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Abstract 

In recent years silicon photonics has become a considerable mainstream 

technology, especially in telecommunications fields to overcome the limitations 

imposed by copper-based technology. Nanoscale photonic technologies have attracted a 

lot of attention to co-develop photonic and electronic devices on silicon (Si) to provide 

a highly integrated electronic–photonic platform. Silicon-on-insulator (SOI) technology 

that relies heavily on the contrasted indices of Si and SiO2, enables the design and 

integration of these photonic devices in submicronic scales, similar to the devices 

produced by a standard CMOS fabrication platform in the electronics industry. One of 

the key challenges with these submicronic waveguide devices is to enable efficient 

coupling with fibre, which is mainly due to the mode-field differences between fibre 

and the waveguide, and their relative misalignments. To overcome this challenge, 

various techniques including prism, butt and grating coupling have been proposed. 

Among them, although butt coupling is an elegant solution for low loss and wideband 

operation, it often requires post-processing for accurate polishing and dicing to taper the 

waveguide edges. Therefore, it is not suitable for wafer-scale testing. Grating couplers, 

which mostly perform out of the plane coupling between a fibre and a waveguide, are 

also an attractive solution as light can be coupled in and out everywhere on the chip, 

opening the way for wafer-scale testing.  

However, despite such advantages, grating couplers often exhibit low coupling 

efficiency (CE) due to downward radiation of light that propagates towards substrate 

through buried oxide (BOX) which comprises 35%-45% of total incident light. Grating 

couplers are also very sensitive to the wavelength of the light as different wavelengths 

exhibit specific diffraction properties at the grating, which cause a narrow coupling 

bandwidth. 

In this thesis we have studied various techniques to improve the coupling 

efficiency and coupling bandwidth of the grating couplers. We have used the finite 

difference time domain (FDTD) and Eigenmode Expansion (EME) methods to study the 

interaction of light with grating. The directionality of the coupler which determines the 



coupling efficiency has been improved by means of silicon mirrors in the BOX layer 

that essentially redirect the light propagates toward substrate.  For improvement of 

directionality, an ultra-subwavelength grating coupler has also been developed with an 

engineered grating structure which exhibits high coupling efficiency and bandwidth 

without the need for bottom mirrors.  

The grating coupler only converts vertical dimension into nano scale, leaving the 

lateral width in micrometre range typically >15 µm. In order to connect the grating 

coupler with a nanophotonic waveguide, the grating structure needs to be matched in 

dimensions both vertically and laterally. Conventionally, to meet the requirement the 

width of grating structure is gradually tapered to nano scale. The coupling efficiency 

relies highly on the taper length, which is typically hundreds of micrometres.  Such a 

long taper waveguide causes an unnecessarily large footprint of the photonic integrated 

circuits. In order to minimise the length of the taper while retaining high coupling 

efficiency, we have designed two different types of tapered waveguides. One of them is 

a partially overlaid tapered waveguide and the other is a hollow tapered waveguide.   
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Chapter 1 

Introduction 

1.1 Background 

 

The modern electronic IC industries evolved from the concept of Jack Kilby in 

1958 where he proposed that it was possible to fabricate resistors, capacitors and 

transistors using single-crystal silicon [1]. This idea led the technology towards the 

invention of the first truly integrated circuit: the importance of this invention was 

recognized by the award of a Nobel Prize to Kilby in 2000.  Since then, the 

microelectronics industry has forged towards the reduction of the individual device size 

and increases in chip functionality. An example is shown in Fig.1. 1. In parallel with 

Gordon Moore’s prediction in 1962, the trend in the microelectronics industry is 

towards doubling the device density approximately every two years. The International 

Technology Roadmap for Semiconductors (ITRS) was formed in 1993 based on 

Moore’s prediction and later evolved as International Roadmap for Devices and 

Systems (IRDS), which remains relevant today. The roadmap, a document of needs-

driven, assumes that the Integrated Circuit (IC) industry will be dominated by 

Complementary Metal Oxide Semiconductor (CMOS) silicon technology. In fact, the 

MOSFET have become the basic elements of most standard devices such as high-speed  

 

Fig.1. 1: Density of integration over the past half-century [Courtesy of Intel] 

 

1959, First Silicon IC (Noyce and Kilby) 
Today, Billions of Transistors 

~ 50 years 
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MPU, DRAM and SRAM. The optimum properties of this individual device do not 

possesses a single material in an integrated circuit. However, silicon has become the 

base material for integrated circuits in which all the required devices can be fabricated 

to an acceptable level of performance specification. 

By taking the design and fabrication concept from the established microelectronic 

industry, several research projects were initiated in the 1980s where silicon was the base 

material for the fabrication of photonic circuits; for example, those circuits that use light 

as the information carrier rather than electrical charges.  Among the projects of that 

time, the works of Richard Soref at the Rome Air Development Centre in Maine, USA, 

[2] and of Graham Reed at the University of Surrey, UK [3] were significantly notable.  

The work of Reed’s group was particularly important for the future commercialization 

of silicon photonic technology as they showed that in silicon-on-insulator (SOI) rib 

waveguides, a structure in which light could be confined and manipulated and very low 

loss propagation was possible.  

Silicon possesses many optical properties that make it the ideal material for planar 

lightwave circuit (PLC) fabrication. Silicon is transparent to wavelengths > 100nm 

while its oxide shares its chemical composition with glass fibre, providing a degree of 

compatibility with long-haul, fibreoptic technology. The high index contrast between 

silicon (~3.5) and its oxides (~1.5) allows the fabrication of waveguides on the 

nanometre scale.  However, other than the advantageous properties of silicon stated 

above, there is an unsettled limitation of silicon in the photonic arena.  Silicon is an 

indirect bandgap material which prevents the efficient emission of light and hence the 

inability to form optical sources from silicon (the greatest challenge for silicon photonic 

researchers), detectors compatible with subbandgap wavelengths.  

In the early days of integrated silicon photonics, prior to 2000, applications were 

found mainly in the area of telecommunications. At that stage (first-generation, earlier 

than 2004) the waveguide cross-section was relatively large (~ 10-100 µm
2
) and so was 

suitable for use in optical networking, e.g. wavelength division multiplexing and optical 

switching. The explosive growth of telecommunications in the late 1990s further 

increased the motivation for integrated photonic circuit fabrication in this field. At that 

time, Bookham Technology of the UK (founded by Andrew Rickman, a graduate of 
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Graham Reed’s Surrey group) showed that photonic circuits can be fabricated in large 

volumes of devices in a cost-effective way with procedures used by the microelectronic 

industry. In the 1990s there was a dramatic increase in the number of engineers and 

scientists who were dedicated to development of photonic devices.  This consequently 

led to the production of a wide array of photonic devices and at the same time the role 

of photonic devices beyond the telecommunication arena has been realized.  

In early 2004, Intel Corporation demonstrated an optical device developed by the 

group led by Mario Paniccia. This device was fabricated wholly in silicon with the same 

techniques and protocols that are used for fabrication of transistors and the modulation 

of an embedded optical signal was achieved at speeds greater than 1 GHz by this device 

[4]. With this demonstration, the potential for excessive power dissipation reduction in 

microelectronics circuits by integrating photonic and electronic functionality has been 

realized. In the same year, text books were published specifically based on the topic of 

silicon photonic technology [5] [6]: this is a further indication that the silicon photonic 

is the future of mainstream technology. The field of silicon photonic then expanded 

rapidly due to its prominent technological applications, the need for miniaturization and 

high performance. Nowadays, the dimensions of waveguides are in the scale of 

nanometres rather than microns and modulation speeds greater than 20 GHz have been 

demonstrated [7]. The possibility of subbandgap detection has been reported in [8] at 

speeds compatible with fast modulation speeds of > 40 GHz.  Perhaps the most 

significant development in silicon photonic technology is the integration of laser 

technology with silicon circuits [9].  

The evolution of microelectronic technology has now reached the stage where 

device features that are significantly smaller than the optical wavelength can easily be 

fabricated with very high precision. To take advantage of this trend, it is necessary to 

make correspondingly small optical devices. A very high degree of miniaturization 

demands a high index contrast, in order to achieve small bend radii and greater 

confinement. On the other hand, such high index contrast structures are more 

susceptible to process inaccuracies and scattering due to surface roughness. These 

problems are being addressed by continued progress in microelectronics fabrication. 
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Semiconductor systems such as InP/air and Si/SiO2 offer the high index contrast 

necessary to create such structures. Additionally, these semiconductors exhibit very low 

absorption at 1.55 µm, which is the wavelength of interest for optical communications. 

While the InP/air system is very attractive on account of the potential to integrate 

optically active and passive devices on a single chip, InP is still beset by processing 

issues, and is not the material of choice in the electronics industry. This issue assumes 

special importance since many optical devices require the presence of significant 

electronic control in order to work effectively. A silicon-based material system, on the 

other hand, offers the possibility of integrating both electronic and optical functions on 

a single substrate, with processing technology that is already well understood and is in 

wide industrial use. The rest of this chapter will briefly discuss silicon optoelectronics, 

with specific reference to the Si/SiO2 material system that offers great potential for the 

integration of both electronic and optical functions on a single substrate. In particular, 

we will discuss the problem of coupling light into an SOI nanophotonic IC, which will 

motivate the work in the rest of this dissertation. 

1.2 Silicon Waveguides 

 

The fundamental building blocks for all silicon photonic circuits are silicon 

waveguides. Thus it is worth to describe the structure briefly.   

The bandgap of silicon is 1.12 eV, making the absorption band edge of silicon at a 

wavelength of 1100 nm. For wavelengths shorter than 1100 nm, silicon is a highly 

absorbent material and is thus very important for photonic detectors. On the other hand, 

for wavelengths longer than 1100 nm, pure silicon becomes transparent and hence 

appropriate for optical waveguides to propagate light efficiently. The wavelengths for 

optical telecommunications bands center at 1300 nm and 1550 nm where silicon is 

transparent and thus highly integrated silicon photonic circuits are designed for use at 

these longer wavelengths, mostly for wavelengths around 1550 nm where a significant 

compatibility exists for long-haul fibreoptic communications.  

The light confinement of an optical signal depends on the material systems that 

possess the right variations in the refractive index [10] [11]. This is also a requirement 

to support low-order optical mode propagation such as single-mode propagation [12].  
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There are several ways to fabricate such systems using silicon. For instance, a variation 

in the refractive index can be achieved by creating a silicon composite alloy or by 

doping in pure silicon. This highly doped low-index silicon acts as the cladding for 

silicon waveguide layers [13]. In some cases silicon-germanium alloys have been used 

as optical waveguides as such alloys have a higher refractive index than that of pure 

silicon while pure silicon used as substrate [14]. However, in the last few years, silicon-

on-insulator (SOI) has become the most appropriate platform for fabrications of silicon 

photonic devices.  The well-established microelectronics industry is based on the SOI 

material and hence the availability of the SOI for the fabrication of photonic devices is 

guaranteed. The variation of dimensions of Si and SiO2 layers on SOI allows flexibility 

to fabricate an array of photonic devices required in an integrated chip. The strong 

vertical confinement of light propagating in the silicon overlayer of SOI is achieved by 

utilizing the properties of high contrast of refractive index between Si and SiO2 while 

for the lateral confinement rib structures may be used by inducing a variation in the 

effective index of silicon overlayers [15] [16].  

Despite the advantages of high confinement of optical mode in silicon-on-

insulator (SOI), it suffers from high birefringence which causes differences in refractive 

indices for TE and TM polarisations [17]. Such birefringence of the materials is 

introduced because of the cross-sectional geometry of the device and various stress 

levels throughout the device regions. Due to fabrication limitations, the effects of 

birefringence may not be eliminated totally but can be reduced with improved 

fabrication techniques [18] [19].  

Using a SOI platform, the dimensions of the waveguides reduce to a sub-micronic 

level but it introduces propagation constraints due to surface roughness [20] [21]. In 

order to minimise this surface roughness, several fabrication processes have been 

developed, such as the thermal oxidation process [22] [23] and suppressed scattering 

[24]. Althogh these process improve the quality of the waveguides, thay also have their 

own limitations e.g. residual stress in silicon and harsh prosessing conditions such as 

high temperatures. The reduced surface roughness is achived in [25] based on self-

perfection by liquefaction (SPEL) with a very high processing speed. Waveguides with 

smooth side walls have been fabricated using an etchless process [26][29].  The 
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transmission loss due to material absorption in silicon slot waveguides have been 

investigated for different wavelengths including the telecommunications band [30] [31] 

and high silicon absorption band [32] [33]. Several studies have reported low loss 

waveguides for photonics applications with improvments in fabrication techniques [34] 

[39].  

The silicon waveguides also suffer from temperature sensitvity which complicates 

the development of ultra-densed integration of the photonic integrated circuits [40]. 

Several methods have been proposed to to minimise the thermal effects of silicon 

waveguides.  In [41] the positive thermo-optical (TO) coefficient is reduced using 

polymer cladding with negation TO coefficient. A temperature-independent 

subwavelength and bridged  subwavelength grating-based waveguides are demonstrated 

in [42] [43] where the grating grooves are filled with polymer with a suitable filling 

factor. The dimensions of waveguides have been further controlled to achieve 

fundamental mode propagation only, such as single-mode, with low-loss (< 1 dB/cm) 

[44].  

1.3 Fibre coupling into nano photonic waveguides 

 

While the use of a high-contrast refractive index such as SOI allows fabricating 

ultra-low scale photonic waveguides, it severely complicates the interfacing between 

optical fibres and these low-scale waveguides. In the integrated silicon-based photonic 

devices and systems, the most dominant source of loss in SOI waveguides is the 

coupling to the optical fibre. It is mainly due to the large difference in both mode size 

and index contrast between the single mode fibre and the waveguide as shown in Fig. 

1.2. So the direct coupling between them causes highly excessive loss of light. This may 

be one of the most critical problems that high-contrast devices face in practical 

applications.  

Another major source for propagation loss in a SOI waveguide operating at 

λ=1.55 μm is the waveguide surface roughness, which is caused by imperfections in the 

waveguide during fabrication processes [45]. For achieving low propagation loss below 

1 dB/cm, very precise fabrication processes and very accurate lithography technology 

are required [46]. Over the years, novel strategies have been demonstrated to achieve 
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ultra-low loss silicon waveguides fabricated without any silicon etching, making it 

possible to reduce propagation loss down to 0.3 dB/cm [47].  

 

Fig.1. 2: Typical dimension of optical fibre core and nano photonic waveguide. 

 
 

From the calculation of the power overlap integral between the electric field 

profile of the fundamental mode in the fibre (Ef) and in the waveguide (Ewg) at the fibre-

waveguide interface, we can evaluate the coupling loss factor due to differences in 

mode size between the optical fibre and the SOI waveguide at any point of direction of 

propagation. The overlap loss factor (i.e. at z = 0) is given in [5] as
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where the denominator of Equ. (1.3.1) is basically a normalising factor. The loss factor 

Γ gives the value between 0 and 1, and therefore characterizes the range between no 

coupling (for Γ=0) and total coupling (for Γ=1) due to field overlap. The loss factor 

value 1 indicates that the field overlaps completely and 0 indicates no overlap at all 

between field profiles. 

Impedance mismatching between two surface boundaries due to the difference in 

the index contrast causes coupling loss. We can evaluate this coupling loss factor by 

 

 

Fiber core 
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using the expression for the normal reflection in a discontinuity between two materials 

[48]. 
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where R is the reflection of the surface interface, neff,f and neff,wg are the fibre and 

waveguide fundamental mode effective indices, respectively. 

Finally, power input coupling loss (Lc) taking into account both factors or terms, 

and so expressed in dB, is: 
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For solving Equ. 1.3.1, the electric field profile of the optical mode in the fibre (Ef) can 

be approximated by a Gaussian-like profile, according to the following expression [49]: 
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where ω0 is defined as the diameter of the beam for which the electric field amplitude 

has decayed to (1/e) of its maximum value, Emax. The mode field diameter of an optical 

fibre (MFD) is related to ω0 by means of [50]:  

                                       02MFD                                                                    (Eq.1.3.5) 

Beside the fact that high coupling losses are obtained when butt-coupling an 

optical fibre to a SOI waveguide, there is another important fact to be considered in the 

coupling. Due to reflections in the fibre-waveguide coupling plane, the waveguide 

behaves as a Fabry-Perot cavity. So, when the light is injected into the waveguide, 

output optical intensity (Io) is related to input intensity (Ii) according to the following 

well-known Fabry Perot formula [5]: 
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where R is the reflection in the waveguide edges (assuming it is the same in the input as 

in the output), α is the waveguide propagation loss, L is the waveguide length, and ϕ is 

the phase difference between each succeeding reflection in the cavity, and is related to 

the wavelength (λ) by (for normal incidence) [5]: 
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2nL





 
  
 

                                                           (Eq.1.3.7) 

where n is the refractive index in the cavity. 

Therefore, an efficient fibre-to-chip coupling structure will basically aim to 

accomplish two main objectives. On one hand, it will try to decrease the coupling losses 

between the optical fibre and the SOI access waveguide of the chip as much as possible. 

On the other hand, it will try to overcome the Fabry-Perot resonance effect, thus trying 

to get a flat spectral response.  

1.4 Research focus 

 

Coupling light between optical fibres and a nano photonic waveguide is a non-

trivial task. The prospect of downsizing the footprint of photonic integrated circuits 

(PICs) with utilising the SOI facility often raises issues when coupling them with 

outside uses, for instance, with optical fibre. From long and short haul optical 

communications to chip-to-chip or even intra-chip communications, they all require 

connection with optical fibre. However, connecting the optical fibre is not 

straightforward as the physical dimensions of fibre and photonic waveguides differ by 

the order of 10
3
. Therefore, direct connection between them causes excessive loss of 

light. Among the various coupling methods, the grating coupler is the preferred 

solution, mainly due to CMOS compatibility. However, low coupling efficiency and 

bandwidth limits their implementations in many applications.  

In this thesis we have investigated various techniques to improve the coupling 

efficiency and coupling bandwidth.  In a grating coupler, the leakage power that 

propagates through BOX and coupled into substrate can reach up to 45% of incident 

power. Such a large power loss causes poor coupling efficiency of the grating coupler. 

By improving the directionality of a coupler, this leakage can be minimised. In this 
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work we have designed a grating coupler with multiple pairs of Si-SiO2 in a BOX layer 

to enhance directionality. Another way to improve directionality is to utilise the 

subwavelength structure. In such a design, the number of diffraction orders is reduced 

and power can be concentrated into a single order: by modifying the diffraction angle, 

the directionality of the coupler is improved.  

The grating coupler only converts the vertical dimension into nano scale leaving 

the lateral width in micrometre range, typically >15 µm. In order to connect the grating 

coupler with the photonic waveguide, the grating structure needs to be matched both 

vertically and laterally. Conventionally, to meet this requirement the width of grating 

structure is gradually tapered to a nano scale. The coupling efficiency relies strongly on 

the taper length, which typically is hundreds of micrometres.  Such a long taper 

waveguide causes an unnecessarily large footprint of the photonic integrated circuits. In 

order to minimise the length of the taper while conserving high coupling efficiency, we 

have designed two different types of tapered waveguides. One of them is a partially 

overlaid tapered waveguide and other is a hollow tapered waveguide.  

1.5 Thesis outline 

 

This thesis has eight chapters including this introduction and a conclusion, and is 

organised as follows. 

Chapter 2: Literature review 

In this chapter we discuss the evolution of the grating coupler and prior works on 

coupling mechanisms.  The main categories of coupling schemes that appear most in the 

literature are the butt coupling and grating coupling.  The working principle of butt 

coupling is the modal conversion in a tapered waveguide whereas a grating coupler 

works based on the diffraction principle of light.  

Chapter 3: Theory of grating coupler 

This chapter explores the theoretical background of the grating coupler. The 

incident wave of light on grating surface is diffracted in infinite numbers of discrete 

orders, called diffraction order, due to the effect of the grating. Although the diffraction 



25 
 

orders are theoretically infinite, only a few orders physically exist in a specific design. 

Total incident power is then divided into those diffraction orders which are redirected 

into a transmission medium with a certain angle, called the diffraction angle. To find the 

coupling efficiency of the grating coupler, one has to find the power in an individual 

diffraction order, called diffraction efficiency, and the corresponding diffraction angle. 

Using a grating equation, the diffraction angle can be calculated. However, finding 

diffraction efficiency requires solving Maxwell’s equations which often require 

computer-aided design and simulation. Such solutions of Maxwell’s equations can be 

found based on a finite difference time domain (FDTD) method with the help of Yee’s 

algorithm and Eigenmode Expansion (EME) method.  

Chapter 4: Silicon Reflector Based Grating Couplers 

This chapter describes the design of a highly efficient, wideband silicon coupler 

for interconnection between fibre and nano-scale waveguides by simultaneously 

applying techniques of light redirection, mirror-reflection, and surface gratings. We 

took advantage of using a silicon-mirror in the grating coupler that effectively 

overcomes the efficiency- limiting factors associated with coupling through the buried 

oxide (BOX) layer and low bandwidth response of coupled light. 

As indicated earlier, coupling efficiency largely relies on how successfully the 

part of light passing through the BOX and the Si-substrate of a typical single layered 

structure can be reflected towards the waveguide. To enable such reflection, instead of a 

thicker SiO2 BOX layer, a wafer structure with multiple thinner layers of Si-SiO2 paired 

onto the Si-substrate can be developed. Each Si-SiO2 interface acts as a mirror to reflect 

a certain amount of light, and after several reflections, most of the light passed through 

the BOX and the Si-substrate combines with the light towards the waveguide. The 

insertion of Si and SiO2 layers, however, is not straightforward, as the structure will 

complement coupling efficiency only if the reflected light waves from the Si-SiO2 

interfaces interfere constructively with the originally guided light wave towards the 

waveguide. To obtain optimum thickness of the layers, numerical method is developed.  
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Chapter 5: Engineered Subwavelength Grating Coupler for High Directionality 

The enhancement of the directionality of coupler based on subwavelength grating 

is discussed in this chapter. Exploiting such a structure, the diffraction orders can be 

reduced to fewer orders and even can be left with only single diffraction order along 

with specular 0
th

 order diffraction. The incident power then can be concentrated in that 

order by an appropriate modification of the grating structure and, by manipulating the 

effective refractive index, more power can be redirected toward the waveguide. 

Therefore the efficiency of the coupler improves significantly.    

Chapter 6: Compact Grating Coupler with Partially Overlay Tapered 

Waveguide 

To connect the grating coupler to a  nano photonic waveguide, the structure needs 

to be tapered into a nano scale. In this chapter we describe the design of a partially 

overlay tapered waveguide structure that converts the lateral width of a grating structure 

within a very short length without much compromise with coupling efficiency and 

bandwidth. That ensures the small footprint of the coupler in photonic integrated 

circuits.  

Chapter 7: Compact Grating Coupler based on Hollow Tapered Waveguide 

In this chapter, designing of compact grating coupler based on hollow tapered 

waveguide (HTW) is proposed and investigated for lateral matching of the coupler with 

a nano photonic waveguide. In HTW, light is guided through a tapered hollow core 

where the optical modes are converted from loosely confined mode to highly confined 

mode. HTW is designed by inserting two Si strips one ends of which are connected with 

grating waveguide and other ends merge together to form a hollow core. For effective 

recapturing of the mode to couple to the nano-scale waveguide device, the widths of the 

Si strips are adiabatically increased until it supports a mode to confine within the 

merged Si strips which eventually connected with nano waveguide. 

Chapter 8: Conclusion and future works 

This chapter summarises the works and outlines the directions towards future 

motivations. 
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1.6 Contributions and major outcomes  

 

Keeping the research focus in mind as described in the previous section, a 

summary of the main findings and contributions are here presented.  

 

Chapter 4:  

 Investigate the enhancement of coupling efficiency and bandwidth of a 

silicon reflector- based grating coupler. 

 Mathematical formulas have been developed to calculate optimum thickness 

of the layers for constructive interference. 

 A wafer structure with multiple pairs of Si-SiO2 is proposed to redirect the 

light that passes through BOX towards waveguide. 

 The effects of various grating parameters have been studied and optimised 

for maximum coupling efficiency and bandwidth. 

 With this optimised design, the grating coupler shows coupling efficiency of 

78% and 1-dB coupling bandwidth of 77 nm.  

Chapter 5: 

 Subwavelength grating structure has been employed to design the coupler 

with high directionality. 

 With the basic design and normal incident of light, coupling efficiency of 

43% is achieved with 1-dB coupling bandwidth of 26 nm. 

 Higher directionality is achieved by breaking the symmetry of the structure 

using asymmetric grating trenches.  

