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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 SiO,, 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 um. 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

~ 50 years

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

Fig.1. 1: Density of integration over the past half-century [Courtesy of Intel]
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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 um?) 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/SiO, offer the high index contrast
necessary to create such structures. Additionally, these semiconductors exhibit very low
absorption at 1.55 um, 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/SiO, 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 SiO; 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 SiO, 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 SOl waveguide operating at
2=1.55 um 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].

Cross-section ~ 500 nm x 200 nm

Fiber core i

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 (Er) and in the waveguide (E.y) 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

2
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where the denominator of Equ. (1.3.1) is basically a normalising factor. The loss factor
I" gives the value between 0 and 1, and therefore characterizes the range between no
coupling (for I'=0) and total coupling (for I'=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
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using the expression for the normal reflection in a discontinuity between two materials
[48].

R = Nt , ¢ _neff,wg

r]eff,f +N

(Eq.1.3.2)
eff ,wg

where R is the reflection of the surface interface, nerrs and nesrwg are the fibre and
waveguide fundamental mode effective indices, respectively.

Finally, power input coupling loss (L) taking into account both factors or terms,
and so expressed in dB, is:

L, =-10log,, I -10log,, [(1— Rﬂ (Eq.1.3.3)

For solving Equ. 1.3.1, the electric field profile of the optical mode in the fibre (Es) can

be approximated by a Gaussian-like profile, according to the following expression [49]:

| x2+y2
E; (x,,2=0)|=E,.e [ * J (Eq.1.3.4)
where wy is defined as the diameter of the beam for which the electric field amplitude

has decayed to (1/e) of its maximum value, Enax. The mode field diameter of an optical
fibre (MFD) is related to wo by means of [50]:

MFD = 2, (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 (lo) is related to input intensity (I;) according to the following
well-known Fabry Perot formula [5]:

I (1- R)2 et
0 _ Eq.1.3.6
] (Eq )

(1- R-e‘“L)2 +4-R-e " sin? (%)
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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), o is the waveguide propagation loss, L is the waveguide length, and ¢ is
the phase difference between each succeeding reflection in the cavity, and is related to

the wavelength (1) by (for normal incidence) [5]:
2r
¢:(7j2nL (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°. 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-SiO; 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 pm. 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

24



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 SiO, BOX layer, a wafer structure with multiple thinner layers of Si-SiO, paired
onto the Si-substrate can be developed. Each Si-SiO; 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 SiO, layers, however, is not straightforward, as the structure will
complement coupling efficiency only if the reflected light waves from the Si-SiO;
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™ 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-SiO; 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 um, the coupling efficiency of
58% is achieved. Whereas an inverse taper provides ~ 80% coupling
efficiency, but the length was ~ 1600 pm.

In contrast with conventional and inverse tapers, the partially overlay
tapered waveguide shows coupling efficiency of ~ 78 % for taper lengths as

short as ~ 60 pum.

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 pum to 300 nm at a length equals to
60 pum.

The incorporation of such a coupler in photonic integrated circuit causes a
physical footprint as small as 81 um x 15 pum 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 111-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 107, 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.
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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.
Fiber ——
core
Substrate
Fig.2. 3: Butt coupler
Fiber
core >

Substrate

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-fiore 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

Nano waveguide mode

Nano waveguide mode

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

39



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 pum and within this
length the dimension of the waveguide is converted from 25 pum 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 um into a rib waveguide with cross-sectional dimension of 750 nm (width) x
1500 nm (height). The loss has been further reduced to < 5 dB using a 1 D taper with
initial width of 4 um. To minimize the loss associated with vertical mismatch, the taper
was further modified with an initial height of 3 um and the loss was further minimized
to 2 dB.

SIOZ ‘ Ll

| L,

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

A=1.55 um, 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 um x 10 um, when coupling to a butt-fibre with 10
um 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 um 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 xm long double
stage inverted taper, and a 9 um x 9 um 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 um.
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 x 0.3 um? silicon waveguides to single-mode fibres with Mode Field Diameter
(MFD) of 4.3 um for the TE mode, for an inverted taper length of 200 «m, and using a
polymer fibre-adapted waveguide on top of the inverted taper with cross-section
dimensions 3um x 3um. 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 SiO, slab layer on top of a parabolic shape taper, instead of using a
polymer waveguide. The optimal length of the taper is reduced to 40um due to the
quadratic shape of the taper, but achieving a polarization dependency to the inverted

taper tip width. 0.5dB coupling loss to 4.9um 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 ym MFD fibres was achieved for the TE mode,
by using a 3um x 1.3um (Benzocyclobutene) BCB type polymer waveguide on top. The
optimal obtained length of the taper is 175um, 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 1x2 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 SiO; 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.
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(b) Cross-section
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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 SiO, 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 SiO, waveguide is developed in [91]. The
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measured coupling loss using a lensed fibre with 5 um 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

(a)
©) O, ©) ®
. . a = (b)

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 | using a
rib taper, and coupled into sub-micron Si waveguide in Stage | using a
rib taper, and coupled into sub-micron Si waveguide in Stage 11 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 pm-thick Si-
waveguide by a 12um-thick Si/SiO, multilayer on-chip GRIN lens of lengths 16pm or
24um butt-jointed to a 10um-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 Ei;” and Ej;* 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 I11-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 um. A transformation optics based coupler is designed
in [102] with taper length as short as 3um 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-pum-wide

input waveguide of a grating coupler to a 0.5-um-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/lll-V hybrid waveguide for Si/lll-V heterogeneous integration. Over 95% coupling
efficiency in a bandwidth of over 100 nm is reported in that design. SSCs with a SiO,
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 SiO, cladding with subwavelength index engineered thin SisN4 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 111-V devices such as semiconductor optical amplifiers (SOAS),
photodetectors, electro-absorption modulators (EAMSs) 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 pm 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 um 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.

10um | = inear Gratings Compact Taper 4500 nm

Waveguide "
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b 2000 nm .
10 pm 15.00 pm I 0

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 (a). 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 superst