surface texturing reduces front surface reflection thereby increasing the transmission into 

the cell. The light coupling into conventional solar cells is achieved by textured surfaces 

that serve as anti-reflection coating. Broadly speaking the textured surfaces can be 

fabricated by etch down or bottom up methods 

 4.2.1 Etch Down Methods 

The anisotropic etching and laser ablation are the predominant etch down 

methods to improve light coupling into the silicon solar cell [96-98]. Other etch down 

techniques used for surface texturing include isotexturing, reactive ion etching 

mechanical scribing masked isotropic etching, acid etching and laser ablation [99-104]. 

These etch down methods are associated with texturing the solar cell by means of 

removal of the cell material. Specifically, these methods are no applicable to thin solar 

cells on flexible cheap organic substrates.  

 
4.2.2 Bottom Up Methods 

On the other hand, the bottom up method does not involve any etching of the 

active solar cell material. The textured surface is usually built upon the front surface of 
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the solar cell. This surface texture reduces the front surface reflection and increases the 

transmission into the solar cell. Biometric moth eye nanostructures on silicon or acrylic 

resin have demonstrated ultra-low broadband (< 1%) average reflection [105, 106]. 

Hemispherical texturing is low cost and easy to implement using convective/spin coating 

techniques that are compatible with micro fabrication process. Reflection less than 8% is 

observed for AOI up to 60
0 

[86], Recently, we also demonstrated omni-directional anti-

reflection coating from large area imprinted surface texture [107]. The inverted pyramids 

are textured onto cell surface using a resin imprint process. The process can be deployed 

for large-scale manufacturing and can be integrated on different solar cell substrates. The 

optical performance and efficiency improvement due to the surface texture on 

commercial amorphous Si solar cells is presented. 

 
Figure 4-1: Schematic of the Fano Resonance enhanced photonic crystal Infrared 

Photodetectors based on transfer-printed InGaAs/Si nanomembranes 
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Figure 4-1 illustrates the process flow for the resin imprint surface texture. The Si 

master mold was prepared using photolithography with SiO2 as the mask with 10 µm 

periodicity and square base of 9 µm, and then etched using 30% (by weight) KOH at 

75
0
C. The reverse molds were fabricated by hot embossing a Tefzel 50 µm ETFE film 

using the master mold. When a liquid resin film is applied to cell surface, a second imprint 

step was performed in a Nanonex nanoimprinter using the flexible, transparent reverse 

mold to create the inverted pyramid array in the resin film. UV curing of the resin film was 

performed through the transparent mold. The mold was then peeled off due to non-

stickiness. 

Commercial amorphous Si solar cells were used with an active area of 2×1.4 

inch
2
. The cells were encapsulated in plastic. We peeled off the plastic encapsulation 

layer and measured the I-V characteristics. Proper care was taken to ensure minimal 

degradation in the photovoltaic parameters. The total reflection of the resin imprint 

surface texture was measured under normal incidence using an integrating sphere. The 

surface roughness of the cells before the texture was measured with an Alpha Step IQ 

surface profiler. Solar cells, with and without the resin imprint texture, were characterized 

by the I-V measurement. With illumination under AM 1.5 conditions (100 mW/cm
2
 and 

25
0
C), the I-V characterization yielded fill factor (FF), open-circuit voltage (Voc), short 

circuit current (Isc), and efficiency. From these parameters, the maximum power Pmax and 

relative enhancement in efficiency was calculated. 
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Figure 4-2: (a) Optical micrograph of a delaminated amorphous Si cell (left),  resin 

coating on delaminated amorphous Si cell (middle) and the resin imprint texture on an 
amorphous Si cell (right). (b) Measured normal incidence reflection for a delaminated cell 

(black), cell with a low index resin film (blue), and cell with an inverted pyramid texture 
(red). 

 
Figure 4-2 (a) shows the optical micrograph of an amorphous Si cell without and 

with the inverted pyramid texture. Measured reflection spectra shown in Figure 4-2 (b) 

were carried out at normal incidence. The textured cell appears dark in color, indicating 

less reflection as compared to the more reflecting untextured cell. In the absence of a 

resin film, the higher index TCO of the solar cell is exposed to air, thus we see more 

reflection. The low index resin reduces the reflection since the index contrast is reduced. 

Moreover, the resin imprint texture reduces reflection in a wide spectral range of 300 – 

1,200 nm, illustrating its broad-spectrum nature. The reflection at the front surface of the 

texture can be recaptured by second and third hits, so the losses at the front surface are 

low. The multiple reflections increase the amount of light trapping and are expected to 

improve the efficiency of the cell. 

To ensure that the amorphous Si cells to be textured had consistent properties, 

we measured I-V characteristics of many devices before and after delaminating the 

encapsulation. Minimal to no degradation was seen in the delaminated cells. The 

delaminated cells were mounted on a variable-angle stage that was used to adjust the 

incident angle of light from the solar simulator (normal to 60º, increments of 10º). Shown 
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in Figure 4-3(a) is the measured angle-dependent I-V characteristic of an amorphous Si 

cell before and after the resin imprint texture. Figure 4-3 (b) shows the I-V characteristics 

of an amorphous Si cell before and after a low index untextured resin coating. 

 
Figure 4-3: Measured I-V characteristics of amorphous Si cells: (a) before (dash) and 

after resin imprint texture (solid) and (b) before (dash) and after a low index resin film with 
no texture (solid) under AM 1.5 solar simulator at room temperature. 

 

With the use of the surface texture (Figure 4-3 (a)), the omni-AR coating the 

open-circuit voltage Voc remains unchanged and the short circuit current Isc increases for 

all incident angles measured. When we use a low index resin on amorphous Si solar 

cells, the Pmax reduces monotonically from 10
0
 to 40

0
 beyond which it increases as 

compared to the Pmax of the uncoated cell. A large improvement is seen at large angle of 

incidence. This improvement demonstrates the omni-directionality of the inverted pyramid 

texturing for improved light absorption with reduced reflection over a wide spectral range 

and a large range of angles of incidence. With surface texture, Voc remains largely 

unchanged. However, Isc increases significantly. This suggests improved light coupling 

into the amorphous Si cell, thereby giving larger Pmax. Care was taken to ensure the 

measurement conditions were repeatable for various incident angles and for solar cells 

before and after the texture. A set of four solar cells was measured to minimize statistical 
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variations associated with the test setup. The efficiency enhancement is the ratio of the 

power conversion efficiency with texture (coating) to the power conversion efficiency 

without texture (without coating). From Figure 4-4 it is evident that the resin imprint 

texture improves efficiency. The relative efficiency enhancement for the cell coated with 

low index resin with no texture at 60
0
 is only 2.4% due to the reduced absorption in 

optical power. On the other hand, for the cells coated with the omni-AR texture the 

improvement is more significant at larger incident angles, with maximum relative 

efficiency improvement of 22% at 60°. Therefore, this resin imprint texture is more 

suitable for fixed-orientation solar cells, such as those installed on rooftops, for increased 

power output in early mornings and late afternoons. 

 

 
Figure 4-4: Statistics of relative enhancement in efficiency as a function of incident angle 

for six amorphous Si cells with the low index resin coated and Omni-AR textured 
structure. 

 

The resin imprint process was demonstrated for omni-directional anti-reflection 

on flexible amorphous Si solar cells. The inverted pyramid texture from a Si master mold 

is transferred on amorphous Si solar cells. The texture reduces reflection of the cells in 

the spectral range of 300 – 1,200 nm, thus broad spectrum. Moreover, the texture 
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improves the efficiency of the cells at various incident angles from surface normal to 60°. 

The efficiency improves at larger incident angles to as high as 22% relative to the 

untextured cell. The improved efficiency is largely due to increased short circuit current. 

