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Abstract
This thesis describes the design, simulation, fabrication and characterisation of microphotonic silicon waveguide components on silicon-on-insulator (SOI) substrates. The
focus is on approximately 10 µm thick and single-moded (SM) silicon rib waveguides.
In particular, simulation results are given for straight and bent Si waveguides, directional
couplers (DCs), thermo-optically (TO) modulated Mach-Zehnder interferometers (MZI),
and waveguide gratings. A new analytical SM condition for Si rib waveguides is proposed and the development of a new grating simulation algorithm is reported. The theoretical part of the work also involves inventions relating to multi-step patterning of Si
waveguides, modulation of interferometric devices, and measurement of polarisation
axes from waveguides and polarisation maintaining (PM) fibers.
Clean room processing of waveguide chips is briefly described. Main process steps are
photolithography, electron-beam lithography, thermal oxidation, oxide deposition, oxide
dry etching and Si dry etching. Post-processing of the chips is also reported, including
dicing, polishing, anti-reflection (AR) coating, fiber pigtailing and wire bonding. The
development of fabrication processes for multi-step patterning, waveguide gratings and
photonic crystal waveguides is reported, although the optical characterisation of devices
based on these three processes is not included in the thesis.
Experimental results are given for Si rib waveguides with different thicknesses (H) and
widths (W). The minimum fiber coupling loss with H = 9 µm was 1.3 dB/facet without
an AR coating. The AR coating reduced the coupling loss by 0.7–0.8 dB/facet. Minimum propagation loss for a 114 cm long waveguide spiral with H = 9 µm and W = 7 µm
was 0.13 dB/cm. With H = 9 µm, the birefringence varied from 0.00063 to <0.0001
depending on the cladding material, and the maximum polarisation extinction ratio for
straight waveguides and directional couplers was >15 dB. Furthermore, fast modulation
with 15 dB extinction ratio (ER) is reported for TO MZI switches by using both traditional (10 kHz) and novel (167 kHz) modulation methods. Rise and fall times for single
switching operations were pushed below 750 ns with 9 dB ER. The setups and methods
used in measurements are described in detail, including a novel method for measuring
the polarisation axes of waveguides and PM fibers.
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Publication I covers the majority of the results obtained in the entire work. It starts with
an introduction to slab-, strip-, and rib-types of Si waveguides, followed by simulation
results for the single-mode limits and bending losses in rib waveguides. Experimental
results are then given for the polarisation properties of rib waveguides and for thermooptical switching. Finally, the multi-step patterning principle is proposed.
Publication II presents simulation results for bent Si rib waveguides with three thicknesses and with an optional groove. The results demonstrate the ability to significantly
reduce the bending radius by using smaller waveguides or additional grooves. Numerical
S-bend optimisation is also described.
Publication III presents the design and simulation of a thermo-optical switch based on Si
rib waveguides in a 2×2 Mach–Zehnder interferometer layout. This early work led to a
mask layout used to fabricate all the thermo-optical switches reported in this thesis.
Publication IV presents experimental results for the thermo-optical switch and introduces
a novel modulation principle. Some introduction and background to optical switching is
also given, and the switch fabrication is described in detail. Experimental results are
presented for both traditional modulation (up to 10 kHz) and the new type of modulation
(up to 167 kHz). Compromises of speed vs. power consumption are discussed.
Publication V presents the application of the novel modulation principle to the minimisation of single rise- and fall-times in a thermo-optical switch. The new method and the improved control electronics are described. Results with the traditional (rise- and fall-times
29–35 µs) and new modulation method (rise- and fall-times 0.7–0.73 µs) are given.
Publication VI introduces a computationally efficient, quasi-rigorous simulation method
developed for the design of etched gratings on top of Si rib waveguides. Thorough description of the new method and a comparison to a traditional film-stack method are
given. The new method is particularly useful for analysing deep gratings and the coupling of light between different waveguide modes.
Publication VII describes the fabrication of Si rib waveguides and grating structures. The
design and simulation of gratings are summarised and the fabrication of rib waveguides
is described. Then the fabrication of gratings on Si substrates by using electron-beam
lithography and dry etching is reported. Finally, the process combination and the realisation of waveguide gratings and other nanostructures on top of waveguides is discussed.
Publication VIII introduces a novel method for measuring the rotational angle of a fiber's
or a waveguide's polarisation axis. Alignment needs in polarisation maintaining (PM)
optical systems, alternative methods and a detailed theory of the new method are described. Experimental results indicate an angular accuracy better than ±0.2°. The new
method can be used e.g. to rotationally align PM fibers with respect to Si waveguides.
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List of symbols and abbreviations
c

Speed of light in vacuum

c1

Numerical variable for the proposed new SM limit (default -0.1)

dAR

Thickness of a single-layer antireflection coating

E

Electric field vector

h

Thickness of the silicon slab surrounding a rib

H

Waveguide thickness (total silicon thickness at the location of rib)

H

Magnetic field vector

I

Intensity of light

n

Refractive index of a material

n0

Refractive index of waveguide cladding (usually 1–1.5, default 1.46)

nAR

Refractive index of a single-layer antireflection coating

ngap

Refractive index of a material in a gap between a fiber and a waveguide

nSi

Refractive index of silicon (3.48)

N

Number of propagating waveguide modes

neff

Effective index of a waveguide mode

P

Heating power (P1 and P2 for waveguides 1 and 2, respectively)
or optical power (P1 and P2 for two orthogonal polarisations)

PON

Heating power needed for an ON state when only one heater is used

Pbias

Heating power used for both waveguides in a biased OFF state

Q

Correction term for the Soref's SM limit (QTE for TE and QTM for TM)

r

1/e field radius of a gaussian field (r1 and r2 for fields 1 and 2, respectively)
or ratio of real and ideal directional coupler length (for 50:50 operation)

rSMF

1/e field radius of a SM fiber (default 5 µm)

R

Bending radius

s

Fraction of input power for a 2×2 MZI that is always divided equally to both
outputs e.g. due to scattering

S

Poynting vector

TBAR

Relative output power (or transmission for lossless operation) from the bar
port of a 2×2 MZI (i.e. 1-TCROSS)

TCROSS

Relative output power (or transmission for lossless operation) from the cross
port of a 2×2 MZI (TCROSS,min and TCROSS,max are the minimum and maximum
when ∆φ is varied, TCROSS,ideal corresponds to an ideal directional coupler with
r = 1, s = 0)
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W