 Additional ultra-subwavelength structure is designed for further 

enhancement of the directionality and coupling efficiency of 85% is 

calculated with optimised parameters where the 1-dB coupling bandwidth is 

53 nm.   
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Chapter 6: 

 In order to connect the grating coupler with nano photonic waveguides, 

partially overlay tapered waveguide is designed.   

 Both the conventional and inverse taper have also been studied for the 

purposes of comparison with the partially tapered waveguide. 

 This study shows that with an inverse taper, the coupling efficiency can be 

improved but at the expense of a longer taper compared with a conventional 

taper. 

 Using conventional taper length of ~ 800 µm, the coupling efficiency of 

58% is achieved. Whereas an inverse taper provides ~ 80% coupling 

efficiency, but the length was ~ 1600 µm. 

 In contrast with conventional and inverse tapers, the partially overlay 

tapered waveguide shows coupling efficiency of ~ 78 % for taper lengths as 

short as ~ 60 µm. 

Chapter 7: 

 A new compact silicon grating coupler enabling fibre-to-chip light coupling 

at a minimized taper length is proposed. 

 The proposed coupler, which incorporates a hollow tapered waveguide, 

converts the spot-size of optical modes from micro- to nano-scales by 

reducing the lateral dimension from 15 µm to 300 nm at a length equals to 

60 µm. 

 The incorporation of such a coupler in photonic integrated circuit causes a 

physical footprint as small as 81 µm × 15 µm with coupling efficiency and 

3-dB coupling bandwidth as high as 72% and 69 nm respectively. 
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Chapter 2 

Literature Review 

2.1 Overview 

The copper-based communication system networks struggling to handle high data 

traffic due to their inherent limitations of resistivity and capacitance cause excessive 

loss of data with distance transmission and limited bandwidth of the systems. Another 

field that is also suffering from this limitation is the data transfer in intra-chip and 

between chips, especially for high-speed computing due to inefficient data transfer into 

and out of processors and memory [51]. To overcome such limitations, the data can be 

transferred by means of light pulses instead of electronics. Optical fibre is used to 

transmit the light pulses over long distances without those losses experienced in copper-

based transmissions. Hence, more and more data can be transferred using high 

bandwidth which eases handling high data traffic demands. The use of light pulses 

requires photonic devices to be developed and integrated into existing electronic 

devices. The demand of integration of photonic and electronic devices raises an issue 

about the choice of materials for photonic devices. The materials in Groups III-V of the 

periodic table e.g. GaAs, InP, possess good optical properties.  Unfortunately they are 

not the first choice of materials for the well-matured CMOS-based electronic industry: 

rather, it uses silicon to build the devices.  Here we are fortunate that silicon also 

exhibits optical characteristics. The band gap of silicon is such that it becomes 

transparent at wavelengths over 1100 nm and the telecommunications band lies in the 

range of ~1300 nm - 1600 nm with a centre wavelength at ~ 1550 nm of our interest. So 

at this band of wavelength silicon is a good material for transmitting light through it and 

hence can be used as an optical waveguide. However, there are other challenges in using 

silicon at these wavelengths: as it becomes transparent it is very difficult to realize 

silicon as an optical source and detector. That is another topic of the research. In this 

dissertation we consider silicon as the material for building optical waveguides at 

telecommunications wavelengths. Here we use the term “silicon photonics” as the 
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photonic components are built onto silicon. Silicon photonics is currently a very 

important topic being discussed around the world, not only in universities but also in big 

industries like IBM, Intel, Luxtera [52]-[54].   

2.2 Coupling schemes 

As described in Chapter 1, the coupling of light into a nano photonic waveguide is 

not trivial. The dimension mismatch between optical fibre and a nano waveguide is in 

the order of 10
-3

. Therefore, direct coupling between them is like pouring water from a 

bucket into a straw. Most of the light from the fibre passes out of the waveguide and 

causes excessive loss of light.  So in order to couple light between fibre and a nano 

waveguide efficiently, some sort of technique is necessary. Among many approaches, 

prism coupling, butt coupling, end-fire coupling and grating coupling are those which 

have most commonly appeared in the literature [5].  Based on the fibre positions, these 

coupling techniques are categorised into two different types:  

i) Vertical coupling, and 

ii) Lateral coupling 

2.2.1 Vertical coupling 

In vertical coupling techniques, light is injected onto the surface of the waveguide 

at a specific angle. We call them vertical coupling techniques because the optical fibre 

is placed vertically over the waveguide. The most important vertical coupling 

techniques are found in the prism coupler and grating coupler [5]. The coupling 

principles of these techniques are depicted schematically in Fig.2. 1 and Fig.2. 2 

respectively. 



35 
 

 

Fig.2. 1: Structure of the Prism coupler 

 

Fig.2. 2: Structure of the grating coupler 

Among these techniques, prism coupling is not particularly useful for the purposes 

of a semiconductor waveguide evaluation. This is because the working principle of the 

prism coupler is such that prism material should have a higher refractive index than that 

of the waveguide. This condition seriously limits the possibilities, especially for silicon 

which already has a relatively high refractive index (n ~ 3.5). Not many other materials 
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having a refractive index higher than silicon also possess optical properties and are also 

compatible with complementary metal oxide semiconductor (CMOS) process 

technology. Although prisms could be made from other materials, such as germanium, 

other limitations apply to make that technique inferior to other techniques. These 

limitations include damaging the surface of the waveguide, which is inappropriate when 

a surface cladding is used, and prism coupling is certainly not suitable for material 

systems that utilise rib waveguides such as the silicon technology [5]. Such limitations 

of the prism coupler restrict its application in photonic circuitry. Nevertheless, using a 

prism coupler in principle means that light can be coupled efficiently from fibre into a 

nano waveguide as reported in [55] that ~ 75% coupling efficiency has been achieved 

utilizing the prism coupler.   

Therefore, given those limitations, we will focus on grating couplers as a vertical 

coupling and butt-coupling as a lateral coupling technique.  

A grating coupler is basically a one dimensional (1D) diffractive structure that can 

be designed to couple light onto the waveguide surface by means of one of its orders of 

diffraction. One of the pioneer grating couplers for efficiently coupling single mode 

fibres onto compact planar SOI waveguides was demonstrated in [50], and is illustrated 

in Fig.2.2.  A grating coupler is based on the diffraction principle of light, the 

phenomenon that is widely observed in nature, e.g. the rainbow.  The diffraction law 

states that the direction of light propagation can be modified using edges of objects.  In 

a grating coupler, the change in direction of light is effected using the corrugated 

structure of the waveguide surface as shown in Fig.2.2. The grating coupler allows 

wafer level testing and avoids dicing and polishing of the edges and facets, offering 

mass production at low cost. Despite such advantages, the grating coupler has 

weaknesses regarding coupling efficiency and bandwidth. As it operates on the 

diffraction principle, it is highly dependent on wavelengths with a narrow coupling 

bandwidth when compared to butt coupling [56]-[62].  
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2.2.2 Lateral coupling 

In both butt coupling and end-fire coupling, the light from one waveguide end 

shines onto another waveguide end. The only difference is that in case of end-fire 

coupling, a lens is employed between the two ends of the waveguides. Fig.2. 3 shows 

the schematic of a butt coupler while Fig.2. 4 shows the schematic of an end-fire 

coupler. In the latter, the light from the fibre is shone onto a common focal point of the 

waveguide using a lens. In butt coupling, a lens can be used at the fibre tip (called 

lensed fibre) which squeezes the mode field of the fibre and improves coupling 

efficiency.    

 

 

Fig.2. 3: Butt coupler 

 

 

Fig.2. 4: End-fire coupler 
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As a direct butt-coupling between a standard SMF and a nanophotonic SOI 

waveguide means suffering ultra-high coupling loss, a solution for an efficient butt-

coupling relies on the use of tapered spot-size converters (SSC) [63]. A tapered spot-

size converter (or taper) is a waveguide whose dimensions change along the 

propagation direction from chip to fibre, creating a transition from a small to a large 

mode. It is thus able to convert the small size optical mode of the nanophotonic 

waveguide into a larger size optical mode, and vice-versa. If the taper transition is slow 

enough that the conversion is 100% efficient, the taper is then called an adiabatic taper. 

The most suitable theoretical solution to the waveguide-fibre mode conversion 

problem is 3-D tapered waveguide, which increases the size both laterally and 

vertically in the direction of chip-to-fibre (see Fig.2. 5) [64]. Due to the major 

difference in size between the optical modes of the fibre and the waveguide, such a 

taper should be in the order of several millimetres long. Moreover, the fabrication of 

such a 3-D structure is rather complicated, as it is not compatible with planar CMOS 

mass-production processes. Another solution is based on the fact that the optical mode 

in the waveguide is expanding out from the core as the waveguide core gets smaller. 

So, a 3-D taper with decreasing dimensions both laterally and vertically along the 

waveguide-to-fibre direction (also known as inverted taper or inverse taper) is 

proposed [65]. Although shorter tapers can be obtained, fabrication of this structure is 

still beyond planar fabrication limits, as it still remains a complicated 3-D structure. 

Actually, not many experimental results have been reported in literature on the 3-D 

taper. A more elegant solution which is in planar geometry is a planar single-stage 

inverted taper [66] (see Fig.2. 6). The nanophotonic waveguide is tapered down 

laterally until its tip width is of the order of tens of nanometres. Thus, the mode is 

forced to leave the silicon waveguide and start propagating into another low-medium 

index contrast fibre-adapted waveguide which is placed over the silicon material (see 

Fig.2. 6). Due to its planar geometry (constant height), this structure can be fabricated 

using conventional CMOS-compatible machinery. The main drawback of this structure 

is the high lithography resolution needed to achieve such a narrow inverted taper tip in 

many cases. When studying horizontal coupling techniques, we will so focus on single-

stage planar inverted taper-based structures.  
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Fig.2. 5: Fibre-waveguide coupling using a 3D taper 

 

 

Fig.2. 6: 2-D single stage inverted silicon taper with polymer waveguide 

on top [66] 

 

2.3 Prior works 

2.3.1 Tapered waveguide 

For efficient butt coupling, the waveguide between fibre and a nano waveguide 

needs to be tapered from larger dimension (fibre face) to lower dimension to match the 

nano waveguide. To improve coupling efficiency of the taper, in 1975 Winn and Harris 

proposed a horn shape structure [67] which is now known as a taper. In this design, it is 

suggested that to achieve coupling efficiency of > 90%, the taper length should be in the 

order of 2000 of wavelength. In [68] the waveguide was tapered adiabatically where a 
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mode conversion does not occur in the device. These tapers are very long in the range of 

millimetres which causes a larger footprint in the nano photonic chip. So to reduce the 

taper length, a bilevel mode converter is proposed in [69] where the structure is 

designed with top and bottom tapers. The simulation results of this design show high 

coupling efficiency with polarization independency.  A double stage taper was proposed 

in [70] [71] as shown in Fig.2. 7. The length of such design was 20 µm and within this 

length the dimension of the waveguide is converted from 25 µm to 800 nm. The 

simulated coupling loss for this design is reported as 0.2 dB but experimental results 

show a coupling loss of 0.4 dB. In comparison with previous designs [67], using this 

double stage taper the light can be coupled with considerably lower coupling loss within 

a short taper length. The coupling of light was investigated between high numerical 

apertures (NA) fibre and nano waveguide in [72]. The results show that the coupling 

loss of 8 dB is achievable to transfer light from a fibre with mode field diameter (MFD) 

of 3.7 µm into a rib waveguide with cross-sectional dimension of 750 nm (width) × 

1500 nm (height). The loss has been further reduced to < 5 dB using a 1 D taper with 

initial width of 4 µm. To minimize the loss associated with vertical mismatch, the taper 

was further modified with an initial height of 3 µm and the loss was further minimized 

to 2 dB.  

 

Fig.2. 7: Double stage tapered waveguides [70] 
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A summary of the most relevant properties of the major SOI fibre coupling 

techniques (grating coupler and inverted taper) was presented in [73], for a wavelength 

λ=1.55 μm, and considering standard single mode fibres (SMF). 

Typical coupling loss are about 5-6 dB for a conventional 1D grating coupler 

structure, with a footprint area of 10 μm × 10 μm, when coupling to a butt-fibre with 10 

μm MFD [57]. For coupling via an inverted taper by using the same fibre, a double 

stage coupling structure is usually used in literature, as a single stage is not enough to 

achieve an efficient mode conversion to 10 μm MFD standard butt-fibres. In double-

stage inverted taper structures, the mode conversion is achieved in two different steps 

by using a bottom taper on top of a lower taper, thus creating a complicated 3D 

structure. Typical coupling losses of 1.5 dB are achieved for a 800-1000 μm long double 

stage inverted taper, and a 9 μm × 9 μm cross-section dimension fibre-adapted 

waveguide [74] [75]. However, the complexity of the fabrication process is more than 

double a single-stage inverted taper coupler. In this latter case, the mode conversion is 

achieved with one less complex inverted taper structure in just one step.  

Most of the inverted taper structures referred to in literature are single stage, but 

are optimized for coupling to lensed fibres with a lower spot size diameter of 2.5-4 μm. 

In this case, a minimum coupling loss less than 1 dB can be obtained. One of the 

pioneer inverted tapers is found in [66]. They demonstrate less than 1dB coupling loss 

from 0.3 × 0.3 μm
2
 silicon waveguides to single-mode fibres with Mode Field Diameter 

(MFD) of 4.3 μm for the TE mode, for an inverted taper length of 200 μm, and using a 

polymer fibre-adapted waveguide on top of the inverted taper with cross-section 

dimensions 3μm × 3μm. One of the special features of this type of coupler is 

polarization insensitive behaviour of the structure for small inverted taper tip width 

values, such as below 40 nm.  

In order to decrease the taper length, [76] proposed a novel configuration 

consisting of using a SiO2 slab layer on top of a parabolic shape taper, instead of using a 

polymer waveguide. The optimal length of the taper is reduced to 40μm due to the 

quadratic shape of the taper, but achieving a polarization dependency to the inverted 

taper tip width. 0.5dB coupling loss to 4.9μm MFD fibres are achieved for optimal 
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designs with 120nm and 50nm tip width for TE and TM polarization, respectively. The 

main problem with this configuration is that the device needs to be cleaved exactly by 

the inverted taper tip, and may require special cleaving and polishing techniques. In 

[77], such a coupler has been fabricated using standard CMOS process technology 

where an insertion loss of 1.9 dB to 2.5 μm MFD fibres was achieved for the TE mode, 

by using a 3μm × 1.3μm (Benzocyclobutene) BCB type polymer waveguide on top. The 

optimal obtained length of the taper is 175μm, and the inverted taper tip width is 175nm, 

thus being compatible with CMOS UV lithography. In [78], the insertion loss of such 

coupler is minimized to 0.5 dB by optimizing the coupler for the TE mode. Another 

similar coupler which utilizes silicon rib waveguide has been reported in [79], where a 

0.7 dB coupling loss is achieved for the TE mode. Recently, the optimization for an 

inverted taper for TM mode was proposed in [80], for the case of ridge waveguides. 

They obtained coupling losses of 0.36 dB and 0.66 dB for the TM and TE modes, 

respectively. However, there was extra excess loss, mainly due to the fibre lensing 

process of the lensed fibres used, so that final average insertion loss of about 3 dB is 

obtained in many cases.  

A compact 1×2 3-dB tapered multimode interference (MMI) coupler is 

demonstrated in [81] using a parabolically-tapered structure with high uniformity of 

0.28 dB and fibre – chip – fibre excess loss of 9.9 dB which claimed to be much less 

than that of a InP-based MMI coupler. Mode expanders based on modal interference 

between the supermodes in the taper structure formed by an active rib waveguide and an 

underlying fibre-matched ARROW is proposed in [82] where low-loss mode 

transformation and good fibre-coupling efficiencies and far-field divergence angles 

were obtained for much shorter lengths compared with adiabatic tapers. Another SOI-

based MMI coupler [83] comprises shallowly etched regions, bi-level tapered regions 

and deeply etched regions with high uniformity.  

A monolithically–integrated, asymmetric graded index (GRIN) or step-index 

mode converters for microphotonic waveguides is reported in [84] which operates over 

a wide range of wavelengths with low polarization dependence. The rigorous and 

accurate numerical simulations to examine the implementation of lateral, vertical, and 

combined spot-size converters in a silica structure was presented in [85]. It was 
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demonstrated that coupling efficiency and device compactness can be significantly 

improved by optimizing the fabrication parameters. Instead of using SiO2 as the 

cladding, a low-loss Sub-Micron polycrystalline silicon waveguide clad by SiON with 

an effective coupler is presented in [86], the design of which is shown in Fig.2. 8. The 

propagation losses of 6.45±0.3 dB/cm and 7.11±0.5 dB/cm were measured for TE and 

TM modes respectively over the whole C-band wavelength.  

 

 

 

 

Fig.2. 8: Schematic diagram of the SiON coupler [86] 

 

 

A laterally tapered undercut active-waveguide for an optical spot-size converter 

(SSC) is proposed and fabricated simply by a wet etching-based technique [87] where 

an optical mode transfer loss of -1.6 dB is observed between the bottom passive 

waveguide and the active waveguide. A highly efficient and polarization-independent 

compact mode coupling between an active waveguide and a passive waveguide using 

fully bimodal interference is presented in [88]. The modal transformation losses as low 

as 0.1 dB is achieved using much shorter lengths than the adiabatic taper. High coupling 

efficiency using a non-zero tip width inverse taper is reported in [89]: the design is 

based on impedance matching conditions.  An intra-chip cantilever coupler using stress-

engineered SiO2 cantilevers for fibre-to-chip coupling to Si photonic circuits is designed 

with coupling losses of 1.6 dB per connection for TE polarization and 2 dB per 

connection for TM polarization in [90]. A fibre-to-waveguide mode size converter on 

the SOI platform composed of a suspended SiO2 waveguide and overlapped Si nano-

tapers located in the centre of a suspended SiO2 waveguide is developed in [91]. The 

(a) Top view (b) Cross-section 
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measured coupling loss using a lensed fibre with 5 μm spot diameter is 1.7 ~2.0 

dB/facet for TE mode and 2.0 ~2.4 dB/facet for TM mode in the wavelength range of 

1520 ~1600 nm is reported. An efficient adiabatic in-plane fibre-to-chip coupler design 

is proposed [92]. In this design, the light from the fibre is coupled into a low-index 

waveguide with matching mode size. The mode is first adiabatically reduced in size 

with a rib taper, and then transferred into a high-index (e.g. silicon) waveguide with an 

inverse taper. The two-stage design allows the coupler length to be reduced multiple 

times in comparison with pure inverse taper-based couplers of similar efficiency. The 

magnitude of length reduction increases with the refractive index of the low-index 

waveguide and the fibre mode size. A schematic of the design is shown in Fig.2. 9.  The  

 

 

Fig.2. 9: (a) Layout of the two-stage adiabatic coupler (not drawn to 

scale). The light from the fibre is coupled into the fibre-matched low-

index waveguide, transferred into a smaller waveguide in Stage I using a 

rib taper, and coupled into sub-micron Si waveguide in Stage I using a 

rib taper, and coupled into sub-micron Si waveguide in Stage II using an 

inverse Si taper. (b) Intensity distribution of the fundamental TE mode 

at positions labelled with numbers in Fig. 1(a) of Ref. [92]. Positions 1-3 

correspond to the rib taper and 4-6 to the inverse taper [92]. 
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optical mode size transformation is achieved between SSMF and 0.26 µm-thick Si-

waveguide by a 12μm-thick Si/SiO2 multilayer on-chip GRIN lens of lengths 16μm or 

24μm butt-jointed to a 10μm-wide terminated Si waveguide in [93]. The overall 

coupling loss of the coupler was measured at 3.45dB.  

A two-dimensional electromagnetic coupler is proposed in [94] that can compress 

the beam width with little change in its profile. The main benefits of such a design 

include compact volume and low reflections compared with traditional tapers. The 

cantilever technique based on a chip-to-chip vertical light coupling is demonstrated in 

[95] [96]. Using such a technique, the chip-to-chip coupling losses were measured [96] 

as low as 0.62 dB and 0.50 dB per connection for quasi-TE mode and for TM mode 

respectively for the C band. Almost 100% transmission efficiency is reported in [97] by 

employing a transmission optics approach in the design.  A two-port polarization-

insensitive SSC [98] utilizes a concatenated horizontal up-taper and vertical down-taper 

with reported coupling losses for E11
y
 and E11

x
 modes are 2.8 dB and 2.7 dB/port 

respectively. 

Based on the principle of adiabatic mode transformation, an optical coupler 

between SOI and polymer waveguides is designed in [99] where coupling losses of 0.8-

1.1 dB for TE polarization and 0.8-1.3 dB for TM polarization are reported. A fibre-to-

chip coupler is demonstrated in [100].  This consists of a silicon-inverted taper and a 

silicon oxynitride (SiON) double stage taper, where the cascaded taper structure enables 

adiabatic mode transfer between a submicron silicon waveguide and a single mode 

fibre.  Coupling losses of 3.6 and 4.2 dB for TM and TE polarizations respectively are 

reported. A heterogeneous III–V/Si integrated structure with a short vertical 

interconnect access for optical coupling is demonstrated in [101]. Coupling efficiency 

has been extracted from waveguide loss measurement and is estimated to be above 90% 

at a tapering length of around 50 μm. A transformation optics based coupler is designed 

in [102] with taper length as short as 3µm and coupling efficiency of 94.5%.  An 

efficient mode-size converter based on intermediate material SiON for the coupling 

between a cleaved SMF and HIC waveguide is reported in [103].  Combining an inverse 

taper and suspended structure, the coupling losses are 1.2 and 1.4 dB/facet for TE and 

TM modes respectively. A SOI adiabatic taper was designed in [104] by reducing the 
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incidence of mode conversion to higher-order and radiation modes inside the 

waveguide. 98.3% coupling efficiency was achieved when connecting a 12-μm-wide 

input waveguide of a grating coupler to a 0.5-μm-wide output waveguide.  

An ultra-compact coupler is proposed in [105] by using a tri-sectional tapered 

structure to transform the light between a silicon wire waveguide of 220 nm height and 

a Si/III–V hybrid waveguide for Si/III–V heterogeneous integration. Over 95% coupling 

efficiency in a bandwidth of over 100 nm is reported in that design.  SSCs with a SiO2 

spacer inserted between the Si wire waveguide and SiON secondary waveguide are 

demonstrated in [106]. With such a SSC, low-loss and small-polarization-dependence 

fibre-to-chip coupling of 1.45 and 1.50 dB/facet for quasi-TE and TM modes, 

respectively, were achieved. A subwavelength refractive index engineered broadband 

fibre-chip edge coupler is presented in [107] to mitigate loss and wavelength resonances 

by suppressing diffraction effects, enabling a coupling efficiency over 92% (0.32 dB) 

and polarization independent operation for a broad spectral range exceeding 100 nm.  

A new type of fibre-chip edge coupler proposed in [108] with a large mode when 

the total coupling efficiency exceeded 90% (0.42 dB). An important advantage of this 

coupler is that the mode size is substantially increased while minimizing the substrate 

leakage loss through the BOX.  This was achieved by increasing the effective index of 

the upper SiO2 cladding with subwavelength index engineered thin Si3N4 layers.  

Adiabatic tapers for heterogeneously integrated devices are proposed in [109] where the 

couplers employ a broad intermediate waveguide to facilitate highly alignment-tolerant 

coupling. Such couplers could be useful for transfer-printing-based heterogeneous 

integration of active III-V devices such as semiconductor optical amplifiers (SOAs), 

photodetectors, electro-absorption modulators (EAMs) and single wavelength lasers on 

silicon photonic integrated circuits. A broadband bilayer polarization insensitive inverse 

taper edge coupler is demonstrated [110] with coupling loss of 1.7 dB from a focused 

fibre with 5 μm mode diameter. The design and fabrication procedures are described in 

[111] for surface-trimmed silicon-on-insulator waveguide with adiabatic SSCs where 

the insertion loss of ∼0.25 dB for TE-like polarization is recorded for a wide range of 

wavelengths of 1500 nm-1600 nm. Based on the principle of transformation optics, a 

compact optical waveguide coupler is investigated in [112]. To supress the reflection 
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loss, a scaling function is developed to make the material nonmagnetic for TM 

polarization. A new compact tapered SSC structure is designed in [113] with a taper 

length as short as 15 µm on a SOI platform. The schematic of the design is shown in 

Fig.2. 10. The proposed taper, along with linear grating couplers for spot-size 

conversion, exhibits no degradation in the coupling efficiency compared to a standard 

focusing grating in the 1550 nm band. 

 
 

Fig.2. 10: Schematic illustration of the proposed compact taper structure 

[113]. 

