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ABSTRACT

Silicon-on-insulator (SOI) technology has become increasingly attractive because of the strong
light confinement, which significantly reduces the footprint of the photonic components, and
the possibility of monolithically integrating advanced photonic waveguide circuits with
complex electronic circuits, which may reduce the cost of photonic integrated circuits by mass

production.

This thesis is dedicated to numerical simulation and experimental performance measurement
of passive SOI waveguide devices. The thesis consists of two main parts. In the first part, SOI
curved waveguide and corner turning mirror are studied. Propagation losses of the SOI
waveguide devices are accurately measured using a Fabry-Perot interference method. Our
measurements verify that the SOI corner turning mirror structures can not only significantly
reduce the footprint size, but also reduce the access loss by replacing the curved sections in
any SOI planar lightwave circuit systems. In the second part, an optical 90° hybrid based on 4
x 4 multimode interference (MMI) coupler is studied. Its quadrature phase behavior is verified

by both numerical simulations and experimental measurements.
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CHAPTER1 INTRODUCTION

1.1. Background Review of Silicon Photonics

Silicon photonics is a fast-growing area that studies different photonic systems using silicon,
which is the dominant material in the microelectronic industry, as the platform for the
generation, propagation, manipulation, and modulation of optical waves [1-4]. Silicon photonics
offers a promising solution for monolithic integration of optics and microelectronics
components at a common chip-scale platform for applications of high-speed optical

interconnects in a small footprint.

Study of silicon photonics is motivated by the requirement of energy-efficient and high-speed
interconnects to transport information. The use of high-index contrast silicon-on-insulator
photonic waveguides in interconnects is very promising, as pure silicon has very low material
absorption losses at telecommunications spectral range (~1550 nm), and a silicon photonic
waveguide interconnect could have higher bandwidth, smaller footprint, shorter interconnect
delays and more importantly, full compatibility with the CMOS process used for fabricating
electronic devices. Therefore, integration of optical and electrical devices on a single chip is

made possible.

Pioneering works on silicon photonics can be traced back to the late 1980s and early 90s [5-7]
and substantial progress has been made since then. Using silicon as a photonic material usually
has some difficulties, such as the high propagation losses, low electrooptic coefficient, low

light-emission efficiency and high coupling loss with fiber devices. Great efforts have been



directed to overcome these traditional limitations thanks to development of high performance
integrated photonic components, which are made possible by the recent progress in

nanofabrication techniques.

Low loss silicon waveguides are important for on-chip optical networks. Propagation losses in
silicon photonic waveguides are mainly from power coupling to radiation modes and scattering
due to imperfections in the fabrication of the waveguides. In the telecommunication wavelength
band at around 1550 nm, intrinsic absorption in the silicon material can be neglected [8]. Low-
loss single-mode silicon optical waveguides with sub-micron size dimensions have been
demonstrated with propagation losses less than 3 dB/cm in 2004 [9], which is made possible
owing to the small sidewall surface roughness achieved by processing on a 200mm CMOS
fabrication line. For submicron size strip waveguides, the lowest loss reported to data in the
1550 nm spectral range is around 1 dB/cm [10]. The losses, due to both scattering at the
waveguide sidewalls and absorption, originate mainly from the etching process. In order to
minimize the losses of silicon waveguide, most recently, etchless process based on selective
oxidation has been used to fabricate low loss silicon photonic waveguide with losses as low as

0.2-0.3 dB/cm at 1550 nm band [11, 12].

The high fiber-to-waveguide coupling losses originate from the mode area mismatch between
the fiber (~10 um diameter) and silicon waveguide (<1 um diameter). Tapering structures from
the fiber dimensions to the waveguide dimensions for improving fiber-to-waveguide coupling
efficiency have been demonstrated as well [13]. Propagation modes in an optical fiber with
cross-sectional dimensions of several of micrometers can be converted down to only a few

hundreds of nanometers in a silicon waveguide in a very short length.



Another feature of silicon photonic waveguides is that the high optical intensity arising from
large index contrast caused strong light confinement enables strong nonlinear optical
interactions, such as Raman and Kerr effects, in chip-scale devices. As a result, optical
amplification, light emission, and modulation functions are all made possible [2]. In the past a
few years, great efforts in silicon photonics have been directed to active silicon photonic

devices, such as modulators, amplifiers, and light emitters.

Since the linear electrooptic effect is absent in silicon material due to its centro-symmetric
crystal structure, silicon is usually difficult to achieve electrooptic modulation. To solve this
problem, progress has been made in the past decade. Different geometries in silicon have been
investigated to achieve high-speed electrooptic modulation. For example, silicon-based optical
modulators operating at more than 10 Gbs/s have been demonstrated based on metal-oxide-
semiconductor capacitors [14, 15]. The most common method of achieving fast modulation in
silicon photonic devices is to exploit the plasma dispersion effect, which is related to the
concentration of free carrier in silicon and changes both the real and imaginary parts of the
refractive index [16]. Silicon modulators using the plasma dispersion effect working at 40Gb/s
have been demonstrated recently based on a traveling wave design [17]. However, the change
of refractive index is associated by a detrimental change in optical intensity due to the
absorption of free carriers. In order to achieve more efficient modulation, alternative
mechanisms have been investigated using other materials that are potentially compatible with

silicon technology [18].

It is well known that silicon has an indirect band gap structure, which leads to a poor optical-
emission efficiency. While silicon has many limitations as a light emitter, many efforts have

been made to enable light emission in silicon [19-24]. To increase the light emission efficiency



of silicon and to achieve optical gain, different techniques have been developed, including those
based on decreasing the radiative lifetime with respect to the nonradiative processes using
quantum confinement by nanocrystals [25] or stimulated Raman scattering [26, 27] and those
using the silicon as a host material for erbium doping [28]. On the other hand, due to the huge
obstacles imposed by the silicon material characteristics, hybrid silicon lasers have been
demonstrated to show promising and advanced device functionality [24]. A hybrid silicon laser
usually bonds compound semiconductor materials to a silicon-on-insulator substrate [29]. The
former provides the necessary optical gain for lasing, while the latter serves as the optical

waveguide to guide the emitted optical mode.

In a word, thanks to the recent progress in nanofabrication techniques, novel mechanisms have
been developed for achieving both passive and active ultracompact silicon devices with high
performance. On the other hand, there is immediate need for silicon photonics in integrated
high-speed optical interconnects. Silicon photonics is bringing us a bright future for commercial

integrated optoelectronics.

1.2. Fundamentals of Silicon Photonic Waveguides

The fundamental building block of the photonic circuits is a waveguide. The simplest optical
waveguide is the step-index planar waveguide. Since a planar waveguide confines the light
beam in one dimension only and therefore is a 1D waveguide. The study on silicon photonic
waveguides also started with planar waveguides [30]. As shown in Figure 1.1, a silicon planar
waveguide consists of a high-index silicon layer surrounded by other materials with lower

refractive index on both sides. Therefore the optical field can be confined in the silicon core



layer. A silicon planar waveguide has a simple three-layer structure and hence an analytical

solution of the waveguide equation exists [31].

Ne

Figure 1.1 Silicon planar (slab) waveguide.

Despite the simple structure, the utility of the silicon planar waveguide is very limited in
applications because light is confined in one dimension only. For many practical applications,
two-dimensional photonic waveguide for optical wave confinement is required, which can be
achieved in silicon by etching a two-dimensional waveguide. Several types of two-dimensional
photonic waveguides with different geometries and light guidance mechanism have been

investigated in silicon.

The most commonly used silicon photonic waveguides are channel (or strip) waveguides and
ridge (or “rib”) waveguides, as shown in Figure 1.2. In channel waveguides, the core layer,
which guides the light wave, is completely surrounded by a cladding layer with higher
refractive index (Figure 1.2a). Another type of waveguide similar to channel waveguides is
silicon buried waveguides [32]. In rib waveguides, a dielectric ridge structure sits on top of a

slab layer, forming the guiding layer, which is embedded between two low-index layers: the



bottom substrate layer and the top cladding layer, as shown in Figure 1.2b. It is obvious that
optical confinement in the vertical direction is achieved by the refractive index difference
between the guiding layer and the two cladding layers. On the other hand, the ridge structure
has a slightly higher refractive index than that of the slab layer. Therefore, the rib structure can

also achieve optical confinement in the lateral direction.

(a) (b)

Figure 1.2 Configurations of silicon photonic waveguides: (a) channel waveguides, (b) ridge waveguides.

In both the channel and the rib silicon photonic waveguides, light is confined and guided thanks
to the total internal reflection (TIR) between high-index core layer and the low-index cladding
layers. The typical cross-sectional dimensions of these two types of waveguides are determined
by the effective refractive index in the guiding layer. Cross-sectional diameters of channel
waveguides are usually less than one micrometer (submicron). Ridge waveguides typically have
a relatively large mode area (a few micrometers). Silicon waveguides with large cross-sectional
sizes are usually used in relatively short straight (no bends) integrated photonic circuits due to
their large bending loss. One advantage is that they are easier to couple light to the fibers. For
integrated devices that require longer lengths, silicon waveguides with smaller cross-sectional
dimensions are usually preferred and ultracompact devices integrated on single-chip are hence

made possible.



Both the channel and rib waveguides are confining and guiding light based on the mechanism
of TIR. In fact, light can also be confined in low-index-of-refraction regions in a silicon
platform, thanks to its especially high refractive index. Two examples of such novel waveguides
are photonic crystal waveguides and slot waveguides, as shown in Figure 1.3(a) and (b),

respectively.

O O OO O O O
O O OO O O O /

O O O O O O O /
/ /| i
Ny nq
N2 n,

(a) (b)

Figure 1.3 Configurations of two novel silicon photonic waveguides where light is confined in a low-index-of-

refractive area: (a) photonic crystal waveguides, (b) slot waveguides.

Photonic crystals, with their name borrowed from the semiconductor crystals, refer to periodic
dielectric structures consisting of alternating regions of dielectric materials with high and low
refractive index. Since the periodicity is on the order of the wavelength of light, photonic
crystals can be designed to affect the motion of photons in a similar way that semiconductor
crystals affect the motion of electrons [33]. That is, the periodicity of dielectric structures
produces a high reflection of light in a specific spectral range because the light cannot
propagation in the crystal structure, which is similar to the energy gap in a semiconductor
crystal. Thanks to its high refractive index, silicon is an ideal platform to create photonic
crystals with complete band gaps (very high reflectivity) [34]. Therefore, a photonic crystal
waveguide can be created by surrounding a channel waveguide with a two-dimensional

photonic crystal region. The photonic band gaps force the light to be concentrated in the channel



waveguide, no matter how low its refractive index is. The photonic crystal waveguides are
usually fabricated by removing materials from a complete periodic two-dimensional photonic
crystal to create the channel waveguide. Due to the strong light confinement by the photonic

bad gaps, photonic crystal waveguides can guide light in cores with very small dimensions.

A silicon slot waveguide is another new type of waveguide, where light can be also confined in
a low-refractive-index region [35]. As shown in Figure 1.3b, the slot waveguide is formed by
embedding a low-index slot between two high-index silicon waveguides with small cross-
sectional dimensions (silicon wires). The light guiding principle is based on the overlap of the
evanescent tails of the modes in two silicon wires. By using this new waveguiding mechanism,
silicon waveguides can be shrunk to very small dimensions (less than 50 nm) [35], opening new

application areas, such as evanescent sensors in biological or chemical fields [36].

1.3. Organization of the Thesis

This thesis is concerned with performance evaluation of two passive silicon photonic devices in
silicon-on-insulator structures, specifically corner turning mirror and multimode interference

(MMI) coupler. The organization of the thesis is as follows:

Chapter 2 “Silicon-on-Insulator (SOI) Waveguide Device” serves as a background review of
SOI technology and the recent advances in SOI-based functional devices. The major numerical
analysis methods of SOI waveguides are described. The sources of losses in SOI waveguides
are also introduced, followed by a detailed description of commonly used techniques for

measurement of propagation losses in SOI waveguides.