Waveguide (rib) width

W10

Proposed new width limit for eliminating higher order vertical modes in rib
waveguides

WSM

Proposed new width limit for SM rib waveguides

WSoref

Soref's width limit for thick SM rib waveguides

WSoref,Q

Soref's more accurate width limit for SM rib waveguides

x

Horizontal coordinate (along chip surface)

y

Vertical coordinate (perpendicular to chip surface)

z

Longitudinal coordinate (along waveguide axis)

α

Rotational angle (e.g. in a rotational junction or for a rotatable polariser)
or deflection angle in a waveguide mirror

∆φ

Phase difference between two waveguides or polarisation modes

∆n

Refractive index difference between a waveguide core and its cladding

∆neff

Effective index difference in a waveguide grating (groove vs. no groove)

∆ρ

Radial misalignment in a fiber-waveguide junction

∆T

Temperature difference between two waveguide branches

∆z

Longitudinal misalignment in a fiber-waveguide junction

ε

Permittivity

ε0

Vacuum permittivity

η

Coupling coefficient between two electro-magnetic fields

κ

Coupling coefficient in a fiber-waveguide junction when θρ = ∆ρ = 0

λ

Wavelength in vacuum (default 1550 nm)

µ

Permeability

µ0

Vacuum permeability

θρ

Angular misalignment in a fiber-waveguide junction (around ∆ρ)

θx

Angular misalignment in a fiber-waveguide junction (around x)

θy

Angular misalignment in a fiber-waveguide junction (around y)

Ψ

Arbitrary component of an electro-magnetic field

1D

One-dimensional (2D and 3D for two- and three-dimensional)

ALD

Atomic layer deposition

AR

Anti-reflection

AWG

Arrayed waveguide grating

BESOI

Bond and etch-back SOI
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BiCMOS Bipolar complementary metal oxide semiconductor
BOX

Buried oxide (between silicon substrate and silicon core)

BPM

Beam propagation method

CVD

Chemical vapour deposition

CMOS

Complementary metal oxide semiconductor

DC

Directional coupler

Det.

Detector

DUT

Device under test (sample)

EDFA

Erbium doped fiber amplifier

EIM

Effective index method

ELTRAN Epitaxial layer transfer (SOI wafer)
ER

Extinction ratio (ratio of the two output powers from a 2×2 MZI)

ERideal

Extinction ratio for an ideal 2×2 MZI (assuming r = 1, s = 0)

FDTD

Finite difference time domain

ICP

Inductively coupled plasma

IL

Insertion loss

JoFy

Department of Physics at the University of Joensuu

IC

Integrated circuit

IR

Infrared

LED

Light emitting diode

LTO

Low temperature oxide

LWC

Line width change with respect to a nominal width on a mask

MEMS

Micro-electro-mechanical-system

MM

Multi-moded

MMF

Multi-moded fiber

MMI

Multi-mode interference

MZI

Mach–Zehnder interferometer

PDL

Polarisation dependent loss

PhC

Photonic crystal

PIC

Photonic integrated circuit

PM

Polarisation maintaining

PMD

Polarisation mode dispersion

PMF

Polarisation maintaining fiber

PXR

Polarisation extinction ratio (PXRin and PXRout for input and output, respectively)
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RIE

Reactive ion etching

SEM

Scanning electron microscope

SIMOX

Separation by implanted oxygen (SOI wafer)

SM

Single-moded

SMF

Single-mode fiber

SOI

Silicon-on-insulator

TEOS

Tetraethyl orthosilicate

TIR

Total internal reflection

TE

Transverse electric (E horizontally with respect to the Si chip)

TEXY

TE polarised waveguide mode with X+1 and Y+1 intensity maxima in the xand y-directions, respectively

TM

Transverse magnetic (E vertically with respect to the Si chip)

TMXY

TM polarised waveguide mode with X+1 and Y+1 intensity maxima in the xand y-directions, respectively

TO

Thermo-optical

TOX

Thermal oxide

UV

Ultraviolet
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1. Introduction
1.1 Historical perspective
The entire technological history of mankind can be divided into four material eras. Each
of them is associated with a certain material that people learned to find or fabricate, to
process by different tools and methods, and to finally turn into useful products. The
adoption of each material led to a significant technological progress. The first three eras
were the Stone Age (2,000,000–3000 BC), the Bronze Age (3000–1200 BC), and the Iron
Age (1200 BC – 1950 AD). The Industrial Revolution was the capstone of the Iron Age.
The machines, tools, bridges, ships, trains, cars, airplanes etc. made from iron let us
move easily from one place to another and provided us a multitude of new mechanical
products for our everyday life. The huge leaps in fabrication technology that followed
the introduction of iron, and its important derivative material, steel, have now mostly
passed and we have entered a new era. The first impression might be that in our present
information society the technology has become immaterial or that it is based on a variety
of equally important materials. However, this is not the case.
The fourth and present era can be called the Silicon Age (1950–). It started from the first
silicon transistor demonstrations at around 1950 and it probably continues for at least
two decades more. Silicon provided us the ability to build intelligent machines, supplemented our own limited capacity for numerical calculations, and enabled us to communicate easily with anybody and anywhere. The present time is sometimes also called the
Communication Age or the Information Age. However, based on the central role of
silicon in the overwhelmingly fast technological development during the past fifty years,
as well as in the foreseeable future, it is quite reasonable to call it the Silicon Age.

1.2 Silicon technology
What makes silicon so special? So far, it has been its semiconductor character. Singlecrystal silicon is a semiconductor by nature, but by oxidation and doping with impurity
atoms (typically boron or phosphorus) one can radically change its electrical properties,
in particular its resistivity. The amount and type of impurity atoms (n- or p-type) determines the amount and type of free carriers (electrons or holes) that conduct electrical
charges in silicon. Under the influence of an electric field, a deficiency of electrons, i.e.
holes, can conduct charges just as well as a surplus of electrons. In a technology called
Silicon Microelectronics, the ability to control the doping permits the formation of transistors, diodes and resistors. By combining these fundamental building blocks in various
ways it is possible to realise integrated circuits (ICs), the functional parts of silicon microchips that exist inside almost every modern electronic product (see Fig. 1).
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b)

a)

Figure 1. Microelectronic 0.13 µm CMOS technology: a) A Pentium III processor chip
[1] and b) a magnified cross-section of a chip with six metal layers [2].
As predicted by Gordon Moore in 1965 [3] and seen from Fig. 2, the number of transistors on a single IC chip has grown exponentially, and is presently over 500 million. At
the same time, the minimum process linewidth has reduced exponentially, and is now
0.13 µm. There are three main variations of IC technology, namely the bipolar technology, complementary metal oxide semiconductor (CMOS) technology and their combination (BiCMOS). Furthermore, a recent variation is the use of silicon-on-insulator (SOI)
wafers instead of plain silicon substrates. The use of SOI can increase the speed and
reduce the power consumption of IC chips. As a whole, it is predicted that the sales of
the microelectronics industry will grow from $163 billion in 2003 to $219 billion in
2006 [4: Preface, 5]. At least so far, silicon microelectronics has been the main technology driver of the Silicon Age.