 

 

 

2.3.2 Grating coupler 

Utilizing the diffraction principle of light, the first grating coupler was developed 

back in 1970 by Dakss et al [114]. In this structure, a corning 8390 dense flint glass film 

was used as substrate and on top of that substrate corning 8390 was used as a 

waveguide with a refractive index of 1.73.  With this design, a relatively high coupling 

efficiency of 40% was achieved and this encouraged many to consider a grating coupler 

as an alternative to a butt coupler. From the fabrication point of view, the grating 

coupler is much simpler than a butt coupler.  Unlike a butt coupler, a grating coupler 

offers the flexibility to place it anywhere in the photonic chip.  A grating coupler does 

not need the edges and facets to be diced and polished (a process required by the butt 

coupler) opening the way for wafer level testing and mass production at low cost. A 

theoretical study in [115] shows that the light from a waveguide can be coupled into the 

superstrate of a grating structure in a leaky mode as shown in Fig.2. 11. The leaky 

modes can be either in the direction of light propagation or in the opposite direction, 

depending on the grating period (ᴧ). Such characteristics of the grating coupler offer 

more flexibility for use in photonic circuits.  A comprehensive theoretical discussion on   
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Fig.2. 11: Leaky modes in superstrate and substrate of grating coupler 

 

coupling efficiency of a grating coupler is presented in [116] where it is shown that 

coupling efficiency of 80% is achievable. Power loss in the grating coupler was studied 

in [117] [118] and it was found that the wave attenuated more because of residual photo 

resistance remaining in the device during fabrication than was attributable to grating 

tooth shape imperfections. The remaining photo resistance reduces the difference of 

refractive index between grating tooth and groove and also significantly increases 

reflections on the surface, which ultimately causes power degradation in the grating 

coupler. Based on the perturbation theory and network analysis, a simplified and 

generalised design procedure of a dielectric grating coupler is described in [119].    

In the early days, grating couplers were realized in material systems other than 

silicon, and especially in Groups III-V materials in the periodic table, such as GaAs, InP 

and LiNbO [120]-[125]. The first comparison between a silicon grating coupler and III-

V materials coupler was studied by Emmons in 1991. The results of a glass waveguide 

and GaAs waveguide showed that the coupling efficiency is more sensitive in silicon 

waveguide height than in other waveguides with different materials, as shown in Fig.2. 

12.  That study found that such sensitivity is the result of reflections at the material 

interface for SOI where the refractive index contrast is higher than other materials. It is 

shown that this reflection phenomenon can be utilized to improve coupling efficiency 

with a proper design for constructive interference between the guided wave and 

reflected waves. Further studies by the same author describe that, utilizing a SOI 

platform, the low loss leaky mode can be supported and substrate loss minimized to 

below 1dB/cm [126]. It is shown that the performance of the grating coupler relies 
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strongly on the geometry of the structure, such as the grating period and thicknesses of 

the layers [127]. The study claims that over 90% coupling efficiency is obtainable, 

using an extra buffer layer of silicon nitride on the surface of the grating with a coupling 

length of ~ 100 µm. They also suggest using a bottom grating beneath the waveguide to 

minimize substrate leakage in order to improve coupling efficiency. The grating profile 

used by Emmons is sinusoidal, the fabrication accuracy of which is very difficult to 

achieve and especially for deep etched gratings.  

 

Fig.2. 12: Upward coupling efficiencies for various waveguide 

thicknesses of different materials. 

Rectangular shape gratings are mostly appearing in current designs [128]. This 

type of garing is easier to fabricate as the side walls are vertical which can be fabricated 

using photolithography or electron beam lithography employed with inductively-

coupled plasma or the reactive ion dry etching process. In [128] the detuning grating 

coupler was investigated and it was found that introducing second order diffraction 

reduces the overall coupling efficiency of the coupler. Such second order diffraction has 

been removed using even detuning by half the amount that occurs in InGaAs/AlGaAs.  

Eventually, only the first order diffraction remains, one in the substrate and another in 

the superstrate.  It is found that a small angle is required to remove second order 

diffraction and ultimately improves the coupling efficiency of the grating coupler. The 

study also suggests that the coupling efficiency depends on the shape of the grating, and 
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that was confirmed in [129][131].  In [129] and [132], similar studies  showed the 

difference in coupling efficiencies in simulation and experimental results. The peak 

wavelength shifted more in experimental data than in simulated data and the 

reflectivities also varied in experimental data.  

 Based on the pertubation theory, K. C. Chang predicted that 70% coupling 

efficiency is achievable in a grating coupler [133].  Using the SOI platform, a grating 

coupler was demonstrated in [134] where coupling efficiency of 70% was reported: this 

confirmed Chang’s prediction. The coupling efficiency of the grating coupler also 

studied in other works [134][137] for the various grating types, e.g. rectangular and 

blaze gratings. The investigations demonstrate that using blazed grating, coupling 

efficiency can be improved significantly.  [134] showed that with uniform rectangular 

grating, the coupling efficiency was 71%, but by using blazed grating efficiency 

improved to 84%. A compact size grating coupler was demonstrated in [138] with a 

cross-section of 100 µm (length) ×  30 µm (width) and showed 55% coupling 

efficiency. Comprehensive simulation methods were described in [139] and 53% 

coupling efficiency was achieved using a rectangular grating structure. To increase 

coupling efficiency, the use of a super lattice reflector in the substrate was proposed in 

[140]. Substantial improvement in coupling efficiency also achieved with second order 

grating [141] although such grating was supposed to offer lower coupling efficiency 

compared with first order grating. With a grating length of 320 µm, coupling efficiency 

of 94%  was achieved with second order grating: this indicates the significance of that 

study.    

To maintain single mode operation of the waveguide a grating coupler on 1.5 μm-

thick SOI rib waveguides has been demonstrated [142] and a coupling efficiency of 

−2.2 dB is achieved with a 3 dB bandwidth of 40 nm. By reducing back reflection, the 

coupling efficiency has been improved in [143] by eliminating the mode mismatch and 

index mismatch between the grating and waveguide regions, significantly using a rib tip 

which adiabatically connects the rib waveguide and slab waveguide modes. The total 3 

dB coupling loss is measured in this design when interfacing a SMF for in- or out-

coupling and 1.5 dB when interfacing a MMF for out-coupling. A wide spectral FWHM 

of 58nm and a low back reflection of −27 dB are achieved. Although these 
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demonstrations show some advantages, they also introduce more fabrication 

complexities as they use inverted tapers. A fibre-to-fibre coupler fabricated on a 200-

mm wafer based on the standard CMOS technology has also recently been 

demonstrated in [144]. The special feature of this coupler is that it is polarization 

insensitive. Coupling losses < 1 dB were measured in the wavelength spectral range of 

1520 nm-1600 nm from a 2.5-μm MFD lensed fibre into a 500-nm-wide SOI waveguide 

and < 3 dB for wavelength range of 1300 nm-1600 nm.  

With respect to the basic grating couplers, coupling loss can be reduced to 1 dB 

(near 80% coupling efficiency) by implementing more complex grating coupler designs. 

To obtain lower loss grating couplers, different strategies have been proposed. By 

redirecting the downward light to the waveguide coupled to the grating using a bottom 

mirror, coupling losses can be minimized to 1 dB. The bottom mirror can be either a 

metallic mirror [145] or a distributed Bragg reflector-type (DBR) mirror [59]. Another 

way is to increase the grating directionality by depositing a poly-silicon overlay on a 

non-uniform grating structure and then optimizing the grating parameters separately 

[146]. With this solution, a modification in the effective index along the grating is 

obtained by chirping the grating, so that the radiated electric field profile of the grating 

can be Gaussian-like reshaped for better matching to the optical fibre beam. Using a 

silicon overlay, an enhanced grating directionality and hence the coupling efficiency of 

a SOI fibre-to-chip grating couplers has recently been presented in [147]. However, an 

advanced CMOS-compatible SOI platform is required for the fabrication of that kind of 

structure [147]. An alternate scheme for high directionality is proposed and designed in 

[148]:  it implements optimum waveguide thickness configuration and designs the 

grating filling factor to vary the grating coupling strength.   

Even though the coupling efficiency of the grating couplers has been significantly 

improved and elevates other performances compare to edge couplers with many 

approaches, reported grating couplers exhibit a relatively narrow bandwidth and the 

coupling bandwidth mechanism is not described clearly [149]. A relationship between 

the coupling bandwidth and the fibre numerical aperture is reported in [150], which can 

provide an approximation of the bandwidth in waveguide to fibre coupling, but for fibre 

to waveguide coupling, the intrinsic bandwidth property of grating couplers is not 
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clearly described except in a few theoretical discussions [60] [65] [146] [151]. These 

theories are based on a multi-parameter sweep process and do not mention any general 

procedure to follow. A generalized formula which can be applied to predict the possible 

bandwidth range for a specific grating structure has been proposed in [149] and to 

maximize the coupling efficiency for general layered waveguide structures a simplified 

optimization approach is proposed. 

Another possibility for an efficient effective index modification of the grating 

coupler is the use of subwavelength waveguide gratings [152].  Recently, a Sub-

Wavelength Grating (SWG) structure-based coupler has been developed. Based on this 

technology a through-etched grating coupler has been demonstrated [153] where the 

gratings are made of arrays of 80 nm × 343 nm rectangular air holes and patterned in a 

single lithography/etch, thus simplifying the fabrication process. The gratings are 

patterned on the SOI platform with a 1-μm-thick Buried-Oxide (BOX) layer and 59% 

peak coupling efficiency at 1551.6 nm and a 3 dB bandwidth of 60 nm are achieved for 

the TE mode.  The efficiency achieved with this coupler is comparable to gratings 

requiring much more complicated fabrication processes. Another demonstration is 

reported based on the subwavelength structure [154] which has incorporated apodized-

focusing grating to avoid adiabatic tapers, thus minimizing the size of the coupler. A 

modified phase matching formula is employed to design the apodized focusing SWG. 

The maximum coupling efficiency as high as -3.0 dB with 3 dB bandwidth of ~50 nm is 

measured experimentally. However, to pattern such gratings required several steps, 

which increases fabrication complexity.  

All the previous design configurations require the optical fibre to be slightly tilted 

with respect to the grating’s normal direction to avoid a large second-order Bragg 

reflection back into the SOI waveguide, which dramatically increases coupling loss. 

This fact is important for practical applications, which implies either angled polished 

fibres or mounting the fibre holder under an angle with respect to the grating’s normal 

direction, which also implies an increase in the final costs of the photonic component’s 

assembling and packaging [155]. To avoid this, slanted [156] and stratified [157] 

grating couplers were proposed to achieve low coupling loss for perfectly vertical 

coupling. Vertically-etched slits based on an asymmetric grating structure was also 



53 
 

proposed in [158]. But implementing all these more complex grating designs is costly, 

requiring more complex fabrication processes, thus increasing both the complexity of 

the designs and the fabrication process. In many cases, this is not suitable from an 

integration point of view [59] [159].  In some other cases, the restrictions on the design 

parameters are beyond optical lithography limits [146] [158]. So there is always a trade-

off between cost and optimum performance. An important feature in grating couplers’ 

development is achieved by Luxtera, Inc. in the holographic lens type grating in [159].  

They demonstrate a high efficiency structure, with a focusing triangular footprint area, 

so there is no need to use a long SSC between the wide grating coupler and the narrow 

SOI waveguide. 

Regarding the fibre-to-chip alignment tolerances, the grating coupler features 

higher alignment tolerances than the inverted taper. Coupling tolerances of about ±1 μm 

for 1 dB penalty are found for the grating [60], whereas for the inverted taper, just ±300 

nm tolerances are found for the same penalty loss. When considering wavelength 

dependence of the structures, we find that the inverted taper is broadband (> 100 nm 

bandwidth), while the grating coupler presents strong wavelength dependency (3 dB 

bandwidth is about 50-60 nm). However, it is supposed to be enough for covering the 

C-band in optical communication systems. With respect to polarization dependency, 

weak polarization-dependent inverted taper designs can be obtained by choosing an 

optimum inverted taper tip width in many cases [160], whereas grating couplers are 

found to be strongly polarization dependent [161]. Finally, and due to the alignment 

tolerance issue, grating couplers are suitable for coupling multiple I/O fibres (i.e. fibre 

array (FA)) to multiport circuits, whilst (in general terms) inverted tapers are not so 

suitable, due to lower alignment tolerances [75]. A comprehensive review of different 

techniques for the purpose of light coupling from silicon waveguides to different types 

of structures was presented in [162]. They compared different vertical and horizontal 

coupling mechanisms applied to different applications, and found that the choice of the 

coupling method will depend on the required coupling efficiency, the desired 

bandwidth, the available footprint and technological considerations for any given 

application.  
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Using BenzoCycloButene wafer bonding grating couplers with gold bottom 

mirrors is presented in [163]: measured coupling efficiency to fibre is 69% for SOI 

grating couplers and 56% for bonded InP membrane grating couplers. Continuously 

variable grating strength achieved by using subwavelength microstructure is reported in 

[164] with minimized back reflection and 50% coupling efficiency for TM polarization.  

A reflectionless grating coupler on a SOI platform is proposed and it is shown that for a 

shallow-etched grating the reflection as low as -40 dB and for deeply-etched gratings -

28 dB are achieved [165].  To overcome the challenge of a dual polarization operation 

of the grating coupler, polarization- independent grating couplers are also studied [166] 

[167]. More than 50% coupling efficiency for both TE and TM polarizations is reported 

in [166] for couplers having T-shaped grooves. Micrometric rib waveguide structure is 

proposed in [167] with coupling efficiency of -2.8 dB for both polarizations. A double-

etched fibre-to-waveguide grating coupler (shown in Fig.2. 13) with engineered periods 

based on a SOI platform is demonstrated using deep UV photolithography [168] with 

measured coupling efficiency of -1.5 dB and 3-dB in a bandwidth of 54 nm. A fully 

etched apodized grating coupler based on photonic crystals has been demonstrated,  

 

Fig.2. 13: (a) Schematic of the double-etched diffractive apodized 

waveguide grating coupler. (b) Cross-sectional view of the double-etched 

apodized grating coupler [168]. 

 

showing a low coupling loss of −1.74 dB with a 3 dB bandwidth of 60 nm [169]. Fibre-

to-chip grating couplers with aligned silicon nitride (Si3N4) and silicon (Si) grating teeth 

for wide bandwidths and high coupling efficiencies is demonstrated in [170], a 

schematic of which is shown in Fig.2. 14. The 1-dB bandwidth of 80 nm and peak 
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coupling efficiency of -1.3 dB are measured in that design, which is competitive with 

the best Si-only grating couplers.  

 

Fig.2. 14: Perspective schematic of the Si3N4-on-SOI dual-level grating coupler [170]. 

 

Fully-etched fibre-waveguide focused grating couplers with sub-wavelength gratings 

are reported in [171] with low back-reflections for both TE and TM modes. The 

insertion losses are measured at 4.1 dB for TE and 3.7 dB for TM modes with 1-dB 

bandwidth of 30.6 nm and 47.5 nm respectively. The polarization-insensitive focusing 

SWG coupler based on air cladding is demonstrated on SOI [172] as shown in Fig.2. 15. 

The coupling efficiencies of -3.2 dB and -4.3 dB are reported with 1-dB bandwidth of 

28 nm and 58 nm for TM and TE polarizations respectively, measured for apodized 

gratings.  
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Fig.2. 15: (a) Schematic of an apodized focusing SWG for coupling two 

polarizations into a single mode waveguide. (b) Top view of an apodized 

SWG. (c) Cross-section of the apodized SWG. (d) Top view picture of the 

apodized focusing SWG [172].  

A photonic crystal–based, fully-etched subwavelength grating coupler  is demonstrated 

where the directionality is enhanced using a bonded aluminium mirror in the BOX layer 

[173]. The effects of coupling angle and fabrication errors are also investigated and 

coupling efficiency of -0.58 dB with 3-dB bandwidth of 71 nm are reported.  Utilizing 

interleaved full (220 nm) and shallow (70 nm) etch trenches, upward directionality of 

95% is reported in [174]. The schematic of this design is shown in Fig.2. 16.   The 

coupling efficiency of −1.05 dB and 1-dB bandwidth of 30 nm are measured. A 

subwavelength refractive index engineered grating coupler on SOI is demonstrated in 

[175] to mitigate loss and wavelength resonances by suppressing diffraction effects, 

enabling a coupling efficiency over 92% (0.32 dB) and polarization-independent 

operation for a broad spectral range exceeding 100 nm. Another refractive index 

engineered with a metamaterial SWG coupler is demonstrated in [176] and coupling 

efficiency of -0.69 dB and 3-dB bandwidth of 60 nm are measured using a backside 

metal reflector.  
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Fig.2. 16: Schematic representation of the grating coupler with 

interleaved 220 and 70 nm deep-etched trenches and subwavelength 

transition stage [173]. 

 

 A new silicon nitride (Si3N4) grating coupler with a Si grating reflector in the BOX 

layer is proposed in [177] (shown in Fig.2. 17) with simplified fabrication processes 

compared to a distributed Bragg reflector (DBR) and a metal reflector.  The reflectivity 

of over 90% is obtained with this Si-based grating reflector.  Optimizing the distance 

between the Si3N4 grating coupler and the Si grating reflector, a low coupling loss of -

1.47 dB for uniform structure is theoretically obtained. By apodizing the Si3N4 grating 

coupler, a record ultralow loss of -0.88 dB is further predicted.  

 

Fig.2. 17: Schematic of a Si3N4 grating coupler with bottom Si grating 

reflector [177].  

 

Using interleaving trenches, a fibre-chip grating coupler is demonstrated in [178] 

that exploits the blazing effect, a schematic of which is shown in Fig.2. 18. Utilizing 
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such concepts, the directionality of the coupler can be enhanced without changing the 

BOX thickness. The measured coupling efficiency of -1.3 dB into a 220 nm SOI 

waveguide is reported. 

 

Fig.2. 18: Schematic of the dual-etch fibre-chip grating coupler with 

interleaved deep and shallow etched trenches: (a) side view and (b) top 

view [178]. 

 

 

For broadband operations, a grating coupler on 700-nm-thick silicon nitride-on-

insulator (SNOI) is presented in [179].  This coupler can be used for nonlinear 

applications. The peak coupling efficiency is −3.7 dB and the 1-dB bandwidth is 54 nm 

is measured. A larger aperture, achieved by decreasing the effective index of the 

nanostructure and a larger lateral period, subwavelength nanostructure grating couplers 

are demonstrated for TE polarization with a coupling efficiency of 35% at 1560 nm 

wavelength [180]. 

By applying anti-phase reflection coatings (APRCs) on the core layer of GC, the 

anti-phase field can be returned into the core to cancel downward scattering from the 

gratings by destructive interference and to enhance directionality [181]. By exploiting 

the concept of SWG refractive index engineering, a grating coupler on SOI is 

demonstrated in [182].  Peak coupling efficiencies of -2.7 dB (54%) and -2.5 dB (56%) 

were measured for uniform and apodized structures, respectively.  A grating coupler for 

interfacing between a SOI waveguide and a SMF at a perfectly vertical direction is 

demonstrated in [183] based on a tilted membrane structure. In this structure, the 
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gratings are formed on a tilted waveguide while fibre is placed vertically on the grating 

surface, in contrast with a conventional grating coupler as shown in Fig.2. 19. The 

coupling efficiency is experimentally measured at 28.5% with 1-dB bandwidth of 38 

nm.  

 

Fig.2. 19: Schematic structures of (a) a conventional grating coupler for 

an oblique fibre and (b) the proposed grating coupler for a perfectly 

vertical fibre based on a tilted membrane structure [183]. 

 

A dual-etched and apodised grating coupler is designed with predicted coupling 

efficiency of 85% (-0.7 dB) while experimentally -1.9 dB is measured [184]. Two 

subwavelength grating couplers (SWGC) are optimized separately for higher coupling 

efficiency and broadband operation in [185] for “O” band application. The high-

efficiency SWGC has a measured peak coupling efficiency of -3.8 dB and a 3-dB 

bandwidth of 40 nm and the broadband SWGC has a measured peak coupling efficiency 

of -4.3 dB and a 3-dB bandwidth of 71 nm. A grating coupler on a SOI platform is 

demonstrated in [186] with higher directionality realized by using L-shaped grating 

structures, a schematic of which is shown in Fig.2. 20.  By implementing a metamaterial 

transition stage between the injection waveguide and the grating, the back reflections 

are significantly reduced. This has been realized by exploiting the concept of the SWG 
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structure. In this structure, the measured coupling efficiency reaches a peak of −2.7 dB 

at wavelength of 1565 nm, with a 3-dB bandwidth of 62 nm.  

 

Fig.2. 20: Schematic view of a proposed L-shaped fibre-chip grating 

coupler with a subwavelength transition stage [186]. 

 

 

2.3.3  Grating couplers for transparency to polarization 

It is well-established that the use of high refractive index contrast waveguide 

structures implies that the photonic integrated circuit behaves very differently for TE 

and TM polarized light [145]. This is also the case for the 1D grating couplers which 

was discussed in the previous section. In general, practical applications often require 

polarization-independent operation of the photonic integrated circuits due to an 

unknown polarization state of the light in the optical fibre and time variant nature of the 

state. The use of 2D grating structures allows this problem to be tackled by using a 

polarization diversity configuration. This is schematically depicted in Fig.2.21 [187].  

The 2D grating structure can be seen as the superposition of two 1D grating structures, 

which are identical and are designed to efficiently couple a single polarization (i.e. TE) 

to the waveguide circuit. By placing these 1D grating structures orthogonal to each 

other, hence creating a square lattice grating structure, this 2D grating structure allows 

efficient interfacing with both polarizations of light in the optical fibre, by coupling the 

orthogonal polarizations in the optical fibre to identically (TE) polarized modes in the 

orthogonal waveguides. This approach realizes polarization-independent operations of 

(intrinsically very polarization-dependent) high index contrast waveguide structures by 

having identical photonic integrated circuits in each arm of the polarization diversity 

configuration as shown in Fig.2. 21. In this approach, a polarization rotator is not 
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required. This is a major advantage of this configuration because the integration of 

polarization rotators on a chip is very difficult. Although the two-dimensional grating 

structure is an elegant way of solving both the  

 

Fig.2. 21: Operation principle of a 2D grating structure: (a) two- 

dimensional grating structure in a polarization diversity configuration; 

(b) polarization-insensitive operation of high index contrast waveguide 

structures [187]. 

 

fibre-chip coupling problem and the polarization dependence of photonic integrated 

circuits, the limited bandwidth over which low polarization dependence is obtained can 

be an issue in practical applications [187].  Recently, a 2D grating coupler on SOI with 

a low polarization-dependent loss was demonstrated in [188] which covers the C-band. 

That design employed a grating cell consisting of five cylinders (shown in Fig.2. 22) 

and, by carefully optimizing the distances between the cylinders, polarization-dependent 

loss of 0.25 dB is realized. 
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Fig.2. 22: (a) Optical micrograph of back-to-back cascaded 2D GCs. (b) 

SEM pictures of proposed 2D GC. (c) SEM pictures of conventional 2D 

GC [188]. 

 

Another way to implement a polarization independent fibre-chip grating coupler 

on a SOI platform is to utilize subwavelength gratings [189], a schematic of which is 

shown in Fig.2. 23. In this design, the effective indices are engineered for the   

 

Fig.2. 23: Three-dimensional schematic illustration of the polarization-

independent fibre-chip grating coupler with subwavelength structures 

[189]. 
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TM and TE modes using second order Effective Medium Theory (EMT). The results 

show considerably high coupling efficiency for both TM and TE polarizations with 

improved coupling bandwidth. 

2.4 Summary 

After reviewing previous works on coupling mechanisms, we can conclude that 

each coupling technique, grating and butt, has its advantages and drawbacks. Butt 

coupling offers high coupling efficiency and bandwidth with polarization-insensitive 

features. However, incompatibility with standard CMOS-process technology, including 

issues with fibre/waveguide alignment, stimulates the search for other techniques. 

Moreover, the attainment of coupling efficiency in butt coupling is highly reliant on the 

transitional length of the tapered waveguide which causes a much larger footprint in a 

photonic integrated circuit (PIC).  A grating coupler, on the other hand, offers high 

compatibility with CMOS technology and can be placed arbitrarily in a PIC, paving the 

way for low-cost mass production. However, poor coupling efficiency and bandwidth 

limit their application. Such limitations can be improved with engineering the grating 

structures which yet again increases complexity for fabrication with standard CMOS. 

Finally, it can be supposed that there is little to either acceptance or rejection of the 

coupling approach to be implemented, the choice being closely related to the device’s 

application and also with the available technology know-how in particular. 
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Chapter 3 

Grating Coupler Theory and Simulation Methods 
 

3.1 Theory and operating principle of grating coupler 

3.1.1 Diffraction of light 

The word “diffraction” originates from the word “diffractio” devised by Italian 

physicist Francesco Grimaldi who, in 1665, conducted an experiment with a small 

pencil-like light source in a dark room. He placed a rod in front of the light and 

observed that the shadow shaped by the rod was wider than the shadow estimated based 

on geometric optics and that at the edge of the shadow there are various colours of light. 