Chapter 3 and 4 present simulation and experimental results of two passive SOI-based devices,
namely corner turning mirror and multimode interference coupler. In Chapter 3 “Silicon-on-
Insulator Rib Waveguide Corner Turning Mirrors”, a new type of SOI waveguide corner is
investigated. Numerical simulations using finite-different time-domain method are first
presented, followed by a detailed experimental testing. Comparison between corner turning
mirrors and the conventional curved waveguides is also presented. Chapter 4 “Silicon-on-
Insulator Multimode Interference (MMI) Coupler” studies the design, simulation and
experimental demonstration of multimode interference couplers, and their specific utility as a

90° optical hybrid for applications in radio-over-fiber links.

Finally in Chapter 5 “Conclusions”, a summary of the main contributions of this thesis is
presented. Suggestions of the potential improvements to the device design and the future work

are also included.



CHAPTER 2 SILICON-ON-INSULATOR (SOl)
WAVEGUIDE DEVICE

Silicon-based integrated circuits have find extensive applications in the fields, such as
computers, wireless communications devices, and other electronic devices that widely used in
our everyday life. In the past few decades, the high-index contrast “Silicon-on-insulator (SOI)”
platform has attracted intensive interests thanks to its potential in further downscaling the

integrated device size via monolithic photonic integration technique [37].

SOI technology uses a layered silicon-insulator-silicon substrate in place of conventional silicon
substrates in semiconductor manufacturing. By this means, the parasitic device capacitance is
reduced and the performance of the device can be greatly improved. Since the first industrial
implementation of SOI by IBM [38], SOI technology has found numerous applications within
the field of photonic integrated circuits (PIC). Both passive and active PIC components have
been achieved on the SOI platform, such as Fabry-Perot microcavity-based resonators, micro-
switches, modulators, lasers, photo-detectors, and arrayed waveguide gratings (AWG) [14, 39-
42]. The key features of SOI technology include its compact confinement due to the high
refractive index contrast of SOI waveguides between silicon layer and silica insulator substrate

and good compatibility with the modern micro-electronics.

2.1. Introduction to SOl Waveguides

As its name implies, an SOI waveguide usually consist of a high-refractive-index single-crystal

silicon layer as the waveguide core and a low-refractive-index thin buried silicon dioxide
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(insulator) as a bottom cladding. The upper cladding can be just air or the same silicon dioxide
layer to reduce surface contamination and to provide electrical isolation. The pure silicon core

layer has a material refractive index of ny ~ 3.5, which is much higher than that of the buried
silicon dioxide cladding layer (ng, ~1.5). The refractive index contract between core and

cladding layers in SOI waveguide is much higher that of other optical waveguides such as
optical fibers, leading to tight confinement and guiding of light within a small scale core region
(submicron). Such lateral and vertical dimensions are usually required for true compatibility
with integrated circuits (IC) processing. This is the most distinct advantage of SOI waveguides
over the other widely used waveguide platforms such as III-V semiconductor compounds and
polymers. In addition, the large refractive index contrast between silicon and silicon dioxide
causes the high optical intensity within the silicon core, which makes it easier to observe
nonlinear optical interactions, such as Kerr and Raman effects. Silicon has superior material
properties that benefit the nonlinear optical effects in SOI waveguides, include high thermal

conductivity, high optical damage threshold, and high third-order optical nonlinearities.

Another feature of SOI technology is that silicon is not only used as the waveguide core
material, but also as the waveguide substrate. Silicon material is an ideal platform for integrated
electronic circuits. Therefore, SOI technology offers promising potential for monolithic
integration of photonic devices with electronic devices on the same substrate. Moreover, thanks
to the mature silicon fabrication technology developed for electronic devices, SOI technology
enables low-cost fabrication of compact integrated photonic devices for mass-market

applications.

-11 -



Owing to the advantages of SOI technology listed above, various optical integrated devices
have been realized so far on the SOI platform, including passive devices such as low-loss strip
waveguides [43], efficient optical directional couplers [13], microring-resonator-based optical
add/drop filters [44], nano-cavities [45], polarization splitters [46], and active devices such as

optical modulators [47], optical switches [3] and light sources [27].

Different types of silicon photonic waveguides have been described in Chapter 1. An SOI wafer
is a good example of a slab (planar) waveguide with a three-layer structure. Due to the high
refractive index difference between the core layer of single-crystal silicon and a thin bottom
cladding layer of buried silicon dioxide, the guided light propagating along the z-direction is
confined tightly in the high index silicon core layer in the y-direction. The typical dimension of
the silicon guiding layer is about a few micrometers in thickness, and the buried silicon dioxide
layer is usually about a few hundred of nanometers in thickness. While the slab SOI guide has
very simple structure, its practical use is very limited because light is confined only in one

dimension (along y-direction).

More practical SOI waveguides usually provide two-dimensional confinement (both x-direction
and y-direction) of the light propagating along z-direction. As has been discussed in Chapter 1,
the two most commonly used two-dimensional SOI waveguides are strip and rib waveguides.
Figure 2.1 shows the field (single-mode) distributions in both single-mode strip and SOI rib
waveguides. Due to the strong light confinement in strip waveguides, a single-mode strip
waveguide usually has a small dimension (a few hundred nanometers), which produce
difficulties in waveguide fabrication and light coupling. On the other hand, a rib waveguide

with much larger dimension (a few micrometers) can still support single-mode operation, which
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greatly relaxes fabrication tolerances and makes the SOI rib waveguide the preferred platform

in device design.

Air Air

Upper Cladding

Upper Cladding

Cladding (SiO,)

Cladding (SiO,)

(a) (b)

Figure 2.1 Cross-sections and single-mode operation of two commonly used SOI waveguide structures: (a) a

strip waveguide, (b) a rib waveguide.

Based on the above concerns, in this thesis, all the waveguide devices are fabricated in SOI rib
waveguides. In most applications of the SOI rib waveguides, such as sensor and
interconnections systems, single-mode operation is usually required for the waveguides. Large-
dimension single-mode SOI rib waveguides have been intensively investigated since late 1990s
[48-50]. The numbers of optical modes that can be supported by a SOI rib waveguide is
determined by its cross-section dimension geometry. A typical SOI rib waveguide is shown in
Figure 2.2. The geometry of the rib waveguide is mainly defined by three parameters: the
silicon rib with W, the total height of silicon core H, and the thickness of the silicon slab
waveguide 7. Note that a large dimension SOI rib waveguide cannot be truly single-mode.
Some higher-order modes, other than the fundamental mode, may be excited. However, it has
been demonstrated that, if the geometry of the SOI rib waveguide is correctly designed, the

excited higher-order modes will leak out of the waveguide quickly over a very short
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propagation distance, and only the fundamental mode can be propagated. With the geometry
parameters defined in Figure 2.2, a large dimension SOI rib waveguide that supports single-

mode operation can be determined by an approximate expression [49],

%so.u— (for 0.5H <T < H) @2-1)

Figure 2.2 Geometry of a typical SOI rib waveguide: parameter definitions.

2.2. Methods of SOI Waveguide Analysis

Light propagation and electromagnetic fields in SOI waveguides can be obtained by solving the
Maxell equations. For the simplest SOI slab (planar) waveguide with uniform refractive-index
profile in the core layer, analytical eigen solutions (optical modes) exist. Considering that the
guided electromagnetic fields are confined in the core layer and exponentially decay in the
cladding layers, the electric field distribution can be uniquely determined by the propagation
constants and the effective index of the guided modes [31]. Note that due to the one-
dimensional light confinement, two orthogonally polarized modes can be supported in a slab

waveguide: the transverse electric (TE) mode and the transverse magnetic (TM) mode. If the
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electric field of an optical mode is perpendicular to the propagation direction and lies in the
plane of core layer, it is called TE mode. On the contrary, TM mode refers to the optical mode

with the magnetic field perpendicular to the propagation direction [31].

However, for a SOI waveguide with two-dimensional confinement, such as a strip or rib
waveguide, no analytical eigen solutions exist for the Maxell equations. A varity of techniques
have been used to analyze two-dimensional SOI waveguides. One solution is to use effective
index method (EIM), which approximates a two-dimensional waveguide structure to a one-
dimensional slab waveguide, and then an analytical solution can be obtained. While it is very
simple, EIM method has approximated solutions and its applications limit in waveguides with
simple geometrical cross-section structures. To accurately analyze SOI waveguides with
complicated cross-sections, some numerical analysis methods are required, such as finite
element method (FEM), finite different time-domain (FDTD), and beam propagation method
(BPM). The following subsections describe the principles of the above widely-used analysis
methods for SOI rib waveguides. In this thesis work, both FDTD and BPM methods have been

used for numerical simulation of SOI waveguide devices.

2.2.1. Effective Index Method (EIM)

As its name implies, the effective index method (EIM) finds the approximate solutions for the
propagation constants of supported modes in a two-dimensional waveguide by calculating the
effective index of the waveguide. Consider a typical SOI rib waveguide shown in Figure 2.2.
The EIM method treats the rib waveguide as a combination of two orthogonal planar
waveguides, one horizontal and one vertical. The method is implemented in two steps. In the

first step, the effective index of the first (horizontal) planar waveguide is obtained by solving
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the planar waveguide eigenvalue equations. This procedure is implemented three times for three
different parts of the waveguide: the left slab waveguide, the central rib region, and the right
slab waveguide. In the second step, the calculated three effective indices will be taken as the
refractive indices of the three layers in the second (vertical) planar waveguide. Then the overall
propagation constants or effective index of the supported mode can be obtained by solving the
planar waveguide eigenvalue equations again. Due to the polarization-dependent mode
distribution, different solutions can be obtained for TE and TM modes. Here the eigenvalue
equations are solved using EIM method in detail for TE mode only. Solutions for TM mode can

be obtained in a similar way.

Consider the SOI rib waveguide as shown in Figure 2.2, the wave equation for TE mode is

given by

2 2
T g R (), =0 2-2)

where k =27/ A is the wave number, n(x, y) is the refractive-index of the SOI rib waveguide,
and [ is the propagation constant. In order to apply the effective index method, we can assume

that the electromagnetic field can be expressed with the separation of variables as
H (x,y)=X(x)xY(y) (2-3)

By substituting equation (2-3) into equation (2-2) and dividing by the product XY at both sides

of the equation, we can obtain

1 8°X 10%Y
a2 v A2
X ox Yoy

+| k*n? (x,y)—/i’2]=0 (2-4)
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Here we define an effective index distribution function n,,(x), which is a y-independent

function. Then we can separate the equation (2-4) into two independent equations by adding and

subtracting a y-independent term kznjjf (x, y) as

2
O i (), ()] =0 @0
Y
2
T [k ()0 @
" g
n(x.y) ny (silicon) neﬁ(X)
Heff,core
n3(Si0y) | 13 (air) Peff,clad
- - 5 W W2 X
(a) (b)

Figure 2.3 Refractive index profiles in the effective index method. (a) Actual refractive index profile along y-

direction; (b) Calculated effective index profile from the first step, forming a vertical planar waveguide.

The actual refractive-index profile n(x, y) is plotted in Figure 2.3a, where s is the height of the

rib. Depending on the position of x, s has the following two different values,

H |xEW/2
(2-6)
T |xpW/2

According to the effective index method, we first solve equation (2-5a) and determine the

effective index profile n,, (x) along x-direction.
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Along y-direction, the waveguide is asymmetric. We can define the following effective

wavenumbers [31],

K, =k, In} — njﬁ, (x)
o, =k, /ne_zﬁ (x)—n; (2-7)
&, =k, (-

Then the eigenvalue equation for the asymmetric waveguide for TE mode is given by

1o
K,S = mm +tan —=+ tani (2-8)
Ky Ky

With the given values of the refractive indices and waveguide dimensions, equation (2-8) has a

solution of x for m =0 order (fundamental mode) in the waveguide region of | x |<w/2.

y_core

Similarly, in the region of |x|>w/2 , equation (2-8) has another solution of x for

y_clad

fundamental mode. Therefore, the effective index profile of the SOI waveguide is given by

2
K
Moy (X) = Ny e = n —[ ykmej |x[<w/2 (2-9a)
2
K, .
Mg (X) = Ny ta = n _( y;:ad] |x[>w/2 (2-9b)

After the first step, EIM method creates a vertically symmetric planar waveguide with the

refractive index distribution shown in Figure 2.3b.
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Then in the second step, we need to solve the wave equation (2-5b) and determine the

propagation constant f for TE mode. We can also define the following effective wavenumbers

along x-direction,

’ 2.2 2
Kx = k ne[f',cor@ _ﬂ (2_10)
Ux = é:x = \’ﬂz _kznezjf,clad

In this case, the eigenvalue equation for the formed symmetric waveguide is given by

G)C

Kk w=mm+2tan—=. For the fundamental mode (m =0), a solution of x_ can be obtained.