The efficiency improvement is attributed to the increased light coupling into the cells. The 

results show a promising method for surface texturing for all types of cells- crystalline Si, 

amorphous Si, thin film, and organic solar cells.  

 

4.3 Near Perfect Anti-Reflection Coating 

 
Figure 4-5: (a) Schematic of the GRIN film structure on Polycarbonate (PC) substrate; (b) 
Three different GRIN index profiles for different film thicknesses; (c) Simulated reflection 

spectra for different film thicknesses at 60
0
 AOI. The solid, dash and dash-dot line 

correspond to the linear, cubic and quintic GRIN profile respectively; (d) Simulated 
reflection spectra for the linear GRIN at 60

0
 AOI. 
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All the nanostructures gradually taper from the wide base to a fine point acting 

like a GRIN film. Clearly, different shape and sizes of the nanostructures give low 

reflection. However, there is not much clear understanding as to what shape and size will 

give us near perfect ARC behavior. We propose a methodology to relate the 

nanostructures of different shapes and sizes as an equivalent GRIN film. We investigate 

the rate of change of the RI as a function of the nanostructure thickness. Comparing the 

RI profile of a nanostructure for a given thickness to that of an equivalent GRIN film we 

can find the minimum feature size to give near perfect ARC. In this paper we focus the 

design of nanocone ARC structures that allow over 98.5% transmission over a broad 

visible spectral range with cone angles up to 120
0
. We also compare the nanocone 

structures to pyramid, hemisphere and paraboloid structures in order to achieve a 

practical balance between high performance and manufacturability. 

GRIN structures have been extensively investigated with various index profiles. 

[108-112]  Here we consider GRIN structure on polycarbonate (PC) substrate, with film 

thickness t, as shown in Figure 4-5 (a). In our design, we consider three typical index 

profiles following linear, cubic, and qunitic functions (Figure 4-5 (b)). The PC substrate 

has index of 1.58 and the incident medium is air. 1,000 layers are used to simulate the 

GRIN film. The reflection simulations for the GRIN films were performed using rigorous 

coupled-wave analysis (RCWA) technique [42, 43] to compute transmission and 

reflectance. All the geometries are represented by rectangular blocks with a staircase like 

approximation.  

The simulated reflectivity spectra is shown in Figure 4-5 (c), for different GRIN 

film thicknesses following three different index profiles at 60
0
 angle of incidence (AOI). 

Generally the reflection increases with the increases of wavelength and AOI. Based on 

the simulation results, linear GRIN film has the highest (worst) reflectance as compared 
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to the other two types of GRIN films following cubic or qunitic functions. Thus, it is 

sufficient to model a linear GRIN film with minimum film thickness and maximum AOI 

(60
0
) for R < 1.5% over broadband spectral range (400 – 850 nm) and wide AOI (0º – 

60º). Shown in Figure 4-5 (d) are simulated reflection spectra for linear GRIN films with 

different thicknesses at 60
0
 AOI. It is apparent that the maximum reflectance reduces 

with the increase of the linear GRIN film thickness. A minimum linear GRIN film thickness 

of 800 nm is needed in order to achieve R < 1.5% over a broadband spectral range and 

wide range of AOI (up to 60
0
). In other words, if the change of index (n) with reference to 

the GRIN film thickness (t) dn/dt is less than 0.725 µm
-1

, we can achieve R<1.5% over 

the target spectral band and the wide range of AOI. Based on these findings, we can now 

design a nanocone structure that will have performance similar to or better than a linear 

GRIN film. As long as the refractive index of the nanostructure changes at a lower rate, it 

is assured that the reflection will satisfy the design constraints. 

 

4.3.1 Near Perfect Anti-Reflection Coating from Nanocone Structures 

 
The effective RI of a nanocone structure increases from the index of the air to 

that of the substrate so that the gradual change in the RI reduces the reflection of light at 

substrate surface. The size and spacing of the features are sub-wavelength so that 

effective index theory can apply. Closely packed square lattice is used for simulations of 

the nanocone structures. The nanostructures are made of the material with the refractive 

index of 1.58, the same as that of the PC substrate. Figure 4-6(a) shows the three 

dimensional schematic of the nanocones used to represent the GRIN film and the 

effective refractive index profile for nanocones with base diameter of 281 nm. The green 

dash curves shown in Figure 4-6(c) represent the effective index of the nano cones with 
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different nanocone heights. The black (I), blue (II), red (III) and purple (IV) solid curves 

corresponds to the effective refractive of a linear GRIN film corresponding to (dn/dt) of 

1.16 µm
-1

, 0.725 µm
-1

, 0.58 µm
-1

and, 0.386 µm
-1

 respectively. 

 

 
Figure 4-6: (a) Three dimensional (3D) schematic of the closely packed nanocones in a 

square lattice; (b) Schematic of the nanocones used for simulations showing the 
staircase like approximation of the nanocones with definitions of key parameters; (c) 
Simulated effective refractive index of different heights of the nanocones (green dash 

lines). Also shown are four solid curves with different effective index change rate (dn/dt) 
of 1.16 µm

-1
(black, I), 0.725 µm

-1
(blue, II), 0.58 µm

-1 
(red, III) and 0.386 µm

-1 
(purple, IV), 

respectively. 
 

Based on the earlier discussions about GRIN film, to achieve low reflection ( < 

1.5%) over the entire spectral range (400 – 850 nm) for incident angles up to 60
0
,  the 

refractive index change rate (dn/dt) should be less than 0.725 µm
-1

. Based on the dn/dt 

criteria, a solid blue line can be added to the figure shown in Figure 4-5(c). Based on this, 

we can predict that the nanocone height should be equal to or greater than 800 nm. To 

verify our predictions, we carried out RCWA simulations for closely packed nanocone 

ARC structures with nanocone height of 800 nm. The results are shown in Figure 4-7, 

with unpolarized, s- and p-polarized incident light. All three reflectivities are below 1.5% 

over the visible spectral range for incident angles up to 60
0
. 
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Figure 4-7: Simulated reflectivity of (a,c,e) unpolarized, (b,d,f) s-polarized (dash-dot) and 
p-polarized (dash) light for the closely packed nanocone ARC with 800 nm, 500 nm and 

1500 nm cone height and 8
0
 cone angle. 
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The results agree very well with our predictions based on the effective index 

GRIN film simulation. On the other hand, when the height reduces to less than 800 nm, 

say 500 nm, the maximum reflection is greater than 1.5% (Figure 4-7(c-d)).To verify the 

effectiveness of our process, we simulated the same nanocone AR structure with height 

of 1,500 nm, with the results shown in Figure 4-7 (e-f). Based on the predictions shown in 

Figure 4-5(d), we should expect the peak reflection for the unpolarized light should be < 

0.5% for t=1,500 nm over the spectral range of 450 – 850 nm over 0 – 60
0
 AOIs. The 

results shown in Figure 4-7 do supporting our predictions. 

 

 
Figure 4-8: Simulated reflectivity at 60

0
 angle of incidence of the closely packed 

nanocone ARC with (a) 8
0
 cone angle and (b) 16

0
 cone angle. 

 

Next we consider the effect of changing the cone angle and the height of the 

nanocones. In order to study the aspect ratio we kept the height constant and changed 

the base diameter of the nanocones. For wavelengths greater than the base diameter of 

the cone, λ > d the reflectance is low. When the base diameter d is greater than the 

wavelength, then the nanocones act like a diffraction grating. The high order diffractive 

light propagates and increases reflection. Reflectance maxima are seen in Figure 4-8 and 

are related to the ratio of the nanocone height to the wavelength, h/λ [113, 114] The 
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reflection does not change much as the cone height increases. The maximum allowed 

nanocone angle is 16
0
 for nanocone height greater than 800 nm. The reflection remains 

below 1.5% for wavelengths up to 850 nm and incident angles up to 60
0
. 