Figure 2. Number of transistors on a single silicon chip as a function of time since 1970.
At 2004 the number is over 500 million. [6]
During the past few years, the mechanical characteristics of silicon have also been exploited in many applications. Silicon is at the same time resilient, hard and stiff material.
Thus, it can be used to form static and moving structures in very small size and with
excellent endurance. As a whole, the technology involving the realisation of miniaturised

16

beams, membranes, springs, resonators (see Fig. 3a), microfluidistic channels (see Fig.
3b), micromotors etc. in silicon, is called Silicon Micromechanics [7–12], also known as
silicon micro-electro-mechanical-system (MEMS) technology. It has grown fast and it
plays an important role in the miniaturisation and cost reduction of numerous products,
such as oscillators, microphones, mobile phones, radios, scanners, ink jet printers, inertial sensors and diagnostic equipment for health care.
a)

b)

Figure 3. Micromechanical silicon chips. a) SiC microresonator on Si [9]. b) Microfluidic particle filter (etch depth ~0.5 mm) fabricated at VTT.
The third, and so far last, sector of silicon technology is called Silicon Microphotonics. It
involves the realisation of optical functions on silicon chips (see Fig. 4) and it has been
studied actively since the early 1990's. Much progress has been made, but the research
efforts have been smaller than those in silicon micromechanics, and negligible compared
to silicon microelectronics. Thus, silicon microphotonics is still in its infancy and has
many technical challenges to tackle. Recent advancement has been very fast, which
indicates a potential to solve the remaining problems and to commercialise the technology in larger scale. This makes silicon microphotonics a very attractive research subject.

Figure 4. A simple silicon microphotonic chip (~30×12 mm2) including three thermooptic 2×2 switches, and a detail of a thin-film heater on top of a Si waveguide.
The success of silicon is not based only on its material characteristics, but on the combination of its availability, cost, processability and compatibility with other materials. Raw
silicon can be easily extracted from silica sand, which is readily available throughout our
planet. With the help of a single-crystal seed, a large single-crystal Si rod can be slowly
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pulled out of melted silicon. Desired type and amount of doping can be accurately obtained by adding impurities, such as phosphorus or boron, into the melted silicon. The
cooled Si rod can be sawn and polished into wafers, which form the substrates for further
processing. Typical wafers are 0.5–0.8 mm thick and 100 to 400 mm in diameter (4–
16"). The realisation of microelectronic, micromechanical and microphotonic components on Si wafers is usually carried out in a clean room, i.e. in an ultra-clean facility.
Typical processing steps are the deposition of metallic and dielectric thin films, lithographic patterning of photo-sensitive resist layers, ion implantation, diffusion of impurity
atoms into silicon, thermal oxidation of Si to produce silicon dioxide (SiO2), wet etching
with liquid chemicals and dry etching by ion bombardment. The strength of Si technology is that standard processes and tools are used to fabricate chips for numerous applications in very large quantities and with excellent yield. Huge research and development
efforts carried out during the past fifty years have made silicon microelectronics a mature, reliable and cost-effective technology that has not been challenged by any other
technology. Its continuing progress and recent roadmaps for IC technology indicate that
this situation will remain at least for two decades more [5].
The development of silicon micromechanics and microphotonics has the clear advantage
and justification in that it can use a mature microelectronics fabrication technology as a
platform. Further on, it can extend the Silicon Age by offering new Si-based solutions for
various non-electronic applications, and by enabling the unique opportunity of monolithic integration for microelectronics, micromechanics and microphotonics on a single
chip. Some examples of attractive monolithic integration technologies are 1) optical
clock distribution, signalling or computing carried out within a single Si chip [13], 2)
integration of ICs to support microphotonic [14] and 3) micromechanical components
[11], and 4) integration of optical waveguides or control electronics with microfluidic
channels in optical diagnostics [15]. Further motivation for studying Si technologies can
be found e.g. from recent review books written about silicon-based microfabrication
[16], microelectronics [17], micromechanics [12] and microphotonics [4].

1.3 Silicon microphotonics
Silicon Microphotonics is a technology involving Si-based generation, conduction, manipulation and detection of light in microscopic scale. As electrons and photons are the
basic elements of electricity and light, it is the optical equivalent of silicon microelectronics. Electrons propagate along regions of high electrical conductivity, while photons
propagate along regions of high refractive index. In silicon microphotonics, optical
waveguides correspond to electrical wires, as they propagate light from one place to
another. Similarly, photonic integrated circuits (PICs) correspond to electrical ICs. Some
of the passive building blocks for PICs are optical couplers, splitters, wavelength filters
and wavelength multiplexers. Optoelectronic components, such as lasers, light emitting
diodes (LEDs), detectors, switches and modulators act as a bridge between optical and
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electronic signals. Optical amplifiers can boost attenuated optical signals and, thus, compensate for the losses associated with non-ideal components and power splitters. If optical transistors, wavelength converters and other all-optical components based on nonlinear phenomena will be successfully commercialised in the future, they may enable extremely fast optical computing and all-optical, packed-switched fiber-networks.
In order to use the term silicon microphotonics, one must realise some key components
onto silicon substrates. The direct fabrication of different components onto a common Si
substrate is called monolithic integration. Correspondingly, the attachment of separate
components (fibers, chips etc.) to Si devices is called hybrid integration [18]. Today, fast
modulators, light sources, amplifiers, detectors and most other optoelectronic components can be made more efficient and low-cost by using other materials, such as lithium
niobate [18: pages 9–20] or III–V compound semiconductors [18: pp. 161–238]. Therefore, their integration with Si PICs is presently easier with hybrid methods.
In hybrid integration and when attaching (pigtailing) optical fibers to Si chips, the optical
coupling between optical sub-components is of significant importance, especially when
dealing with single-moded (SM) optical systems, as was done in this thesis. Single-mode
optics is much more sensitive to misalignments than electronics. Transverse and angular
misalignments between two SM sub-components should preferably be kept below 1 µm
and 1°, respectively. In SM hybrid products, the tedious assembly work dominates the
overall costs and limits the commercialisation. Therefore, mass-production should be
based on passive or automated alignment, or monolithic integration. For some applications, such as short-range interconnections, multi-moded (MM) optics may also be used.
Examples of hybrid integration are illustrated in Fig. 5.
b)