Grimaldi named this behaviour of the light "diffraction", meaning “breaking up”.  This 

was later called diffraction [190]. According to the law of diffraction, when a wave of 

light encounters an opaque object, some parts of the light travel beyond the object and 

create a diffraction pattern due to interference to the wave [191].  One of the most 

important applications of the diffraction phenomenon of the wave is that, for repetitive 

placement of the opaque objects, light can produce periodic alterations of the amplitude 

and phase of the light.  In such a case the objects are said to be the diffraction grating.     

3.1.2 Specifications of diffraction gratings 

Diffraction gratings redirect the incident light with some discrete angles specific 

to individual diffractive orders. These angles are very sensitive to the wavelength of the 

incident light. For such wavelength selective features, diffraction gratings are widely 

used in the application of spectroscopy. In diffraction gratings, the total incident power 

is shared among the diffraction orders. There are two main features in diffraction 

gratings:  

i) The angle of diffraction or the direction of the diffractive order for a given 

incident angle and wavelength, and 



66 
 

ii) The power efficiency of each diffraction order.  

The angle of the diffraction order relies on the grating period and the refractive 

indices of the incident and transmitted media. The solution for a diffraction angle can be 

found based on the geometric relationship among incident and transmitted light. The 

power of the diffraction order depends on the physical parameters of the gratings, such 

as grating shape, depth and width. There is no straightforward solution for calculating 

the diffraction efficiency.  However, a special analytical solution, for example a 

rigorous coupled mode analysis, can be used. These require computer aided simulations.   

3.1.3 Grating equation 

 

In this section we will look at how the gratings essentially interact with incident 

light which causes redirection of the light in the form of diffraction orders. The 

diffraction grating can be characterised with a grating vector , the magnitude of which 

is defined as 

                                                                                            (Eq. 3.1.3.1) 

 

where is the period of the grating and the direction is along the periodicity.  

The starting point to derive the diffraction equation is that we assume incident of light 

on a waveguide surface without a grating as shown in Fig.3. 1. 

 

 
 

Fig.3. 1: Light propagations between two different materials 
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In that case, the problem can be simply solved by using Snell’s law. Let us assume that 

the medium of incident is Medium 1 with refractive index ni and the redirected beam is 

transmitted in Medium 2 with refractive index nt. Considering the common case nt > ni, 

a portion of incident light reflected into the same medium as incident wave with θr = θi 

and another portion is transmitted in Medium 2 (nt) with θt < θi.  Now, if we use 

gratings on the surface of Medium 2, the interaction of light with the grating can be 

defined by adding each diffracted grating vector with the undiffracted wave vector: this 

condition is called a "Floquet condition". The resulting infinite numbers of wave vectors 

are called "Floquet waves". Mathematically, the Floquet condition can be written as:  

                                                                                            (Eq. 3.1.3.2) 

where:  

is the number of diffraction orders  

is the wave vector of the undiffracted wave  

is defined in Equation 3.1.5.1 

is the wave vector of m
th

 diffraction order 

 

In Equation 3.1.3.2 the value of m is from negative infinity to positive infinity.  

This implies that there are infinite numbers of Floquet waves in the diffraction grating. 

However, only a certain number of diffraction orders can physically exist. Let us 

consider the two-dimensional geometry of the wave vectors' components of the 

diffracted waves as shown in Fig.3. 2. 

The boundary condition to apply an electric field requires that the tangential 

components at the boundary be continuous. Therefore, the vector components of the 

diffraction orders in Equation 3.1.5.2 can be expressed as 

                 (Eq. 3.1.3.3) 

where: 

is the diffraction angle of m
th

 order 

is the angle of the undiffracted wave 

 is the refractive index of the medium of transmission 

 is the wavelength of the light 
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Fig.3. 2: Diffraction orders in a grating structure 

 

 

In order to calculate the diffraction angle of an individual diffraction order, we can 

solve Equation 3.1.3.3 for as 

                                                                (Eq. 3.1.3.4) 

 

Using Snell’s law it can be shown that 

                                                                            (Eq. 3.1.3.5) 

 

By substituting Equation 3.1.5.5 into Equation 3.1.5.4 we have 

                                                                (Eq. 3.1.3.6) 

Equation 3.1.3.6 relates the diffraction of light in the medium of incident and 

transmission and is known as the diffraction equation. From this equation we can see 

that the diffraction waves are highly dependent on wavelength. For very short grating 

periods the diffraction angle changes significantly, which affects the dispersive nature 

of the grating and consequently is widely used in spectroscopy.   
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While solving Equation 3.1.3.6 for , it can be realized that if

, then becomes complex and thus non-physical. This 

condition gives a range of values for the number of diffraction order m as follows: 

   

            (Eq. 3.1.3.6) 

where the ceiling denoted rounds up to nearest integer value of m, whereas the floor 

denoted rounds down to nearest integer value of m. From Equation 3.1.3.6 it can be seen 

that number of diffraction order m is higher when is higher.  This is the ratio of 

grating period to the wavelength. The number of the diffraction order also depends on 

the refractive index of the incident and transmission media.  

3.1.4 Wave vector diagram 

A wave vector diagram represents the diffraction orders and angles graphically. It 

is a handy tool for analysing the diffraction grating. As indicated in the previous 

section. diffraction gratings are characterised by a k-vector. Therefore, the vector 

diagram also can be named a k-space diagram. The magnitude of the k wave vector is 

determined by the radii of concentric circles drawn based on the incident angle and 

refractive indices of the media and the wavelength. As described earlier, that is based on 

the Floquet condition; the individual diffraction order can be found by additing the 

integer multiples of the grating vector to the undiffracted wave vector.  

In a k-space diagram, the Floquet condition also can be represented by adding the 

tail of the diffracted wave vectors to the head of the undiffracted wave vector. The 

calculation of the actual magnitude and angle of the diffracted waves requires applying 

a boundary condition for the electric field tangential that are continuous at the boundary. 

The purpose of applying this boundary condition is to achieve phase matching which 

can be represented by drawing lines from the head of Floquet wave and the lines are 

normal to the boundary of the circles that were drawn initially for measuring the 

magnitudes in incident and transmission media.  Finally, the magnitude of the Floquet 

waves is measured from the centre of the circles to the lines of phase match that 
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intersect the circles. An example of a wave vector diagram is shown in Fig.3. 3. The 

wave vector diagram provides information only for the angle of diffraction order and 

not for the diffraction efficiency. Other numerical methods are required for finding the 

diffraction efficiencies of the orders.  

 

Fig.3. 3: Example of vector diagram for diffraction grating 

Several methods have been developed to determine the coupling efficiency 

numerically [192] [193]. However, to model an appropriate grating structure, computer- 

aided design and simulation are necessary.  The coupling efficiency can be calculated 

using the eigenmode expansion method [194] by determining the power which is 

coupled out of the grating and into the Gaussian shaped fibre mode [195].  

The structural parameters such as thickness of the buried oxide layer, thickness of 

the waveguide, grating depth, filling factor and grating period each have a significant 

and indvidual effect on coupling efficiency [196]. These effects are discussed in detail 

in the following chapters. 

3.1.5 Definitions of the parameters in a grating coupler 

A general grating coupler with basic design parameters is shown in Fig.3. 4.  
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Fig.3. 4:  Schematic of a general grating coupler with design parameters 

 

- Grating period ( ): This is one of the most important basic parameters for 

designing the grating coupler. The value of the grating period is defined 

based on the Bragg condition which has the following expression [195] 

[197] [198]: 

-  

                                                        (Eq. 3.1.5.1) 

where is the wavelength of the light, is the effective refractive index of 

the optical mode, is the refractive index of the top cladding and is the 

titled angle of the fibre normal to the grating surface. 

- Etching depth (ed): This, also called the grating depth, is defined as the 

depth of the etched portion of the waveguide. 
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- Grating width (wg): This is the width of the tooth. 

- Waveguide height (h): This is the total thickness of the waveguide which is 

the sum of etch depth and non-etched thickness of the waveguide. For a 

fully etched grating, the etch depth and waveguide height are equal. 

- BOX thickness (tBOX): The thickness of the buried oxide (BOX) layer plays 

a vital role in the performance of the grating coupler. It acts as a buffer 

layer between waveguide and substrate. Moreover, the thickness should be 

chosen carefully because the reflections from BOX-substrate interface 

significantly affect coupling efficiency. Constructive interference between 

reflected and guided waves will improve coupling efficiency, but 

destructive interference results in lower coupling efficiency.  

- Incident angle (θ): As indicated earlier, in order to break the symmetry the 

optical fibre is positioned at a slightly tilted angle. The perfectly vertical 

fibre also causes second order reflections which result in lower coupling 

efficiency. 

- Filling factor (ff): This is the portion of the grating period which is filled. 

Mathematically it can be expressed as .  

- Number of period (N): The length of the grating region should be such that 

it will be totally illuminated by the optical fibre. 

- Coupling length (Lc): This is the length between the fibre core and the 

beginning of the grating, where maximum coupling occurs in the direction 

of the grating. It can be calculated by [198]: 

                                                                       (Eq. 3.1.5.2) 

where is the half of the width (MFD) of the Gaussian beam.  

- Effective index ( ): Equation 3.1.5.1 requires that to determine the 

optimal grating period, it is necessary to find the effective refractive index. 

To find the total effective index, the grating structure can be divided into 

two sections; only one of which is etched. The effective index of each 

section is calculated separately and the final effective index is determined 
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by the average value of the two sections.  Fig.3. 5 shows the process of 

calculation of an effective index. 

 

 

Fig.3. 5: Process to calculate effective index 

 

 and are the effective refractive indices of the etched 

section (grating tooth) and without the etched (groove) section respectively. 

 and can be calculated using the effective index 

method [5]. As there is an equal number of tooths and grooves, the final 

effective index is found relating to the filling factor as: 

                  (Eq. 3.1.5.3) 

3.2 Simulation methods for designing a grating coupler 

3.2.1 Overview 

Simulations of photonic devices help us to have an intuitive idea of how the light 

interacts with matter in different structures. In designing a grating coupler, the first step 

is to extract the design parameters to achieve the desired performance of the coupler. 

Finding parameters only through experimentation is always time-consuming and 

expensive as the experiments may need to be performed several times before finding the 

optimum parameters. On the other hand, the design parameters can be found easily by 

numerical methods. After extracting the optimized parameters for the desired outcome 

of the coupler, they can be used for designing the coupler.  The device is first designed 

using computer-aided software and simulated for best performance.  

 

     

_eff toothn _eff grooven

_eff toothn _eff grooven

  _ _1eff eff groove eff toothn ff n ff n    



74 
 

3.2.2 Geometry of the grating coupler in simulation 

The grating coupler is a 3-D problem. For simplicity of the calculation, the 

structure can be assumed to be a 2-D structure with high accuracy as the width of the 

gratings is much larger than the height of waveguides and wavelength. The fundamental 

TE mode of a 12 µm-wide SOI waveguide is shown in Fig.3. 6 [195]. The field 

distribution along the waveguide axis and the direction of the propagation can be 

approximated [199] as , where  represents the lateral mode 

profile and   a field component of the slab mode. The coupling efficiency of a 2-D 

grating structure with a waveguide width much higher than the height is given [195] by 

   (Eq. 3.2.2.1) 

where the constant A describes the normalized Gaussian beam, is the beam width, n 

represents the refractive index of the material between fibre and gratings. 

For a constant distance of fibre from the surface of the grating and the width of 

the grating sufficiently longer than the height, the gratings can be treated as a 1-D 

structure and Equation 3.3 can be reduced to calculate efficiency as 

                                            (Eq. 3.2.2.2) 

Although equations 3.2.2.1 and 3.2.2.2 provide a method to calculate the coupling 

efficiency, they still do not contain any structural information. 
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Fig.3. 6: Fundamental TE mode of a 12 µm-wide SOI waveguide. 

 

3.2.3 Finite Difference Time Domain (FDTD) Method 

Simulations of the grating coupler with a finite difference time domain method 

allow us to investigate the propagation of light through the structure. In the FDTD 

method, the time-dependent Maxwell’s equations are solved based on central difference 

approximations to the space and time partial derivatives.  

3.2.3.1 Maxwell’s Equations 

To understand the behaviour of electro-magnetic radiations, in 1864 James 

Maxwell presented four sets of equations which are generally transcribed in differential 

form as follows [200] [201]: 

                                       
H D J

t


  


                                                   (Eq. 3.2.3.1.1) 

                                       
E B
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                                                       (Eq. 3.2.3.1.2) 

                                       D                                                                  (Eq. 3.2.3.1.3) 

                                       0B                                                                  (Eq. 3.2.3.1.4) 

where   

   = Electric field strength 

   = Magnetic field strength 

   = Electric displacement 
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   = Magnetic flux density 

   = Current density 

   = Charge density. 

In a source-free condition, and which is our situation as we are 

interested in working in the photonics environment. This also entails that the material 

system we are working with is isotropic. This material system implies that  

                                                                                           (Eq. 3.2.3.1.5) 

                                                                                         (Eq. 3.2.3.1.6) 

where and are the permittivity and permeability of the material respectively and are 

scalar quantity.  

Finally considering the photonics working environment and isotropic materials, 

the differential form of Maxwell’s equations can be written as 

                                                       H H
t



 


                                          (Eq. 3.2.3.1.7) 

                                                  E E
t



  


                                          (Eq. 3.2.3.1.8) 

                                                  0E                                                       (Eq. 3.2.3.1.9) 

                                                  0H                                                    (Eq. 3.2.3.1.10) 

In the finite difference time domain (FDTD) method, these four equations are 

solved in conjunction with the Yee algorithm [202] to define the nature of  and in a 

space of materials with and  over time.      

The accuracy of the simulation for electromagnetic properties in FDTD is highly 

reliant on the spacing between the grids. For accurate calculation of and , the 

distance from one grid to another should be the least possible so that it minimizes 

changes in the fields between adjacent grids.   

For a given grid size of and temporal step the equations (3.2.3.1.7) 

and (3.2.3.1.8) can be discretised as follows. 
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(Eq. 3.2.3.1.11) 

 

For computational stability the following condition must be satisfied: 

                           (Eq. 3.2.3.1.12) 

 

where  is the refractive index of the medium, and  is the speed of light in vacuum.  
 

3.2.3.2 FDTD specifications for a grating coupler 

In this thesis, the grating structures are simulated based on the finite difference 

time domain method. High accuracy of the results can be achieved with this method as 

it calculates electric and magnetic fields at ample points in space over a period of time.  

However, three-dimensional (3D) simulations in FDTD require enormous memory, e.g. 

as found in a supercomputer. Fortunately, two dimensional (2D) simulations are also 

applicable in FDTD which we have used for the simulations of our grating coupler. In a 

2D simulation, the light can be parted into transverse electric (TE) and transverse 

magnetic (TM) polarisations as shown in Fig.3. 7.  

 

Fig.3. 7: 2D-FDTD unit cells for (a) TE polarization and (b) TM 

polarization 

 

Considering TE polarisation where the electric field is perpendicular to the plane 

of incident, the fields can be represented as and 
  

with all 

other components are set to zero. Similarly for TE polarisation, the fields are 
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For TE polarisation Equation 3.2.3.1.7 can be written as  

   

                                                                                        (Eq. 3.2.3.1.13) 

 

 

and for TM polarisation 

 

                                                                                          (Eq. 3.2.3.1.14) 

 

 

For equi-distant grids , Equation 3.2.3.1.12 can be simplified to 

                                                                                                 (Eq. 3.2.3.1.15) 

The simulations are performed using commercially-available software Lumerical 

FDTD solutions. The coupler is designed based on the specified parameters such as the 

grating period, wavelength, source profile, spacing between grids and time step. The 

coupling efficiency is measured by placing a power monitor at the waveguide segment 

which calculates power as a function of time.  The power of the other segments 

(such as BOX and reflections at the grating surface) can also be measured using a power 

monitor to see the power flow through different segments. 

The FDTD method primarily limits its applications due to its computationally 

intensiveness. Although FDTD can handle almost any 2-D and 3-D structures, 

simulations of a 3-D structure require enormous memory and long computational times. 

However, this method readily can be used for 2-D structures. For our grating couplers 

analysis, we have used 2-D simulations of our 3-D structures based on the assumptions 

in Section 3.2.2. The accuracy of the results of the FDTD method relies mainly on the 

grid spacing that is exact in the limit that the spacing between grids goes to zero.  

y xE H
z t


 


 

y zE H
x t


 

 
 

x z yH H E
z x t


  

 
  

y xH E
z t


 

 
 

y zH E
x t


 


 

x z yE E H
z x t


  

  
  

x y    

2

n
t

c


  

E H



79 
 

3.2.3.3 Validity check of FDTD for a grating coupler 

In order to check the validity of the simulations using the Lumerical FDTD setup, 

we check against a published simulation results presented in [146]. The grating coupler 

designed in this paper is based on an engineered grating structure using a poly-silicon 

overlay. The non-uniform grating parameters are optimized using a genetic algorithm. 

Reproduction of the results of this design provides an opportunity to check the validity 

of the simulation setup used for numerical analysis of the designs in this thesis. The 

schematic of the reference grating coupler is depicted in Fig.3. 8.  

 

Fig.3. 8: Schematic of the reference grating coupler 

 

The structure was then simulated using Lumerical FDTD solutions and the results 

are shown in Fig.3. 9. The coupling efficiency is calculated for the grating coupler with 

a poly-Si overlay as described in [146]. The simulated results are very similar with the 

published results as can be seen by comparing Fig.3. 9 (b) and (c). The coupling spectra 

show that the peaks of 78% and 78.6% respectively occur for published and simulated 

results.  
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Fig.3. 9: (a) E-field distribution, coupling efficiency as function of 

wavelength: (b) published; (c) simulated. 

 
(a) 

 

(b) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1400 1450 1500 1550 1600 1650 1700 1750

C
o

u
p

li
n

g
 e

ff
ic

ie
n

cy

Wavelength (nm)

(c)



81 
 

3.2.4 Eigenmode Expansion (EME) Method 

 

The Eigenmode Expansion method is a frequency domain method based on the 

rigorous solutions of the Maxwell’s Equation which represents the electromagnetic 

fields everywhere in the form of a basic set of local modes.  The guided and radiated 

modes together form a complete basis set. The solutions of the Maxwell’s Equations 

can be expressed in terms of a superposition of forward and backward propagating 

modes as the following equations. 
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                  (Eq. 3.2.4.1) 
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                (Eq. 3.2.4.2) 

 

Equations 3.2.4.1 and 3.2.4.2 describe the electric field and magnetic field respectively.  

The exponential parts, ki z
e


and ki z
e


, in these equations represent the propagation 

constants whereas the constants, ka and kb , are the forward and backward amplitudes 

respectively.   ,kE x y and  ,kH x y represent mode profiles of electric and magnetic 

fields respectively. 

Theoretically the exact solution of these equations can be obtained using an 

infinite number of modes toward expansion. However in practical terms, the number of 

modes is finite and thus introduces numerical errors like any numerical technique. By 

adding more modes the errors can be minimized. The EME method is fully vectorial 

and inherently bi-directional as Equations 3.2.4.1 and 3.2.4.2 imply. The algorithm 

utilizes the scattering matrix (S-matrix) technique to integrate different sections of the 

waveguide for modelling non-uniform structures. It takes all the reflections of the 

sections into account in the method. The propagation of the light can be simulated for 

any angle. A single simulation is needed for all input/output modes and polarizations. 

Computational cost scales well with propagation distance which makes EME ideal for 

analysis of light propagation in long devices, e.g. a taper.  

The EME method in this study is implemented using Lumerical Mode Solutions. 

Basically the structure is divided into several cells. In each cell the modes are calculated 
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supported by the geometry. Once all the modes are calculated, the modes are then 

propagated so that the S-matrix can be calculated bi-directionally. The workflow of the 

EME method in Lumerical Mode Solutions is shown in Fig.3. 10. 

 

Fig.3. 10: Workflow diagram of EME method implementation in 

Lumerical Mode Solutions. 

 

3.2.4.1 Validity check of EME for a grating coupler 

We check the results presented in [203] using the Lumerical EME setup. The 

schematic of the reference grating coupler is shown in Fig.3. 11. The design  

 

Fig.3. 11: Schematic of the reference grating coupler 

presented in this reference is somewhat similar to the design described in Chapter 4 of 

this thesis and thus provides be a good opportunity to check the validity of the EME  
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Fig.3. 12: (a) Simulated E-field distribution of the reference grating 

coupler, coupling efficiency vs. wavelength: (b) published; (c) simulated. 

setup used in this thesis. The reference is simulated both with and without DBR and the 

results are shown in Fig.3. 12. The coupling spectra obtained using EME simulations 

are very similar to those of the results published in the paper. The peak coupling 

efficiency occurs at 1550 nm wavelength for cases with 92% and 92.8% published and 
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simulated respectively in designs with DBR. In cases without DBR, the coupling 

spectrum is slightly red shifted (~ 2 nm) in simulated results compared with published 

results. 

3.2.5 Perfectly Matched Layer (PML) 

One of the restrictions of the FDTD method is that the Maxwell’s equations need 

to be solved with discretization and size, which have to be controlled. If the waves are 

reflected from the boundary, it will affect the simulation. The theoretically boundless 

problem can be solved by applying an extra layer that absorbs the waves at the 

boundary and thus avoids reflections.      

In an electromagnetic simulation, such absorption is achieved using a perfectly matched 

layer (PML) developed by J. P. Berenger [204]. With this layer, the reflections due to 

any electromagnetic wave that is striking the interface of the medium-vacuum are 

theoretically null for any frequency and any angle of incident.  So the computational 

domain surrounded by the PML absorbs all the waves at the boundary without any 

reflections. 
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Chapter 4 

Silicon Reflector-Based Grating Couplers 
 

4.1 Introduction 

Over the last few years, intensive research has been carried out to improve the 

coupling efficiency and coupling bandwidth of the silicon-based grating coupler. 

Although Groups III-V materials such as InP and GaAs are good candidates for optical 

properties in grating couplers, their applications are mainly limited by their 

incompatibility with the CMOS process technology. Therefore, grating couplers based 

on only silicon and its oxide offer the best solution in terms of compatibility with 

CMOS: it allows integration of photonic functionality with electronic functionality on 

the same silicon substrate.  

Silicon-on-insulator (SOI) technology that relies heavily on the contrasted indices 

of Si and SiO2, enables the design and integration of these photonic devices on a 

submicronic scale, similar to the devices produced by a standard CMOS fabrication 

platform in the electronic industry [153] [205]. One of the key challenges with these 

submicronic waveguide devices is to enable efficient coupling with fiber. This challenge 

is caused mainly by the mode-field differences between fiber and the waveguide, and 

the related misalignments [62]. To overcome this, various techniques including prism, 

butt and grating couplings have been proposed. Among them, butt coupling is an 

elegant solution for low loss and wideband operation but it often requires post- 

processing for accurate polishing and dicing to taper the waveguide edges. Therefore, it 

is not suitable for wafer-scale testing [5] [66] [76] [206]. Grating couplers, which 

mostly perform out of the plane coupling between a fiber and a waveguide, are also an 

attractive solution as light can be coupled in and out anywhere on the chip, opening the 

way for wafer-scale testing [143] [207].  
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However, despite such advantages, grating couplers often exhibit low coupling 

efficiency (CE) due to downward radiation of light that propagates towards substrate 

through buried oxide (BOX) which comprises 35%-45% of total incident light [147].  

To minimize this propagation, various attempts have been made to improve the 

directionality such as poly-silicon gate layer-based [208] and poly-silicon overlay-based 

[146] grating couplers with CE of 74% and 78% respectively, both of which require an 

additional layer of amorphous Si layer. A fully etched photonic crystal-based uniform 

gating coupler is demonstrated with CE of 42% [209].  CE of 65% is reported in [149] 

by optimizing the grating parameters. An apodized grating coupler with theoretical CE 

of 72% is reported in [210] by through-etched gratings.  A subwavelength grating 

coupler by implementing waveguide dispersion engineered subwavelength structures is 

designed in [211] with CE of -2.72 dB. A comprehensive design method is presented in 

[212] for achieving high CE in a grating coupler where CE of -0.62 dB is reported with 

non-uniform grating and using a metal back mirror. An engineered RI of materials using 

fully etched photonic crystal holes in an apodized grating is presented in [213] with 

demonstrated CE of 67%. By suppressing the second order Brag reflection from the 

grating using asymmetric grating structure, a CE of 80% is reported in [159] with non-

uniform grating for perfectly vertical coupling. A binary blazed grating coupler for 

perfectly vertical and near vertical coupling is proposed in [214] with CE of 75% and 

84% respectively. All the above solutions have offered high directionality for improving 

CE but most designs are based on apodized and non-uniform gratings which often 

require complex steps in the CMOS process in comparison to uniform gratings.   