 

 
Figure 4-9: (a) Specular reflection at 60

0
 AOI, and (b) Effective refractive index for 

hemisphere, parabola, pyramid and nanocone nanostructures. Also shown in black dash 
line is the effective index plot with index change rate (dn/dt) of 0.725 µm

-1
, corresponding 

to the criteria for R<1.5%. 
 

An obvious question arises: can we get ARC properties from other shapes? To 

answer this question we investigated common surface structures like hemisphere, 

parabola, and pyramid with similar structural parameters. All the structures are simulated 

on polycarbonate substrate with period of 281 nm at height of 1 µm at 60
0
 angle of 

incidence. Shown in Figure 4-9(a) is the simulated specular reflection for various 

nanostructures considered here. Shown in Figure 4-9 (b) are the effective refractive index 

plots for these nanostructures with different heights. Considering the base period of 281 

nm, the height of the hemisphere is 140 nm (radius). Hence its effective RI lies to the left 

of the linearly graded 0.8 µm GRIN film (with dn/dt=0.725 µm
-1

), and the reflection is 

greater than 1.5%. The effective refractive index of the nanocone changes more 

gradually as compared to that of the parabolic cone hence we see less reflection for the 
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nanocone structure. However, the pyramid structure is index matched to the substrate 

hence has slightly better performance. Due to enhanced second strike [115] in the 

pyramids we see lower reflectance at shorter wavelengths. As the wavelength increases 

and becomes comparable to the height we see similar reflectance for the pyramids and 

nanocones.  

 

4.3.2 Near Perfect Anti-Reflection Coating from Graded Refractive Index (GRIN) films 

An ideal technology for making GRIN films from either organic or inorganic 

materials should be such that it provides broad band anti-reflection coating over wide 

range of wavelengths and incident angles. The technology should also be able to coat 

rigid or flexible substrate, flat or curved shapes and organic or inorganic substrates.  

Earlier while we demonstrated that nanostructures can serve as near-perfect anti-

reflection coating, coating them on curved surfaces is quite challenging. On the other 

hand, the conventional inorganic anti-reflection coatings are susceptible to delamination 

when coating on organic substrates.  A broadband omnidirectional organic AR coating 

requires refractive index matching from that of an organic substrate (n = 1.4 – 1.6) to that 

of the surrounding medium (usually air with n = 1.0).  However, the bulk polymers cannot 

achieve RI values significantly below the theoretically determined limit of n = 1.29 making 

the index matching challenging [116].  Resonant infrared, matrix-assisted pulsed laser 

evaporation (RIR-MAPLE) is yet another means of offering a straightforward approach to 

enabling the required GRIN profile on organic substrates.[117, 118]  The resonant 

infrared matrix-assisted pulsed laser evaporation (RIR-MAPLE) deposition technique can 

control the polymer blend domain sizes and continuously vary polymer blend ratios over 

a given film thickness. Thus is allows substrate independent broad band omni directional 

antireflection coating. 
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The following section describes the modeling of the graded refractive index 

(GRIN) anti-reflection (AR) coating for a polycarbonate substrate. The design criteria is to 

achieve less than 0.5% with transmission greater than 99.5% over a cone angle of 120
0
 

from a curved polycarbonate substrate. Since the reflection increase at higher incident 

angles, it is sufficient to simulate the GRIN film on the polycarbonate substrate with an 

incidence angle of 60
0
. The GRIN-AR coating is modeled as a stack of 10 nm thick layers 

on polycarbonate (PC) substrate as shown in Figure 4-10(a). The transmission and 

reflection simulations for the GRIN films were performed using rigorous coupled-wave 

analysis (RCWA) technique [119]. A non-dispersive refractive index of 1.58 for the PC 

substrate was assumed in the simulations. Linear, cubic, quintic and exponential sine 

gradient films were investigated in the simulations [112, 120, 121]. The simulations 

predict that the reflection stays below 0.5% with transmission greater than 99.5% at 

angles of incidence as large as 60º throughout the visible spectrum (400 – 750 nm) for 1 

µm thick exponential sine and cubic GRIN film.   

 

 
Figure 4-10: (a) Schematic of the GRIN film structure on Polycarbonate (PC) substrate; 

(b) Four different GRIN index profiles for 1 µm film thickness; and (c) Simulated reflection 
spectra for 1 µm thick film with different GRIN index profiles at 60

0
 angle of incidence 

(AOI). 
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polymer blend ratios over a given film thickness. Of concern, is the limitation of the 

process control with the present MAPLE experimental setup that how quickly the polymer 

blend ratio is changed in 10 nm intervals? To ensure that the GRIN-AR prototype would 

still be effective we compare the rate of change of the PMMA to PS volume ratio for 

different graded index profiles. Shown in Figure 4-11(a) is the volume ratio of PMMA to 

PS for the four different graded index profiles. The thickness of each index profile is 

selected such that they give reflection less than 0.5% throughout the visible spectrum at 

incident angles as large as 60
0
. All the simulations assume 60

0
 angle of incidence unless 

otherwise stated. While 1 µm thick cubic graded film can meet the design criteria, it 

demands drastic volume ratios both at the air and GRIN film interface and GRIN film and 

PC substrate interface. On the other hand, linear GRIN film requires easily achievable 

PMMA to PS volume ratios. However, in order to meet the design criteria the linear GRIN 

film thickness should be increased to 1.4 µm.  Bruggeman’s effective medium theory 

[122], shown in Equation 4.1,  is used to determine the volume ratio between PS and 

PMMA that yields a desired effective RI after the PMMA component is dissolved:  

+ �,
-.�-

�,
-/0�- + �1 − +	

�12
- .�-

�12
- /0�- = 0; (4.1) 

 

where f is the volume fraction of air pores;  (1-f) is the volume fraction of the PS 

network; na is the RI of air (1.0), nps  is the RI of PS. A non-dispersive refractive index of 

1.58 is assumed for PS. It is assumed that the pore size is significantly smaller than the 

wavelength of incident light to avoid and scattering [123].   
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Figure 4-11: (a) Volume ratio of PMMA to PS for the four different GRIN index profile with 
corresponding thickness satisfying the design criteria. PS and PMMA volume ratio for (b) 

1 µm thick cubic graded index film and (c) 1.4 µm thick linear graded index film. 
 

The exponential sine grading demands extreme volume ratio compared to an 

easily achievable volume ratio for the linear grading. However, the linear grading requires 

a thicker film that increases the film growth time. Thus as a compromise we choose 1 µm 

cubic graded film. So far we have assumed infinite polycarbonate substrate. In practical 

applications, we need to consider the effect of finite substrate. Shown in Figure 4-12 (a – 

b)  are the schematic of the cubic GRIN film on an infinite and 1 mm finite polycarbonate 

substrate. The reflection is below 0.5% for the cubic GRIN film with thickness greater 

than 1 µm, when it is placed on an infinite polycarbonate substrate (Figure 4-12 (d)). 

When the GRIN film is placed on top of the 1 mm thick   polycarbonate substrate, the 

reflection is greater than 0.5% for cubic GRIN films as thick as 1.6 µm (Figure 4-12 (e)). 

While the GRIN film provides and effective index matching from air to polycarbonate 

substrate, the bottom surface of the substrate reflects light back towards the top surface. 

The reflected light then experiences a gradual index matching from substrate to air. 