a) Si waveguide

Fiber array on a
array on a Si chip V-groove chip

Flip-chip bonded detector
on a Si waveguide chip

Figure 5. Examples of optical hybrid integration on silicon: a) fiber pigtailing of a Si
waveguide array and b) flip-chip bonded detector on a Si chip.
Silicon microelectronics and micromechanics are not based on silicon alone, but they
also involve many other materials, including various metals and dielectrics. Correspondingly, the fabrication and monolithic integration of photonic components on Si does not
require that the components are made of silicon, but they may as well be made of silicon-compatible materials added on top of a Si wafer. The rest of this chapter briefly
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describes the main techniques used for photonic device fabrication and monolithic
integration on silicon substrates.
Waveguides can be made of silicon itself, e.g. by using the SOI waveguide technology
(see Chapter 1.4) or differently doped silicon layers [19, 20]. Even in the case of SOI
waveguides, the silicon core (refractive index n = nSi ≈ 3.5) is typically surrounded by
other materials, such as thermal oxide (TOX, SiO2, n ≈ 1.5). Several types of so-called
glass waveguides have also been fabricated on silicon (and glass) substrates by doping
SiO2 with impurity materials, such as As, B, Ge, N, P, Ti, or their combinations [15, 18,
21–25]. Examples of other Si-compatible waveguide materials are e.g. silicon nitride
(Si3N4, n ≈ 2) [26–28] and polymers [18]. Different waveguide materials are favoured
for different applications and wavelengths, because each material has its own advantages
and drawbacks.
The realisation of light sources and optical amplifiers on Si substrates has been investigated by using surface-textured bulk silicon (wavelength λ < 1250 nm) [29], Si nanocrystals (λ < 1200 nm) [30–32], erbium-doped Si [33] or SiOx (λ ≈ 1550 nm) [18, 34],
the combination of Er and Si nanocrystals (λ ≈ 1550 nm) [35, 36], Si/SiGe quantum
cascade structures (λ ≈ 7 µm) [37], Raman scattering (λ ≈ 1550 nm) [38–40], and organic materials (λ up to 1550 nm) [41, 42]. Several breakthroughs have been made during the last four years and Si nanocrystals have even indicated stimulated emission [30,
31, 43, 44], the necessity for a silicon laser. Wavelength conversion has also been demonstrated in Si by using stimulated Raman scattering [40, 45]. Despite the promising
results, the Si-based generation, amplification and wavelength conversion of light are
still the greatest challenges in silicon microphotonics. Especially at wavelengths around
1550 nm, an efficient and reliable Si-based transmitter is still to be developed.
Silicon-based photodetectors have also been studied by using different approaches. Detectors for visible wavelengths can be fabricated from Si by using standard bipolar [14]
and BiCMOS processes [46–48], or by using modified processes [49, 50]. Fast (>2 Gb/s)
operation has been demonstrated with good responsivity (0.11 A/W) and low voltage
(2 V) [51]. A potential mass market for Si detectors at visible wavelengths is in optical
disc drives [46]. For near-infrared (IR) detectors operating e.g. at λ = 1300–1550 nm, the
material of choice is epitaxial germanium on silicon. Unlike Si, Ge absorbs IR light. It is
also compatible with Si technology, although the 4% lattice mismatch between Si and
Ge somewhat hinders their monolithic integration. For the fabrication of photodetectors
on Si, germanium has been introduced as thin Ge layers [52–54], Si/SiGe superlattices
[55–58] and Ge islands [55, 59, 60]. Some modest results have also been reported from
Er-doped SOI waveguide detectors (λ ≈ 1550 nm) [61]. The latest results with Ge at
λ ≈ 1550 nm have shown fast operation (>2 Gb/s), good responsivity (0.75 A/W) and
low voltage (<1 V) [52], thus making monolithic near-IR detectors on Si already competitive with hybrid solutions.
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1.4 Silicon-on-insulator (SOI) waveguide technology
In silicon microphotonics, silicon can be used not only as a substrate, but also as a waveguide core material [I–VII, 4, 62–70]. The most straightforward way is to use silicon-oninsulator wafers, as was done in this work. They typically involve a thin SOI layer (i.e. a
device layer) of single-crystal silicon on top of a Si substrate, with a thin buried oxide
(BOX, SiO2) layer between them. SOI wafers are also used in microelectronics and micromechanics, although the optimum resistivity and thickness of the SOI layer, as well
as the optimum BOX thickness, often vary between different applications.
There are four main variations in the fabrication of commercial SOI wafers. So-called
SIMOX (separation by implanted oxygen) wafers are based on oxygen implantation to
plain Si wafers [71, 72]. They have SOI and BOX thicknesses <500 nm. This limits their
applicability in microphotonics, although they are widely used in microelectronics [73].
In a so-called "Smart-Cut" process [71, 74], hydrogen ions are implanted to a plain Si
wafer, which is then bonded to an oxidised Si wafer. The formed "zipper" layer helps to
transfer a thin Si layer to another wafer. The resulting SOI and BOX layers have good
thickness uniformities, and thicknesses up to 1.5 and 3 µm, respectively. The SOI thickness on Smart-cut and SIMOX wafers can be increased by using epitaxy. Epitaxial layer
transfer (ELTRAN) wafers [75] are fabricated by using a high-pressure water jet to separate an epitaxial Si layer from its original substrate. This provides good thickness uniformity for various SOI and BOX thicknesses. Presently, ELTRAN wafers are available
only for 300 mm wafers. Bond-and-etchback SOI (BESOI) wafers [63, 71] are fabricated
by bonding a Si wafer to an oxidised Si wafer, and by chemical-mechanical thinning it to
the desired SOI thickness, as illustrated in Fig. 6. They are relatively inexpensive and
well suited for thick, low-loss waveguides. The SOI thickness inhomogeneity is typically
0.5–1 µm, which is the main limitation of BESOI. Below ~5 µm thickness the relative
thickness variation becomes unacceptably high for many optical applications.
1. Bonding:
Bonded wafer