Apart from optimization of grating structures and parameters, insertion of a mirror 

in the BOX is another solution to avoid the downward radiation in grating couplers. A 

grating coupler based on a gold bottom mirror is proposed in [215] with theoretical and 

demonstrated CE of 72% and 69% respectively. However, the addition of a gold mirror 

requires many extensive steps which are not compatible with CMOS. Another back-side 

metal (aluminum) based grating coupler is demonstrated in [216] to enhance 

directionality with CE of 69%. Although this design avoids the wafer-to-wafer bonding 

technique for adding an aluminum layer, it is beyond the Si photonics as materials being 

used are other than Si. Based on the Distributed Brag Reflector (DBR) a design is 

proposed in [56] with theoretical CE of 92% where the gratings are non-uniform. In 
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[217] the downward radiating light has been reflected toward the waveguide using a 

stack of amorphous-Si/ SiO2 Bragg bottom reflectors with theoretical and demonstrated 

CE of 82% and 69.5% respectively where the dimensions of Si and SiO2 layers need to 

be exactly one quarter of the wavelength. 

We have designed a highly efficient, high bandwidth silicon coupler for 

interconnection between fiber and nano-scale waveguides by simultaneously applying 

techniques of light redirection, mirror-reflection and surface gratings. The grating 

approach in designing such couplers exploits its fabrication simplicity and allows wafer 

level testing for mass production. We took advantage of using a silicon mirror in the 

grating coupler that effectively overcame the efficiency-limiting factors associated with 

coupling through the BOX layer [50] and low bandwidth response of coupled light 

[209]. 

4.2 Proposed Wafer Structure with Multiple Pairs of Si-SiO2 onto Si- 

substrate 

As indicated earlier, coupling efficiency largely relies on how successfully that 

part of light passing through the BOX and the Si-substrate of a typical single layered 

structure can be reflected towards the waveguide. To enable that reflection, instead of a 

thicker SiO2 BOX layer, a wafer structure with multiple thinner layers of Si-SiO2 paired 

onto Si-substrate can be developed, a schematic diagram of which is shown in Fig.4. 1.  

Each Si-SiO2 interface acts as a mirror to reflect a certain amount of light, and after 

several reflections, most of the light which has passed through the BOX and the Si-

substrate combines with the light towards the waveguide. The insertion of Si and SiO2 

layers, however, is not straightforward, as the structure will complement coupling 

efficiency only if the reflected light waves from the Si-SiO2 interfaces interfere 

constructively with the originally guided light wave towards the waveguide. Therefore, 

to enable constructive interference, the path lengths travelled by the reflected light and 

the angle of interference at Si-SiO2 interfaces have to be chosen carefully. 

In Fig.4. 1, let us assume that the reflected lights from the interfaces of Si and 

SiO2 layers of a m-pair structure reach the top Si waveguide with angles 1r , 11d , 12d ,
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13d  ,
14d and 1d n . These angles mainly depend on the angle of incidence in and the 

refractive indices (RIs) of Si and SiO2, which, by using the basic laws of refraction, can 

be shown to be equal to each other and calculated as, 

                            

1

1 sin sin
top

d in

si

n

n
 

  
   

  
                                 (Eq. 4.2.1) 

where 
topn  and sin are the RIs of top cladding (air) and Si waveguide respectively.

 in  is 

the angle of incidence measured clockwise from the normal to the gratings. 

 

Fig.4. 1: Proposed structure with multiple layers of Si and SiO2 (BOX) 

pair onto Si-substrate that reflects the light passing through the BOX 

and the Si-substrate of a typical single-layered BOX structure to 

interfere with the actual guided light wave at the waveguide. Only 

primary reflections towards the waveguide are shown. 

 

The expected pattern of interference that is due to the superposition of the 

reflected light with the actual guided light can be determined by the difference in path 

lengths (PL) travelled by each wave of interest. Shown in Fig.4. 1 are two primary 

reflections per pair. Using Eq. 4.2.1 and geometry of the structure, the PL for each 
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reflected wave and the corresponding guided wave can be calculated by Eq. 4.2.2. 

Path lengths travelled by the waves for the 1st pair of Si-SiO2 can be calculated by 

 

 

(Eq. 4.2.2) 

 

where  

11refPL and 
12refPL

 
: are the PLs for the reflected waves for SiO2 and Si 

layers of  1
st
    pair respectively,  

11wavePL  and 
12wavePL : are corresponding PLs for the guided waves, 

2SiOt and Sit  : are the thicknesses of the SiO2 layer and Si layer of the pair,  

topn , 
2SiOn and Sin  : respectively are the RIs for the top cladding, SiO2 and 

Si layers, and     

in : is the angle of incidence of light at the surface of the waveguide. 

 

To enable constructive interference between reflected and actual guided light, the 

difference of PLs needs to be an integer multiple of wavelength which can be calculated 

as in Eq.4.2.3. 
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where  

PL : is the path length difference between reflected and actual guided 

light,  

k : is an integer and  

 : is the wavelength of the light. 

 

Using Eqs. 4.2.2 and 4.2.3, the value of k can be calculated for the thicknesses of 

SiO2 and Si at which k is an integer as shown in Fig.4. 2 (a). Fig.4. 2 (b) shows the 

incident angles at which k is an integer.  
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Fig.4. 2:  Multiples of wavelengths for: (a) thicknesses of the SiO2 and Si; 

(b) incident angle 

 

Shown in Fig. 4.2.2, the integer values of k occur at the thicknesses of 1.000 µm (

1k  ), 1.600 µm ( 2k  ), 2.100 µm ( 3k  ), 2.600 µm ( 4k  ), 3.200 µm ( 5k  ), 

3.700 µm ( 6k  ), 4.200 µm ( 7k  ) of SiO2. Using Eq. 4.2.3, the thickness of SiO2 (

2SiOt ), Si (
Sit ) and thickness of Si-SiO2 pair (

pairt ) at which the constructive interferences 

occur are shown in Table 4.2.1. 

TABLE 4.2.1: THICKNESSES OF THE 1
ST

 PAIR FOR CONSTRUCTIVE INTERFERENCE 

BETWEEN REFLECTED AND GUIDED LIGHT 

 

 

The PLs for subsequent pairs can be expressed in terms of PLs of the 1
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 pair as 

 

1

1.5

2

2.5

3

3.5

4

-13 -12 -11 -10 -9 -8 -7

M
u

lt
ip

le
s 

o
f 

w
av

el
en

g
th

 

Incident angle (degree) 

(b) 

Value of k  1 2 3 4 5 6 7 

2SiOt  (µm) 0.500  1.100 1.600 2.100 2.600 3.200 3.700 

Sit  (µm) 0.100 0.100 0.100 0.100 0.100 0.100 0.100 

pairt  (µm) 0.600 1.200 1.700 2.200 2.700 3.300 3.800 
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                             (EQ. 4.2.4) 

 

where  

m  : is the number of pair and  

n  : is the layer of SiO2  1n  and Si  2n   of the 
thm  pair. 

Using Eqs. 4.2.3 and 4.2.4, the optimum thickness of the 2
nd

 pair can be calculated 

at which the value of k is an integer for constructive interference between reflected and 

guided light. Shown in Fig.4. 3, the integer values of k happen at the thicknesses of 

SiO2 of 400 nm, 900 nm, 1400 nm and 1900 nm. Therefore the total thicknesses of the 

2nd pair can be obtained by adding 100 nm of Si with the thicknesses of SiO2. 

 

Fig.4. 3: Values of   for the different thicknesses of 2nd pair of Si-SiO2 
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4.3 Designed Grating Coupler based on the Proposed Multi-layer 

Structure 

The schematic diagram and the specifications of the grating coupler designed 

based on the proposed multi-layer structure is shown in Fig.4. 4. It consists of a SOI 

wafer with top Si layer of 220 nm for single mode operation of the coupler.  The BOX 

layer is incorporated with two pairs of Si-SiO2, with a top pair of 500 nm SiO2 and 100 

nm Si layers and a bottom pair of 400 nm SiO2 and 100 nm Si. The gratings are etched 

on the top Si layer. The grating period    is calculated using Equation 4.3.1: 

                                          sineff top inn n




 


                                      (Eq. 4.3.1) 

where 

   : is the grating period 

 : is the wavelength of light incident on the surface of the grating 

structure, effn : the effective RI of the structure,  

topn  is the RI of the top cladding, and 

 in : the angle of incidence with normal to the surface of the structure.  

By using fully vectorial mode solver of Lumerical Solutions
TM

, effn  is found to 

be 2.006, and by setting the target wavelength at 1550  nm, 1topn  (air), and

012in   , the grating period is calculated to be 700 nm. The etch depth (d) and grating 

width (w) are also optimized for maximum efficiency and found to be 80 nm and 400 

nm respectively, with a filling factor  w  of 0.571. Therefore, after etching the 

grating depth of 80 nm, a 140 nm silicon layer remains as a waveguide below the 

gratings.  



95 
 

 

Fig.4. 4:  Schematic diagram of the proposed multi-layer structure 

grating coupler with design parameters. 

 

The fabrication of the proposed structure is fully compatible with standard CMOS 

process technology. To develop a photonic circuitry, a 2 µm SiO2 layer for isolation can 

be deposited on a bare silicon wafer using plasma enhanced chemical vapor deposition 

(PECVD) process. To deposit the reflector layers on SiO2, the surface of SiO2 layer is 

needed to be polished by chemical mechanical polish (CMP). After deposition of 

reflector layers comprising of 100 nm Si        400 nm SiO2        100 nm Si       500 nm 

SiO2 by using PECVD, a 220 nm layer of poly-Si can also be deposited by using 

PECVD. Finally, the grating structure can be realized on top Si layer using 193 nm 

optical lithography and dry etching.    

4.4 Performance Characterization and Discussion 

The proposed grating coupler is simulated using 2-D FDTD of Lumerical 

Solutions
TM

, a commercially available software package to design silicon photonics 

devices. A TE polarized Gaussian shaped light source is applied on the surface of the 

gratings with Mode-Field Diameter of 10 µm which is comparable to a standard single 

mode fiber (SMF).  The position of the optical source is optimized as 1500 nm above 

the grating surface and 1700 nm away from the left end of grating as shown in Fig.4. 4. 

The TE mode field distribution in the BOX and the silicon waveguide region including 
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the impinging Gaussian beam region is shown in Fig.4. 5. Fig.4. 5 (a) shows the 

propagation of light when there was only a BOX layer (SiO2) on the Si substrate and 

Fig.4. 5 (b) shows the propagation at the presence of multiple layers of Si-SiO2 pairs 

onto Si-substrate. For a fair comparison, other parameters of the coupler were kept 

unchanged. Shown in Fig.4. 5 (b), light through the BOX layer has been reduced 

significantly in the presence of Si-SiO2 layers. Fig.4. 5 (c)-(d) show the TE mode 

profiles of light from the point of incidence of the grating coupler along the Si 

waveguide. The incident light, that is scattered by the surface gratings, propagates in +x, 

–x, and –y directions. The lights along +x and -x directions diffract upwards and 

interfere with the incident light and form a standing wave with resonance around the 

point of incidence. As a result, maximum light occurs at the point of incidence (x = -5.5 

µm) which is 1700 nm away from the lefternmost end of the grating, as shown in Fig.4. 

5 (c)-(d). The addition of Si-SiO2 layers onto Si-substrate increases the light up to 78%  

 

Fig.4. 5:  TE mode distribution of light in the proposed grating coupler 

at the wavelength of 1550 nm for the structures (a): without any Si-SiO2 

pair inside the BOX, and (b): with Si-SiO2 layers inside the BOX.  (c) 

and (d) represent the respective profiles of the TE mode of light for the 

structures, again without and with Si-SiO2 layers inside the BOX.  
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 (Fig.4. 5 (d)) whereas light was about 40% without the Si-SiO2 layers (Fig.4. 5 (c)). 

This is because light propagating through the BOX and Si-substrate was never collected 

back and was wasted completely. The Si-SiO2 layers onto Si-substrate reflect the wasted 

light back to the waveguide and re-collected to increase the delivery of optical power. 

To achieve high CE, the thickness of the SiO2 at which constructive interference 

happens has been chosen based on Equations 4.2.2 and 4.2.3. Fig.4. 6 shows the CE 

over a range of telecommunications wavelengths where it can be seen that the 

maximum CE is achieved for the BOX thicknesses at which the value of k in Eq. 4.2.3 

is an integer. Fig.4. 6 (a) shows CE for SiO2 thicknesses of constructive interference 

whereas Fig.4. 6 (b) shows CE for some SiO2 thicknesses of destructive interference 

where the value of k is other than an integer. Shown in Fig.4. 6 (a), the maximum CE 

happens at the thicknesses of 500 nm, 1100 nm, 1600 nm, 2100 nm as obtained in Table 

1 using Eqs. 4.2.2 and 4.2.3. Although high CEs (81% and 80%) are achieved at the 

thickness of 1100 nm at 1557 nm wavelength and at the thickness of 1600 nm at 1554 

nm wavelength respectively, the CEs are over a narrow wavelength range. For the 

thickness of 500 nm, the high CE (78%) is achieved over a wide range of wavelengths. 

When the thicknesses of SiO2 are such that the value of k is apart from an integer, the 

CE decreases as shown in Fig.4. 6 (b). As the difference between thicknesses at which 

k is an integer and non-integer increases, the CE keep decreasing.  

Similarly, the thickness of the 2
nd

 pair can be calculated using Eqs. 4.2.3 and 4.2.4 

at which the value of k is an integer and hence the waves interfere constructively. Fig.4. 

6 (c) and (d) show the CE over a range of wavelengths for the thicknesses of the 2
nd

 

pair.  



98 
 

 

 

0

20

40

60

80

100

1.45 1.5 1.55 1.6 1.65

C
E

(%
) 

Wavelength (λ) (µm) 

500nm 1100nm 1600nm 2100nm (a) 

0

20

40

60

80

100

1.45 1.5 1.55 1.6 1.65

C
E

(%
) 

Wavelength (λ) (µm) 

200nm 300nm 400nm 500nm 600nm

800nm 900nm 1000nm 1100nm
(b) 



99 
 

 

 

Fig.4. 6: Coupling efficiency vs. wavelengths: (a) thicknesses of SiO2 for 

which is an integer and hence constructive interference occurs; (b) 

thicknesses of SiO2 from 200 nm to 1100 nm. At 500 nm and 1100 nm 

thicknesses, constructive interferences occur and deviation from these 
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thicknesses results in destructive interference which causes lower CE: (c) 

for different thicknesses of the 2nd pair of Si-SiO2 where constructive 

interferences occur, and (d) for different thicknesses of 2nd pair of Si-

SiO2 where destructive interferences occur.  

 

For the thicknesses of 400 nm, 900 nm, 1400 nm and 1900 nm of SiO2 of the 2
nd

 

pair, where the k  value is an integer, the waves interfere constructively and the CE is 

enhanced to around 78% over a wide range of wavelengths are as shown in Fig.4. 6 (c).  

Whereas, for the thicknesses of SiO2 at which the k value is other than an integer, the 

waves interfere destructively and the CE falls, as shown in Fig.4. 6 (d). 

To quantify the optimum values of CE and CBW, the proposed coupler is 

characterized for various performance-influencing parameters including: (i) position of 

the fiber (optical source) on the grating surface; (ii) angle of incidence; (iii) grating 

filling factor; (iv) etch depth and waveguide thickness, and (v) number of Si-SiO2 pairs 

onto Si-substrate. From this point on, all the characterizations of influencing parameters 

are performed by keeping the mirror thickness and position constant. 

The relationships among various axial positions (both horizontal and vertical) of 

fiber on the grating surface, coupling efficiency and coupling bandwidth are shown in 

Fig.4. 7 (a). It shows that the horizontal positioning of fiber has a significant effect on 

both CE and CBW, whereas vertical positioning has very little to do in this regard.  The 

maximum coupling efficiency (CE = 78%, -1.07 dB) and bandwidth (CBW1-dB = 77 nm) 

are achieved at 1500 nm above the grating surface and 1700 nm away from the 

lefternmost starting point of the grating structure. Fig.4. 7 (b) characterizes various CEs 

and CBWs with different angles of incidence of light. It shows that CE follows 

approximate periodic highs and lows with the changes in angles of incidence, while the 

picture is quite different for CBWs, which shows a gradual decrease from the highest 

value due to the changes in angles of incidence. Fig.4. 7 (b) also shows that the highest 

CE and CBW both happen at an incident angle of around -12
0
.  
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Fig.4. 7: (a): The relationships among various axial (both vertical and 

horizontal axis) positions of the fiber on the grating surface, coupling 

efficiency at wavelength of 1550 nm and coupling bandwidth. “0” in the 

horizontal scale refers to the lefternmost starting point of the grating 

structure. (b): The relationships among various incident angles, coupling 

efficiency at wavelength of 1550 nm and coupling bandwidth.  

 

0

20

40

60

80

100

0

20

40

60

80

100

0 1 2 3 4

C
B

W
1
-d

B
  (

n
m

) 

C
E

(%
) 

Source position (µm) 

CE, vertical CE, horizontal

CBW, vertical CBW, horizontal

(a) 

0

20

40

60

80

100

-13 -12 -11 -10 -9

Incident angle (degree) 

CE(%)

CBW 1-dB (nm)

(b) 



102 
 

The coupling bandwidth of any grating coupler is highly reliant on the grating 

filling factor ( )ff , where a higher ff enables more light to couple to the waveguide of 

longer wavelengths, and lower ff enables coupling of more light of shorter wavelengths. 

The CEs in regard to wavelengths for 80% ff and 30% ff are shown in Fig.4. 8 (b). In 

order to achieve higher coupling bandwidths, the ff must be chosen in such a way that 

the coupling of light for both longer and shorter wavelengths is optimized 

simultaneously. In our design, the optimized filling factor ( ff w  ) is 57.1% at which 

the maximum bandwidth is achieved. The thickness of the Si waveguide is optimized as 

220 nm and a grating is formed by etching this layer. The optimum etch depth is found 

to be 80 nm which is 40% of the waveguide thickness for maximum coupling efficiency 

and bandwidth as shown in Fig.4. 8 (a).  
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Fig.4. 8: Coupling efficiency at wavelength of 1550 nm and bandwidth 

with respect to the etch depth. “0” in the horizontal scale refers to non-

etched and “220” to fully-etched for the waveguide thickness of 220 nm. 

(b): Coupling efficiency vs. wavelength for higher and lower grating 

filling factors.  
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Fig.4. 9: (a): Coupling efficiency at a wavelength of 1550 nm and 

bandwidth for a number of Si-SiO2 pairs inside the BOX. (b): Coupling 

bandwidth of the proposed grating coupler, with and without reflective 

pairs. 

 

Fig.4. 9 (a) characterizes the coupling efficiency at a wavelength of 1550 nm and 

bandwidth for a number of Si-SiO2 pairs in the BOX layer. It shows that coupling 

efficiency keeps increasing until it is virtually saturated after just two Si-SiO2 pairs, 

whereas coupling bandwidth decreases with the number of additional Si-SiO2 pairs after 

two, as shown in Fig.4. 9 (a).  
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012in   ), 

grating period ( 700  nm), filling factor ( 57.1%)ff  , etch depth (80 nm), 

waveguide thickness (twg = 220 nm ) and two pairs of Si-SiO2 on Si substrate, the 1-dB 

0

10

20

30

40

50

60

70

80

90

100

1.45 1.5 1.55 1.6 1.65

C
E

(%
)

Wavelength (λ) (µm)

With Si-SiO2 pair(2D FDTD)

With Si-SiO2 pair(3D FDTD)

Without Si-SiO2 pair(2D FDTD)

EME(3D)

-4.5

0.0

-0.5

-1.0

-1.5

-2.0

-3.0
-2.5

-3.5

-4.0

-5.5
-6.5
-7.5
-10.0

1-dB CBW = 77 nm

1-dB CBW = 32 nm

C
E

(d
B

)

(b)



105 
 

coupling bandwidth of the proposed coupler is recalculated and found to be 77 nm, as 

shown in Fig.4. 9 (b). 

The coupler with optimized design parameters obtained by 2D FDTD analysis is 

also simulated by 3D FDTD to see the actual performance of the coupler. To further 

validate the results, the coupler was analysed based on EME method using Lumerical 

Mode Solutions. In both cases the results are in excellent agreement with 2D FDTD 

results as shown in Fig.4. 9 (b).  The peak coupling efficiency of 3D FDTD is 77.2% 

which is very close to the 78% obtained by 2D FDTD. However, the bandwidth of 72 

nm is a little narrower in 3D FDTD when compared with 2D FDTD. The coupling 

spectrum obtained by the EME simulation is very similar to 2D FDTD.   

4.5 Waveguide Dimensions and Coupler Performance 

4.5.1 Single Mode Waveguide and Coupling Efficiency 

 

The wave propagates along a silicon waveguide, which is the ultimate light wave 

detected at the end of the nano waveguide. The dimension of the waveguide has 

significant effects on the performance of the coupler. If the dimension is large, the 

waveguide allows multiple optical modes to reside within it. Therefore, the coupling 

efficiency will be calculated based on the multi-mode analysis.  To preserve the single 

mode operation of the grating coupler, the waveguide thickness twg must be such that it 

supports only a single optical mode. For a silicon grating coupler, it is found that the 

cut-off thickness of the waveguide is twg < 230 nm. For   twg>230 nm: the waveguide 

supports multimode as shown in Fig.4. 10. At a thickness of 220 nm (Fig.4. 10 (c)), the 

waveguide supports just a single optical mode whereas thicknesses of 240 nm and 250 

nm support multiple optical modes (Fig.4. 10 (a) and (b) respectively). In this design the 

waveguide thickness is optimized at 220 nm and grating is formed by etching this layer. 

The optimum etch depth is found to be 80 nm which is 40% of the waveguide thickness 

for maximum coupling efficiency and bandwidth as shown in Fig.4. 8 (a). 
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Fig.4. 10: Field distributions along Si waveguide for different thicknesses 

of the waveguide: (a) 250 nm; (b) 240 nm, and (c) 220 nm. Insets show 

the clear visualization of the field distributions in the Si waveguide. 

 

4.5.2 Multimode Waveguide and Coupling Efficiency 

The total optical power in a multimode waveguide is higher than that of a single 

mode waveguide. The field distribution in the former is shown in Fig.4. 11 at a 

wavelength of 1550 nm where: (a) shows TE field distributions, and (b) shows 

respective field profiles. From the results in Fig.4. 11, it can be observed that the BOX 

layer plays a significant role on the coupling efficiency and the quality of the wave in 

grating couplers. For a very thin layer of SiO2, for example, BOX thicknesses of 100 

nm and 200 nm in Fig.4. 11, the light in the waveguide layer and thin silicon layer 

below the BOX layer coupled and introduced more ripples.  This results in noisy wave 

propagation. With increasing thicknesses of the BOX layer, the ripples reduce 

significantly and an almost ripple-free wave is achieved. A thickness of around 400 nm 

gives the highest coupling efficiency and high quality ripple-free wave propagation. 

However, if the thickness keeps increasing, the ripples return, as shown.  This is 

because for greater thicknesses of the BOX layer, from around 500 nm in this structure, 

a complete mode of the wave starts and is completed at 2200 nm as can be seen in 

Fig.4. 11. At the starting point of a mode in the BOX layer, coupling efficiency 

decreases but after completion of that mode the efficiency again increases but causes a 

high ripple wave as shown in Fig.4. 11 for 500 nm to 2200 nm BOX layer thickness. 

From this, we can observe that for approximately every 300 nm thickness of the BOX 
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layer, a new mode begins.  The formation of the confining mode in the BOX causes a 

periodic change in coupling efficiency which can be seen in Fig.4. 12. 
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Fig.4. 11: (a)s: TE Field distributions, and (b)s: intensity profiles for 

different thicknesses of a BOX layer 

 

 

Fig.4. 12: Coupling efficiencies for different BOX thicknesses at 1550 nm 

wavelength. The bottom points of the intensity graph indicate the 

starting of the mode whereas the peaks indicate a complete confinement 

of the mode in the BOX. 
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4.6 Fabrication Tolerances and performance 

The results discussed above are for the ideal structural parameters. In general, the 

exact shape of the structure deviates slightly from the ideal. This is due to the lack of 

fabrication fineness of the standard CMOS technology. The variations of the 

performances of the grating coupler for the structural parameters deviated from their 

ideal case have been investigated and are now discussed.  