K

X

Finally, the propagation constant and the effective index of the TE mode in the SOI rib

waveguide is obtained as 8 =/k’n —x. and n o= g , respectively.

2.2.2. Finite Element Method (FEM)

In analysis of SOI waveguides, analytical methods, such as the above mentioned EIM method,
are applicable only to waveguides with simple geometries and uniform material compositions,
since their analytical models are defined over the entire waveguide region. To accurately
analyze SOI waveguides with complicated cross-sectional structures and arbitrary refractive
index profiles, some numerical analysis methods employing subdivision processes are

developed.

The finite element method (FEM) is one of the most popular numerical methods with
subdivision process [31]. In FEM method, the entire waveguide (model) region is divided into
many discrete elements, which are usually in triangular shape. Mathematically, the FEM

method can find approximate solutions of partial differential equations. The method assumes
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the piecewise continuous function for the solution. In the case of analysis of the propagation
properties of a two-dimensional SOI waveguide, the partial differential equations are derived
from the wave equation over a large amount of discrete elements with appropriate boundary
conditions. The solution of the wave equation in each element can be approximated by a linear
function of the coordinates. The overall solution (the propagation constant and the electric field
distribution) of the entire waveguide region is obtained by the summation of the individual

element.

It is worth pointing out that the accuracy of the FEM solution is determined by the total number
of the divided elements (mesh density). While simply increasing the number of elements can
improve the accuracy of the solution, this may also cause a greatly increased computing time.
To find a balance between the accuracy and the computing time, a convergence analysis is
generally implemented to determine a proper mesh density required to obtain an acceptable

accuracy.

2.2.3. Finite Difference Time Domain (FDTD) Method

The finite difference time domain (FDTD) method is another widely used computational
modeling technique for electromagnetic field analysis in SOI waveguides. According to
Maxwell’s differential equations, the change in the electric field in time is determined by the
change in the magnetic field across the space. In another word, at any specific point in space,
the updated electric field in time is determined by the previously maintained electric field and
the numerical curl of the local magnetic field in space. Similarly, the change in the magnetic
field is time-stepped in the same way. The FDTD method finds solutions for Maxwell’s

equations by a proper discretization of both time and space domains using central-difference
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approximations to the time and space partial derivatives. The resulting finite-difference
equations can be solved in a leapfrog manner. The electric field vector components in a specific
space are solved at a given instant time, and then the magnetic field vector components in the
same spatial region are solved at the next instant time. Such a time-stepped process is

implemented repeatedly until the entire electromagnetic field is fully solved.

The FDTD method is conceptually simple; the algorithm does not require the formulation of
integral equation. It is simple to implement for complicated and inhomogeneous structures. Due
to its time-domain nature, the frequency domain response over a wide range of frequencies can
be easily obtained with a single simulation. However, since its implementation requires that the
entire computational domain be gridded, and the grid discretization must be sufficiently fine to
obtain both spectral resolution and spatial resolution, the required computing time may be very

long.

2.2.4. Beam Propagation Method (BPM)

The beam propagation method (BPM) is another computational technique for simulating the
propagation of light in slowly varying optical waveguides. With this method, the dynamic mode
profile of an optical waveguide can be accurately estimated as the wave propagates through the
waveguide. The BPM method essentially decomposes a supported mode into a superposition of
plane waves, each traveling in a different direction. The individual plane waves propagate
through a finite pre-determined distance in the waveguide until a certain point where the
electromagnetic field is to be determined. At this specific point, all the arrived individual plane

waves are numerically added together to reconstruct the spatial mode following the Fourier
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theory. In BPM method, the fundamental idea is that a complicated problem (mode distribution

in the waveguide) is decomposed into different simpler problems (different plane waves).

Like the above discussed FDTD method, the BPM method solves Maxell’s equations by using
finite differences in place of partial derivatives. However, as opposed to the FDTD method
which is implemented in time domain, the BPM method is done entirely in the frequency
domain. According to Fourier theory, any periodic signal can be decomposed into different
frequency components (sinusoids). We can then reconstruct the original time domain signal by
summating all of these sinusoids of different frequencies. Another key difference from the
FDTD method is that in BPM, a slowly varying envelope approximation in the paraxial

direction is required.

2.3. Coupling Light to Small SOI Waveguides

The compact dimension of SOI waveguides improves the packing density and performance of
the silicon photonic integrated circuit. Since light emission is not easy to achieve in silicon and
optical signal usually relies on the source from another chip through optical fiber connection,
fiber-to-waveguide coupling is an important issue in practice. Due to the large difference
between the dimensions of SOI waveguides and optical fibers, there is huge mismatch between
the mode sizes of two waveguides, resulting in a big challenge in efficiently coupling light from
optical fibers. For example, direct coupling light from optical fibers to small SOI waveguides
results in coupling losses as high as 20 dB. Various methods have been proposed to achieve
efficient light coupling from optical fibers to small SOI waveguides. The most commonly used
coupling techniques include end-fire coupling, prism coupling, grating coupling and taper

coupling. Each method will be described below in turn.
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2.3.1. End-Fire Coupling

End-fire coupling is a very sample approach for coupling to/from small SOI waveguides, where
the incident light beam from an optical fiber is shined onto the end of the SOI waveguide. To
overcome the huge dimension difference between the two devices, end-fire coupling shrink the
beam size by incorporating a lens to focus the input beam onto the endface of the waveguide, as

shown Figure 2.4.

Input
beam

77777777 »> Waveguide

Figure 2.4 End-fire coupling.

In end-fire coupling, the coupling efficiency depends on the mode match between the
transmitting waveguide and the receiving waveguide. Due to the use of focusing lens, the mode
of the incident beam can be shrunk to match the mode that supported by the SOI waveguide,
therefore end-fire coupling offers higher coupling efficiency than the direct butt-coupling
approach. Mathematically, matching of the excitation modes can be evaluated by calculating the
overlap integral between the excitation field and the waveguide field [37], where an assumption
that the optical fiber and the SOI waveguide is perfectly aligned is made. In fact, alignment of
those two devices is of critical importance due to the very small dimensions of the SOI

waveguides. Even very small offsets between the two can cause significant losses. Spatial
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misalignment of the excitation and waveguide fields should be considered when calculating the

overlap integral.

In addition, the coupling efficiency of the end-fire approach is also dependent on the reflection
from the waveguide facet. The reflection is caused by the refractive index mismatch between
one medium (air) and another (SOI waveguide). Coupling losses caused by reflection from the
waveguide endface can be analyzed using the Fresnel equations [37]. The quality of the
waveguide endface also affects the coupling efficiency. To improve the overall coupling
efficiency, the endface of the SOI waveguide should be carefully polished and coated with anti-
reflection (AR) film. The numerical aperture is another parameter that can affect the coupling
efficiency. It is usually required that the number aperture of the waveguide should be equal to or

larger than that of the input field.

2.3.2. Prism Coupling

The prism coupler, as shown in Figure 2.5, couples the input light beam into a thin SOI
waveguide through the top surface of the waveguide at a specific angle [51]. Therefore, the
need for precision polishing of the endface of the waveguide and sub-micrometer accuracy in
the alignment of the beam and the waveguide is avoided. By using a prism coupler, a large
incident beam with a diameter hundreds of times the dimension of waveguide can be coupled

into the waveguide.

To ensure high coupling efficiency (no light gets reflected from the bottom surface of the prism),
a phase matching condition is to be satisfied between the propagation constant of the supported

mode in the waveguide and the incident light at an angle normal from the waveguide surface,
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B, =i—ﬂnSO, cosé (2-11)

0

where f, is the propagation constant of the supported mode in the waveguide, 4, is the

wavelength of the input light in vacuum, ng, is the refractive index of the SOI waveguide, and

@ is the incident angle.

Input
beam

_____________ »  Waveguide

Figure 2.5 Prism coupling

Note that while prism coupling method works well for coupling light into thin films, it is not
practically useful for SOI waveguides. The phase matching condition requires that the prism
should have a higher refractive index than the waveguide. This requirement limits its practical

applications since silicon has a very high refractive index of 3.5.

2.3.3. Grating Coupling

Similar to prism couplers, grating couplers also enable coupling of light into a SOI waveguide
from the top surface of the waveguide [52]. Consequently, a phase matching condition like
equation (2-11) should also be satisfied. As shown in Figure 2.6, a grating structure with

periodic refractive index modulation is introduced on the top surface of the SOI waveguide. The

-25-



grating is properly designed such that only the -1 order diffracted light can satisfy the phase

. 2r . ) L
condition S, = S, A where £, is the propagation constant when the grating is not present
and A is the grating period. Considering the propagation constant S, can be expressed in

. 2r . ) .
terms of the effective index n,, as B, :7n .7 » the grating period that satisfies the phase
0

matching condition for given wavelength and incident angle can be determined by

2’0

A=—20
N — N, cos O

(2-12)

where n, is the refractive index of the medium on top of the SOI waveguide. Equation (2-12)

can then be used to determine the waveguide grating period for a desired incident angle for

coupling to the mode with a propagation constant of /3, . Phase matching condition (2-12) only

determines the grating period.
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Figure 2.6 Grating coupling

It is worth noting that since the refractive index of silicon waveguide is large, the required

period of grating in silicon for light coupling is very small (in the order of 400 nm for
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telecommunication wavelength of 1550 nm). This strict requirement dramatically increases the
fabrication difficulties. With the state-of-the-art waveguide fabrication technique, grating

couplers with coupling efficiency as high as 80% has been demonstrated [53].

The conventional one-dimensional grating coupler only works for input light beam with single
polarization (for example, TE-polarization). By using a two-dimensional (2D) grating coupler,
the incoming light with an unknown polarization state can be coupled to the TE-polarization
modes of the two planar waveguides [54]. By using this coupling scheme, the polarization

dependence problem of coupling light to SOI waveguides can be solved.

2.3.4. Taper Coupling

Taper coupling can be incorporated with any above described coupling approach to further
increase the coupling efficiency. A taper structure offers a gradual transition from a large cross-
sectional waveguide area to a smaller one which is compatible to the small waveguide. The key
issue in taper coupling is that a taper should reduce the waveguide dimensions in a smooth and
lossless transition, which means that the angle of the taper should be very small for the smooth

transition and the surface should have a very low roughness to reduce the scattering loss.

Tapered couplers usually can offer higher coupling efficiency than the grating coupler. Most of
the couplers have linear tapers, while a few have exponential or parabolic tapers. The tapered
couplers can be generally classified into two main categories: inverse tapers and standard tapers.
The former increases from a very small point at the fiber end to the waveguide end and the latter
decrease from a large dimension at the fiber end to a small dimension at the waveguide end.

More complicated tapered couplers employ combinations of the two structures.
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2.4. Propagation Loss Measurement in SOl Waveguides

When a SOI waveguide device is introduced into a system, extra losses would be also caused
compared to the system when the device is not inserted. The insertion loss of a waveguide or
device is the total loss and includes both the inherent loss of the waveguide itself when light is
propagation through it and the coupling losses when the waveguide is shined with the input
light beam. Coupling loss of SOI waveguides has been discussed in 2.3. Here the propagation
loss when the light is travelling in the waveguides is described and the techniques for measuring

propagation loss in SOI waveguides are presented.

2.4.1. Sources of Propagation Loss in SOl Waveguides

There are three main sources that contribute to the propagation loss in SOI waveguides:

scattering loss, absorption loss and radiation loss.

Scattering loss is usually caused by the imperfections in the waveguide material (known as
volume scattering) or the roughness at the interface between the core and claddings (known as
surface scattering). While silicon waveguides are usually low loss, SOI waveguides may have
some defects introduced during the fabrication process, such as ion implantation. Those defects
in the SOI waveguides cause non-negligible volume scattering loss. It is obvious that volume
scattering loss depends on the number of defects, the size of defects with respect to the

wavelength of propagation, and the correlation length along the waveguide.