2. Grinding:

3. Polishing:
Finished SOI layer

BOX

Si substrate

Figure 6. Fabrication of a BESOI wafer (dimensions not in scale).
Despite its apparently opaque character at the visible wavelengths from 200 to 700 nm, Si
is highly transparent at near-IR wavelengths from 1.2 to approximately 7 µm [76]. This is
particularly useful for fiber-optic communication, which is usually carried out between
1.3 and 1.7 µm, and especially at λ ≈ 1.55 µm. The light sources, waveguides, modulators, detectors etc. must naturally all operate at the same wavelength. Therefore, the ongoing development of efficient, Si-based light sources and detectors to the λ = 1.3–1.7 µm
range is particularly important for SOI waveguide technology (see Chapter 1.3).
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Light propagation in a silicon waveguide is based on total internal reflection (TIR) at the
outer boundaries of the Si core. The core (nSi ≈ 3.5) is usually surrounded by SiO2 (n0 ≈
1.5) or air (n0 ≈ 1). Therefore, the index difference ∆n = nSi – n0 = 2–2.5 is exceptionally
high compared to other waveguide technologies and optical fibers (∆n < 0.01). In the
theory and simulations presented in this thesis, it is by default assumed that the Si core
has nSi = 3.48, and it is surrounded by an oxide cladding with n0 = 1.46. Furthermore,
claddings are assumed to be sufficiently thick to be considered semi-infinite.
The SOI layer itself acts as a slab waveguide (see Fig. 7a). However, the realisation of a
PIC requires also horizontal confinement, i.e. a truly two-dimensional (2D) waveguide
cross-section. If the core has a square cross-section, it should be 0.35×0.35 µm2 or
smaller to provide single-moded operation. A rectangular core (see Fig. 7b) can be
somewhat thinner and wider, or vice versa. Such SM strip waveguides can be used to
realise extremely miniaturised PICs and they have been demonstrated by several authors
[77–80]. However, it is difficult to couple light into such small structures, and they also
have high scattering losses due to their sensitivity to surface roughness. Alternatively,
SM operation can be obtained by using a rib structure [82]. An SOI rib waveguide (also
known as an SOI ridge waveguide) is illustrated in Fig. 7c. Large rib waveguides offer
efficient coupling with SM fibers. Their main limitation is the required large bending
radius that limits the miniaturisation of PICs [II, 81]. The fourth Si waveguide type is a
photonic crystal (PhC) waveguide [83], illustrated in Fig. 7d. This work involved the
development of fabrication technology for PhC waveguides [70, 84] as a by-product of
waveguide grating development [VII]. Otherwise the details of PhC waveguides are
outside the scope of this thesis and the focus is primarily in large SM rib waveguides. [I]
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Figure 7. Schematic cross-sections (a–c) of three basic SOI waveguide structures and
the used dimensional variables: a) a slab waveguide, b) a strip waveguide, and c) a rib
waveguide. d) Top view of a photonic crystal waveguide forming a 120° bend [70].
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In order to successfully apply Si waveguides in PICs, one should be able to provide at
least low-loss waveguides and some passive waveguide components. In SOI technology,
low propagation losses have been reported for MM slab waveguides (0.15±0.05 dB/cm
for λ = 1.3 µm) [85], SM wet etched rib waveguides (<0.1 dB/cm) [86], and SM dry
etched rib waveguides (<0.5 dB/cm) [72]. Even for SM strip waveguides with submicron dimensions, losses as low as 0.8 dB/cm have already been reported [79]. For
realising functional PICs, SM dry etched waveguides are usually required [22]. With
SOI waveguides, many passive building blocks for PICs have also been demonstrated.
Some examples are optical couplers [87], splitters [78, 88, 89], wavelength filters [90–92]
and wavelength multiplexers [69, 93–95]. Monolithic [39, 55, 59] and hybrid [69, 90, 92]
integration of SOI waveguide components with light sources and detectors has also been
successfully demonstrated.
Some of the simplest optoelectronic components in PICs are switches and modulators
that alter their optical output power(s) according to electrical control signals. They are
based either on absorption or interference. The optical absorption of Si can be increased
by introducing a large quantity of free carriers into it. By free carrier injection (and depletion) one can tune the transparency of Si and to form e.g. an optical modulator [96,
97]. Optical intensity can also be controlled by using interferometry, i.e. by combining
two or more coherent light beams, so that their mutual phase difference determines the
intensity of output light. Interferometric modulation or switching in Si requires that the
refractive index of silicon (nSi) can be tuned. The simplest way to realise this is to heat
silicon [I, III–V, 88, 98–100], because the thermo-optic (TO) constant of silicon is as
high as 1.86⋅10-4 K-1 [101]. Another way is to slightly tune the number of free carriers [96].
This method is faster, but more complicated to implement. It is also somewhat limited by
the absorption loss that increases rapidly as a function of free carrier density. However, it
was recently used by Intel to demonstrate a 1 GHz modulator based on Si waveguides [97].
Unlike the cylindrical symmetric SM fibers, asymmetric Si waveguides have usually
fixed polarisation axes with respect to the Si chip, namely a vertical and a horizontal
axis. When pigtailed with SM input and output fibers, a Si waveguide component should
operate identically with both polarisations. However, the asymmetry of the geometry and
stress can easily lead to different light propagation velocities for the two polarisation
axes [95]. Polarisation dependent loss and wavelength filtering may also become a problem. Thus, the polarisation dependency of Si waveguide components should usually be
minimised. However, in some applications the Si waveguides are pigtailed with polarisation maintaining (PM) fibers that also have fixed polarisation axes. Then the polarisation
dependency is usually not a problem. Instead, the Si waveguide should then maintain
light in the original polarisation state, i.e. to have a sufficiently high polarisation extinction ratio (PXR). The polarisation axes of the PM fibers and the Si waveguides should be
rotationally aligned with high accuracy in order to minimise polarisation cross-talk at the
fiber-waveguide junctions [VIII].
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1.5 Aims of the thesis
The aim of the thesis has been to provide some basic building blocks that can promote
the development of silicon microphotonics. The entire thesis is related to Si waveguides
on an SOI substrate. The focus is on approximately 10 µm thick Si rib waveguides on
100 mm BESOI wafers. The wavelength is 1550 nm, unless otherwise stated. In particular, specific aims of the thesis were the following:
−

Development of fabrication technology in order to provide single-moded Si waveguides and waveguide components with small scattering losses (smooth side-walls)
and efficient coupling to SM fibers (smooth facets and anti-reflection coating).