4.6.1 Effects of mirror thickness 

During fabrication of this multi-layer device, it is very difficult to be exact in the 

thickness of the 100 nm mirrors. This is because deposition of the silicon dioxide layer 

on top of the silicon layer causes SiO2 to bend due to greater thickness. To flatten that 

layer, a very high temperature (in the range of 1000
0
C) is required and this causes some 

of the silicon to be oxidized. Therefore, if we use a 100 nm thick silicon mirror, it might 

be less than exactly 100 nm. 

 

 

Fig.4. 13: For Si mirror thickness of 80 nm: (a) E-field distribution; (b) 

E-field profile at the wavelength of 1550 nm, and (c) coupling 

bandwidth. 
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Fig.4. 14: For Si mirror thickness of 90 nm: (a) E-field distribution; (b) 

E-field profile at the wavelength of 1550 nm, and (c) coupling 

bandwidth. 

 

Fig.4. 13 shows E-field distribution at 1550 nm wavelength with E-field profile 

and coupling bandwidth for the mirror thickness of 80 nm whereas Fig.4. 14 shows the 

same profile but for a mirror thickness of 90 nm.  It can be seen that the effect of slight 

variation of mirror thickness is virtually insignificant for both coupling efficiency and 

bandwidth. So we can achieve high coupling efficiency and bandwidth even if the 

mirror thickness changes slightly, or in other words provides high fabrication flexibility.  

4.6.2 Performance on different grating shape 

Practically, the grating of perfect rectangular shape is almost impossible using 

standard CMOS technology. The grating's shape is mostly similar to sinusoidal form as 

shown in Fig.4. 15.  The actual performance of the coupler will therefore slightly 

deviate from the performance of the ideal case.   

 

Fig.4. 15: Grating shape: (a) ideal rectangular; (b) practical 

For the ideal design, the width of the grating was 400 nm.  We assume that during 

fabrication the width reduced to 300 nm, that is 50 nm from both sides of each grating. 
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Fig.4. 16 shows the angle difference between the ideal rectangular shapes grating and 

practically deviated grating shape.  The deviation angle from its ideal rectangular form 

in our design has been calculated  1 050tan 51.34
40

   . The performance of this 

situation is depicted in Fig.4. 17.  

 

Fig.4. 16: Angle difference between ideal and practical grating shapes for 

our design 

 

Similarly, we can assume for another case where the grating width reduced by 20 

nm from both sides of each grating during fabrication, the grating width becomes 

360nm. The deviation angle calculated in this case is  1 020tan 26.56
40

   . The 

performance of this situation has been shown in Fig.4. 18.  
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Fig.4. 17: (a) Cross section of the device with 200 nm grating width and 

51.34
0
 deviation angle: (b) E-field distribution: (c) E-field profile: (d) 

coupling efficiency vs wavelength 

 

The effect of grating shapes is significant on the bandwidth of the coupler. The 

coupling efficiency does not alter much for changing the grating shape as can be seen 

by comparing the results of E-field profile in Fig.4. 17 (c) and Fig.4. 18 (c) for grating 

widths of 300 nm and 360 nm respectively. For a higher deviation angle, the coupling 

efficiency of the coupler is higher for shorter wavelengths and lower for longer 

wavelengths, as shown in Fig.4. 17 (d). On the other hand, when the grating shape is 

closer to the ideal form, the deviation angle is small and the coupling efficiency is 

higher around the wavelength of the telecommunications band of 1550 nm which is our 

interest of operation as shown in Fig.4. 18 (d) where the deviation angle is 26.56
0
. 
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Fig.4. 18: (a) Cross-section of the device with 295 nm grating width and 

26.56
0
 deviation angle: (b) E-field distribution: (c) E-field profile: (d) 

coupling efficiency vs wavelength 

 

4.6.3 Performance on different waveguide thickness 

The etch depth of the grating also varies from its ideal case during the fabrication 

process using CMOS. The grating depth could be higher or lower and the height of the 

waveguide under the grating also varies accordingly. In our design, the waveguide 

height ideally was 140 nm for a grating depth of 80 nm. If we assume that during the 

fabrication the depth of the grating becomes 100 nm due to over-etching and 

consequently the waveguide height changes to 120 nm instead of 140 nm, the 

performance of this condition is shown in Fig.4. 19.  
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Fig.4. 19: 120 nm waveguide thickness with grating depth of 100 nm: (a) 

E-field distribution; (b) E-field profile; (c) coupling efficiency vs 

wavelength 

 

 

 

Fig.4. 20: 160 nm waveguide thickness with grating depth of 60 nm: (a) 

E-field distribution; (b) E-field profile; (c) coupling efficiency vs 

wavelength 

 

Similarly, Fig.4. 20 shows the performance if the grating depth decreases to 60 

nm due to under-etching where the waveguide height becomes 160 nm instead of 140 

nm during fabrication. In both cases the coupling efficiency varies little while the 

bandwidth shifted between longer and shorter wavelengths of light. For a grating depth 

of 100 nm, the coupler couples light more efficiently with a shorter wavelength than 

with the longer wavelength. For a grating depth of 60 nm, coupler efficiency is greater 
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for light with a longer wavelength than with the shorter wavelength. However, for a 

wavelength of 1550 nm (which is the wavelength of interest) the coupling efficiency 

remains almost the same for both cases.  This confirms the high fabrication flexibility of 

our design. 

 

4.7 Summary 

 

In this chapter, the downward radiation in a reflector-based grating coupler is 

numerically analyzed. Results show that the thicknesses of the BOX and reflector layers 

are the decisive factors for designing a highly efficient grating coupler. Mathematical 

formulas have been developed specifically for reflector-based grating couplers that can 

readily be used to calculate the optimum thicknesses of the layers for high coupling 

efficiency. Based on these findings, a highly efficient and wideband grating coupler 

with multiple Si-SiO2 pairs in the BOX layer has been designed with a calculated  

coupling efficiency of 78% (-1.07 dB) at the wavelength of 1550 nm, and 1-dB 

bandwidth of 77 nm.  To our knowledge, this designed coupling has the greatest 

efficiency and bandwidth reported for any diffraction-based grating coupler. The 

coupling efficiency can further be improved to over 90% by minimizing the back 

reflection and implementing the mode matching condition between optical fiber and 

waveguide modes: this can be achieved using an apodized grating.  
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Chapter 5 

Perfectly vertical Grating Coupler based on 

Engineered Subwavelength Grating 
 

5.1 Overview 

 

As described earlier that diffraction gratings are arrangements of materials with 

periodic variations of the refractive index. Grating couplers are designed based on such 

diffraction principle of light. The light incident on grating surface diffracts in 

transmitted medium in some discrete number of orders direction of which is defined by 

the diffraction angle. Such discrete orders are known as the diffraction order. The total 

incident power is then distributed among those diffraction orders. The optical power 

that transmits in each individual order is called the diffraction efficiency. With some 

special arrangements of the gratings, it is possible to concentrate maximum power in a 

single diffraction order. If that diffraction order somehow can be coupled into guided 

mode then the coupling efficiency of the grating coupler can be improved without the 

need of bottom reflectors. In this chapter we will study the designing of subwavelength 

grating coupler for enhanced coupling efficiency.         

5.2 Evolution of subwavelength structure 

 

In subwavelength grating structure the period of the grating is such small that it 

can supress many of the diffraction orders. If the period is small enough then the all the 

diffraction orders will be suppressed and eventually the grating structure will be left 

with only the “zero” order diffraction. Such subwavelength grating structure is known 

from earlier days of electromagnetisms. One of the highly recognised experiments 

conducted by Hertz in late 19
th

 century where he used an array of wires to study the 

polarisation of wave [218]. In the experiment Hertz found that when the separation 
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between adjacent wires in the array is much smaller than the wavelength of the waves of 

interest, the waves are blocked for paralleled orientated array to the direction of the 

polarisation of the wave whereas for perpendicular orientation of the array has almost 

no effects. The subwavelength structures based on both metal and dielectric layers have 

been studied in [219] for propagation of electromagnetic waves. A theoretical study in 

1950s shows that with tiny period the grating structure behaves like homogeneous 

medium [220]. Natural subwavlength structure in moth eyes was discovered in 1960s 

which reduces the reflections from eyes [221] and few years later based on the moth 

eyes structure, a subwavelength structure was developed with anti-reflective properties 

[222].   Over the years studies on subwavelength structure continues specially in free-

space optics [223]-[229].   

Rapid developments and applications in recent years are observed in the photonics 

integrated circuits with facilities of the fabrication of such nano scale grating structure 

based on high-resolution lithography.  Various applications of subwavelength structures 

are found in the field of photonics such as fiber-chip grating couplers [230][242], 

vertical-cavity surface-emitting lasers (VCSELs) [243], wavelength multiplexers [1], 

low loss waveguide crossings [245], resonator with high Q-factor [246], multimode 

interference (MMI) couplers for broadband operation [247].   

5.3 Theory of subwavelength grating coupler 

 

We will start with the grating equation (3.1.5.6) derived in chapter 3. Here we will 

find out the how a particular diffraction mode is becomes cut-off.  From equation 

(3.1.5.6) it can be seen that if the diffraction angle m becomes imaginary then the 

diffracted mode of that particular order is evanescent and not diffracted.  

Initially for the simplicity we consider the normal incident and the grating 

equation can be written as    

                                sint mn m


  


                                             (Eq.5.3.1) 



120 
 

The minimum diffraction orders that can exist due to reduction of the grating 

period are 1m   . The cut-off condition for 1
st
 order is given by 

                               1sin


 


                                                         (Eq.5.3.2) 

So the condition for 1 to be real is 

                              1




                                                                   (Eq.5.3.3) 

Finally including the refractive index of the medium, equation (5.3.3) can be 

written as  

                            
tn


 

                                                                (Eq.5.3.4) 

Since we are working in a region with variable refractive index of different 

materials, it is more convenient to use effn instead of tn . Therefore equation (5.3.4) can 

be rewritten as 

                           
effn


 

                                                              (Eq.5.3.5) 

If the light incidents on the grating surface with an angle i other than normal, 

then the cut-off condition for 1
st
 diffraction order is modified as 

                         sini i effn n




 

                                             (Eq.5.3.6) 

From equation (5.3.6) we can see that the grating period varies for the cut-off 

condition for positive 1
st
 order and negative 1

st
 order.  

The conditions for existence of the diffractions orders are shown in table 5.3.1. 
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Table 5.3.1: Cut-off conditions for diffraction orders 

Condition Requirements 

0-order mode Always exists 

No 1
st 

- order 

modes 

Grating period must be shorter than what causes 0

1 90   

Exist 1
st 

- order 

modes 

Grating period must be larger than what causes 0

1 90   

No 2
nd

 - order 

modes 

Grating period must be shorter than what causes 0

2 90   

Exist 2
nd 

- order 

modes 

Grating period must be larger than what causes 0

2 90   

No m
th

 - order 

modes 

Grating period must be shorter than what causes 090m   

Exist m
th

 - order 

modes 

Grating period must be larger than what causes 090m   

 

5.4 Parameter extraction for designing subwavelength grating coupler 

 

Our design process was started by defining the parameters of the gratings written 

on a SOI wafer. The SOI wafer used for this purpose consists of 2 µm SiO2 as buried 

oxide (BOX) layer and 220 nm Si as top layer that ensures single mode operation. The 

thickness of the BOX (tBOX) is chosen to cause constructive interference between 

propagated and reflected waves, as described in. This is also the thickness used in 

commercially available SOI wafer. The geometry of the proposed structure is shown in 

Fig.5. 1.    
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Fig.5. 1: Geometry of the engineered subwavelength grating coupler 

 

The gratings written on the SOI waveguide can be divided into two groups: 

primary, denoted with p, and secondary, denoted with s. In order to obtain diffraction of 

light in gratings, we first require determining the period of primary grating (Λp) using 

following equation: 

                              sin
p

eff i in n




 

                                                   (Eq.5.4.1) 

where λ is the wavelength of the incident wave, neff is the effective refractive index of 

structure, ni is the refractive index of the top cladding, and θi is the incident angle. A 

Gaussian shape transverse electric (TE) polarized optical source with mode field 

diameter (MFD) of 10 µm, similar to that of standard single mode fiber (SMF), is 

applied on the surface of the grating. The initial value of neff was calculated (without the 

secondary gratings) as 1.782 for fundamental mode by using fully vectorial mode 

solver. The period of the primary grating for vertically incident light was calculated as 

Λp = 870 nm for a targeted wavelength of 1550 nm. At the beginning of the design 

process, the duty cycle (DCp) and etch depth (dp) of the primary grating were set to 50% 

of total grating period and thickness of top Si layer respectively, which were 

subsequently found to be optimum at DCp = 0.53 and dp = 90 nm by using parameter 

sweep setup by employing Particle Swarm Optimization (PSO) [248] [249]. The 

structure was then updated with these optimum values to find grating width, wp [wp = 
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(Λp * DCp)] as 461 nm, and groove width, wgp [wgp = (Λp – wgp)] as 409 nm. The 

number of order of diffraction that may exist for a grating period of 870 nm was 

calculated by using the equation as follows:   

                                        
sin sineff m i i

p

n n m


  
                          (Eq.5.4.2) 

where m is the order of diffraction (m = ±1, ±2…….), and θm is the angle of diffraction 

of m
th

 order. Among various diffraction orders, it is found that only first order (m = -1) 

diffraction exists in designed GC that diffracts at an angle of θ-1 ~ 90
0
, confirming the 

propagation along the waveguide. However, there are 4 key processes involved in the 

wastage of diffracted light in a grating structure causing poor CE and CBW: (a): leakage 

of lights through the BOX, (b) reflection of light on the surface of the grating, (c): the 

back scattering of light towards opposite direction of propagation due to the symmetry 

of the structure, and (d): the specular (0
th

 order) diffraction that propagates almost 

vertically towards the substrate. Such directional attributions towards the poor 

performance of GC can be curtailed by implementing asymmetric grating trenches and 

appropriate adjustment of the grating structure which also potentially couple back the 

optical power with 0
th

 order into -1
st
 order diffraction to improve CE and CBW [250] 

[251] [252].  

To achieve such redirection, the grating structure is remodelled with auxiliary 

engineered subwavelength grating, s, as indicated earlier and shown in Fig.5. 1. The 

design of secondary grating was started with the parameterization of the step gratings at 

one end of the groove of primary gratings, as shown in Fig.5. 2. Shown in Fig.5. 2, the 

diagonal of the vertices of the primary groove was used to determine the thickness (ts) 

and width (wss) of the step gratings in such a way that for each step the angle between 

the diagonal of the primary groove and the vertices of the secondary steps are equal [φp 

= φs1 = φs2 = φs3 = tan
-1

 (wgp / dp)].   For the primary grating under discussion, it is found 

that the number of step gratings (N) required to fulfil this condition is 3 with keeping in 

mind the feature size limit of deep-ultraviolet optical lithography (feature size of ~100 

nm), typically employed in an industrially driven fabrication processes. With such a 

value of N, the ts and wss can be calculated as [ts = dp / (N+1)] 22.5 nm and [wss = (wgp / 

N)] 136.33 nm respectively. Such selection of the step gratings makes the groove space 
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(Gs) equal to thickness wss, which is also the achievable maximum for any fixed 

thickness. 

 

Fig.5. 2: 2D FDTD simulation environment setup. Inset: geometry of the 

secondary gratings (drawn not to scale). 

 

The relationships among φp, Gs and wss can be expressed by a pair of equations as 

follows: 

                             

 tan p p

ss

d
w

N

 
                                                          (Eq.5.4.3) 

                             s gp ssG w w N                                                          (Eq.5.4.4) 

Similarly, the relationships among primary groove angle at the bottom (φg), etch 

space (es), and ts can also be expressed by another pair of equations as follows:   

                                  
 tan

1

g gp

s

w
t

N

 



                                                          (Eq.5.4.5) 

                                   1s p se d t N                                                    (Eq.5.4.6) 

S1 

S2 

S3 

φp 

φs1 
φs2 

φs3 

Λs 

Gs 

ts 
ds 

wss 

ws wgs 

φg 

Step vertex 

es 

Gaussian 

source 

Monitor BOX 

Gratings 

Substrate x 

y 
Lg 

FDTD region with PML 



125 
 

The step grating width and the corresponding groove spacing calculated by using 

equations (5.4.3) & (5.4.4) for various primary top groove angles are shown in Fig.5. 3 

(a).  

  

 
 

 
Fig.5. 3: (a) The relationships of φp, Gs and wss and (b) the relationships 

of φg, es and ts. 
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Also the thickness of step gratings and the corresponding etch spacing calculated 

with equations (5.4.5) & (5.4.6) for various primary bottom groove angles are shown 

Fig.5. 3 (b). From these figures it is clear that when φp = 0, Gs = wgp = 409 nm; and 

when φg = 0, es = dp = 90 nm. 

The design of top secondary gratings in the ridge of the primary grating was 

started with grating width (ws) and etch depth (ds) of 136.33 nm and 22.5 nm 

respectively, similar to that of the step gratings discussed earlier which gives a 

secondary groove width (wgs) of 188.34 nm and a secondary grating period (Λs) of 

324.67 nm with duty cycle DCs [DCs = (ws / Λs)] as 0.42. In compare to the wavelength 

of interest, Λs is so small that secondary gratings act as a homogeneous medium to the 

incident light, therefore, rejecting the possibility of the presence of additional order of 

diffraction. The asymmetric trenches were developed by introducing the step gratings at 

one end of the primary groove while keeping the other end unaltered, as shown in Fig.5. 

2. Implementation of such asymmetric groove tranches breaks the symmetry of 

propagation of light at the gratings, which can potentially cause higher propagation 

towards the desired direction, if modelled correctly. The influence of the structural 

parameters of the secondary grating, including groove spacing, on the CE and CBW is 

discussed in section 5.6. 

 

5.5 Results and discussion 

 

The structure was simulated based on two dimensional Finite Difference Time 

Domain (2D FDTD) method by using commercially available software package, 

Lumerical FDTD Solutions. Although GC is a 3D problem, the physical dimensions 

enabled the approximation of the 3D structure with 2D simulation with sufficient 

accuracy, as the width of the GC (= 15 µm) is much larger compare to the height (= 220 

nm) and operating wavelength (1550 nm) of the waveguide. The grid spacing is set to as 

small as 10 nm for further higher accuracy. The perfectly matched layer (PML) 

incorporated within the FDTD simulator was used to prevent reflections from the 

boundary by implementing impedance matching between simulation region and its 

materials [204]. The schematic of such 2D FDTD simulation environment is shown in 
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Fig.5. 2. The structure was first simulated with primary gratings only from which E-

field distribution along the grating structure and CE & CBW centered at 1550 nm were 

obtained and shown in Fig.5. 4 (a)-(c) respectively. Fig.5. 4 (a) shows the incident light 

that is diffracted in both desired forward and unwanted backward directions. It also 

shows the light reflected from the grating surface and leaked through the BOX, as 

indicated earlier. Clearly, the unwanted backward scattering is weaker than desired 

forward scattering due to the initial broken symmetry of the grating structure at the 

point of incidence, which was caused by intentionally placing the source toward the 

waveguide other than at the midpoint of the grating length (Lg), as shown in Fig.5. 2. 

However, there still remains substantial backward propagation, which along with 

reflected and leaked light, need to be better managed to attain higher CE and CBW. 

Fig.5. 4 (b) -(c) show that, as expected, the primary grating can attain only a 43% (-

3.665 dB) CE with 1-dB CBW of 26 nm. 
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Fig.5. 4: (a) E-field distribution along grating structure (b) coupling 

efficiency at wavelength of 1550 nm and (c) coupling bandwidth. 

 

 

The GC structure incorporating the secondary asymmetric step gratings was then 

simulated in the same simulation environment. Accordingly, the E-field distribution 

along the grating structure and CE & CBW centered at 1550 nm were obtained, as 

shown respectively in Fig.5. 5 (a) to (c). In comparison with the E-field depicted in 

Fig.5. 5 (a), transportation of light to the substrate through BOX and backward 

propagation are reduced significantly due to the incorporation of the secondary 

asymmetric step gratings, as can be seen clearly in Fig.5. 5 (a). The directionality of 

light in the GC towards the direction of propagation has been improved significantly, as 

can be seen from the values of CE in Fig.5. 5 (b)-(c). These figures show that, at the 

wavelength of 1550 nm, the calculated CE and CBW are 76% and 58 nm respectively.   
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Fig.5. 5: (a) E-field distribution along grating structure (b) coupling 

efficiency at wavelength of 1550 nm and (c) coupling bandwidth for 

grating coupler with secondary ultra-subwavelength grating. 
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The reflection and transmission characteristics of the coupler are shown in Fig.5. 

6 in terms of scattering parameters (S-parameters). The reflection at the incident is 

always lower than 5% for wavelengths of 1500–1600 nm in GC with our proposed 

engineered subwavelength grating as shown in Fig.5. 6 (b). It also can be noted that less 

than 2% reflection happens at 1550 nm wavelength for which the structure is designed. 

Whereas reflections vary between 15%-30% for the same wavelength range in GC with 

only primary grating with peak at around 1520 nm wavelength as shown in Fig.5. 6 (a). 

The back reflections are reduced significantly in GC comprising secondary gratings 

comparing with GC with only primary gratings. 

 

 

 

Fig.5. 6: Reflection (S11) and transmission (S21) with different 

wavelengths for vertical incident in (a) GC with only primary grating (b) 

GC with engineered subwavelength grating. Vertical axis is normalized 

to incident field intensity. 
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Fig.5. 7: Calculated CE for various thickness of BOX layer. 

  

 

5.6 Performance characterization of the secondary gratings 

 

In this section performance of the proposed GC was further investigated for 

various secondary grating parameters. First of all, the grating period (Λs) has been 

varied between 300 to 340 nm with a step of 10 nm over a range of wavelengths and the 

performance of the GC in terms of CE is shown in Fig.5. 8. It shows that the changes in 

CE with respect to wavelengths are quite similar for grating periods between 320 to 340 

nm with a little exception that for longer grating periods the points of highest CE move 

slightly towards higher wavelengths. Also, shown in Fig.5. 8 the values of highest CE 

decrease gradually with the decrement of the grating period, which can be attributed to 

phase matching condition of grating diffraction [184]. Reducing Λs while keeping duty 

cycle fixed causes lower effective index which deteriorates phase matching between 

grating diffractions and consequently CE drops.  
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Fig.5. 8: Coupling efficiency vs wavelength for various secondary grating period. 

 

 

The structure was also simulated for etch-depths of 10 to 30 nm with a step of 5 

nm over a range of wavelengths and the performance of the GC is shown in Fig.5. 9 (a). 

It shows that thinner etch-depths exhibit better CE over shorter wavelengths, which is 

quite confronting for a thicker etch-depth. It also shows that, for etch depth of 15-25 

nm, the peak CEs occur around the desired 1550 nm wavelength with more flatten 

spectral responses. The maximum CE of the structure found to be 82% which is caused 

for ds of 20 nm. The characterization of the GC was further continued for different duty 

cycles of the secondary grating (DCs), and the respective performance is captured in 

Fig.5. 9 (b). It shows that coupling spectra for DCs from 40% to 50% are quite similar 

that causes the peak CE for DCs around 40%. However for duty cycles below or above 

40-50%, the spectra are quite deviated causing the peak CE shifted from 1550 nm, the 

wavelength of interest.   
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Fig.5. 9: Coupling efficiency vs wavelengths for various (a) secondary 

etch depth (ds) and (b) secondary duty cycle (DCs). 
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Characterization also considered equations (5.4.3) to (5.4.6) for further analysis. 

Fig.5. 10 (a)-(b) show the relationships between CE and the targeted characteristic  

 

 

Fig.5. 10: Coupling efficiency for various (a) widths and corresponding 

groove spaces (b) thicknesses and corresponding etch spaces at 1550 nm 

wavelength. 
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parameters of step gratings including width and thickness of step grating, groove 

spacing and etch spacing. Shown in Fig.5. 10 (a), CE is predicted to be more than 80% 

for a width between 80-112 nm with a peak CE at 85% for the width of 102 nm and the 

corresponding groove space of 102 nm. Similarly, shown in Fig.5. 10 (b), CE increases 

almost linearly with thickness, but decreases with etch space. This suggests that there 

shouldn’t be any gap on the wall of groove above the first step grating S1; please refer 

to Fig.5. 2 for further clarity. The results also show that if ts exceed such that the 

vertices of step gratings go beyond groove diagonal, then CE drops further as can be 

seen in Fig.5. 10 (b). 

Based on the characterizations presented above, the optimum values of the 

secondary grating parameters are tabulated in Table 5.6.1. These parameters were 

eventually used to estimate the attainable CE and CBW of the GC over the wavelength 

range of 1500-1600 nm, as shown in Fig.5. 11. 