Hence the light effectively leaks out from the incident light region and the reflection 

increases. In order to mitigate the effect of the increased reflection due to finite substrate, 

we can place another GRIN film of same thickness on the back side of the substrate as 

shown in substrate Figure 4-12 (c).  
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Figure 4-12: Schematic of the cubic GRIN film on top of (a) infinitely thick (b) 1 mm thick 
poly carbonate substrate; and (c) cubic GRIN film on either side of the 1 mm thick poly 
carbonate substrate. Simulated reflection of the cubic GRIN film on top of (d) infinitely 
thick (e) 1 mm thick poly carbonate substrate; and (f) cubic GRIN film on either side of 

the 1 mm thick poly carbonate substrate 
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The GRIN on the side of the substrate provides index matching from substrate to 

air at the transmitted light region. Hence the reflection remains lower than 0.5% as shown 

in  Figure 4-12 (f). The oscillations in Figure 4-12 (e – f) are the Fabry-Perot oscillations 

due to the finite thickness polycarbonate substrate. The free spectral range of the 

oscillations is much smaller than the simulated wavelength step of 5 nm. 

Next we consider the effect of non-uniform deposition on flat and curved 

surfaces. The non-uniformity during the deposition process might lead to non – uniform 

thickness across the substrate. We modeled the non-uniformities by considering a thicker 

or a thinner film at the edge of the substrate as compared to the center substrate.  The 

thickness is assumed to increase linearly from a uniform thickness of 1 µm to a maximum 

thickness of 2 µm. The non-uniform region accounts for about 50% of the total area. For 

the case when the GRIN film is thicker at the edge as compared the center of the 

substrate, the reflection is further reduced since the index change from air to substrate is 

even more gradual. Thus the reflection remains below 0.5% even due to the introduction 

of the non – uniform deposition. 

 
Figure 4-13: Simulated reflection from 1 µm thick (a) uniform and (b) non-uniform cubic 

GRIN film on an infinite polycarbonate substrate at 60
0
 angle of incidence. 
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The situation is quite different when the thickness at the edge is less than the 

center of the wafer. Without going into the details of the origin of the non- uniformity from 

a pulsed laser deposition (PLD), the measured film thicknesses at different substrate-to-

target distances can be approximated by the following equation 4.2. [124] 

4 = 56�7 �cos �	�		      (4.2) 

 

where a, b, c are process dependent parameters and ρ and θ are the radial 

distance from center of target, adjacent to θ, the zenith angle that yields a film thickness, 

t. Based on an experiment in collaboration with Duke University, the measured film 

thickness schematically appears as shown in Figure 4-14 (a). The measured film profile 

is approximated by a linear piecewise model with four regions (R1, R2, R3, R4) with 

different slopes. Infinite polycarbonate substrate is assumed for simulations. The model 

assumes 10 nm steps for each layer. The number of partitions within each region is 

determined by the slope of each region. Region R4 assumes uniform film thickness. The 

normalized thickness falls from unity to about 0.17 from the center to the edge of the 4 

inch wafer. Cubic GRIN model is assumed for the simulations with 60
0
 angle of 

incidence. Since the thickness at the edge of the wafer falls to 0.17 times the thickness at 

the center of the substrate, the reflection increases beyond 0.5% for the 1 µm thick cubic 

GRIN film at the center of the wafer. In order, to account for the non-uniformity, the GRIN 

film thickness can be increased to reduce the reflection. As expected, when the thickness 

of the GRIN film is 2.6 µm at the center of the wafer, the reflection reduces to about 

0.59% for wavelengths up to 750 nm across the entire 4 inch wafer as seen in Figure 

4-14 (b). 
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Figure 4-14: (a) Schematic of the non-uniform film deposition as fabricated by Resonant 

infrared, matrix-assisted pulsed laser evaporation (RIR-MAPLE) technology. (b) 
Simulated reflection for different the maximum film thickness (tmax) at the center of the 

substrate. The corresponding thickness at the edge of the wafer is 0.17 times the 
thickness at the center of the substrate.  

 

Similarly we investigate the effect of GRIN film on a curved surface. Figure 4-15 

(a) and Figure 4-15 (b) shows the schematic of a uniform and a non-uniform GRIN film on 

a curved substrate. The non-uniform layer is assumed to be twice as much as the 

compared to the uniform GRIN film thickness of 1 µm.  Each color represents a unique 

refractive index. Infinite polycarbonate substrate is assumed with angle of incidence of 

60
0
. Cubic grading is assumed in the simulations. Figure 4-15 (c) and Figure 4-15 (d) 

shows the simulated spectral dependence of the reflection from uniform and non-uniform 

GRIN coating on the curved surface respectively. A flat surface is represented by a 

radius of curvature (R) equal to infinity. When the radius of curved is less than 51 µm, the 

reflection is greater than 0.5%. At lower radius of curvature, some of the incident light 

enters the GRIN film at a higher angle than 60
0
 resulting in higher reflection. The 

reflection is always lower than 0.5% for all the radius of curvature greater than 51 µm. An 
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than 1 µm, the results closely follow the as predicted by the uniform coating case even for 

the curved surface. 

 

 
Figure 4-15: Schematic of (a) uniform and (b) non-uniform GRIN film with ten layers of 

distinct refractive index on curved surface. Simulated reflection from 1 µm (c) uniform and 
(d) non-uniform cubic GRIN film at 60

0
 angle of incidence on curved surface with different 

radius of curvatures (R). 
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Chapter 5  

Photonic Crystal Nanomembrane Reflector 

5.1 Motivation 

Over the last few years, significant research progresses have been made in the 

area of single layer dielectric membrane reflectors (MR), based on  one-dimensional (1D) 

high contrast gratings (HCG) [125-129] or  two-dimensional (2D) photonic crystal slabs 

(PCS) [130-136]. Due to the nature of the different mechanisms in these nano-structured 

dielectric MRs, as compared to the reflection principles in metallic reflectors and widely 

used multi-layer stacked distributed Bragg reflectors (DBR), it is very important to 

understand the angle- and polarization-dependent reflection properties [130, 131].  These 

properties can also be engineered by dispersion engineering of the modal properties for 

the desired angle- and polarization-dependent properties. 1D grating structures are 

intrinsically polarization – dependent. Various structures have been proposed in 1D HCG 

broadband reflection structures for TE (transverse electric) only, TM (transverse 

magnetic) only, or both TE and TM polarized light [137, 138]. Low birefringence in hollow 

core waveguides and broadband reflectors has also been reported in 1D HCGs [139, 

140].  On the other hand, 2D PCS based MRs can be intrinsically polarization 

independent, due to the high symmetry properties [130, 131].  Lousse et al. provided 

detailed theoretical investigations on angle- and polarization-dependent characteristics in 

2D PCS membrane reflectors [130]. Boutami et al. presented a design of 2D suspended 

InP PCS with a polarization independent reflection of ~250 nm bandwidth with reflectivity 

greater than 90% by exploiting two resonant waveguided modes at surface normal 

incidence [131].   We have reported earlier polarization independent reflections in a 

demonstrated MR on a glass substrate for surface-normal incident light [133, 134]. In the 

following section, we report detailed design and first experimental investigation of angle- 
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and polarization-dependent reflection properties in 2D PCS based membrane reflectors 

on silicon on insulator (SOI) substrate. 

5.2 Design of the Nanomembrane Reflector 

 

 

Figure 5-1: (a) Schematic of the broadband reflector with the angular and polarization 
definition of the incident light onto patterned SiNM reflectors. (b) SEM of the fabricated Si 

MR on SOI. 
 