−

Study of modal properties, light propagation and polarisation effects in different
silicon waveguides and waveguide components.

−

Development of a fast thermo-optical switch based on Si waveguides.

−

Development of novel solutions for vertical tapering and for the miniaturisation of
waveguide components, such as couplers and bends.

−

Design and process development for silicon waveguide gratings.

−

Development of measurement technology for the characterisation and fiber-pigtailing
of silicon waveguides and waveguide components.

1.6 Organisation of the thesis
This thesis includes eight original papers published in international scientific journals
and reviewed proceedings of international conferences. In the compendium part preceeding these publications, the main goals, techniques and results of the work are summarised, and some unpublished results are also presented. The compendium part is organised as follows. Some background and motivation for the work, as well as the objectives,
were presented Chapter 1. It also provides the aims and organisation of the thesis. Chapter 2 presents the theory, simulation and design for Si waveguides and waveguide components. Chapter 3 briefly describes the used fabrication methods and tools. It also presents process development for multi-step structures, waveguide gratings and photonic
crystals. Chapter 4 summarises the experimental results. Conclusions are given in Chapter 5. Simulation and mask design softwares are described in Appendix A.
The eight original publications were selected so that they cover the majority of the results without significant overlapping. In addition to them, the author has published numerous proceedings papers in international and national conferences, and filed six international patent applications as a primary inventor. Some of those directly related to this
thesis can be found from Refs. [23, 28, 62–68, 70, 84].
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2. Theory, simulation and design
2.1 Electromagnetic theory of waveguides
Light propagation in waveguides can be theoretically approached by two alternative
methods. A straightforward method is to calculate how a certain electro-magnetic input
field propagates through a 3D waveguide structure. Light propagation is governed by the
Maxwell's equations [102] and it can be simulated with beam propagation methods
(BPM) and finite-difference-time-domain (FDTD) algorithms.
Another method is based on the analysis of waveguide modes in a 2D cross-section of a
waveguide, which is invariant along its propagation axis, i.e. the z-axis (coordinate system shown in Fig. 7). Such a waveguide has a discrete number of propagating modes,
which satisfy Maxwell's equations [102] and propagate losslessly with fixed transverse
intensity distributions I(x,y). Waveguides also have a continuum of radiating modes that
radiate power away from the waveguide. Any physical intensity distribution I(x,y,z) in
the waveguide can be represented as a sum of propagating and radiating modes. When
light propagates along the z-invariant waveguide, each propagating mode has a fixed
power, while the power coupled to the continuum of radiating modes constantly radiates
away from the waveguide. Each mode propagates with a (phase) velocity of c/neff, where
c is the speed of light in vacuum and neff is the effective index of the mode [103]. If
several modes are excited by an input field the resulting z-variation in the transverse
intensity distribution can be explained by modal interference and radiation losses.
In points of waveguide discontinuity modes exchange power. The power coupling η of
fields ψ1 and ψ2 across a discrete junction is calculated from the overlap integral [104]

η=

Ψ1

2

(1)

2

Ψ1 Ψ 2
Ψ2

2

,

which can be calculated easily for real scalar fields, but also for complex and vectorial
fields [105]. If the waveguide is not z-invariant, local modes can be calculated for each
cross-section [105]. Gradual transformations couple power between dissimilar local
modes, unless the transformations are adiabatic, i.e. sufficiently slow along the z-axis.
The electro-magnetic field of a waveguide mode, or light in general, consists of two
fields; the electric field E and the magnetic field H. The simulation softwares used in
this work calculate either one (scalar algorithms) or both fields (vectorial algorithms).
The Poynting vector S = E × H describes the flow of electro-magnetic power. Thus, the
intensity of light is obtained as the magnitude of the time-averaged Poynting vector. For
a harmonic plane wave in silicon the amplitude ratio of E and H is [102]
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E
H

=

µ0
n ε0

≈ 108 Ω ,

(2)

where µ0 and ε0 are the vacuum permeability and permittivity, respectively. This applies
quite well to waveguide modes as well.
Throughout this thesis, transverse electric (TE) and transverse magnetic (TM) polarisations refer to waveguide modes (or light in general) with E field mostly horizontal (x)
and vertical (y), respectively, when the chip lies horizontally. By definition, a SM
waveguide has only one propagating mode, i.e. the fundamental mode, for each polarisation. In homogeneous material, such as Si core or SiO2 cladding, E and H are continuous
functions of position. At the boundary between two dielectric media, such as the Si-SiO2
interface, the tangential components of E and H, and the normal components of εE and
µH are always continuous. In both Si and SiO2, the permeability µ ≈ µ0 and the permittivity ε ≈ ε0 n2. Thus, at a boundary between two dielectric materials all other components of E and H are continuous, except for the normal component of E. In a Si-SiO2
interface the normal component of E changes by a factor of (nSi / n0)2 ≈ 5.7.
In a Si waveguide the E and H fields of a well-confined mode (far from cut-off) have
negligible z-components. When light exits a waveguide through a perpendicular endfacet, the E and H fields are mostly tangential to the facet, and the intensity distribution
is well maintained. If light enters free-space (air), the intensity distribution can be experimentally recorded with appropriate optics and an IR camera.
At the sidewalls of the waveguide, the continuity of the intensity distribution depends on
the orientation of the electric field. For example, if E is perfectly horizontal (TE) the
intensity distribution is continuous at all horizontal interfaces, but changes by a factor of
5.7 at a vertical Si-SiO2 interface. This creates differences between the intensity distributions and effective indices of TE and TM modes, leading to geometrical birefringence. In
silicon waveguides with large core dimensions the fundamental mode is well confined
into the core. Then the intensity is very small at the core edges and the geometrical birefringence is weak. In smaller waveguides the intensity at the core edges increases and
the geometrical birefringence becomes stronger.
As commercial simulation tools (see Appendix A and Refs. [18, 106]) were used in this
work, the reader is encouraged to find detailed description of electromagnetic theory and
waveguide modes from the variety of good text books [4, 102, 103, 105].
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2.2 Straight waveguides
In this work, the number of propagating modes N, as well as the intensity distributions
and effective indices of the modes, were calculated for various cross-sections of straight
SOI waveguides. Semi-analytical solutions exist for slab waveguides, while the analysis
of strip and rib waveguides can only be carried out with numerical methods. Publication
I presents a partial summary of these results, including slab, strip and rib waveguides
(refer to Fig. 7). Modal calculations were also carried out for publications II (junction
losses), III–V (fiber coupling), and VI–VII (neff calculations).
Calculated effective indices of the first three TE and TM modes, N, and N2 for a 1D slab
waveguide are shown in Fig. 8 as a function of the slab thickness Hslab. It can be seen
that for the fundamental mode neff ≈ nSi ≈ 3.48 when Hslab >> 1 µm, and that neff decreases rapidly when Hslab ≤ 1 µm. Each higher order mode is cut-off when neff ≈ n0 =
1.46 (cladding). The cut-off thicknesses for the two higher order modes are approx. 250
and 500 nm, respectively. As a function of Hslab, N increases quite linearly, so that 1 and
10 µm slabs support 5 and 41 modes, respectively.