Absorption loss in silicon waveguides are usually caused by interband absorption and free
carrier absorption. When photons with energy larger than the band gap of the waveguide

material propagate through the waveguide, interband absorption occurs such that the photons
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are absorbed and electrons are excited from the valence band to the conduction band. To
efficiently avoid interband absorption, a wavelength must be longer than the absorption edge
wavelength of the waveguide material. The band edge wavelength of silicon is about 1.1 um,
making it a perfect low-loss waveguide for telecommunication wavelength at 1550 nm band.
While the interband loss in silicon waveguide is low, free carrier absorption may affect
dramatically the propagation loss in silicon waveguide. The concentration of free carriers can
change both the real and imaginary refractive indices. The former can be used to achieve high-
speed modulation in silicon and the latter contributes to the absorption loss in the silicon

waveguide.

Radiation loss is usually caused by the leakage from the waveguide into the surrounding media.
For a strip waveguide, leakage occurs from the waveguide core layer to the upper or lower
cladding layers. For a rib waveguide, light may be leaked into the planar area adjacent to the
core region. In the case of SOI, the buried silicon dioxide layer must be sufficiently thick to
prevent the confined optical modes from penetrating the oxide cladding layer and coupling to
the silicon substrate. For straight silicon waveguides with tight light confinement, radiation loss
is negligible. However, for curved waveguides, radiation loss is a big issue as the curvature of
the waveguide will change the angle of incidence at the waveguide side wall, resulting in
serious radiative loss. The loss coefficient is critically dependent upon the radius of curvature of
the bending waveguide. Consequently the radius of curvature must be as large as possible to
minimize radiation loss. However, for most applications a small device footprint is desirable,
implying that the radius should be as small as possible. Therefore, new type of SOI waveguide
devices that can turn the light propagation direction are developed, such as the corner turning

mirror, which will be discussed in details in Chapter 3.
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2.4.2. Measurement of Propagation Loss in SOl Waveguides

This thesis is about the performance characterization of the passive SOI waveguide devices.
Propagation loss is a key parameter to be characterized. Here several techniques for waveguide
propagation loss measurement are described, including the cut-back method, the Fabry-Perot

resonance method, and scattered light measurement method.
The cut-back Method

As the simplest method of measuring propagation loss of an optical waveguide, the cut-back
method has been widely used for SOI waveguides. The cut-back method is usually associated
with either end-fire coupling. Its basic idea is that propagation loss of a SOI waveguide can be
unambiguously determined by measuring two waveguides with different length, such that the
coupling loss of the waveguide can be eliminated from the measurement. Considering the same
input optical power is shined, by the same coupling condition, into two waveguides with lengths

of L, and L,, output optical powers of /, and /, are obtained. Then the propagation loss of the
same waveguide with the length of L, — L, can be calculated from the difference in the output

power from each measurement. We define the loss coefficient o as a measurement that how

the intensity decays with propagation distance z through a waveguide,
I,,=1,exp(-az) (2-13)

Then the propagation loss coefficient can be determined as

1
a=[ T Jln(lz/ll) (2-14)

1~
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Note that to maintain good accuracy in the cut-back method, the input coupling, the condition of

the waveguide endfaces, and the input power should all remain constant.

The Fabry-Perot Resonance Method

The cut-back method is destructive to the waveguide to be measured and requires multiple
measurements. Therefore its applications in practice are limited. The Fabry-Perot resonance
method enables more accurate and single-time measurement for propagation loss in silicon

waveguides.

When light propagates along the waveguide, due to the reflection at either endface, the
waveguide can form a resonant cavity, so-called Fabry-Perot cavity. The optical intensity
transmitted through the cavity is related to the facet reflectivity, the waveguide length and the
propagation loss coefficient. Therefore, by measuring the waveguide length and the minimum
and maximum transmitted optical power, the loss coefficient can be determined. One feature of
the Fabry-Perot resonance method is that the coupling efficiency does not affect the calculation
of the loss coefficient. This method can be particularly useful for measuring low-loss SOI
waveguides with high accuracy. In this thesis, the propagation loss of the SOI waveguides is

measured using Fabry-Perot resonance method. More details will be discussed in Chapter 3.

Scattered Light Measurement

The propagation loss in a SOI waveguide can also be evaluated from the measurement of
scatted light from the surface of the waveguide. Since the amount of the scattered light is
proportional to the propagating light, if the scattered light is measured as a function of

waveguide length, the decay rate of the propagating light and hence the loss coefficient can be
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determined. To measure the scattered light, an optical fiber can be scanned along the surface to
collect the scattered light. Note that if the loss of the SOI waveguide is low, the scattered light
will be too weak to be detected. Therefore this method works only if the loss of the waveguide
is high and relatively high optical power is propagating in the waveguide. These requirements
limit its utility in practical applications. The scatter light measurement is usually used for initial

studies of high-loss waveguide materials.
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CHAPTER 3 SOI RIB WAVEGUIDE BEND AND
CORNER DEVICES

As micro electronic manufacturing technology is becoming more mature, SOI waveguides have
been extensively applied as a new platform of photonic integrated circuits (PIC). To maximize
the intensity of PIC components on a single SOI chip, the compact and low loss SOI waveguide
bends or corners are required. In this Chapter, a new SOI rib waveguide corner device, corner
turning mirror, is studied. The corner turning mirrors allow compact 90° turns between two
perpendicular waveguides. Its performance is characterized and compared to that of the

conventional SOI rib curved waveguides.

3.1. Introduction

Silicon-on-insulator (SOI) waveguide has found numerous applications within the field of
photonic integrated circuits (PIC) [2]. The key features of SOI technology include its compact
confinement due to the high refractive index contrast of SOI waveguides between silicon layer
and silicon dioxide substrate and good compatibility with the modern micro-electronics, such as
complementary metal-oxide semiconductor technologies. Thanks to the strong light
confinement, an SOI strip waveguide can tightly confine light to sub-wavelength cross-sections
(a few hundred nanometers) while still satisfying the single-mode transmission operation. More
compact footprint of the integrated photonic device is hence made possible. The development of
such photonic nanowires inspires the intense investigation in photonic processing chips and

systems. However, such small dimensions create difficulties in fabrication process and suffer
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from the high coupling losses at interfaces between waveguides and fibers and active and
passive devices on one single chip [55]. On the other hand, the SOI rib waveguides are
attractive because they support single mode transmission at larger scales (a few micrometers)

and hence easy to fabricate.

In PIC-based systems, more and more components with different functionalities are to be
integrated on a single SOI chip. To increase the integration density of an SOI chip, low-loss
compact SOI waveguide bend or corner structures are in high demand. Unfortunately, a
conventional SOI rib waveguide bend does not fulfill this requirement, since the minimum
acceptable radius curvature of the rib waveguide bend structure is quite large due to the lower
optical confinement associated with the relatively small refractive index contrast of SOI rib
waveguides in the lateral direction than a SOI strip waveguide [56]. For rib waveguides, circular
bends must have a radius curvature larger than tens of micrometers to reduce the radiation loss

to an acceptable level.

As a promising solution, SOI waveguide corner-mirror structures based on total internal
reflection have been a research topic of increasing interest [57-59]. SOI curved waveguides and
corner turning mirror (CTM) structures with different parameters have been designed and
fabricated based on the theoretical model. In this chapter, the performance comparison between
the SOI curved waveguides and the CTM structures, such as the propagation loss and
polarization dependent loss, is presented. A complete SOI chip testing setup has been built. The
optical propagation loss and polarization dependent loss of the two different SOI structures have
been measured using an optical vector analyzer (LUNA technology). The testing results show

that the innovative SOI CTM structures can not only significantly reduced the footprint size of
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the SOI chip, but also improve both the insertion loss and polarization dependent loss by

replacing the curved sections in any SOI planar lightwave circuit systems.

3.2. Propagation Loss Measurement of SOl Curved Waveguides

The accurate performance measurement of SOI-waveguides is significantly important in
integrated optics. The optical loss is an elementary evaluation for a SOI waveguide device. As
described in Chapter 2, many direct measurement techniques have been available for waveguide
propagation loss measurement, such as waveguide scattered light measurement [60] and
waveguide transmission measurement [61]. The accuracy of these methods either depends
strongly on the quality of the waveguide surface or is significantly affected by the unstable
measurement of the fiber-waveguide coupling loss. A simple cut-back method has been
developed to mitigate these problems [62]. However, multiple sample lengths have to be
measured for the same waveguide device and keeping exactly the same coupling efficiency for
different samples over different measurements is a big challenge. Recently, an accurate
waveguide propagation loss measurement method based on Fabry-Perot interference principle
has been proposed [60, 63, 64]. The propagation loss is extracted from the Fabry-Perot
resonance fringes without the consideration of fiber-waveguide coupling efficiency. The Fabry-
Perot interferometric method has been widely applied in propagation loss measurement for

straight single-mode and multimode semiconductor waveguide.

In this thesis, the Fabry-Perot interferometric method is investigated to develop a general
function for measuring both the propagation and bending/radiation losses of single-mode SOI
curved waveguides, which are key components of determining the integration density of planar

lightwave circuits on a single SOI rib waveguide chip. The developed, generalized Fabry-Perot
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interferometric method is assisted by Luna-system, which is an optical vector-matrix analyzing
technique used to measure the broadband Fabry-Perot spectral resonance fringes. The
combination of the generalized Fabry-Perot interferometric method and the Luna testing
technology can accurately and unambiguously measure the propagation loss of different SOI

waveguide devices.

3.2.1. Fabry-Perot Interferometric Method

A generalized analyzing model based on Fabry-Perot interferometric method is proposed to
measure the propagation loss and bending/radiation loss of SOI curved waveguides. An SOI
optical waveguide with polished end facets is structurally similar to the Fabry-Perot cavity of a
laser. For a fiber-DUT-fiber measurement system, where DUT stands for the photonic
integrated device under testing, the two facets of the DUT form a Fabry-Perot cavity, as shown

in Figure 3.1.

I I;

—> )

SOl Waveguide

Figure 3.1 Fabry-Perot cavity formed by two end facets of a SOI waveguide.

If the incident light is normal to the facets, the optical intensity transmission function through
the Fabry-Perot cavity showing the relationship between the transmitted and the incident light is
given by [63],

I (1-R)* 4,

T =t = 3-1
¢ I, (1-4,R)*+44,Rsin’*(5/2) G-1)
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where R is the facet reflectivity, which is typically determined from effective index

measurements of the surrounding medium (such as air) and waveguide as

'/

2

R=|n

eff - nair neﬂ' + nair

(3-2)

A, 1s the general attenuation coefficient and 6 =4zn,, L / A is the phase change of a round

beam travel in the Fabry-Perot cavity, n,, is the effective index of the waveguide, and L is the

total waveguide length (physical cavity length). Since this phase term is wavelength-dependent,

the optical intensity transmission function (3-1) has a nearly sinusoidal resonance fringe, as

shown in Figure 3. 2.

A/
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Figure 3.2 Illustration of optical intensity transmission function of the Fabry-Perot cavity according to equation

3-1).

At certain wavelengths, the round trip phase term satisfies that & = 2mz , which will lead to a

maximum intensity transmission of

I
T == = (1=R)' 4, /(- 4,R)’ (3-3a)

0
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While at other wavelengths, the phase term reaches 6 = (2m+1)z, which will result in a

minimum transmission of

T, = ]IL =(1-R)’ 4, [(1+ 4,R)’ (3-3b)

gmin
0

Therefore, by measuring the maximum and minimum value of the intensity transmission
function (or equivalently the transmitted optical power for a given initial input power) over a

broad spectral range, the general attenuation coefficient A, can be accurately and

unambiguously determined as

A :lX \/ltmax/ltmin _1 (3_4)
¢ R \/Itmax/ltmin +1

Given that there are N elements and/or structures that can individually cause attenuations to an

optical beam, a general attenuation coefficient can then be expressed as

A4, = ﬁAj (3-5)

Jj=1

where 4; is the attenuation coefficient of the ;°th element or structure. Considering a straight

SOI waveguide guide, for example, the general attenuation coefficient can be expressed as

A4, =exp(-a,,,, L,;), where «,,, is the propagation loss rate and L, is the total length of

prop ' prop

the waveguide. Then the propagation loss coefficient «,,, (dB/cm) can be calculated as

rop

X prop =~ . (A% (3-6)
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According to the above described Fabry-Perot interferometric model, the total length of a SOI
waveguide device can be determined from the free spectral range (FSR) of the Fabry-Perot
resonance fringe as

12
Ly = >
neﬁA/l

(3-7)

where AA is the FSR of the spectral resonance fringe, as shown in Figure 3.2. Therefore, the
total propagation loss and the waveguide length of a SOI waveguide device can be obtained
from a single measurement of the Fabry-Perot resonance fringes, according to (3-4) and (3-7).
Note that in order to measure the pure bending/radiation loss of a SOI curved waveguide, the

propagation loss coefficient of a SOI straight waveguide should be first determined.