Shown in Figure 5-1 are the schematic and the scanning electron micrograph 

(SEM) of the membrane reflector under study. The incident beam direction is defined by 

two polar angles, the colatitude angle θ (angle from the surface-normal direction) and the 

azimuth angle Φ (angle from the positive x-axis to the orthogonal projection of the 

incident beam in the x-y plane). The incident beam polarization (E-vector) Ψ  is defined 

as the angle from the positive x-axis to the  polarization direction. The TE (s) or TM (p) 

polarizations are defined as the beam with E-vector perpendicular or parallel to the 

incident plane formed by the incident and reflected light.  The conventional definition of 
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wave vector directions and the corresponding Brillouin zone in k-space with high 

symmetric points defined with Γ, X and M, respectively are also shown in Figure 5-1. The 

reflector was designed using Rigorous Coupled Wave Analysis (RCWA) simulations[43], 

with target wavelength around 1550 nm. The MR consists of 340 nm thick top Si with 

square lattice photonic crystal structure. The lattice constant (a) of the photonic crystal is 

860 nm with the ratio of air hole radius to the lattice constant (r/a) of 0.45. It is possible to 

shift the spectral bandwidth and location of the reflection band by changing the geometric 

parameters of the reflector.  

 

5.3 Angular Characteristics of the Nanomembrane Reflector 

 

The simulated reflection spectra contour plots as a function of the incident angle 

are shown Figure 5-2(a,c) and  Figure 5-2(b,d) for TE and TM polarizations, respectively. 

In  Figure 5-2(a,b), the incident beam angle is changed from surface normal (θ = 0°) to θ 

= 80° in steps of 10° and Φ =0
0
. At surface normal incidence, simulated specular 

bandwidth of 104 nm (1472 nm – 1576 nm) with reflection greater than 95% is observed 

for both the TE and TM polarizations. However, with the increase of incident angle, 

broadband high reflectivity can only be observed for TE polarizations. The TM 

polarization reflectivity reduced drastically with the increase of the incident angle. To 

better understand this phenomenon, we did a fine scan to simulate the reflectivity at small 

incident angles from 0
0
 to 15

0
. The results are shown in Figure 5-2(c, d). When the 

incident angle (θ) is increased from 0° to 8°, reflectivity greater than 95% is maintained 

for both TE (Figure 5-2(c)) and TM (Figure 5-2(d)) polarizations. At oblique incident 

angles, the symmetry of the square lattice is broken. For the TM polarization a 

transmission band opens up within the reflection band (Figure 5-2(d). This is caused by 
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the splitting of the Fano resonance or guided resonance modes. As a result, the non-

degenerate modes at Г – point begin to become coupled to the incident radiation for 

increasing incident angles [40, 57].
 
For the TM polarization a relatively narrower spectrum 

of 13 nm is reflected with high reflection (R > 95%).  

 

 

Figure 5-2: (a, b) Contour plots of simulated reflectivity over a large range of incident 
angles θ (given in degrees) for (a) TE and (b) TM polarized light; and (c, d) Contour plots 
of simulated reflectivity for close to normal small incident angles θ (given in degrees) for 

(c) TE and (d) TM polarized light.  
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Table 5.1: Simulated reflection characteristics of Si MR for different incidence angles for 
both TE and TM polarizations. 

 
Polarization 

Type (Range 

of angles) 

Spectral range (nm) Bandwidth (nm) 

R > 90% R > 95% R > 90% R > 95% 

TE (0 – 80
0
) 1488 – 1586 1523 – 1570 98 47 

TM (0 – 8
0
 ) 1386 – 1477 1461 – 1474 91 13 

TE/TM (0
0
 ) 1388 – 1586 1472  – 1576 198 104 

 

The TE polarized mode have less angle-dependent reflection properties, most 

likely related to the relatively-unchanged phase-matching conditions associated with the 

relatively flat modal dispersion properties.[33] TE polarized light reflects 1523 nm –1570 

nm spectrum corresponding to a bandwidth of 47 nm for all incidence angles.  The omni-

directional reflection of this MR is limited by the incident angle dependent reflection of the 

TM polarization. Table 5.1 summarizes the simulated incident angle dependent reflection 

properties of the designed MR. 

 

5.4 Dispersion Characteristics of the Nanomembrane Reflector 

 

Detailed analysis of the angle dependent Fano resonant mode dispersion 

properties are presented in Figure 5-3. Figure 5-3(a) and Figure 5-3(b) show the 

reflection and transmission spectra at selected angles of θ =0
0
 and 5

0
 for TE and TM 

polarizations, respectively. The reflection at surface normal incidence (θ =0
0
, Φ =0

0
) 

indicates the broadband nature of the Si MR. Following similar approach reported 

earlier[141], the corresponding transmission spectra were plotted again in logarithmic 

scale, as shown in Figure 5-3(c) and Figure 5-3(d). At surface normal incidence, two 
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dominant guided mode resonances can be seen within the high reflection band where the 

transmission approaches zero. As the incident angle increases, more resonances are 

observed within the reflection band. To better understand the modal properties of these 

resonance modes, plane wave expansion method (PWE) was used to compute the 

dispersion characteristics of the NM reflector. The dispersion plot yields even and odd 

bands as shown in Figure 5-3(e) and Figure 5-3(f), respectively.[55] Considering the 

conventional definition of the Brillion zone symmetric points (Г, X, and M) in the k-space 

(inset of Figure 5-1(a)) and the incident angles (θ, Φ), the normalized frequency (a/ λ) can 

be related to the normalized momentum k Г −X in the dispersion plot as k Г −X = (a/ λ) sin θ 

cos Φ, following a similar procedure reported earlier [142]. The identified Fano resonant 

modes from Figure 5-3(c,d) are then mapped onto the dispersion plots, shown as the 

disconnected symbols, corresponding to the resonance spectral locations under different 

incident angles. For the TE polarization, the dominant resonance mode I is relatively 

insensitive to the change of the incident angle within the range of 0 to 20
0
, which is 

responsible for a wide reflection band around this resonance (Figure 5-3(c)). On the other 

hand, for the TM polarization, the dominant resonant mode I splits sharply into modes I-III 

with small changes in incident angles. This explains why the high reflection band at 

surface normal direction splits into two smaller reflection bands for higher incident angles 

(Figure 5-3(d)). For both polarizations, with the increase of the incident angles, more less 

dominant higher order modes moves into the reflection bands, which leads to drastic 

changes in reflection performances.  With the control of the modal dispersion properties, 

the angle and polarization dependent reflection properties can be engineered for the 

desired applications [130].  
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Figure 5-3: Simulated reflection and transmission on a linear scale for incident angles of 
θ =0

0
 and θ =5

0  
for (a) TE polarization 

and (b) TM polarization. Simulated transmission spectra showing locations of Fano 
resonances at various incident angles for (c) TE and (d) TM polarization. Simulated 

dispersion plots for even (red) and odd (green) guided modes along (Г – X) direction for 
(e) TE and (f) TM polarized light. The different markers represent the Fano resonant 

modes for various incident angles. The straight dash gray lines represent the 
relationships between the normalized frequency and the normalized wave vectors along 

(Г – X) direction. The bands labeled as I, II, III and IV correspond to different Fano 
resonant modes 
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5.5 Experimental Characterization of the Nanomembrane Reflector 

The simulation results were validated by characterizing the fabricated MR. The 

MR was fabricated on SOI substrate, based on standard e-beam lithography patterning 

technique and plasma dry-etching processes [133, 134]. A broadband white light source 

is generated from a quartz tungsten halogen lamp that is collimated by a collimator. The 

beam is slightly focused (x4 lens) on the sample by the translational stage. The focused 

beam size is ~ 350 µm in diameter, much smaller than the 1 mm
2
 patterned device area 

The reflected beam through the reflector was collected by the optical spectrum analyzer. 