b)

a)

TE1, TM1

TE0, TM0

TE2, TM2

Figure 8. a) Calculated neff for the three lowest TE and TM modes as a function of slab
thickness Hslab. b) Calculated number N of propagating modes and N2 as a function of
Hslab. The calculated discrete points are connected with straight lines for better visualisation, although N and N2 are always integers (nSi = 3.48, n0 = 1.46 for both graphs).
The combination of extremely high ∆n and Hslab > 1 µm enables a multitude of propagating modes and confines them very efficiently into the Si core, except for the modes close
to cut-off. This can be seen from Fig. 9, which shows the intensity distributions of the
first three modes in a 10 µm thick slab.
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Figure 9. a) Calculated intensity distributions of the first three modes in a 10 µm thick
slab waveguide. Grey area illustrates the Si slab (nSi = 3.48, n0 = 1.46).
If Hslab ≥ 1 µm, then N2 is a relatively good approximation for the number of modes in a
Hslab×Hslab strip waveguide. More accurate analysis can be made by using the effective
index method (EIM) [103] to simplify the cross-section from 2D to 1D, or by directly
calculating the modes of the 2D cross-section. In this work, rigorous 2D calculations
were used to study the modal properties of strip waveguides (nSi = 3.48, n0 = 1.46).
Simulations verified that the effective index approximation is not valid close to the SM
region. An approximate SM limit was found to be W × H ≤ 0.13 µm2, as is illustrated in
Fig. 10. Calculated intensity distributions of TE00 and TM00 modes in three strip
waveguides are presented in Fig. 11. Strong polarisation dependency can be observed
below the SM limit.
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Figure 10. Calculated single-mode limits in strip waveguides. Lines illustrate the square
case and the analytical SM condition.
Unlike slab and strip waveguides, rib waveguides can be SM even at dimensions over 10
µm. It was found already in the 1970s [107–109] that a slab surrounding a rib can act as
a mode sink for the higher order modes. For a practical implementation in SOI
waveguides this was proposed in 1991 by Soref et al. in a famous paper [82] that also
involved a simple SM condition (Soref's width limit)

28

TE:
500×500 nm2

500×200 nm2 (SM)

500×350 nm2

TM:

Figure 11. Calculated intensity distributions of fundamental TE and TM modes in three
strip waveguides with indicated W×H.
W < WSoref = 0.3H +

h
1 − (h / H ) 2

(3)

1

= 0.3H +

h −2 − H −2

that was proposed to be valid for both polarisations as long as the waveguide is sufficiently thick (H > 2λ ≈ 3.1 µm) and the thickness ratio h/H ≥ 0.5. With simple manipulation, Eq. (8) in [82] can be converted into a more accurate SM condition
W < WSoref,Q = 0.3 (Q + H ) +

1
(Q + h) − 2 − (Q + H ) − 2

,

(4)

where

λ
⎧
⎪QTE =
2
Q=⎨
π n Si − n02
⎪
2
⎩QTM = QTE (n0 n Si )

for TE polarisation and

(5)

for TM polarisation.

This formula is valid also for thinner rib waveguides if h/H ≥ 0.5. For λ = 1550 nm, nSi =
3.48 and n0 = 1.46, one obtains QTE = 156 nm and QTM = 27 nm.
Obeying Soref's width limitation prevents the existence of higher order horizontal modes
by assuring that their neff is lower than the effective index of the fundamental mode in
the 1D slab waveguide surrounding the rib. Thus, all higher order horizontal modes leak
into the slab. On the other hand, higher order vertical modes are eliminated by choosing
h ≥ H/2. Then their lowermost local intensity maxima also leak into the slab. When the
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SM limit is approached, higher order modes spread into the slab and finally become
radiative.
In order to verify Eq. (4) and to extend it to the range where h/H < 0.5, a detailed modal
analysis was carried out for 10 and 3 µm thick rib waveguides with various slab thicknesses (0.25 ≤ h/H ≤ 0.8) and rib widths. With a given polarisation, each simulated
cross-section was evaluated to be SM or to support the 10 or 01 mode, or both. Some
limiting cases were left undefined. The true SM limit is expected to lie somewhere in a
so-called transition zone, which is limited by the widest clearly SM and the narrowest
clearly MM structure. The width of this region depends on the spacing of simulated rib
widths and the simulation accuracy. Especially at h/H ≈ 0.4, it is limited by the existence
of undefined points, not the width variation. The results are summarised in Figs. 12–13.