3.2.2. Measurement System

The general model described in the previous section works for optical propagation loss
measurement of many other photonic integrated devices. In this Chapter, we use it to measure
propagation loss of single-mode SOI curved waveguides. Figure 3.3(a) shows the experimental
setup to measure the loss of the SOI waveguide device under test (DUT). Two high-precision x-
y-z axis stages are used to hold the input and output fiber tips for optical coupling. An optical
vector analyzer (Luna system) is used to measure device length and the broadband spectral
response of the SOI devices under test. A polarization controller is used, so that we can measure
the polarization-dependent propagation loss of the SOI chip. Fig. 4(b) shows the picture of the
test bed. A piezoelectric transducer (PZT) controlled precise three-dimensional moving stage is
used to perform the accurate optical alignment between the fiber tip and SOI chip. The coupling

technique is end-fire coupling. Lensed fibers are used to increase the coupling efficiency.
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Coupling efficiency of 50% is estimated. Optical power from the output facet of the device is
collected using another lensed fiber and sent back to the optical vector analyzer. Fabry-Perot

resonance can be measured and the propagation loss can be calculated.

Fiber  Polarization 0 1o1der Fiber Holder

KO Controller

A

A

Optical Vector Analyzer
(LUNA system)

(b)

Figure 3.3 Experimental setup for measurement of propagation loss in SOI curved waveguides. (a) The

measurement setup, and (b) a photo-picture of test-bed.

Note that in the Fabry-Perot interferometric method, it is assumed that the input optical power
does not change during the measurement of Fabry-Perot fringes. This assumption is usually not
satisfied. For example, if a tunable laser is used, the wavelength is scanned to cover the large
spectral bandwidth. It is difficult to always keep the input power constant due to the stability of

the laser of due to the change of coupling efficiency during the scan. If a broadband low-
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coherence optical source (such as an amplified spontaneous emission source) is used, the optical
power inherent changes with different wavelengths. One solution is to use a modified Fabry-
Perot interferometric method [63]. However, complicated data processing is required. Another
solution is to directly measure the spectral response of the device under test, such that the
variation of the input optical power can be automatically compensated. In this thesis, the device
response is measured using an optical vector analyzer in a very fast manner. Coupling condition

can be easily maintained during the quick measurement.

3.2.3. Optical Vector Analyzer

In this thesis, an optical vector analyzer (OVA) form LUNA technology is employed to
accurately measure the waveguide length and power ratio between input and output signals. The
optical vector analyzer is operating based on swept wavelength interferometry (SWI) [65] or
equivalently optical frequency domain reflectometry (OFDR) [66]. In an optical vector
analyzer, a tunable laser source is used in associated with two concatenated Mach-Zehnder
interferometers. The laser source has a narrow line-width of 200 kHz, and can be fast tuned at

70 nm/s.

The optical vector analyzer interrogates the optical device or system under test using swept-
wavelength coherent interferometry by measuring the Jones matrix of the DUT. It is well
known that the Jones matrix contains all of the information that is required to characterize the
complete component performance, such as loss, dispersion, polarization effects, etc. The full
scalar response such as both phase and amplitude information can be extracted from the Jones
matrix in an accurate and fast manner in the form of polarization-averaged group delay,

polarization mode dispersion, insertion loss, and polarization dependent loss.
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The measured data can be presented for both the time domain and the frequency domain. The
amplitude of the time domain data is equivalent to a traditional optical time domain
reflectometry (OTDR) measurement. The amplitude of the frequency domain data provides a
direct measure of the insertion loss or return loss of the device over a broad spectral bandwidth.
The phase information in the frequency domain could be used to obtain group delay and

chromatic dispersion.

Due to the interferometry nature of the optical vector analyzer, the OFDR measuring optical
paths is up to 35 m long in reflection and 70 m in transmission without any dead zones (our
experimental path is less than 5 m here). It can also measure group delay changes up to 350 ns,
provides 80 dB of dynamic range and 100 dB sensitivity, and resolves individual features with
spatial resolution down to 20 um. These features make the optical vector analyzer a powerful

instrument for high resolution metrology of passive optical components.

3.2.4. SOI Curved Waveguides

The insertion loss, propagation loss and bending/radiation loss of SOI curved waveguides are
measured in this thesis. As discussed above, low-loss and compact SOI curved waveguides are
essential in photonic integrated circuits to increase the integration density of an SOI chip.
However, there is a limit on the minimum acceptable radius curvature of the SOI rib waveguide
bend structure due to the lower optical confinement associated with the relatively small
refractive index contrast of SOI rib waveguides in the lateral direction. Therefore, it is necessary

to accurately measure the propagation loss and bending loss of the SOI curved waveguides.

We have designed SOI curved waveguides with different rib sizes and radius curvatures. We

fabricated the SOI devices in Canadian Photonics Fabrication Centre (CPFC) with a fabrication
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grant from Canadian Microsystems Corporation (CMC). The manufacturing technology for the
designed SOI curved waveguides is high-precision electron-beam lithographic fabrication with

non-contact mask operations.

Figure 3.4 Micro-photo images of the SOI curved waveguides with different rib sizes and radius curvatures

fabricated in CPFC.

Figure 3.4 shows the micro-photo images of the fabricated SOI curved waveguides with
different rib sizes and radius curvatures, which are the samples used for measuring propagation
and bending/radiation losses in our experiments. The fabrication quality is evaluated through
measurements of the feature values in waveguide dimensions. Note that for the deep trench, the

dimension error is 0.23um within a 10.0um dimension and the sidewall angle error is 0.6° in a

1.5um depth.

3.2.5. Measurement Results

In this section, the insertion losses of single-mode SOI curved waveguides are first measured
using the cut-back measurement method as discussed in Chapter 2 with the help of the optical
vector analyzer. Two groups of reference waveguides with the same physical parameters with
the waveguides under test but only different waveguide lengths are first tested. Then two groups
of SOI curved waveguides under test with rib sizes of 3.5 and 4.0 um are tested. Figure 3.5(a)

shows the zoom-in view of the first group of five curved waveguides. Each group of
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waveguides has different radius curvatures ranging from 0.5 mm to 1.05 mm. The device length
of the SOI curve waveguide is measured to be 4.0 mm. The curve radius values of five curved
waveguides in each group are 1.056, 0.9, 0.756, 0.625 and 0.506 mm. Here only TE-mode is
tested, Figure 3.5(b) shows the mode field of the waveguide, which is detected by an infrared

camera. The measured mode field verifies the single-mode operation of the SOI rib waveguides.

(a) (b)

Figure 3.5 (a) First group of SOI curved waveguides under test with rib size of 3.5 um. (b) Measured far-field

mode pattern using an infrared camera, verifying single-mode operation of the SOI rib waveguides.

The insertion loss of two groups of SOI curved waveguides is measured using the testing setup
shown in Figure 3.3(a). The optical vector analyzer is used to measure data in frequency domain.
Figure 3.6(a) and (b) show the measured insertion loss of two groups of curved SOI waveguides
over a broad spectral range. From Figure 3.6 we can find that with a given rib waveguide size,
larger curve radius introduces smaller insertion loss and with a given curve radius value, larger
rib waveguide size brings larger propagation loss. The measured results match well with the

theoretical predictions.
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Figure 3.6 Measurement results of the SOI curved waveguides (TE-mode only). (a) Insertion loss of the first
group of SOI curved waveguides under test with rib size of 3.5 um and different radius curvatures. (b) Insertion
loss of the second group of SOI curved waveguides under test with rib size of 4.0 um and different radius

curvatures.

The cut-back method only provides insertion loss information of the waveguide. Here, the
propagation loss and bending/radiation loss of SOI curved waveguides are measured using the
Fabry-Perot interferometric method. To separate the propagation loss and bending loss of an
SOI curved waveguide, the propagation loss of an SOI straight waveguide with the same rib
size (3.5um) as the curved waveguide is first measured using the Fabry-Perot interferometric

method, which is estimated to be ¢, = 1.3dB/cm.

Then the optical bending/radiation loss of an SOI curved waveguide (as shown in Figure 3.5(a))
with the same rib size as the straight waveguide and 1806 pum radius is analyzed using the
proposed Fabry-Perot interference method with the help of the optical vector analyzer (Luna
system). The broad band spectrum of Fabry-Perot resonance fringes (the spectral response of
the SOI curved waveguide) is measured using the Luna System, with the result shown in Figure
3.7. Since the free spectral range (FSR) of the fringes is A4 = 0.072 nm, the total waveguide

length is determined to be L, = 4.8 mm according to equation (3-7). The maximum and the
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minimum of the intensity transmittance curve are 0.615 and 0.39, respectively. Then based on
the Fabry-Perot resonance method, the total propagation loss of the curved waveguide is

estimated to be 4.27 dB according to equation (3-6).
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Figure 3.7 The measured broadband Fabry-Perot interferometric fringe of the SOI waveguide under test.
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Figure 3.8 The half bend part of the curved SOI waveguide.

The total propagation loss consists of two parts: 1) pure propagation loss in the whole SOI
waveguide without considering any radiation, and 2) the bending loss in the curved part. The

former can be easily determined given that the total waveguide length L. and the propagation

loss coefficient « in the straight waveguide have been determined. The latter can be obtained
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by subtracting the propagation loss from the total loss. The waveguide length of the bending

part, L, ,, can be calculated from the curved waveguide structure as shown in Figure 3.8.
H
L,,=4RO=8Rtg" (f} (3-8)

Finally, the optical bending loss coefficient of the curved SOI waveguide is estimated as

4.27— L
ab@nd — Lastm WG

‘bend

=2.142 dB/ mm (3-8)
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Figure 3.9 Measured propagation loss of two groups of SOI curved waveguides with different rib sizes and curve

radius.

Total insertion loss of the two groups of SOI curved waveguides with rib sizes of 3.5 and 4.0
pm have been tested using the cut-back method. Here using the Fabry-Perot interferometric
method, the propagation loss of the two groups of SOI curved waveguides are then tested.
Figure 3.9 summarizes the measurement results at central wavelength of 1550 nm. We observe
that with a given rib waveguide size, larger curve radius brings smaller propagation loss and
with a given curve radius value, larger rib waveguide size results in larger propagation loss.

Same results have been obtained by both two measurement methods.
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3.2.6. Discussion and Summary

In this demonstration, only SOI curved waveguide is analyzed. In fact, Fabry-Perot
interferometric method provides an efficient solution to measure all the loss sources of an SOI
waveguide device. For example, to measure the access loss of a SOI corner-turning-mirror
structure, the propagation loss of a straight waveguide must be determined first. Then the access

loss of corning-turning mitror can be calculated according to equation (3-4).

In summary, the propagation loss and bending loss of an SOI curved waveguide were analyzed
using a generalized Fabry-Perot interference method assisted by an optical vector analyzer
(Luna system). The combination of Fabry-Perot resonance method and Luna System provides

an efficient and accurate solution for measuring all the loss sources of an SOI waveguide device.

3.3. Loss Measurement of SOI Corner Turning Mirrors

As discussed above, to maximize the integrity of photonic integrated components on a single
SOI chip, the compact and low loss SOI waveguide corners are required. In the past decade,
there are numerous theoretical analyses for the rib waveguides corners [67, 68]. However, few
works have been reported so far on the design and fabrication of the reflector [57, 58], though it
has a great impact on the performance and the integration of devices and/or components. In fact,
an adoptable structure of corner mirrors is a dominant element in building the complicated

multiple-function photonic circuits.