The measured reflection spectrum was obtained by normalizing the measured reflection 

spectral intensity of the MR to that of the gold reference mirror. The polarization property 

was investigated by utilizing a Newport precision linear polarizer in our test set-up to 

control the incident beam polarization angle. For the surface normal incidence 

measurements, the polarizer was aligned along y – axis and x – axis for measuring TE 

and TM polarized light as shown in the schematic in Figure 5-1. The incident beam 

polarization was swept from Ψ = 0
0
 to Ψ = 90

0
 for both TE and TM polarized beam. For 

oblique incidence measurements, the reflector was mounted at an angle of 45
0
 with 

reference to the surface normal on an angle dependent stage. The Φ angle was changed 

by rotating the sample in the x-y plane. Care was taken to measure the reflection spectra 

for the Si MR at the same location and under the same conditions. 

 

5.5.1 Surface Normal Incidence 

Shown in Figure 5-4(a) are the measured (denoted as “exp”) and simulated 

(denoted as “sim”) polarization dependent reflection spectra of the Si MR at surface 

normal incidence. The measured polarization independent reflection has a specular 

bandwidth of 180 nm (1400 nm – 1580 nm) - greater than 90%. The high symmetry of the 
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square lattice provides polarization independent broadband reflection for normal 

incidence, as seen in Figure 5-4(a) the reflection spectra for different polarization angle Ψ 

=0
0

, 45
0
, 90

0
. Shown in Figure 5-4(b) are the measured and simulated reflection spectra 

for TE and TM polarized light incident at θ =45
0
 (Φ =0

0
) on the Si MR. The measured 

reflection spectra agree qualitatively with the simulated results for both surface normal 

and oblique incidence light on the Si MR. With the polarization along the x-axis (Figure 

5-1(a)) of the lattice of the photonic crystal we see broadband reflection for TE 

polarization. We measured a 56 nm specular bandwidth for the TE polarization with 

reflectivity greater than 90%. A relatively low reflection is observed for the TM mode. An 

obvious question arises: what is the effect of incident plane azimuthal angle on the 

reflection of the Si MR. 

 

Figure 5-4: (a) Simulated (“sim”) and measured (“exp”) reflection spectra at normal 
incidence (θ =0

0
) for various polarization (ψ) angles; and (b) Simulated (“sim”)  and 

measured (“exp”) reflection spectra for TE and TM polarized light incident at θ =45
0 
(Φ = 

0
0
).  
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5.5.2 Incident Beam Plane along (ГX) Direction 

 

 

Figure 5-5: Contour plots of simulated reflectivity of TM (a) and TE (b) polarized light for a 
small range of incident angles close to an oblique incidence of θ =45

0
. Contour plots of 

simulated (c, d) and measured (e, f) reflectivity of the incident plane azimuthal  angle Φ  
(given in degrees) for TE (c, e) and TM (d, f) polarized light incident at 45

0
.  
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Figure 5-5(a,b) show relatively less variation in the simulated reflection of the Si 

MR for both the TE and TM polarization for a range of angles close an oblique incidence 

(θ) of 45
0 

(Φ=0). In other words, the testing of the mirror at an oblique incidence of 45
0 

is 

quite tolerant to small incident angle misalignments. With the incident angle θ of 45
0
, the 

impact of the incident plane azimuthal angle (Φ) was investigated. The simulated and 

measured reflection contour plots are shown in Figure 5-5. At an oblique incidence, the 

symmetry of the square lattice is broken as seen by the TE and TM polarizations. As a 

result, the non-degenerate modes at Г – point begin to become coupled to the incident 

radiation for increased incident angles [143]. A high degree of symmetry of the square 

lattice gives a symmetric response when the in-plane polarization angle changes from 0
0
 

to 90
0
 for both the TE and TM polarizations. This symmetric response is verified 

experimentally for both the TE and TM polarizations.  

 

Table 5.2: Simulated reflection characteristics of Si MR for different polarization angles 
for TE polarization incident at 45

0
. 

 
Incident 

plane 

Spectral range (nm) Bandwidth (nm) 

R > 90% R > 95% R > 99% R > 90% R > 95% R > 99% 

0
0
 1516 – 1602 1523 – 1595 1542 – 1580 86 72 38 

10
0
 1550 – 1611 1565 – 1606 – 61 51 – 

15
0
 1580 – 1618 1598 – 1614 – 38 16 – 

20
0
 1612 – 1664 1648 – 1654 – 52 6 – 

30
0
 1696 – 1706 – – 10 – – 

40
0
 1782 – 1801 1788 – 1793 – 19 5 – 

45
0
 1755 – 1795 1760 – 1787 1766 – 1778 40 27 12 
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Table 5.2 summarizes the simulated TE polarization reflection characteristics of 

Si MR for different incident plane azimuthal angle incident at 45
0
. For TE polarization, this 

device remarkably achieves reflection (R > 90%) in an 86 nm wide band for light incident 

at 45
0
. When the incident plane is misaligned with reference to the one of the primary 

axis the reflection band shifts and reflectivity reduces. It is interesting to note that despite 

the azimuthal misalignment of the incident plane, this reflector still reflects TE polarization 

with reflectivity greater than 90% for 1580 nm – 1602 nm spectrum with a 15
0
 angular 

bandwidth. The angular tolerance can be increased at the expense of reduced 

bandwidth. An incident plane azimuthal misalignment shifts the spectral position of the 

reflection band and simultaneously reduces reflection at oblique incidence. The simulated 

bandwidth for the TE polarization changes from 86 nm to 40 nm when the incident plane 

azimuthal angle changes from 0
0
 to 45

0
.  

The Si MR gives high reflectivity at both surface normal and oblique angle 

incidences. A simulated 104 nm polarization independent specular bandwidth with 

reflection greater than 95% is easily achieved by the Si MR at surface normal incidence. 

We measured a specular bandwidth of 180 nm and 56 nm for the TE polarization at 

surface normal and oblique incidence of 45
0
 respectively with reflection greater than 

90%. The incident plane misalignment shifts the spectral position of the reflection band 

and simultaneously reduces reflection at oblique incidence. The experimental spectrum 

approximates the theoretical spectral response of this Si MR. The simulated specular 

bandwidth of the designed reflector is 86 nm and the measured bandwidth was found to 

be 56 nm for the TE polarization. For oblique incidence at 45
0
, the reflector provides 

greater than 90% reflection with a 30
0
 incident plane angular tolerance and a 22 nm 

bandwidth for the TE polarization. The presence of the misalignment limits the use of the 

reflector where special spectral and polarization filtering is required.  All the results can 
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be helpful for such kind of reflectors into a wide range of photonic applications such as 

lasers, polarization dependent filters, optical interconnects, hollow core waveguides, 

beam splitters, coupled cavity systems etc. 
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Chapter 6  

Integrated Grating Reflector and Coupler 

6.1 Background 

In order to account for continuous wave single wavelength emission with lower 

power consumption attention has shifted towards dual direction emission from the vertical 

surface cavity emission laser. In the so called hybrid laser structure, the partially 

reflecting mirror acts as an in-plane coupling element as well. The coupled light can be 

amplified or modulated in a slow light amplifier or in an electro-optic modulator. With the 

miniaturization of photonic devices, as the size of the reflector is reduced, the typical 

diffraction analysis considering the plane wave incidence on infinitely long grating breaks 

down. For surface normal incidence, the finite size of gratings, finite size incident beams 

and finite lateral extent of the grating, the angular components in addition the zero degree 

leads to scattering losses. This has a profound effect on the reflection. None the less, by 

placing a high index material waveguide, we can capture the unwanted scattering losses 

to a useful in-plane coupling light.  In the following section, we investigate the effect of the 

finite size grating and the Gaussian beams on the reflection and in-plane coupling.   