Table 5.6.1: Optimized secondary grating parameters 

Λs (nm) DCs ws (nm) wgs (nm) ds (nm) wss (nm) ts (nm) 

320 0.4 128 192 20 102 22 

 

Shown in Fig.5. 11, the attainable peak CE at 1550 nm is 85% (-0.7 dB) and 1-dB 

CBW is 53 nm centered at 1550 nm. This means that, although the CE improves with 

the optimized structure, the CBW, as expected, decreases little bit in compare to the 

attainment in Fig.5. 5 (c).  

The structure is also simulated using 3D FDTD with optimized parameters 

obtained from 2D FDTD. The coupling spectra for both 2D and 3D FDTD simulations 

are in excellent agreement. Although similar peaks of the CE are attained (reduced by 

only around 1% in case of 3D FDTD), in both 2D and 3D FDTD methods, the 

bandwidth is reduced by 5 nm calculated using 3D FDTD compared with 2D FDTD as 

shown in Fig.5. 11 which is 1-dB CBW of 48 nm centered at 1550 nm. To check the 

further validity of the results attained by FDTD, the structure is simulated based on 3D 

EME method. The coupling spectrum obtained by 3D EME is very much similar to the 

spectrum calculated by 2D FDTD as shown in Fig.5. 11. The coupling peak is even 

higher by around 2% with slight wider 1-dB CBW of 54 nm compared with CE and 

CBW calculated by 2D FDTD.     
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Fig.5. 11: Coupling efficiency vs. wavelength for optimized grating coupler. 

 

 

In regard to the tolerances to fabrication errors, the structure exhibits sufficient 

robustness to the design tolerances more than 10 nm for most of the characteristic 

parameters of the secondary grating, as tabulated in Table 5.6.2, causing a performance 

degradation of CE and/or CBW by less than 5%. 

Table 5.6.2: Variation of secondary grating parameters for 5% penalty of CE.  

Λs (nm) DCs ws (nm) wgs (nm) ds (nm) wss (nm) ts (nm) 

320-340 0.4-0.5 125-145 180-200 15-25 80-112 17-27 

  

The structure in Fig. 5.1 can be fabricated in two ways. One way is the etching the 

Si layer with 4 different etch depths which can be achieved by applying various etching 

rate for different stair grating as required using E-beam lithography. Alternatively the 

stair grating can be formed by depositing Si pillars inside primary groove with different 

widths and heights as required. Moreover, the structure more feasibly can be fabricated 
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using grayscale lithography which can produce 3-D structure in a photoresist layer, 

which can then transferred in Si by use of dry etching process. 

5.7 Summary 

 

In this chapter, a perfectly vertical grating coupler is proposed for light coupling 

between SOI waveguides and SMF. The symmetrical propagation nature of the 

diffracted waves from grating is broken by incorporating asymmetric grating trenches 

with step gratings. The directionality of the coupler is boosted by implementing 

effective index variation of the primary grating, which is achieved by combination of 

auxiliary subwavelength gratings in the ridge of primary gratings and step gratings. The 

calculated coupling efficiency is improved from 43%, estimated for GC without 

secondary gratings, to as high as 85% (-0.7 dB) for GC comprising our proposed 

engineered subwavelength secondary gratings. The proposed GC predicts coupling 

spectra as wide as 53 nm and 80 nm for 1-dB and 3-dB down level respectively. The 

structure possesses sufficient robustness to the possible errors that may arise during 

fabrication. The proposed coupler features less influence of the BOX thickness on the 

coupler performance which eases the choice for fabrication. Such efficient broadband 

perfectly vertical grating coupler is significantly advantageous in high dense photonic 

packaging.    

 

 

 

 

 



138 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



139 
 

 

Chapter 6 

Compact Grating Coupler with Partially Overlay 

Tapered Waveguide 

 

6.1 Introduction 

 

Miniaturization of the integrated circuits (ICs) is a conventional trend in 

electronics industry. From the invention of first transistor to the modern day millions of 

transistors as well as multifunctional components are being integrated in a single chip, 

in other words, on a single substrate.  Likewise, photonic integrated circuits (PICs) are 

not exception of that trend, even further miniaturizations are estimated in PICs [254].  

As described earlier, grating coupler is one of the prime choices for coupling of 

light into/out between optical fiber and nano photonic waveguide.  In order to couple 

light from grating structure into nano photonic waveguide both the vertical and lateral 

dimensions has to be matched with nano waveguide.  However, the grating   structure 

converts only the vertical dimensions into nano scale while the lateral dimension 

remains in micrometer scale. Therefore, for complete interface between grating 

structure and nano waveguide, the grating waveguide needs to be tapered down to nano 

scale.  

A typical GC structure, along with its tapered spot size converter (SSC) is shown 

in Fig.6. 1. The width of the GC structure is tapered down adiabatically to a nano-scale 

dimension to enable effective coupling with Si waveguide devices. This tapered SSC, 

which often causes excessive attenuation of light at inadequate lengths, usually requires 

larger footprint in the photonic integrated circuit (PIC) for effective modal conversion. 

So the design of the compact grating coupler requires the waveguide to tapered down on 

shorter length while sustains the original coupling efficiency and coupling bandwidth of 

the grating coupler.  
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Fig.6. 1: Typical grating coupler with spot size converter 

 

Various structures with compact sizes have been proposed to make small footprint 

of GCs in PICs. A GC in micrometric SOI rib waveguide is demonstrated in [142] with 

both conventional and inverse taper where the dimensions of 534.4 µm × 15 µm for 

conventional taper and 1534.4 × 15 µm for inverse taper with theoretical CE of -4.8 dB 

and -1.8 dB and experimental CE of -5.5 dB and -2.2 dB respectively. Although CE is 

improved in GC with inverse taper compare to conventional taper, the high dimension 

results in very large footprint in PICs.  

In recent years, focusing grating couplers have attracted much attention for 

designing compact GC where the geometry of the gratings are cylindrical with a 

common focal point instead of straight line gratings. A broadband focusing grating 

coupler based on “fishbonelike” grating structures has been designed in [255] with 

dimension of 30 µm × 20 µm where theoretical and experimental CE achieved as -1.7 

dB  and -3.5 dB respectively at near-IR and at mid-IR the theoretical and experimental 

CE as -4.7 dB  and -5.5 dB with 3-dB BW of 500 nm was predicted. An ultra-

broadband focusing-curved GC based on subwavelength grating structure is presented 

in [211] with dimension of 40 µm × 20 µm and theoretical and experimental CE of -

2.72 dB and -4.7 dB respectively at 1550 nm wavelength. An apodized focusing 

subwavelength GC for suspended membrane waveguides is designed in [154] with 

dimension of 40 µm × 20 µm with theoretical and experimental CE of -1.7 dB and -3.0 

dB respectively. Focusing grating structures offer compact dimension of GCs, however 

the missing feature is the high CE and coupling bandwidth limiting their applications in 

 In-coupling Out-coupling 

Nano waveguide 
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many optical interconnects such as wavelength-division-multiplexing (WDM) and 

frequency-comb generation where high CE and flat coupling spectrum are highly 

desired. 

6.2 Extraction of Grating Parameters  

 

In order to maintain the coupling efficiency and bandwidth of the grating coupler 

while designing compact structure, a partially overlay two tapered waveguides is 

designed for lateral matching with nano photonic waveguide. An aluminium (Al) mirror 

based shallow etched uniform grating coupler is also designed for vertical matching. In 

grating coupler downward radiation of light through BOX to substrate contributes 

mostly for low coupling efficiency [147].  One of the solutions to minimize such 

downward radiation is to use metal reflector in the BOX which redirect most radiated 

light towards waveguide.  In most cases Al and gold are used as reflector materials. 

However Al is advantageous over gold due to its higher compatibility with CMOS 

process as unlike gold, Al does not need wafer-to-wafer bonding [212] [216].  

The proposed structure is designed and simulated in 2-D Finite Difference Time 

Domain (FDTD) solver by using commercially available Lumerical
TM

 FDTD Solutions. 

 

 

 

Fig.6. 2: Geometry of the grating coupler with partially overlay 
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The geometry of the proposed grating coupler is depicted in Fig.6. 2. It consists of a 2 

µm buried SiO2 layer (BOX) with 220 nm Si on top to construct the grating and the 

SSC under discussion. These thicknesses are chosen in such a way that the structure 

supports single mode propagation of light only.    

The BOX is also incorporated with a 100 nm Aluminium (Al) reflector to 

recapture the light from the downward radiation. The placement of the Al layer is found 

to be optimum at 1.5 µm from the top Si to cause constructive interference between the 

guided and the reflected waves. The gratings are grooved on the top Si as shown in 

Fig.6. 2, the parameters of which are calculated from equation as follows:     

                        
.sineff top inn n




 


                                                      (Eq.6.2.1) 

where  

 : is the grating period, 

 : is the wavelength of the incident light, 

effn : is the effective refractive index of the optical mode on the gratings, 

topn : is the refractive index of the cladding on top of Si layer. 

in : is the incident angle with normal to the direction of incident. This 

slight tilted position of the optical fiber minimizes the second order 

reflection. 

 

Wavelength of the design was set to 1550 nm to cover the high-speed single mode 

optical communication bands. The out of the plane positioning angle of the fiber was 

chosen to be -12
0
 (= θin) to ensure minimized second order reflections.  neff   of the 

structure was calculated to be 2.31 by using fully vectorial mode solver, and ntop for air 

was considered as 1. All these specifications have resulted a grating period of Λ = 700 

nm, as indicated in Fig.6. 2. Grating depth (d) and width (w) were also optimized for 

maximum efficiency and found to be 90 nm and 400 nm respectively, leaving a Si layer 

of 130 nm below the grooved gratings. The GC structure under consideration was 

composed of 21 gratings with a uniform period of 700 nm, making the total length (Lg) 
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of the gratings to be approx. 15 µm. A grating width (wg) of 14 µm was also chosen to 

ensure sufficient surface area.   

 

6.3 Results of Grating Coupler 

 

A Gaussian shaped optical source is applied on the grating surface with MFD of 

10 µm which is comparable with SSMF. The grating width (wg) is optimized as 14 µm 

for maximum overlap.  The position of the source is optimized at 1700 nm away from  

 

 

 

Fig.6. 3:  E-field distributions at wavelength of 1550 nm (a) without 

mirror (b) with mirror in the BOX. 
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the left most of the grating and 1500 nm above the grating surface.  The 2D-FDTD 

results of the E-field distribution are shown in Fig.6. 3. The propagation of light towards 

substrate is minimized in the presence of Al mirror and the light in the Si waveguide is 

increased significantly which also can be seen in Fig.6. 4 which depicts the light  

 

 

 

 

Fig.6. 4: Coupling efficiency at wavelength of 1550 nm (a) without 

mirror (b) with mirror in the BOX. 
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propagation profiles of the coupler. The propagating waves along +x/-x directions are in 

the wave-guided modes reflect back from the periodic grating trench edges, resulting an 

interference with the incident light. Consequently, a standing wave forms with 

resonance around the point of incidence localized in the grating region. The period of 

modulated interference patterns is determined by the grating patterns (depth, width, and 

shape). Hence the highest E-field level occurs at the point of incident. The wave 

stabilized as it propagates along the silicon waveguide which can be seen in Fig.6. 4. 

Using the Al mirror based grating coupler, the vertical dimension of the 

waveguide is converted to 220 nm with 77% (shown in Fig.6. 4 (b)) of incident light at 

the grating waveguide. Coupling this light into nano photonic waveguide require further 

matching of the lateral dimension with nano waveguides as the lateral width of the 

grating waveguide (wg) remains in the range of µm. Therefore direct connection of the 

grating coupler with nano photonic waveguides results in poor coupling efficiency due 

to unmatched lateral dimension of the waveguides. To overcome such limitations, the 

GC structure was then tapered down to 320 nm by designing a dual-taper partially 

overlay adiabatic SSC structure, as shown in Fig.6. 2. 

 

6.4 Design of Partially Overlay Tapered Waveguides 

 

The grating waveguide of the coupler is tapered down to 320 nm by designing a 

partially overlay 2-taper adiabatic SSC structure, as shown in Fig.6. 2. The top taper, 

which is connected directly to the grated waveguide, reduces the width of the GC 

structure to 120 nm at a taper length of 30 µm. The bottom taper, with an equal width of 

grated waveguide at the beginning, reduces the width of the taper to 320 nm at a taper 

length of 45 nm. The placement of the bottom taper below the top taper was found 

optimum from half of the length of the top taper, resulting in a total SSC length of 60 

µm.  

The transmission of light from the top to the bottom taper can be explained by the 

fact that the guided light in the top taper is intensified mid-axially along the length. This 

intensified light is highly delocalized and loosely confined at the taper tip, and enroutes 
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to the bottom taper due to the presence of high RI contrasts between top taper’s loosely 

confined and bottom taper’s highly confined modes. This difference in mode confining 

characteristics (modal mismatch) also causes an inter-dependent relationship between 

the tip-width of the top taper and the length of the bottom layer, as pointed out in Fig.6. 

5. Fig.6. 5 quantifies the mismatches between the modes of the tapers with respect to 

various tip-widths of the top taper. The distributions of light within the modes are also 

shown in the Fig.6. 6 for tip-widths of 40, 120 and 180 nm. The lowest mismatch of 

0.26 dB was seen to be caused at a tip-width of 120 nm. The relationships between the 

tip-widths of the top taper and the lengths of the bottom taper, along with their impact 

on the overall CE, are shown in Fig.6. 7. As expected, the highest CE (68%) and the 

shortest length of the bottom taper (30+15 µm) both happen at the top taper tip-width of 

120 nm. The length of the top taper and the position of the bottom taper were also   

 

Fig.6. 5:  Modal mismatch between the modes of the top and bottom 

tapers for various tip-widths of the top taper. 

 

varied for optimum parameters by keeping the width of top taper-tip and the length of 

the bottom taper fixed at 120 nm and 45 µm respectively, the relationship of which with 

CE are shown in Fig.6. 8. It shows that the maximum CE occur at the top taper length of 

30 µm with initial position of the bottom taper at the half-length of the top  taper, as 

indicated in the inset of the Fig.6. 8. The E-field distribution and CE in the proposed GC 

at the wavelength of 1550 nm are also shown in Fig.6. 9 for a better clarity. The 
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proposed structure, therefore, down-sizes the width of the GC from 14 µm to 320 nm 

with an effective SSC length of 60 µm, causing a reduction of CE by 77%-68% = 9% 

only. 

 

 

Fig.6. 6: Modal distribution of light within the modes of the top and 

bottom tapers for tip-widths of the top taper (a): tip-width = 40 nm, (b): 

tip-width =120 nm, and (c): tip-width =180 nm 

 

 

 

Fig.6. 7: Coupling efficiency for different top taper tip-widths and 

bottom taper lengths at the wavelength of 1550 nm. 
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Fig.6. 8: CE for different lengths of the top taper and positions of the 

bottom taper with initial position of the bottom taper at the half-length 

of the top taper. Inset shows relative positions of the tapers with respect 

to each other. 

 

Fig.6. 9: (a): E-field distribution, and (b): CE in the proposed GC at 

wavelength of 1550 nm. 
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6.5 Comparisons with Conventional and Inverted Tapered Waveguides 

 

Coupling of light from grating waveguide into nano photonic waveguide requires 

tapering down of the grating waveguides form µm scale to nm meter scale. The 

coupling efficiency between the waveguides highly relies on transitional slope of the 

tapered waveguide which determines the length of the taper. For very small slope angle 

(θ) results in longer taper which provides smooth modal transformation where modal 

loss is minimized. On the other hand, larger slope angle (θ
’
) causes rapid modal 

transformation due to shorter taper length and increases the modal loss.  A schematic of 

the long taper and short taper is shown in Fig.6. 10.  In long tapered waveguides, the 

modal transformation is smother in comparing with shorter length which ultimately 

improve the modal loss in taper region.  

 

Fig.6. 10: Tapered waveguides (a): long taper and (b): short taper 
 

The field distribution in the tapered waveguides mainly determined by two physical 

parameters,  

i) The refractive index contrast between the taper medium and its surrounding   

medium and  
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ii) The width and the length of the tapered waveguide. The distribution of the 

E-field in the triangular taper can be expressed based on the following 

equation 

 

                           

  0 0

0( ) m ln n x z z
E z E e

  


                        (Eq.6.5.1) 

where E(z) is the E-field distribution in the taper, E0 is the light entering into the taper, 

nm  and n0 are the RIs of the material of the taper and surrounding medium respectively, 

x is the length of the taper, z0 is the mid-axis of the taper and zl is the distance from z0. 

The | z0 - zl| also corresponds to the direction of x-axis, the maximum value of | z0 - zl| is 

at the beginning of the taper and smaller when closer to the taper tip and at the tip end z0 

= zl where the maximum intensity occurs as shown in Fig.6. 11. In Eq. (6.5.1) the initial 

width of the taper is set to 10 µm and entering power level to 1. The nm and n0 are set to 

3.5 and 1.0 respectively which are comparable with silicon and air. The numerical result   

 

 

Fig.6. 11: E-field distribution in the conventional taper with initial width 

of 14 µm. 

 

P
o
w

e
r 

le
v
el

 

600 800 



151 
 

shows (Fig.6. 11) that the peak power level occurs at around 800 µm of taper length and 

virtually saturated with further additional length of the taper. 

Based on the results, an 800 µm long conventional (Lconventional) taper is added with 

designed GC which comprises of 21 gratings with period of 700 nm that makes the 

grating length (Lg) of 15 µm as shown in Fig.6. 12 (a). The 2-D FDTD simulations 

results show that the optical power level at the taper tip is approx. 58% (shown in Fig.6. 

12 (c)). Therefore the power penalty in conventional taper is (77% - 58%) about 19% in 

this design. For fair comparison we have also simulated the designed GC using inverse  

 

Fig.6. 12: (a): GC with single taper direct SSC, (b) and (c): E-field 

distribution and CE at the end of single taper direct SSC respectively at 

wavelength of 1550 nm. 
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taper to achieve similar power as conventional taper and the results (Fig.6. 13 (a-b)) 

show that the length of inverse taper is much higher than that of conventional taper. 

This is due to the fact that unlike conventional taper, where the expansion of the mode 

happens predominantly laterally rather vertically, in inverse taper the field expands both 

vertically and laterally. The results show that with inverse taper higher CE (CE = 80% 

shown in Fig.6. 13 (c)) can be achieved but in expense of larger footprint of the grating 

couplers.  

 

 

Fig.6. 13:  (a) Inverse taper with GC (b) E-field distribution in the 

inverse taper and (c) CE at the end of inverse taper waveguide at 

wavelength of 1550 nm. 
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The comparison was further extended by replacing the 800 µm direct SSC with a 

60 µm single taper SSC, equal to the size achieved by the proposed overlay structure, 

keeping other design parameters unchanged, as shown in Fig.6. 14.   It shows that, with 

such a small SSC length, only 40% CE could be achieved. 

 

Fig.6. 14: (a): GC structure with a 60 µm single taper direct SSC and 

(b): the relevant CE at the nano waveguide at 1550 nm wavelength. 

 

Fig.6. 15 shows the coupling efficiency for number of tapers with shorter lengths. 

The coupler best performs for 2-taper overlay structure. Increasing the number of tapers 

for shorter length drops the coupling efficiency significantly. This is due to fact that 

there exist modal conversion losses at every point of top taper tip mode and bottom 

taper mode. The CE for 4-taper structure is around 20% less than that of 2-taper 

structure at the wavelength of 1550 nm as shown in Fig.6. 15.   

 

 

60 µm 

220 nm 

320 nm 

(a) 

0 -20 -40 -60 
0 

0.4 

x(µm) 

C
E

 

0.8 

1.2 
(b) 

10 -10 -30 -50 



154 
 

  
 

Fig.6. 15: CE of the GC structure with number of dual-taper partially 

overlay SSC for over a range of wavelength with centre at 1550 nm. 

 

An estimation of CBW of the proposed GC structure with and without the 

partially overlay SSC under discussion is shown in Fig.6. 16. It shows that CBW does 

not change much with the inclusion of the proposed taper, although as expected, CE 

reduces by 9%, as indicated earlier. Using the optimized parameters obtained by 2D 

FDTD analysis, the structure is simulated based on 3D FDTD. The results are in 

excellent agreement for both 2D and 3D FDTD analysis as shown in Fig.6. 16. In both 

analyses similar coupling peaks occur at 1550 nm wavelength. However the coupling 

bandwidth calculated based on 3D FDTD is little lower than that of predicted using 2D 

FDTD.  The validity check of the results is further extended with EME method. The 

coupling spectrum calculated based on EME very simular with 2D FDTD as shown in 

Fig.6. 16.  
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Fig.6. 16: CE and CBW of the GC structure with/ without the proposed 

2 taper overlay SSC for over a range of wavelength with centered at 

1550 nm 
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reported compact grating coupler is depicted in Table 6.5.1. Although the focusing 
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high CE with compact footprint in PICs.  
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Table 6.5.1: Theoretical results of recently reported compact grating couplers 

 

Ref. 

No. 

Grating types Dimensions 

length ×width 

CE  

(dB) 

BW  

1-dB 3-dB  

[10] Focusing and 

Uniform 

Not reported -2.7 42 nm Not 

reported 

 

 

[11] 

 

Rib and Uniform 

534.4 µm ×15 

µm 

-4.8 Not 

reported 

Not 

reported 

 

1534.4 µm ×15 

µm 

-1.8 Not 

reported 

40 nm  

[14] Focusing and 

Uniform 

40 µm × 20 

µm 

-2.8 Not 

reported 

50 nm  

This 

work 

Straight line and 

Uniform 

75 µm ×14 µm  -1.67 

(68%) 

41 nm 67 nm  

 

 

6.6 Summary 

 

A compact grating coupler with two-taper partially overlay  SSC waveguide is 

proposed,  the overall dimension of which is reduced to 75 µm (length) × 14 µm (width) 

to achieve small footprint in PICs while ensures least conceivable coupling loss 

between optical fiber and nano waveguide. The proposed structure exhibits coupling 

efficiency of 68% (-1.67 dB) with 1-dB and 3-dB coupling bandwidth of 41 nm and 67 

nm respectively. The results are comparable with most compact designs in literature 

taking the size, coupling efficiency and bandwidth into account. The coupling efficiency 

can further be improved by reducing back reflection and implementing apodized 

gratings to achieve higher mode matching between fiber mode and waveguide mode.  
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Chapter 7 

Hollow Tapered Waveguide based Compact 

Grating Coupler 
 

 

7.1 Introduction 

 

As indicated earlier in chapter 6 that grating structure converts only the vertical 

dimension of the waveguide and keep lateral dimension unaltered. Therefore the issue 

remains to connect the grating coupler with nano photonic waveguide. This is because 

the typical cross sectional dimension of nano waveguide is in the range of ~ 200 nm 

(height) × 500 nm (width). Using grating coupler, the height of the waveguide can be 

converted into 220 nm as discussed in previous chapters. So in order to couple light 

with nano waveguide, the lateral dimension of the grating waveguide is needed to be 

tapered down at nano scale.  In chapter 6, the grating structure is tapered down using 

partially overlay waveguides with coupling loss of ~ 9% between nano waveguide and 

grating waveguide. In this chapter, the design of hollow tapered waveguide (HTW) for 

coupling between grating waveguide and nano waveguide is studied. The results 

indicate that with the optimized design of HTW, higher coupling efficiency can be 

obtained.  

 

7.2 Design Methodology and Background Parameter Extraction for the 

Proposed GC 

 

The design exercise performed in this investigation rely on widely used Finite 

Difference Time Domain (FDTD) method, which is a numerical analysis technique used 

for modelling computational electromagnetics by solving Maxwell’s equations. 
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Although, in real, GC is a computation-intensive 3D problem requiring huge computer 

memory for modelling, a 2D approximation of the structure can also mimic  the same 

functionality with sufficient accuracy, as typical width of a GC (e.g. 15 µm) is much 

larger in compare to its height (e.g. 220 nm) and operating wavelength (e.g. 1550 nm). 

Theoretically, FDTD method performs its best for grid spacing (Δx, Δy, and Δz) 

approaching towards zeros. But, in practice, Δ is also perceived as a compromise 

between cost and complexity, and therefore, chosen to find the right balance among 

computational cost and accuracy. For the analysis under discussion, the modelling 

environment was created by using Lumerical’s FDTD solution with grid spacing as 

small as Δx = Δy = 10 nm, which is sufficient to maintain higher accuracy. Reflections at 

the boundary of the structure was eliminated by using built-in perfectly matched layer 

(PML). The modelling also involved parameter sweeping module where parameters for 

best performance can be obtained and used to update other parameters by employing 

Particle Swarm Optimization (PSO) for optimum performance. The simulation 

environment created for the proposed GC is shown in Fig.7. 1. 

 

Fig.7. 1: Simulation environment setup using Lumerical FDTD 

Solutions. 