Most recently, a comprehensive theoretical model and systematic discussion on the design and
optimization of the reflector for SOI waveguide corner structures have been reported by our

group [69]. The combined effect of the most significant physical factors is taken into account.
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SOI corner turning mirror (CTM) structures with different parameters have been designed and
fabricated based on the theoretical model. In this section, the performance of the SOI CTM
devices are measured and compared to that of the SOI curved waveguides. The testing results
show that the innovative SOI CTM structures can not only significantly reduced the footprint
size of the SOI chip, but also improve both the propagation loss and polarization dependent loss

by replacing the curved sections in any SOI planar lightwave circuit systems.

3.3.1. SOI Corner Turning Mirrors (CTM)

SOI CTM structures are based on optical total internal reflection (TIR) principle [57, 58].
Therefore a sharp (90 degree) turning angle can be achieved. Figure 3.10 shows the standard
geometry (top view) of a SOI rib waveguide-based corner turning mirror structure, which is
composed of waveguides and reflection mirror. L, and W, are the length and width of the
reflector part, respectively. To ensure high reflectivity, the reflection mirror is usual made of air.
Strong reflection is caused due to the significant refractive index different between the silicon

waveguide and the air.

W,
Reflection
Mirror
Rib
Waveguide

Figure 3.10 standard geometry of a SOI rib waveguide based CTM structure. L and W are the length and width
of the CTM reflector, respectively.
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Figure 3.11(a) show a cross-section view of the SOI rib waveguide that is used to form a corner
turning mirror structure. 7 and 4 are the width and height of the SOI rib, respectively, and H is
the total thickness of the silicon layer of the SOI waveguide structure. These waveguide
parameters should be carefully designed to maintain single-mode condition [49, 50]. In addition,
the mode size, which is directly determined by the waveguide parameters, is another very
important factor in determine the mirror size. It has been reported that a smaller mode size has
lower reflection loss at the mirror [70]. However, a very small mode size may cause problems
in mode matching with other components, such as single-mode optical fibers. Therefore, the

mode size should be properly chosen.
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Figure 3.11 (a) Cross-section of a SOI rib waveguide structure. (b) Calculated mode profile for the SOI rib
waveguide. (¢) Single mode distribution. Refractive indices are 3.4784 for silicon and 1.4443 for silicon dioxide

at 1.55 pm.
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The designed and fabricated SOI rib guides have the optimized waveguide parameters of
T=4um, h=1pum,and H =4 um . With the given waveguide parameters, the mode field of
the SOI rib waveguide is calculated using beam propagation method (BPM). Refractive indices
of 3.4784 and 1.4443 are chosen for silicon and silicon dioxide, respectively, at 1.55 pm.
Commercial simulation software tool (Optiwave BPM) is used, with the result shown in Figure
3.11(b). Propagation of the mode filed is also calculated, as shown in Figure 3.11(c). It is shown

that single-mode operation is well confirmed.

Reflector Width (pm)

Figure 3.12 Transfer efficiency as a function of reflection mirror dimension (length and width). Reflection angle

is 90°, mirror tilt angle is 0°, surface roughness is 100 A, and shift of mirror is 0.07 pm. (From [69])

In the design of reflection mirror, the following parameters have to be considered accordingly:
dimension (the length and width) of the mirror, position (shift to the SOI waveguide), surface
roughness and tilt angle of the mirror plane, and material refractive index of the mirror. A

comprehensive theoretical model and systematic discussion on the design and optimization of
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the reflector for SOI waveguide corner structures have been reported [69]. The combined effect

of the most significant physical factors is taken into account.

The dependence of the optical transfer efficiency of the SOI waveguide corner turning mirror
structure on the reflector dimension and the corner angle has been analyzed using FDTD
method. Figure 3.12 shows the transfer efficiency versus the reflection mirror dimension (length
and width) [69]. Here reflector material is air, reflection angle is 90°, mirror tilt angle is 0°,
surface roughness is 100 A, and shift of mirror is 0.07 pm. It is clearly shown that the transfer
efficiency of the corner turning mirror can achieve the maximal value of more than 96% at a

small reflector size.

CREC 20KV 14.4mm 2,00k SE(M) 8o 1052f

(a) (b)

(T
CPFC 2.06 14 4mm x10.0k SEIM) 91008 1322

Figure 3.13 Scanned electrical microscope (SEM) images of feature patterns/structures and measurement
evaluations of the fabricated structures. (a) The deep air trench as the mirror; (b) the corner turning structure with

the SOI rib waveguide.

According to above optimization, SOI corner turning mirror (CTM) structures with different
parameters (reflecting plane shifts of -140, -70, 0, 70, and 140 nm) have been designed and then
fabricated in Canadian Photonics Fabrication Centre (CPFC) with support from a fabrication
grant of Canadian Microsystems Corporation (CMC). The manufacturing technology for the

designed SOI Corner turning mirrors is the high-precision electron-beam lithographic
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fabrication with non-contact mask operations. The fabrication quality is evaluated with
measurements of the feature values in waveguide dimensions and CTM structure according to
the tolerances as shown in Figure 3.13. We can see the SOI rib waveguide has a sharp 90 degree
bending at the corner where a square shape mirror structure (the deep air trench) is used. The

sidewall verticality of the deep air trench has achieved 9010.4 degree. Note that for the deep

air trench the dimension error is 0.23 um within 10.0 pm dimension and the sidewall angle error

i 0.6° in a 1.5 um depth.

3.3.2. Measurement Results

The manufactured pattern of SOI double-corner turning mirror structures is shown in Figure
3.14. These structures are the samples used for testing the optical performance improvement of
the optimal CTM structure compared with the conventional curved waveguides in PIC systems

in this thesis.

Figure 3.14 Micro-photo images of the CTM structures for measuring the transfer efficiency. The inset shows

the double 90 degree corner turning mirror structure.
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With the fabricated device, at the wavelength of around 1550 nm, a guided mode output is
observed using an infrared camera, as shown in Figure 3.15(a). The losses of the fabricated SOI
corner turning mirrors are measured using the experimental setup as shown in Figure 3.3. One
group of SOI corner turning mirrors with six different rib sizes of 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0
um are tested. The measurement results of their access losses, which are defined as the
difference between the total insertion loss and the propagation loss of the SOI rib waveguides,
are shown in Figure 3.15(b). The total insertion loss of the SOI corner turning mirror structure is
measured using the cut-back method. The propagation loss of the SOI rib waveguide is
estimated by measuring the propagation loss rate of a SOI straight rib waveguide with the same
dimension of the corning mirror waveguide, using the previous described Fabry-Perot
interference method. In addition, by tuning the polarization controller, the polarization state of

the incident light beam can be controlled. Therefore, both TE and TM modes can be obtained.
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Figure 3.15 Measurement results of the CTM structures. (a) Measured far-field mode pattern using an infrared
camera, veryfying single-mode operation. (b) Access loss of TE- and TM-modes for CTM structures with

different rib sizes.
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As shown in Figure 3.15(b), both TE- and TM- modes are tested; the polarization dependent
loss (PDL) is only 0.05 dB. Another interesting observation is that different rib sizes don’t

change the access loss obviously.

3.3.3. Discussion and Summary

A large-size SOI rib waveguide corner mirror has been designed. In accordance with our
previous work on the modeling and numerical calculation, a serial of corner turning mirror
devices with different parameters have been fabricated. In this thesis, we report the

experimental measurement results of the fabricated SOI corner turning mirror devices.

With a precision testing station composed of an optical vector analyzer (LUNA system), the
optical propagation and access loss of the SOI corner turning mirror structures with different rib
sizes have been accurately measured. With the detailed measurements and analyses we obtained
that the average propagation loss of each SOI corner mirror structure is 0.14 and 0.19dB for TE
and TM polarizations, respectively, resulting in a polarization dependent propagation loss of
only 0.05dB. After comparing the results to the SOI curved waveguide structures that studied in
Chapter 2, we can reach a conclusion that our innovative SOI corner turning mirror structures
can not only significantly reduce the footprint size, but also improve the access loss by

replacing the curved sections in any SOI planar lightwave circuit systems.
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CHAPTER 4 SOl MULTIMODE INTERFEROMETER
BASED 90° OPTICAL HYBRID

Optical 90° hybrids, also known as quadrature optical hybrids, have become the key
components in many applications, such as in coherent detection systems, where optical signals
with quadrature phase-shift keyed (QPSK) can be demodulated by using optical 90° hybrids and
balanced detectors. Optical 90° hybrids can be implemented by using a passive 4 x 4 multimode
interferometer (MMI) coupler on a SOI rib waveguide platform. In this Chapter, the concept of
4 x 4 MMI-based optical 90° hybrids will be introduced. Such a device is first studied by
numerical simulations using BPM method followed by a detailed experimental measurement of

device performance in terms of both amplitude and phase response.
4.1 Introduction to Multimode Interference (MMI) Device

Multimode interference (MMI) devices can perform many different splitting and combining
functions and have become very important integrated optical components in photonic integrated
circuits. Figure 4.1 shows a schematic configuration (top view) of a simple MMI waveguide
with one input port and one output port, which consists of input and output single-mode
waveguides and a large dimension multimode waveguide. The key structure of an MMI coupler
is the large size waveguide designed to support a large number of guided modes. The width and

length of the multimode waveguide are W _ = and L

mmi

respectively.

mmi 2
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Figure 4.1 Schematic configuration of a 1x1 MMI waveguide.

/

Multimode Waveguide

z

S~

Output Single-mode
Waveguide

MMI devices are operating based on self-imaging effect, also known as Talbot effect [71, 72],

which generates self-imaging of objects when coherent light beam propagates through the

multimode region. The length of the central multimode waveguide is chosen such that the

optical field entering from an input waveguide port is self-imaged and produces an array of

identical images at the some specific locations. If the output ports are placed at those locations,

a MMI device can split the input power into several branches.

Operation of a MMI waveguide coupler can be described as follows. The input light beam

excites a large number of optical modes in the central thick coupling region. Each of the modes

propagates with a slightly different propagation constant. For example, the m-th TE mode in the

multimode waveguide is expressed by [31]
mu 20 w. .
A cos|u_ + ex Ll x+—2 - 78z, x<
" 2u mr .
E"(x,z)=1 A, cos| —x——— |exp(—j/,z), |x|£
g Vmei 2
mru 20 w. . /4
A cos|lu —— |exp| ——Z| x——22 |— B z |, x>
oo~ p{ W( 2 j Jﬂ’”}
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Since the propagation constant of the m-th mode can be expressed as

(m+ 1)2 A
neﬁ' rjmi

B, =\/k2n2 —(2um /W 7, then the total electric filed in the MMI

2
eff mmi) = kneﬁ' -

waveguide region (|x| < %) is obtained by

M-l M-l
Y(x,z)= Z El(x,2)= exp(—jkneffz)z A, cos [ (m + Dz x— mzﬂj
m=0 m=0 mmi

(4-2)
(m+ 1)2 7
X exXp| J WZ

eff " mmi

where M is the total number of all supported modes. We can define the characteristic length

4n w?

C % Then the electric field at the MMI characteristic length L. is obtained as

P(x,L,.)= exp[— Jkn, Lo+ j(m+1) 7[} ¥(x,0) (4-3)

eff

It is easily confirmed from equation (4-3) that the input field will be reproduced (self-imaged) at

the characteristic length L. with slight phase change. In general, the quality of self-imaging

effect is dependent on the number of supported modes, the confinement of the multimode

waveguide, and the waveguide birefringence.

This self-imaging feature in an MMI waveguide has been verified by numerical simulations
using the BPM method. Figure 4.2 shows the self-image formation for light beam input at the
center of the MMI waveguide. We can see that an image of the input electric field is reproduced
at the characteristic length of the MMI waveguide. Note that depending on the MMI waveguide

length, multiple images of the input field can also be generated on the output end if the
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waveguide length is less than the characteristic length L. It is interesting that N images are
formed at specific location of z=L./N, for any integer N. Therefore, by properly choosing

the coupler length, on can design 1 x N power splitters based on the MMI concept.

Figure 4.2 Numerically simulated intensity evolution of a 1x1 MMI waveguide over a characteristic length
showing formation of multiple images at certain locations. The light is input at the center of MMI waveguide.

Simulation is performed using the BPM method (OptiBPM tool).