 

6.2 Design and Simulation 

 
The schematic of the grating reflector is show in Figure 6-1(a). The 1D grating 

lies on top of the device silicon waveguide of the silicon-on-insulator substrate. The 

grating period (Λ), thickness (tg), fill factor (FF) and the number of grating elements (N) 

control the reflection, in – plane coupling and scattering losses of the light. We use finite 

difference time domain (FDTD) technique to analyze the electromagnetic response of the 

grating reflector [77]. A Gaussian beam with the size equal to the reflector size 



 

77 

propagates in the z- direction unless otherwise stated. The coupled light propagates 

perpendicular to the incoming light in both the +x and –x direction as shown in the 

schematic.  Perfectly matched layers (PMLs) were incorporated at the boundaries of the 

computational domain to avoid unnecessary reflections of light at the boundaries. The 

simulations presented below are designed for a transverse electric (TE) mode surface 

normal vertical to in-plane coupler. The electric field is aligned along the gratings. The 

reflector consists of a thin 340 nm silicon grating with 1 µm buried oxide layer. The 

grating period (Λ) and width (w) are 960 nm and 528 nm respectively. 

 

Figure 6-1: (a) Schematic of the grating reflector based on silicon-on-insulator substrate, 
where Λ, w, and tg are the grating period, width and height respectively. Simulated (b) 

reflection and the single side scattering (c) parallel to and (d) perpendicular to the grating 
direction for the reflector with different sizes 
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The length of the grating is equal to the product of the number of grating 

elements and the lattice period. A grating reflector (GR) can be viewed as a combination 

of a homogeneous slab and an optical resonator. When the incoming light strikes the 

surface of the reflector, the light is reflected, transmitted and coupled into the in-plane 

propagating modes. The in-plane propagating modes reaching the boundary of the 

reflector see a discontinuous transition of the guided modes to a homogeneous slab 

supporting fully guided modes and results in scattering. When the Gaussian beam is 

small, the beam divergence increases [144]. The relatively large angles of incidence 

components of the plane-waves are not fully reflected from the structure, thus resulting in 

lower reflectivity (Figure 6-1(b)). When the number of grating periods is more than twenty, 

the angular divergence of the Gaussian beam is less than the angular full width and half 

maximum of the reflector. Consequently, the majority of the energy from the plane wave 

lies within the reflective region of the grating and the finite extent of the beam has 

minimal effect. The grating vector provides the phase matching condition in the direction 

of grating as a result; we see more coupling in the x-direction as compared to the y – 

direction.  From the study of the field distribution of the modes, it is seen that the mode 

bounces along the y – direction as well yielding a Fabry – Perot like oscillation as shown 

in Figure 6-1(d). When the grating size is reduced, the scattering in the y – direction is 

comparable to the scattering in x – direction. The otherwise useless scattered light can 

be guided by a high index waveguide. This captured light can utilized for a variety of 

applications like diagnostic application within a photonic chip or serve an alternating path 

for light emission for VSCELs to name few.  
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Figure 6-2: (a) Schematic of the grating reflector based on silicon-on-insulator substrate, 
where Λ, w, and tg are the grating period, width and height respectively. The waveguide 
thickness is denoted by twg. (b) Simulated surface normal reflection and single side in-
plane coupling for a grating reflector with grating period (Λ), width (w) and thickness of 

960 nm, 528 nm and 340 nm respectively. 
 

The high index waveguide confines the otherwise scattered leaky modes at 

abrupt discontinuity of the standalone reflector. Figure 6-2(a) shows a schematic of  the 

grating reflector to serve as both a reflector and an in – plane coupler. The number of 

grating element was set to 20 and the length of the grating was chosen to be 20 periods. 

Shown in Figure 6-2(b) is the simulated surface normal reflection and single side in-plane 

coupling for a grating reflector. A maximum of 96.7% reflection with 0.13% in plane – 

coupling into the waveguide is achieved at 1550 nm wavelength. Negligible light scatters 

along y – direction. For the same 20 period grating reflector, when the size of the beam 

spot is reduced to 10 periods, a maximum in – plane coupling of 0.3% and high reflection 

of 96.1% is possible with the beam spot is close to the edge of the grating reflector at 

1553 nm. Around 92% reflection is achieved with only six grating periods. Our 

investigation reveals that as the grating reflector size shrinks, the mirror losses increase 

and the reflectivity reduces. 
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Figure 6-3: Top view and cross section view of the simulation schematic of the 
completely etched reflector (a) without and (b) line defect; (c) circular distributed Bragg 
reflector surrounding a defect free completely etched reflector and (d) partially etched 

grating with distributed Bragg reflector on one side of the reflector. Simulated (e) 
reflection and (f) single side coupling efficiency for the four different grating reflector 

designs. 
 

In the quest for achieving high reflection and in – plane coupling simultaneously 

we invested different grating reflector designs as shown in Figure 6-3.  For all the designs 

20 grating elements are assumed. The length of the grating is fixed to number of grating 

elements times the period of the grating. The grating period, width and thickness are 960 

nm, 528 nm and 340 nm respectively for designs 1 through 3. In design 2 (Figure 6-3(b)), 

two line defects were introduced at either ends of the reflector to couple more in-plane 
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guided mode into the waveguide. Design 3 (Figure 6-3(c)) involved the use of the four 

pair circular distributed Bragg reflector to provide uni-directional coupling and reduce the 

losses in along the y – direction.   

 

Table 6.1: Simulated reflection characteristics of Si MR for different polarization angles 
for TE polarization incident at 45

0
. 

 Design 1 Design 2 Design 3 Design 4 

Grating Period (Λ) 960 nm 960 nm 960 nm 980 nm 

Fill Factor (FF) 0.55 0.55  0.55 0.2 

Grating thickness (tg) 340 nm 340 nm 340 nm 234 nm 

Waveguide thickness (twg) 340 nm 340 nm 340 nm 464 nm 

Number of Grating elements(N) 20 20 20 20 

Size of the Beam spot 20Λ 20Λ 20Λ 20Λ 

Uni-direction (Uni) or Bi-direction 

(Bi) Output 

Bi Bi Uni Uni 

Wavelength at maximum reflection 

(λmax) 

1550 nm 1550 nm 1550 nm 1594 nm 

Maximum Reflection (Rmax) at λmax 96.5% 94.5% 96.5% 96.4% 

Maximum coupling (Cmax) at λmax 0.13% 0.26% 0.25% 0.5% 

 

Finally in design 4 (Figure 6-3(d)) we utilize a higher order grating, which allows 

us to adjust the power into the higher order diffracted modes, thus enabling increased in 

– plane coupling. The four pair circular distributed Bragg reflector facilitates uni-
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directional coupling. Table 5.2 summarizes the relevant grating design parameters and 

the maximum achievable reflection and corresponding single side in – plane coupling for 

the different grating reflector designs (as shown in Figure 6-3 (a – d)). The simulated 

spectral reflection and single side coupling for the different designs of the reflector is 

shown in  Figure 6-3(e) and Figure 6-3(f) respectively. Using Design 4 we can 

simultaneously achieve high reflection of 96.4% and an in – plane coupling of 0.5%. With 

the optimization of the grating parameters and the spacing between the grating reflector 

and the distributed Bragg reflector, we believe it is possible to further increase both the 

reflection and the in-plane coupling while minimizing the scattering losses and unwanted 

transmission to the substrate.  

 

6.3 Measurements 

Using standard electron beam lithography and reactive ion etching (RIE) dry etch 

technique, the grating reflectors were fabricated on 340 nm silicon – on – insular 

substrate with 1 µm buried oxide. The period, width, thickness and length of the grating 

was 960 nm, 528 nm 340 nm and 400 µm respectively. A linear taper of 2 mm length was 

used to reduce the waveguide size from 400 µm to 10 µm as shown in Figure 6-4(a). The 

in-plane coupling and reflection were characterized by measuring the in-coupled and the 

reflected light spectra with an Agilent tunable laser system with 1pm resolution. The in – 

plane coupling efficiency was measured using the cut back method.  The light was 

incident on the grating from top and the coupled power was measured at the cleaved 

facet using a power meter. Reflection was measured by normalizing the power reflected 

from the grating reflector to a standard reference gold mirror.  The incident beam goes 

through an optical circulator, a laser beam collimator, an optical lens, a linear polarizer 

and an objective lens. The x10 objective lens with numerical aperture (NA) of 0.43 was 
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used to reduce the spot size to 40 µm. The circulator was used to ensure surface normal 

incidence. An infrared camera was used for initial alignment.    