 

To extract the background parameters for the proposed GC, a grating structure 

enabling typical vertical matching between SMF and nano-scale waveguide was 

designed, the schematic of which is shown in Fig.7. 2.   It consists of 2 µm thick SiO2 

layer as BOX with 220 nm Si on top to ensure single mode operation. The BOX is 

incorporated with an Aluminum (Al) layer of thickness of 100 nm as reflector which 
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recaptures the light wasted through the BOX due to downward radiation. The thickness 

of the SiO2 between top Si layer and Al layer is optimized as tBOX = 1.6 µm that causes 

constructive interference among guided and reflected waves. The gratings are written on 

top Si layer for which design parameters were are calculated by using the following 

grating equation: 

                                                 
.sineff top inn n




 


                                          (Eq.7.2.1) 

where Λ is the grating period, λ is the wavelength of incident light, neff is the effective 

refractive index (RI) experienced by the optical modes, ntop is the RI of the cladding on 

top of Si layer, and θin is the angle of incidence with normal to the direction of incidence 

causing a slightly tilted positioning of SMF to minimize second order reflections. For 

the fundamental mode, neff , which was calculated by using Full-Vectorial Mode Solver, 

was found to be 2.23. The targeted wavelength was set at λ = 1550 nm from which 

grating period was calculated as Λ = 636 nm for ntop = 1 (air) and θin = -12
0
. Shown in 

Fig.7. 1, a TE polarized Gaussian type optical source with a mode-field diameter 

comparable to that of SMF (approx. 10 µm) is applied on the surface of the grating. The 

width of the grating waveguide is chosen to be 15 µm for sufficient overlapping.  The 

position of the source is also optimized using parameter sweep setup which is 1700 nm  

 

 

Fig.7. 2: Geometry of the grating coupler structure (drawn not in scale). 
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away from the leftmost end of the grating and 1500 nm above the grating surface. 

Initially grating depth (tetch) and filling factor (ff) were set to 50% of the height of top Si 

waveguide and grating period respectively, which later was optimized as 95 nm and 350 

nm respectively for maximum efficiency by using PSO.  As ff = (wg/Λ) = 0.55, groove 

width (wgroove) was left to be 286 nm. Also, as the total height of top Si layer is 220 nm, 

a 125 nm Si base remains as a waveguide after etching 95 nm-depth gratings. 

 

With all these necessary parameters optimized, the E-field distribution and 

propagation of light along the structure are shown in Fig.7. 3 (a) – (b), which were 

obtained by placing a power monitor across the structure. Shown in Fig.7. 3 (b), light 

with a CE of 78% can be expected at the end of grating waveguide which then would be 

passed to the nano-scale waveguide device through the proposed HTW. 

 



162 
 

 

Fig.7. 3: (a) E-field distribution along the grating structure, and (b) 

propagation of light along the structure with predicated CE. 
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7.3 Proposed HTW for Compact GC 

 

A HTW enabling lateral matching between grating waveguide and nano-scale 

waveguide devices with a smaller footprint is proposed and modelled by using 

Lumerical’s 2D FDTD solution, the related simulation environment and background 

parameters of which were discussed in Section 7.2. In HTW, light is guided through a 

tapered hollow core where the optical modes are converted from loosely confined mode 

to highly confined mode. HTW is designed by inserting two Si strips one ends of which 

are connected with grating waveguide and other ends merge together to form a hollow 

core. For effective recapturing of the mode to couple to the nano-scale waveguide 

device, the widths of the Si strips are adiabatically increased until it supports a mode to 

confine within the merged Si strips. The schematic diagram of the compact GC 

incorporating the proposed HTW is shown in Fig.7. 4. 

 

Fig.7. 4: Schematic diagram of a compact GC incorporating the 

proposed HTW spot-size converter (drawn not to scale). 

 

Optical mode from the grating waveguide is confined within the hollow air core 

mainly due to two physical occurrences:  (i) contrast of RI between Si wall (nwall = 3.5) 

and air core (ncore = 1), and (ii) the narrow width of the Si strips (wt-ini), which is thin 

enough to reject any mode inside the strip. Typical cross-section of a Si strip that fulfils 

the conditions for a single mode operation at 1300 to 1600 nm band is approximately 
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500 nm (width) × 200 nm (height) [256] [257]. The height of the strips is matched with 

grating waveguide to 220 nm, which also satisfies the conditions for single mode 

operation. To find the optimum width that rejects any part of the optical mode to reside 

within it, HTW structure is simulated by using Finite Difference Eigenmode (FDE) 

solver of the Lumerical’s Mode Solutions with strip-width (wt-ini) setting at 500 nm, 300 

nm and 100 nm, the results of which are shown in Fig.7. 5 (a)-(c) respectively. 

 

Fig.7. 5: Optical modes in different locations of the hollow structured 

waveguide for various widths of Si strip:  (a1)-(a3) for a strip-width of 

500 nm, (b1)-(b3) for a strip-width of 300 nm, and (c1)-(c3) for a strip-

width of 100 nm. 

 

Shown in Fig.7. 5 (a) for the strip-width of 500 nm, although the mode is fully 

confined within the waveguide at the beginning of HTW (Fig.7. 5 a1), it appears to split 

and disperse gradually down the tapered waveguide (Fig.7. 5 a2), and disperse 

completely at the narrow-end of HTW (Fig.7. 5 a3), missing the coupling with the 

waveguide devices. Similar occurrences happen for the strip-width of 300 nm with a bit 

lower dispersion, as shown in Fig.7. 5 (b1)-(b3). The circumstances however improve 

significantly for strip-widths less than 200 nm. Shown in Fig.7. 5 (c1)-(c3) for the strip-

width of 100 nm, mode is fully confined within the core of HTW both at the beginning 

and ending of the tapering, confirming the coupling with the nano-scale waveguide 
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devices. In all cases, the length of HTW was maintained 60 µm and an adiabatic control 

on Si strips was applied at the narrow-end so that a mode can be fully contained. 

7.4 Performance Characterization of the Proposed HTW 

 

From the findings of previous section, it is clear that the widths of Si strips at the 

grating end should be around 100 nm each that need to be increased gradually at the 

device end for effective coupling. The distribution of E-field along the HTW and the 

associated CE are shown in Fig.7. 6 (a)-(b). It shows that at a taper length of 60 µm, the 

CE estimated is only 47%. To check the influence of the taper length, the structure was 

further simulated with taper lengths of 10 to 140 µm and the respective estimations of 

CE are shown in Fig.7. 7.   It confirms that CE with taper length of 60 µm is somewhat 

maximum and with taper lengths above 60 µm, it quickly saturates without any 

appreciable increment. By recalling the CE from the vertically matched grating 

waveguide, coupling loss in the HTW is approximately (78% - 47%) or 31%. This can 

be attributed to the modal loss at the waveguide device end where light is transported 

from loosely confined HTW to strongly confined nano-scale waveguide devices. 
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Fig.7. 6: Performance characterization of the proposed HTW: (a) E-field 

distribution along the HTW structure, (b) estimated CE with a fixed 

taper length of 60 µm. 
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Fig.7. 7: Estimated CE with respect to various taper lengths. 

 

To minimize the modal loss in the proposed HTW, additional Si strips can be 

inserted into hollow core. Such insertion essentially converts loosely confined modes of 

HTW to highly confined modes by reducing the effective width of the hollow core.  The optimum 

number of Si strips can be calculated as follows: 
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                                                  (Eq.7.4.1) 

                              2g sm w w                                                      (Eq.7.4.2) 

where nstrip is the number of Si strips, wg is width of grating, ws is width of strip and wn 

is width of nano-scale waveguide device. 

The spacing between adjacent Si strips (wH) in the HTW can be calculated as: 
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                               (Eq.7.4.3) 

For the parameters of the GC/ HTW under consideration, optimum number of Si 

strips can be calculated as nstrip = 32.88 or 33 by using equation (7.4.1), and the width of 

the hollow space can be calculated as wH = 362.5 nm by using equation (7.4.3). The 

complete structure of the GC comprising of the HTW is shown in Fig.7. 8. 

 

Fig.7. 8: (a) 3D view of the GC incorporating proposed HTW (for clear 

view only few Si strips are shown), (b) 2D top view of the full HTW core 

with 33 Si strips (drawn not to scale). 
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Fig.7. 9 (a) shows the changes in mode mismatch and CE with respect to the 

number of Si strips in the HTW, where mode mismatch is calculated based on 

intermodal overlap between HTW and nano-scale waveguide device modes using FDE 

solver of Lumerical’s Mode solutions. Shown in Fig.7. 9 (a), maximum theoretical CE 

occurs for 33 Si strips in the HTW for which mode mismatch is minimum ( 0.23 dB). 

Further increase in Si strips causes degradation in CE. This is due to the fact that adding 

more Si strips in HTW causes narrower hollow core width which becomes inadequate to 

confine a mode within itself, and as a consequence, increases the mode mismatch 

between HTW mode and nano-scale waveguide mode rather than reducing it. The CE 

performance and E-field distribution along the HTW structure with 33 Si strips are 

shown in Fig.7. 9 (b)-(c), where it is evident that the insertion of additional strips has 

increased CE from 47% to 72% while kept other background parameters unchanged. 

Also, such insertion improved the mode confinement significantly, as can be seen from 

E-field distribution in Fig.7. 9 (c). 
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Fig.7. 9: Performance of the proposed HTW after insertion of additional 

strips while other background parameters kept unchanged. (a) Changes 

in mode mismatch and CE with respect to the number of Si strips, (b) 

CE performance along the HTW structure with optimum 33 Si strips 
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inserted, and (c) E-field distribution along the HTW structure with 

optimum 33 Si strips inserted 

 

7.5 Performance Comparison  
 

To quantify the improvements, proposed GC with HTW structure was compared 

with GCs having conventional taper (CT) and inverse taper (IT) with 60 µm taper 

lengths, equal to the optimum length of the proposed HTW structure. The tapers are 

used to couple light from 15 µm wide grating waveguide to 300 nm wide nano-scale 

waveguide. Height of the waveguide throughout the structure is kept 220 nm, which 

makes the cross-section of the nano-scale waveguide as 220 nm (height) × 300 nm 

(width). CE and CBW predicted for various taper structures are shown in Table 7.5.1.  

The results show that, for a taper length of 60 µm, conventional taper exhibits a CE of 

only 40% whereas the inverse taper exhibits even lower CE of 29%. Therefore, 

coupling loss between grating waveguide to nano-scale waveguide device is (78% - 

40%) = 38% and (78% - 29%) = 49% for CT and IT respectively. In contrast, the 

proposed GC comprising of HTW with 33 Si strips exhibits CE up to 72% by reducing 

the tapering loss significantly. 

 

Table 7.5.1: Performance comparison of the proposed GC with 

HTW under discussion with GCs incorporating CT and IT with taper 

length and nano-scale waveguide width of 60 µm and 300 nm 

respectively. 

 
GC+HTW GC+CT GC+IT 

Without strips With strips 

CE 
% 48 72 40 27 

dB -3.18 -1.42 -3.97 -5.68 

CBW(nm) 
1-dB 39 43 34 22 

3-dB 62 70 51 43 

 

Finally an estimation of CBWs of the designed GC without any taper and the 

proposed GC structure comprising of HTW with/without 33 Si strips are shown in 
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Fig.7. 10. It shows that CBW does not change much with the inclusion of the proposed 

taper, although as expected, CE reduces by 6% for HTW with 33 Si strips, as indicated 

earlier. The grating coupler with optimized HTW parameters obtained by 2D FDTD 

was then simulated based on 3D FDTD method. The calculated coupling spectra for 

both methods are nearly same except little lower coupling peak for 3D FDTD 

comparing with 2D FDTD as shown in Fig.7. 10. The structure also analysed using 3D 

EME method and the obtained results are in very good agreement with 2D FDTD 

method which further validate the results predicted with different methods. 

 

 

Fig.7. 10:  Theoretically predicted CE of the proposed GC without any 

taper and with HTW, both including and excluding additional Si strips, 

over a range of wavelengths with centre at 1550 nm. 
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7.6 Fabrication Process and Tolerances 

 

The fabrication of the structure can be started with a SOI wafer consisting 1.6 µm 

SiO2 BOX and 220 nm top Si layer. There could be two-step lithography process 

necessary to realize two different etch depths for gratings and HTW. In first step the 

gratings can be defined using electron beam lithography (EBL) technique and the 

pattern transfers can be realized by means of dry etching until etch depth of 95 nm. In 

second lithography step, the HTW with 33 Si strips need to be defined which could be 

achieved by using hard mask, e.g. SiO2 mask on top Si layer and then the top Si layer is 

etched until the BOX (etch depth of 220 nm) to form the proposed HTW. 

Generally, slight variations of the designed parameters are expected in actually 

fabricated device. The effects of such variations on the performance of the coupler have 

been studied. The influence of the grating groove is shown in Fig.7. 11 (a)-(b) for fixed 

grating period. Shown in Fig.7. 11 (a), the coupling spectra for the groove width 

variation (Δwgroove) by +/- 10 nm from the designed width of 286 nm show that the peak 

of spectrum is shifted towards longer wavelength for smaller groove width while the 

change in opposite direction happens for larger groove width. Shown in Fig.7. 11 (b), 

CE as function of Δwgroove drops more for positive variation (larger grooves) than that of 

negative variation (smaller grooves). However, irrespective of larger or smaller groove, 

these variations are quite insignificant (less than 1%) for a groove width variation of +/- 

10 nm. The effects of etch-depth variation is also studied and encapsulated in Fig.7. 11 

(c). It shows that CE drops more for deeper etch-depth in compare to shallow etch-

depth. A CE change of less than 1% (ΔCE < 1%) is predicted for etch-depth (tetch) range 

of 90-100 nm. ΔCE will be around 4% only for the change of tetch from 85 nm to 110 

nm. 
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Fig.7. 11: (a) Coupling spectra for Δwgroove of +/- 10 nm, (b) predicted 

CE as function of Δwgroove, “0” in horizontal axis refers to no deviation 

of groove width which is 286 nm, (c) predicted CE as function of tetch at 

the wavelength of 1550 nm. 
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The study of the fabrication tolerances was further extended to the HTW structure. 

First of all the influence of the initial width (wt-ini) of the two outer Si trips is 

investigated. In section III we have found that wt-ini should be thinner than 200 nm to 

deny any mode to reside within it. So the HTW structure is simulated for wt-ini from 50 

nm to 190 nm as shown in Fig.7. 12 (a).  The results show that for wt-ini range of 80-120 

nm, CE drops only 2%, which however changes sharply for wt-ini around 140 nm. This 

can be attributed to the fact that at such thickness mode starts escaping the hollow core 

and gradually penetrating into Si strips. The effects of hollow space (wH) was also 

studied (shown in Fig.7. 12 (b)) and found that CE is more sensitive to wH compare to 

other parameters. This is because wH determines the mode mismatch between HTW and 

nano-scale waveguide modes. As wH deviates from optimum value, mode mismatch 

increases and consequently drops CE. However fabrication tolerance is still well-within 

comfortable limit, as the change of wH from 350 to 370 nm causes only 2% of ΔCE. 

 

Fig.7. 12: Estimation of the fabrication tolerance of HTW with respect to 

(a) wt-ini and (b) wH. 
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A compact GC with HTW spot-size converter is proposed. The overall dimension 

of the GC is reduced to 81 µm (length) × 15 µm (width) to enable smaller footprint in 

PICs, while ensuring least possible coupling loss between optical fibre and nano-scale 

waveguide devices. Light is transported from 15 µm wide grating waveguide to 300 nm 
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wide Si nano-scale waveguide with a proposed 60 µm long HTW. The 2D FDTD 

analysis shows that, with the basic HTW structure with 2 Si strips, only 47% of incident 

light could be coupled to the nano-scale waveguide. To increase CE, HTW structure 

was improved by implanting additional Si strips into the hollow core that minimize the 

mode mismatch between HTW and nano-scale waveguide modes.  Such HTW structure 

with optimum number of Si strips exhibits CE of 72% (-1.42 dB) with 1-dB and 3-dB 

CBW of 43 nm and 69 nm respectively. Using the proposed HTW light can be coupled 

from grating waveguide to nano-scale waveguide with least possible taper loss, only 6% 

estimated in this case. The performance of the proposed HTW structure is compared 

with conventional and inverse tapers for similar taper lengths as of HTW and found that 

the proposed HTW structure shows superior performance over conventional and inverse 

tapers. The proposed structure is fully CMOS compatible and can be fabricated based 

on standard lithography and etching process. The fabrication tolerance also investigated 

and found that the device possess remarkable high tolerant to the fabrication errors. The 

results are comparable with most compact designs in literature taking the size, coupling 

efficiency and bandwidth into account. The coupling efficiency can further be improved 

by reducing back reflection and implementing apodized gratings to achieve higher mode 

matching between fibre and waveguide modes. 
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Chapter 8 

Conclusions and Future Works 

 

A summary of the works is presented in this chapter. We will also discuss the 

direction for future motivations based on the outcomes of the works. 

8.1 Conclusion remarks of the works  

 

The main aspect of this thesis is the coupling of light between optical fiber and 

nano photonic waveguide. An overview of the state-of-the-art in coupling mechanisms 

is presented in chapter 2. Among the various coupling techniques, the butt coupling and 

grating coupling are the most appeared in literature. Butt coupler is the technique well 

known for their ability to offer high coupling efficiency and bandwidth. Moreover, butt 

couplers are polarisation insensitive that means it can couples the light for both 

transverse electric (TE) and transverse magnetic (TM) polarisations simultaneously. 

However, they require to be tapered down from micro scale to nano scale and coupling 

efficiency highly relies on the length of the taper. To achieve high coupling efficiency 

the length of the taper should be long enough for smooth modal conversion. The typical 

length of the taper is in the range of hundreds of micrometers that results in large 

footprint of the photonic integrated circuits. The drawbacks of butt coupler further 

extended due to fabrication complexity. It often requires polishing and dicing the edges 

and facet of the taper which creates obstacle for wafer level testing.  

Grating couplers, On the other hand, offers the flexibility to place them anywhere 

in the chip and do not require polishing and dicing, opening the way for wafer level 

testing. However, the choice of grating coupler as coupling method falls behind the 

choice of butt coupler due to low coupling efficiency and narrow coupling bandwidth. 

Grating couplers are also polarisation sensitive which limits their use in applications 

where both polarizations are required.     
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In chapters 4 and 5 we have designed grating couplers for better performance. The 

major contributing loss factor in grating coupler is the propagation of light through 

BOX layer. One of the ways to minimise such loss is to use reflector in the BOX layer. 

However placement of the reflector is very crucial as the reflector only complement 

coupling efficiency if the reflected waves constructively interfere with original guided 

wave. Otherwise destructive interfere occurs and degrades the performance of the 

coupler.  

In chapter 4 we have developed mathematical formulas that can readily be used to 

calculate optimum thickness of the layers for ensuring the constructive interference and 

enhance the coupling efficiency. The results show that there could be different 

thicknesses of the layers at which constructive interference happens. Therefore, one can 

have choice of thicknesses suitable for specific design and more importantly for the 

fabrication feasibility. We also characterises the grating coupler for various 

performance influencing parameters such as etch depth, filling factor, position of the 

fiber etc. In this design 78% coupling efficiency is estimated with 1-dB coupling 

bandwidth of 77 nm.  

In chapter 5 we have proposed and designed a perfectly vertical grating coupler 

for light coupling between SOI waveguides and SMF. The symmetrical propagation 

nature of the diffracted waves from grating is broken by incorporating asymmetric 

grating trenches with step gratings. The directionality of the coupler is boosted by 

implementing effective index variation of the primary grating, which is achieved by 

combination of auxiliary subwavelength gratings in the ridge of primary gratings and 

step gratings. The calculated coupling efficiency is improved from 43%, estimated for 

GC without secondary gratings, to as high as 85% (-0.7 dB) for GC comprising our 

proposed engineered subwavelength secondary gratings. The proposed GC predicts 

coupling spectra as wide as 53 nm and 80 nm for 1-dB and 3-dB down level 

respectively. The structure possesses sufficient robustness to the possible errors that 

may arise during fabrication. The proposed coupler features less influence of the BOX 

thickness on the coupler performance which eases the choice for fabrication. Such 

efficient broadband perfectly vertical grating coupler is significantly advantageous in 

high dense photonic packaging.     
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To interface the grating coupler with nano photonic waveguides, two types of 

spot-size converters are proposed and designed in chapter 6 and 7. Chapter 6 described 

the design of a partially overlay tapered waveguide structure. In this design the top 

tapered waveguide is directly connected with grating structure while the bottom tapered 

waveguide is connected with nano photonic waveguide and laid under the top 

waveguide. With such arrangement the grating coupler can be connected with photonic 

waveguide within very short length of ~ 60 µm. The overall dimension of such compact 

grating coupler with two-taper partially overlay  SSC waveguide is reduced to 75 µm 

(length) × 14 µm (width) to achieve small footprint in PICs while ensures least 

conceivable coupling loss between optical fiber and nano waveguide. The proposed 

structure exhibits coupling efficiency of 68% (-1.67 dB) with 1-dB and 3-dB coupling 

bandwidth of 41 nm and 67 nm respectively. The results are comparable with most 

compact designs in literature taking the size, coupling efficiency and bandwidth into 

account. The coupling efficiency can further be improved by reducing back reflection 

and implementing apodized gratings to achieve higher mode matching between fiber 

mode and waveguide mode. 

Another coupling mechanism between grating coupler and nanophotonic 

waveguides is described in chapter 7. In this design the connection is established based 

on hollow tapered waveguide (HTW). The hollow taper waveguide is formed by two 

ultra-thin silicon strips one ends of which are connected with grating structure while 

other ends are merged together and connected with nano waveguide.  To minimise the 

modal loss between hollow mode and waveguide mode, the hollow waveguide is 

divided into sub-hollow waveguides. Such optimised design of hollow tapered 

waveguide offers the light to transfer from grating waveguide to nanophotonic 

waveguide with coupling loss of as low as only 7%. The overall dimension of the GC is 

reduced to 81 µm (length) × 15 µm (width) to enable smaller footprint in PICs, while 

ensuring least possible coupling loss between optical fibre and nano-scale waveguide 

devices. Light is transported from 15 µm wide grating waveguide to 300 nm wide Si 

nano-scale waveguide with a proposed 60 µm long HTW. The 2D FDTD analysis 

shows that, with the basic HTW structure with 2 Si strips, only 47% of incident light 

could be coupled to the nano-scale waveguide. To increase CE, HTW structure was 

improved by implanting additional Si strips into the hollow core that minimize the mode 
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mismatch between HTW and nano-scale waveguide modes.  Such HTW structure with 

optimum number of Si strips exhibits CE of 72% (-1.42 dB) with 1-dB and 3-dB CBW 

of 43 nm and 69 nm respectively. Using the proposed HTW light can be coupled from 

grating waveguide to nano-scale waveguide with least possible taper loss, only 6% 

estimated in this case. The performance of the proposed HTW structure is compared 

with conventional and inverse tapers for similar taper lengths as of HTW and found that 

the proposed HTW structure shows superior performance over conventional and inverse 

tapers. The proposed structure is fully CMOS compatible and can be fabricated based 

on standard lithography and etching process. The fabrication tolerance also investigated 

and found that the device possess remarkable high tolerant to the fabrication errors. 

8.2 Future perspectives 

 

This thesis covers various topics on grating couplers that could be the subject for 

future continuation. The most apparent is the fabrications of any of the structures and 

demonstrate the results experimentally.  

It is found in chapter 4 that coupling efficiency periodically depends on the BOX 

thickness due to constructive and destructive interference. Therefore, experiments of the 

couplers with 2 or 3 different BOX thickness would be interesting. 

The further study on subwavelength structure could be the more interesting one. 

In this design we bound our analysis considering fabrication limitations of deep-

ultraviolet optical lithography (feature size of ~100 nm), typically employed in an 

industrially driven fabrication processes. The analysis could further be extended 

considering narrower and higher number of step grating in primary groove. Although 

fabrication of such small step gratings is out of deep-ultraviolet optical lithography, 

electron beam lithography could be used.  Another aspect towards fabrication that draws 

attention is if the gratings can be fabricated using single etching step with various etch 

rate simultaneously.  

The fabrications of both partially overlay tapered waveguides and hollow tapered 

waveguides could be challenging as well. For the case of partially overlay tapered 

waveguides the tip of top taper is very sensitive. Slight variation of the tip width causes 
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significant impact on coupling efficiency. Also the edges of the both tapers should be 

very smooth to avoid scattering of the light. To achieve improved coupling efficiency in 

hollow tapered waveguide, the divisions of hollow core require 33 silicon strips with the 

width of 100 nm which further be shrinking-down along the length. Although such 

divisional hollow core can be made by etching the silicon waveguide, once again the 

feature should be small which raises the fabrication challenges.  
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