4.2 Optical 90° hybrids based on SOI 4 x 4 MMI Coupler

Optical 90-degree hybrid is a six-port device (with two inputs and four inputs) used for coherent
signal demodulation in fiber optic communications systems. In a coherent signal demodulation
system, the quadrature phase-shift keyed (QPSK) signal (S) and the local oscillating (L) are
incident to the optical hybrid. At the outputs, the hybrid provides four linear combination of the
signal with the reference which differs by a relative phase shift of the reference of 90°. That is,

the output phase relations are given by S+L, S—jL, S+ jL and S—L. The four output

signals are detected by a pair of balanced detectors to provide in-phase and quadrature (1&Q)

channels of the QPSK signal.
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MMI based integrated optical hybrids have been intensively investigated over a wide ranges of
technologies. For example, optical 90-degree hybrid can be realized using 2 x 2 MMI couplers
plus a phase shifting device, which is used to achieve the required phase relation at the output of
the 2 x 2 coupler [73, 74]. The advantage of this approach is that the phase relation at the output
of the MMI waveguide coupler is reconfigurable and can be controlled very accurately.
However, since an addition phase control circuit is required, extra power dissipation and
increased footprint are caused. On the other hand, the optical 90-degree hybrid can be realized
using a fully passive 4 x 4 MMI coupler that intrinsically offers the required phase relations
between the output ports. In this thesis, optical 90-degree hybrids based on 4 x 4 MMI couplers

are studied theoretically and experimentally.

Ei+E,
.= Ei+jE;
Multimode Interference .
Waveguide Ei-JE,
E1-E;

Figure 4.3 Schematic of a 4 x 4 MMI coupler configured as an optical 90-degree hybrid. Input fields £, and E,

are incident at input ports 1 and 3, respectively.

An optical 90-degree hybrid can be implemented using a 4 X 4 MMI waveguide coupler, when
the signals are present only at input ports 1 and 3, as shown in Figure 4.3. The required phase
relation arises naturally at the output ports of an ideal 4 x 4 MMI waveguide coupler. Let the
input fields incident to two input ports are £, and E», respectively. At the output of the optical

hybrid generates a linear combination of the two input fields, with a relative phase shift between
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two input fields of 0, w/2, 3n/2, and =. Ideally, if perfect power balance between all the output
ports is satisfied and any constant phase offset is neglected, the output fields are proportional to

E +E,, E +JE,, E - jE,, and E, —E,, respectively. By sending channel 1 and 4 to one

balanced photodetector, and channel 2 and 3 to another balanced photodetector, the in-phase
and quadrature (I&Q) terms of the QPSK signal can be demodulated. Note that to direct the
output ports to the correct balanced receivers, a waveguide cross over will be required. To
overcome this problem, a new structure applying a 2 x 4 MMI coupler, a phase shifter and a 2 x

2 MMI coupler has been reported recently [75]. However, the device gets more complicated.

Here the principle of MMI coupler based optical hybrid is briefly described. From the
discussion in Section 4.1, we know that N images are formed at specific location of

L,=L./N, for any integer N (in our case, N =4 ), where L is the characteristics coupling

length of the MMI waveguide. Consider an N x N MMI waveguide coupler, inputs are
numbered with indices 7, and output are numbered with indices j. The phase relation for imaging

input 7 to output j can be expressed in a compact form as [76]

o+t (1) (2N = i), i+ even
4N
b= x (4-4)
¢O+H(j+i—l)(2N—j—i+1), i+ jodd

T T

where ¢, is the constant phase given by ¢, =—kn L, = _N_Z(N —1). It is easily reach a

eff

conclusion that an ideal 4 x 4 MMI waveguide coupler can function as an optical 90-degree

hybrid.
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4 x 4 MMI waveguide couplers have been previously implemented in glass stripe waveguides
[72], in InP platform [77], and in 4um silicon-on-insulator (SOI) waveguides [78]. Most
recently, our group has reported a more compact optical 90-degree hybrid, which is built on
smaller size SOI waveguide technology (1.5 pm SOI -based rib waveguide, with 0.8um rib
height) [79]. In this thesis, 4 x 4 MMI waveguide coupler based optical 90-degree hybrids are

studied by both simulations and experimental measurements.

— R

Figure 4.4 The geometry of a 4 x 4 MMI coupler.

The geometry of the designed 4 x 4 MMI waveguide coupler is shown in Figure 4.4. The
parameters of the MMI device are listed below: the length and width of the multimode

waveguide are L . and W

, > respectively, the rib waveguide width is 7, , and the center-to-
center spacing between two adjacent waveguides is d . Note that the spacing should be large
enough to avoid the power coupling between adjacent SOI rib waveguides. Then the minimum
width of the multimode waveguide should be determined according to cover all the 4
waveguide channels. The length of the multimode waveguide must be carefully selected to

satisfy the self-image conditions. For a 4 x 4 MMI waveguide, an estimate of the MMI length is

given by
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n W?*
mei = L_C = o (4_5)
4 2

Based on the considerations above, 4 x 4 MMI waveguide couplers are designed using the
Kalistos optimizer [79]. The parameters of the MMI waveguide are summarized in the
following table. Figure 4.5 shows the example layout of mask design for a 4 x 4 MMI
waveguide coupler, using the DW-2000 mask layout design tool. Extension taper waveguides at
the input and output ports of the MMI coupler are also designed to achieve optical coupling

from lasers and to photodetectors.

TABEL 4.1. PARAMETERS OF 4 x 4 MMI WAVEGUIDE

Parameters Value (in um)
Length of MMI (L, ) 3715.8
Width of MMI (W, ) 40.296
Width of rib waveguide (W), ) 4
Waveguide spacing (d ) 10.222

4x4 MM

Figure 4.5 Example layout of design mask for a 4 x 4 MMI coupler. From [79].
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4.3 Simulation using BPM Method

The performance of 4 x 4 MMI coupler based optical 90-degree hybrids is first studied by
numerical simulations using BPM method (OptiBPM tool). The parameters listed on Table 4.1
are chosen in the simulations. Both the power distribution and phase relation between the four

output ports are studied.

Output #1

Output #2

Output #3

Output Ports

Output #1

Output #2

Input #3 I Output #3

Output #4

Output Ports

Figure 4.6 Electric field distributions and output signals for two cases. (a) Input presents at port #1, and (b) input
presents at port #3.

Simulations are implemented in two separate steps: in each step, the input optical field is
present at only one of the input ports (#1 and #3). Results obtained from the two steps are
compared to evaluate the performance of the 4x4 MMI coupler based optical hybrid. Figure 4.6

shows the electric field distributions and output signal in both cases. In this case, the input
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wavelength of 1550 nm is selected. We can see that the input optical fields have been equally
distributed to the four output ports due to the self-imaging effect. Table 4.2 summarizes the

power split ratio.

TABEL 4.2. ELECTRIC FIELD DISTRIBUTION RATIO IN 4 x 4 MMI

Output Ports Power Ratio (Input #1) Power Ratio (Input #3)
Port #1 0.2455 0.2483
Port #2 0.2444 0.2420
Port #3 0.2482 0.2432
Port #4 0.2442 0.2445

The phase distributions are also simulated when the input field excites the input port #1 and #3,
respectively. The input optical signal has a wavelength of 1550 nm. The simulation results of

both cases are shown in Figure 4.7. The phases of the optical signal at all the four output ports

are also plotted.

TABEL 4.3. PHASE RELATIONS AT OUTPUT PORTS OF 4 x 4 MMI

Output Ports Phe(llss pilrlltielgjree Ph'c(llsre1 ;lrlltic;%ree Phasedlzgei';l;ion in
Port #1 48.01 -177.42 134.57
Port #2 2.73 47.45 44.72
Port #3 -177.39 48.54 225.93
Port #4 46.92 2.71 -44.21
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Figure 4.7 Phase distributions and phase relation for both cases. (a) Input field presents only at port #1, and (b)
input field presents only at port #3.

Table 4.3 summarizes the phase relation between the four output ports when the input field
excites the input port #1 and #3. We can find that the phase differences between the output port
#1 and other three output ports are 89.85°, -90.36°, and 178.78°, respectively, which matches

very well with the desired values of n/2, 31/2, and .

It is preferred that an optical hybrid can work over broadband spectral range in the
telecommunications band (~1550 nm). The wavelength dependence of the output phases is also
studied. Numerical simulations are conducted using BPM method with the wavelength varying
over 20 nm bandwidth (from 1540 to 1560 nm). The corresponding results are plotted in Figure

4.8. Across the 20 nm bandwidth, the output phases remain stable with a maximum drift of 0.12
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radian, which verifies the broadband performance of the 4 x 4 MMI coupler based optical

hybrid.
1.5F O— S © © —0 1 #2-#1
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Figure 4.8 Relative phase differences at the output ports with respect to port #1.

4.4 Measurement Results

The designed compact 4 x 4 MMI coupler has been fabricated at the Canadian Photonics
Fabrication Centre (CPFC). The MMI devices are fabricated in SOI rig waveguides with top
silicon width of 1.5 um and a rib height of 0.8 um. In this Section, experimental measurement
results demonstrating broadband quadrature phase behavior of the compact SOI 4 x 4 MMI
couplers are presented. The measurement results verify the potential application of SOI-

waveguide-based optical 90° hybrid in a coherent optical receiver.

Principle of Phase Measurement
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Input 1X2
Coupler (g Ws 4X 4 MMI

Figure 4.9 Concept of phase measurement of 4 x 4 MMI coupler based on an optical interferometer.

Although phase information can be easily obtained from numerical simulations, direct
measurement of optical phase responses of different output ports is quite challenging. A feasible
method to measure phases is based on optical interference measurement. The concept of
measurement system is shown in Figure 4.9. A 1 x 2 optical coupler is used to split the input
optical signal into two arms and form a Mach-Zehnder interferometer. A constant time delay
AT 1s introduced in one of the arms. Therefore, a spectral interference fringe is obtained with
the free spectral range (FSR) determined by the time delay. When we measure the interfered
signal at the output ports, different phase shifts are introduced by the 4 x 4 MMI coupler. The

optical signal at the i-th output port is given by

Ai(/l):a{l+cos(27r Aifcmgoiﬂ (4-6)

0

where o is the attenuation coefficient, 4 is the central wavelength, c is the light velocity in
vacuum, and ¢, is the phase different between the two input ports, measured at the i-th output

port. The interference fringes are spectrally shifted due to the constant phase shifts. By
analyzing the interference fringes at different output ports, phase relation of the 4 x 4 MMI

coupler can be determined by using Fourier transform [80] or Hilbert transform [81] algorithms.
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Measurement Setup

To evaluate the phase behavior of 4x4 MMI couplers, we construct a 4x4 delayed
interferometer based on the MMI coupler, as shown in Figure 4.10. A fiber-based beam splitter
(BS) is used to divide the input signal into two paths. Only input ports #1 and #3 of the 4x4
MMI coupler are used. The length difference of the two input fibers to ports #1 and #3 is
properly selected such that the implemented interferometer has a free-spectral range (FSR) of

~0.5 nm, according to equation (4-6).

BMF

|

-(—---.‘

BMF

(b)

Figure 4.10 (a) Test bed setup to measure the phase relation of a 4x4 MMI based on a delayed interferometer
(DI). BS: beam splitter. (b) Picture showing the coupling between fiber and MMI waveguide.
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The interference fringe at each output port is measured in the spectral domain. The phase shifts
between these interference fringes represent the phase differences at the output ports with
respect to the reference port. The measurement is implemented by sweeping the wavelength of
the input optical signal and monitoring the transmitted optical power at each output port. A
tunable laser source and a photo detector are controlled by a PC running Labview program to
perform the measurement in a fast and accurate manner. It is known that the delayed
interferometer is usually very sensitive to environment disturbances, such as temperature
change, table vibration, or air flow. Therefore the measurement is should be implemented

within a short period of time.

Measurement Results using A Tunable Laser

A tunable laser source is used in the measurement. The wavelength of the input signal is fast
tuned over a broad spectral range (~20 nm) with a constant step of 0.02 nm. Waiting time for
wavelength sweeping is 0.5 s, which is selected to achieve fast measurement but still maintain

good stability for each optical wavelength.