 

 

Figure 6-4: Scanning electron micrograph (a) stitched together to show the entire 
fabricated grating reflector; zoom – in section of the grating reflector (b) without defect 

and (c) with defect. Measured reflection and single side in-plane coupling for the grating 
coupler (d) without defect and (e) with defect. The inset shows the in-plane coupled light 
at the edge of the cleaved facet. The white dash line outlines the grating coupler, linear 

taper and the output waveguide section. 
 

The fabricated grating reflectors have a grating period and thickness of 960 nm 

and 340 nm respectively. The FF of the reflector with and without any line defects are 

0.69 and 0.55 respectively. The two line defects have fill factor of 0.85 and 0.79. Figure 
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6-4 (d) and Figure 6-4(e) show the measured reflection and the in-plane light coupling for 

the grating reflectors without and with line defects. The guided mode resonance shifts 

from 1510 nm to 1550 nm due to increased fill factor for the reflector with defect. At the 

guided mode resonance, maximum in – plane coupling of 0.2% and 0.4% is measured for 

the reflectors without and with line defects. However, the increase in the in-plane 

coupling is accompanied by the drop in the reflection. Almost 100% reflection with 0.06% 

in – plane coupling is measured with the reflector without any defects at wavelengths 

away from the guided mode resonance. The reflection drops to 95% whereas the in – 

plane coupling increases to 0.17% in the presence of the defects at wavelengths away 

from the guided mode resonance.  The measured in-plane coupling does not account for 

any waveguide scattering loss or the Fresnel loss from the cleaved facet. Thus the actual 

coupling efficiency is expected to be slightly greater than the measured in-plane coupling. 
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Chapter 7  

Concluding Remarks and Future Research 

7.1 Conclusions 

In this thesis, various kinds of photonic and optoelectronic devices are presented. 

Enhanced absorption from nanomembranes to atomic monolayers, surface normal 

vertical to in-plane coupling, near perfect anti-reflection coatings and high performance 

membrane reflectors are demonstrated with the incorporation of the micro- and nano-

scale structures for out-of-plane light coupling and absorption for high performance solar 

cells and photodetectors, with maximum absorption in the functional layer and minimal 

front-surface reflection and minimal rear-surface transmission. The thesis presents an 

extensive numerical modeling, as well as experimental process and device 

characterizations.  

Enhanced absorption from ultra-thin nanomembrane is demonstrated both 

numerically and experimentally by the incorporation of Fano resonant photonic crystal 

filters. Specifically, when the leakage rate of the guided mode from the resonant filter is 

made equal to the absorption rate of the absorbing medium, perfect absorption occurs. 

We numerically demonstrate near perfect absorption from atomic monolayers from two 

dimensional materials like graphene and molybdenum disulphide at infrared and visible 

wavelengths. Absorption enhanced spectrally selective photodetector on glass substrate 

is demonstrated experimentally from stacked InGaAs nanomembrane and silicon Fano 

resonant nanomembrane filter based on transfer printing technique.  

Upon exploring the higher order gratings and optimizing of the power in the 

higher order diffracted modes, an efficient surface normal grating coupler is designed. 

The fourth order grating couplers can couple light from air into the waveguide or from 

waveguide into the air with high coupling efficiency. Unidirectional coupling is also 
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possible with the incorporation of the distributed Bragg reflector. The fourth order grating 

coupler couples 88% of the surface normal incident light at 1,535 nm from surface normal 

to in-plane waveguide with 3 dB bandwidth of 42 nm. We experimentally demonstrated 

20% single side coupling efficiency with 3 dB bandwidth of 52 nm. With the optimization 

of the thickness of the buried oxide, incorporation of bottom reflector, anti-reflection 

coating, it is possible to achieve perfect light coupling. The fourth order coupler can be 

easily implemented on a standard SOI wafer as compared to more demanding second 

order grating coupler design parameters. The larger periods of the fourth order grating 

also facilitates the use of deep UV lithography as compared to more expensive and time 

consuming electron beam lithography for the smaller design parameters of the first order 

grating coupler.  

Omni-directional antireflection coatings were designed for efficiency enhanced 

solar cells and high transmission for ophthalmic lenses. Omni-AR coating based on a 

micro scale inverted pyramid surface texture was experimentally realized on 

commercially available large area flexible solar cells via nanoimprint process. The 

surface texture reduces reflection, effectively traps light, increases the short circuit 

current density and hence increases the cell efficiency. The coupling increases by 22% at 

oblique incidence of 60
0
.  A design methodology was developed upon comparing the rate 

of change of the refractive index of a nanostructure to an effective graded index (GRIN) 

film to achieve near perfect transmission. Different shape of nanostructures was 

investigated to serve as near perfect antireflection coating. Numerical models were also 

built to study the non-uniform deposition of the GRIN film on flexible and rigid substrates 

based on Resonant infrared, matrix-assisted pulsed laser evaporation (RIR-MAPLE) 

technology. Near perfect transmission from polycarbonate substrate over a broad 
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wavelength spectrum and wide range of incident aangles were demonstrated 

numerically. 

 Finally, the angular and polarization properties of a membrane reflector based 

on guided mode resonance (GMR) are investigated thoroughly. The silicon membrane 

reflector (Si MR) gives high reflectivity at both surface normal and oblique angle 

incidences. Polarization independent reflection was obtained at surface normal direction. 

High reflection can also be obtained for one transverse electric (TE) polarization state 

over a wide range of incident angles. The incident plane misalignment shifts the spectral 

position of the reflection band and simultaneously reduces reflection at oblique incidence. 

The experimental spectrum approximates the theoretical spectral response of this Si MR. 

 

7.2 Suggestions and Future Research 

 
7.2.1 Perfect Absorption 

A simple cost effective mechanical exfoliation technique shows the potential of 

integrating the novel two dimensional materials [63, 64].  While we have focused our 

work on the numerically modeling the near perfect absorption at surface normal 

incidence, the impact of oblique incidence needs to be investigated. Additionally, by 

further optimization, it might be possible to design a relatively broad band near perfect 

absorber. Corresponding experimental demonstration will further support the feasibility of 

the critically coupled enhanced absorption scheme for communication, imaging and 

energy harvesting applications.  

 
7.2.2 Integrated Grating Reflector and Coupler 

The grating couplers are used extensively for coupling light from the fibre into 

and out of the photonic circuit. For surface normal coupling, the power in the higher 
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diffracted orders is responsible for the in-plane coupling.  A variety of grating parameters 

like grating period, width, height, number of elements, refractive index of the surrounding 

medium and waveguide thickness determine the power in the diffracted order. An 

optimization technique could be developed for designing higher order grating couplers by 

considering the design parameters for broadband high efficiency surface normal 

coupling. The higher order couplers allow the use of photolithography over more 

expensive electron beam lithography with larger fabrication tolerances thereby making 

the photonic circuits cheaper.  

There also exists a need for uni-direction coupling in the integrated photonic 

circuits. The spacing between the in-plane reflector and the grating elements plays a 

crucial role in providing the uni-direction coupling of the incident light to the waveguide. 

An efficient optimization method needs to be developed for designing the uni-directional 

coupling structures.  
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