Figure 4.11(a)-(d) show the measured transmission spectra of the fabricated 4 x 4 MMI coupler
device at four output ports employing the testing setup as shown in Figure 4.10. Output
transmission spectra from each output port varied sinusoidally over a 20-nm bandwidth (1540-
1560 nm) in accordance with the phase differences at the delayed interferometer. The inset in
Figure 4.11(a) shows the zoom-in view of the spectral interference fringe of output port #1 at
vicinity of 1543 nm, which clearly verifies an FSR of 0.52 nm. Note that the transmission
spectrum was measured only for a single polarization (linearly polarized transverse-electric

(TE) mode). Transverse-magnetic (TM) mode performance is comparable according to our
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previous simulations, proving that the MMI device is polarization-independent. Experimental
evaluation of MMI performance for TM mode will be implemented in the future and beyond the

scope of this thesis.
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Figure 4.11 Measured transmission spectra for TE mode at four output ports of the 4 x 4 MMI coupler.

To evaluate the wavelength dependence of the output phases and to compare the phases of
different output ports, the phase information of spectral interference fringe at each output port is
extracted using digital Hilbert transform [81], with the results plotted in Figure 4.12(a). The
inset in Figure 4.12(a) shows the phases of four output ports at vicinity of 1550 nm. Relative
phases at the output ports with respect to port #1 are shown in Figure 4.12(b). Phase differences

between port #2 and port #3, port #1 and port #4 are plotted in Figure 4.12(c) and (d),
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respectively. The red dashed lines show the desired phase shift value. We are able to observe -

phase differences between the in-phase ports (#1 and #4) and the quadrature ports (#2 and #3).
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Figure 4.12 Measured phase behavior of the 4 x 4 MMI coupler. (a) Extracted phases at the four output ports, (b)
relative phases at the output ports with respect to port #1, (c) phase difference between output #2 and output #3,
(d) phase difference between output ports #1 and #4.

As seen in Figure 4.12, phase relationship among different output ports remains stable across
the 20-nm spectral bandwidth. The phase variations on the traces in the Figure are mainly
attributed to the variations of input and output coupling, which is not implemented on the
experimental on-chip. Integrating beam splitter, input optical waveguides and the 4x4 MMI

device on a single chip will greatly improve the measurement accuracy.

Measurement Results using Luna System
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To improve the measurement accuracy, an optical vector analyzer (Luna System) is used to
replace the tunable laser source and the photodetector. As a result, the broadband spectral
interference fringes can be measured in a faster and more accurate manner. Figure 4.13 shows
the measured transmission spectrum at the output port # of the 4 x 4 MMI coupler over a 90-nm
spectral range (from 1525 to 1615 nm). The effective spectral resolution of the measurement
offered by Luna system is about 3 pm. Inset shows the zoom-in view of the spectral interference
fringe at vicinity of 1550 nm. We can find that amplitude variation and phase shifts are
observed over during the wavelength scanning. However, within a relatively narrow bandwidth
(or equivalently a short measurement time), clear sinusoidal spectral interference fringes can be
obtained, which may lead to more accurate measurement of phase behavior of the 4 x 4 MMI

coupler.
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Figure 4.13 Measured transmission spectrum at the output port # of the 4 x 4 MMI coupler over a broad spectral

range (90 nm). Inset shows the zoom-in view of the spectral interference fringe at vicinity of 1550 nm.
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Figure 4.14 Interference fringes measured at all the output ports. Labels indicate the respective port.

The interference fringes at all the output ports are measured using the Luna system, with the
results shown in Figure 4.14, where filter characteristics over 3-nm bandwidth is plotted. The
labels indicate the respective output port. We can see that spectral shifts of almost half of the

FSR are observed, indicating the desired n/2 phase shifts between the output ports.

Hilbert transform algorithm is applied again to reconstruct the phase information of the
measured spectral interference fringes, with the results shown in Figure 4.15. We can clearly
see that improved phase relation is obtained within a relatively narrow bandwidth (~ 3 nm),
thanks to the use of Luna system. Improved phase measurement can also be implemented at
different spectral ranges with similar optical bandwidth (~3 nm). Figure 16 shows the measured
relative phases at the output ports with respect to port #1 over a 3-nm bandwidth (from 1552.5

to 1555.5 nm), verifying the quadrature phase behavior of the 4 x 4 MMI coupler.
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Figure 4.15 Measured relative phases at the output ports with respect to port #1 over a 3-nm bandwidth (from
1546 to 1549 nm)..

2
1.5 -
#2-#1
7]
[
© U
T 1 ]
o #4-#1
o
0.5 B
#3-#1
0 | | | |
1552.5 1553.5 1554.5 1555.5

Wavelength (nm)

Figure 4.16 Measured relative phases at the output ports with respect to port #1 over a 3-nm bandwidth (from

1552.5 to 1555.5 nm).
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4.5 Discussion and Summary

In this Chapter, a compact SOI-based 4x4 MMI coupler was tested with an emphasis on phase
performance. The measurements are implemented based on a delayed interferometer. The key
issue is to carry out the measurements fast and accurately. Tunable laser was first used to scan a
20-nm wide spectral range. Quadrature optical phase behavior was observed over the 20-nm
spectral range around 1550-nm. However, moderate phase errors are observed, which are
mainly attributed to the variations of input and output coupling during the measurement process

(a few minutes).

To improve the measurement accuracy, an optical vector analyzer (Luna system) is then used to
perform the measurement in a faster and more accurate manner. Phase behavior of the MMI
coupler over a much more broad spectral range (from 1525 to 1615 nm) was characterized.
While phase variations still present during the measurement, superior phase relation was
obtained with relatively narrow spectral bands. To ensure good measurement over the whole
bandwidth and to greatly improve the measurement accuracy, all the discrete optical devices,
such as beam splitter, input optical waveguides and the 4 x 4 MMI device, should be integrated

on a single chip.

In summary, 4 x 4 MMI couplers have been realized in SOI rib waveguide technology. Optical
phase quadrature behavior of the MMI coupler has been experimentally characterized. Our
demonstration verifies its functionality as a passive optical 90° hybrid and its application in

digital optical coherent receivers.
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CHAPTERS CONCLUSIONS

5.1 Thesis Summary

Silicon-on-insulator (SOI) waveguides have become a significant part of photonic dense
integrated circuits. In this thesis, the research efforts have been focused on the performance

characterization of passive SOI waveguide devices.

The first group of SOI waveguide devices under investigation is curved waveguides and corner
turning mirrors. Low-loss SOI curved waveguides are attracting attention as they offer solutions
to the dominant issue of integration density of photonic integrated circuits on a single SOI chip.
Propagation loss and radiation loss rate of SOI curved waveguides are accurately measured by
using Fabry-Perot interferometric method with the help of an optical vector analyzer (Luna
system). The presented technique provides a universal solution for optical loss measurement of
photonic integrated chips. However, the minimum acceptable radius curvature of the SOI rib
curved waveguide bend structure is quite large. As a solution to this problem, SOI corner
turning mirror (CTM) structures based on total internal reflection have been studied. The optical
propagation loss and polarization dependent loss of SOI CTM structures have been measured
using an optical vector analyzer (Luna System). The testing results show that the innovative
SOI CTM structures can not only significantly reduced the footprint size of the SOI chip, but
also improve both the propagation loss and polarization dependent loss by replacing the curved

sections in SOI photonic integrated circuit systems.
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The second SOI waveguide device under test is a 4 x 4 MMI coupler. Performance of the MMI
coupler and its utility in optical 90° hybrid were studied in both numerical simulation and
experimental measurements, with an emphasis on phase relation measurement. From the
simulation and experimental results, it is concluded that Quadrature optical phase behavior was
observed over a 20-nm-wide spectral range around 1550-nm, verifying its functionality as an

optical 90° hybrid and its application in digital optical coherent receivers.
5.2 Major Contributions

Performance of SOI waveguide devices have been studied in this Thesis. Numerical simulation
methods, such as FDTD and BPM, have been used to simulate the designed SOI rib waveguide
devices. The mode field, power distribution, and complex spectral response of the devices have

been calculated, with good agreements with theoretical analysis.

The author performed all the measurements and characterization of the devices. To accurately
characterize the performance of the SOI waveguide devices, a complete SOI chip testing setup
has been built. System parameters, such as coupling conditions, data acquisition settings and
digital processing algorithm, have been optimized. Specifically, a Fabry-Perot interference
method has been analyzed and implemented to measure the propagation loss of SOI rib
waveguides. A delayed interference method was employed to measure the phase behavior of
the 4 x 4 MMI couplers. An optical vector analyzer (Luna System) was used to improve the
measurement accuracy. For example, in both Fabry-Perot interference and delay measurements,
broadband spectral response (interference fringe) of the SOI devices was measured with a high
spectral resolution of 3 pm. In addition, the broadband measurements were performed in a fast

manner (less than 1 s), such that the environment disturbances to the interferometers can be
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greatly reduced. Good agreement between simulated and experimentally measured results gives

us confidence that the designed SOI devices can deliver their function in practical applications.

The original contribution of this research work has been evidenced by the following

publications and presentations in scientific and engineering journals and conferences.

Publication List

1

H. Nikkhah, Q. Zheng, 1. Hassan, S. Abdul-Majid, T. J. Hall, “Free space and waveguide
Talbot effect: phase relations and planar light circuit applications,” Photonic North 2012, 6-8 June
2012, Montreal, QC, Canada.

S. Abdul-Majid, 1. Hasan, Q. Zheng, S. Bidnyk and T. J. Hall, “90° SOI Optical Hybrid for
Radio-over- Fiber Links,” Annals in Telecommunication, accepted.

D. G. Sun, Z. Hu, S. Abdul-Majid, R. Vandusen, Q. Zheng, 1. Hasan, T. G. Tarr, S. Bidnyk,
and T. J. Hall, “Limitation Factor Analysis for Silicon-on-Insulator Waveguide Mach-Zehnder
Interference based Electro-Optic Switch,” IEEE/OSA Journal of Lightwave Technology, vol. 29,
no. 17, pp. 2592-2600, Sep. 2011.

Q. Zheng, D. G. Sun, I. Hasan, S. Abdul-Majid and T. J. Hall, “An Accurate Measurement
Method for Optical Radiation Loss of Silicon-on-Insulator Curved Waveguides,” 775
International Workshop on Fibre Optics and Passive Components (WFOPC 2011), 13-15 July 2011,
Montreal, Canada. (Poster presentation)

Q. Zheng, 1. Hasan, D. G. Sun, S. Abdul-Majid, and T. J. Hall, “Performance Compatison
between Silicon-on-Insulator Curved Waveguides and Corner Turning Mirrors,” Photonic North
20171, 16-18 May 2011, Ottawa, ON, Canada. (Oral presentation)

D. G. Sun, I. Hasan, S. Abdul-Majid, R. Vandusen, J. Udoeyop, Q. Zheng, A. Hussien, Z. Hu,
G. Tarr, and T. J. Hall, “Performance Improvement to Silicon-on-Insulator Waveguide
Directional Coupler based Devices," Photonics Asia 2010, 18-20 October 2010, Beijing, China.

K. Khan, Q. Zheng, D. Ioan, A. Benhsaien, S. Abdul-Mahid, Trevor J. Hall and Karin Hinzer,
“O-band Semiconductor Optical Amplifier Design for CWDM Applications,” CMC 2070
TEXPO, 4-6 October 2010, Ottawa, ON, Canada. (Conference abstract)
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8 Q. Zheng, 1. Hasan, D. G. Sun, S. Abdul-Majid, and T. J. Hall, “Performance Measurements
of Silicon on Insulator Corner Turning Mirrors,” CMC 2010 TEXPO Research Competition, 4-6
October 2010, Ottawa, ON, Canada. (Conference abstract)

5.3 Future Work

This thesis work has explored performance measurement of a few important SOI rib waveguide
devices. Different measurement methods have been used to characterize the device response
with the help of the Luna System. A complete testing setup has been built to perform the
measurements. However, many challenges still remain in the measurement. For example, in the
current measurement of phase behavior of the 4 x 4 MMI coupler, an optical fiber based
delayed interferometer (Mach Zehnder type) has been built. Since the interferometer is
inherently sensitive to environment changes, the measurement accuracy could be greatly
affected. While the measurement time has been shortened to reduce the influence of
environment disturbance, moderate errors are still observed over broad spectral range. Future
research efforts could be made to develop a more stable measurement system. For example,
integrating beam splitter, input optical waveguides and the 4x4 MMI device on a single chip
will greatly improve the measurement accuracy. Such a device holds promise for coherent

optical receiver systems where an optical 90° hybrid is required.
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