Figure 12. Theoretical and simulated SM conditions for 10 µm thick rib waveguides at
TE (left) and TM (right) polarisations. The "transition zone", where the first higher order mode is expected to vanish according to simulations (black dots), is illustrated with
grey colour separately for the horizontal 10 mode and the vertical 01 mode. Thin solid
line describes the Soref's limit (Q = 0, extended to h/H < 0.5) according to Equation (3).
Dashed lines represent the cut-off limits for 10 and 01 modes according to Equations (4)
and (7), respectively. Thick solid line describes the proposed new SM limit according to
Equation (6).
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Figure 13. Theoretical and simulated SM conditions for 3 µm thick rib waveguides at TE
(left) and TM (right) polarisations. For notations refer to Fig. 12.
When h/H > 0.5, there are no TE01 and TM01 modes and the cut-off widths for TE10 and
TM10 modes are easily determined. At cut-off, these modes spread into the slab and their
local intensity maxima clearly pass the outer edges of the rib. Beyond its cut-off, a
propagating mode can usually not be found by the algorithms or the result is clearly a
non-physical consequence of the finite calculation area. A calculated waveguide mode is
not truly propagating if it is many times wider than the rib, as the power of such a mode
will be radiated away by the slightest bend or any other variation along z. The cut-off
widths for the TE01 and TM01 modes at h/H < 0.5 are much more difficult to determine
unambiguously. Especially when H << 10 µm and h/H << 0.5, the local intensity
maxima of these modes do not leave the rib at cut-off. The power ratios between their
local intensity maxima change and the modes slowly become leaky, but localised solutions can be found even for modes that are clearly too lossy to be considered as propagating modes. Close to cut-off, these modes resemble substrate coupled waveguide
modes or leaky fiber modes [105: p. 487]. Theoretically these modes settle between
propagating and radiating modes. In this work, a mode was considered strictly cut-off if
its loss was >10 dB/cm, all the local intensity maxima were not confined below the rib or
the intensity distribution was many times wider than the rib. Calculated intensity distributions of TE10 and TE01 modes far from cut-off and close to their cut-off limits are
shown in Fig. 14.
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Figure 14. Calculated intensity distributions of TE10 and TE01 modes far from cut-off
(upper row, modes well confined) and close to the cut-off limit (lower row, modes spread
into the slab). For TE10 mode rib width W is reduced from 14 to 9 µm (H = 10 µm,
h/H = 0.5), while for TE01 mode h/H is increased from 0.3 to 0.45 (H = W = 10 µm).
Contour lines represent constant intensity levels with 10% increments.
Rib waveguides with H = 1 and 1.5 µm were also simulated, but the analysis of the results was much more difficult than for H = 10 and 3 µm. All modes were no longer linearly polarised (no clear TE and TM modes) and the SM limit was very difficult to determine unambiguously. The lack of reliable simulation results in literature also indicates
that the modal behaviour of small Si rib waveguides is quite complicated.
Based on the simulations, a new analytical SM condition was proposed and numerically
fitted to the results. This new formula is
⎧⎪W
Soref ,Q
W < W SM = ⎨
min
W Soref ,Q , W10
⎪⎩

(

)

if (Q + h) −2 − 4(Q + H )-2 ≤ 0

(6)

if (Q + h) − 2 − 4(Q + H )-2 > 0,

where
W10 = c1 (Q + H ) +

1
(Q + h)

−2

− 4(Q + H )

−2

,

(7)

and c1 is a numerical fitting parameter with an optimum value of -0.1. In addition to the
Soref's accurate width limitation (WSoref,Q), another width limitation (W10) is given for
eliminating the higher order vertical modes. According to Figs. 12–13 the new SM condition appears to be at least roughly valid when c1 = −0.1, H = 3–10 µm and h/H = 0.3–
0.8. It was not yet presented in any of the original publications I–VIII. The mathematical
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form of the proposed formula does not have any clear physical interpretation (yet), but
its mathematical characteristics are similar to the analytical expressions presented in
Refs. [82, 109]. To gain a deeper understanding of SM condition in rib waveguides,
especially in thin and deeply etched rib waveguides, more theoretical considerations and
simulation results are required.
In order to give Eq. (6) a more solid basis, a waveguide with H = 3 µm and h/H = 0.3
was analysed also with a 3D BPM algorithm. This method is slower and one needs special tricks to excite higher order modes near the SM limit. In this work, TE10, TE01,
TM10, and TM01 modes were excited one at a time in a clearly MM input waveguide with
h/H = 0.15 and W = 1.6–2.2 µm. The waveguide was then slowly transformed closer to
the SM limits by using a method described later in Chapter 2.6. Before final tapering the
waveguide had h/H = 0.3 and W = 1.1, 0.8, 0.9, and 0.6 µm for TE10, TE01, TM10, and
TM01, respectively. At this point it was checked that all modes were still propagating
with negligible losses. Finally, W was slowly decreased until the higher order modes
were clearly cut-off and the power originally coupled to them started to radiate into the
slab. The estimated SM width limits for the four modes were 1.7–1.9 µm, 1.2–1.4 µm,
1.5–1.7 µm, and 0.8–1.0 µm, respectively. Corresponding limits according to Eq. (6) are
2.1, 1.1, 1.9, and 0.9 µm, respectively. Thus, the agreement of BPM simulations is rather
good with respect Eq. (6). Furthermore, the agreement is excellent with respect to the
modal simulation results (compare to Fig. 13).

TE10

W = 2.0 µm

TE01

W = 1.5 µm

TE10

W = 1.8 µm

TE01

W = 1.3 µm

Figure 15. Cross-sections of 3D-BPM simulations used to check the validity of Eq. (6)
for both TE10 (left) and TE01 (right) modes when H = 3 µm and h/H = 0.3. The modes
are clearly cut-off between the two shown rib widths and the results agree very well with
modal simulations (refer to Figs. 12–14).
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2.3 Optical coupling of fibers and silicon waveguides
Coupling loss in a junction between a SM fiber and a Si rib waveguide is due to four
main factors, namely scattering, reflection, modal mismatch and misalignment. Surface
roughness in the junction, and especially at the end facet of the Si waveguide, causes
scattering losses. Therefore, the waveguide facets must be carefully prepared by polishing, cleaving or etching. Reflections appear at all dielectric interfaces, and especially at
the Si waveguide's end facet. An air gap between the waveguide and the fiber induces
interference due to multiple reflections between the fiber and waveguide ends. However,
the gap can be filled with index-matching oil or glue, which effectively leaves a single
SiO2-Si interface into the junction. The reflection can then be totally eliminated by adding an anti-reflection (AR) coating to the end facet of the waveguide. The optimum n
and thickness for a single-layer AR coating between materials 1 and 2 are

n AR = n1 n 2 and

(8)

d AR = λ (4n AR ) ,

(9)

respectively. For a SiO2-Si interface nAR ≈ 2.25 and dAR ≈ 172 nm. The optical coupling
between a fiber and a Si waveguide is presented schematically (1D) in Fig. 16.

Fiber (n0)

Si waveguide (nSi):

Input
light
Reflected
light
Interface 1

Transmitted
light

Gap (ngap)

AR coating or
interface 2

Figure 16. Schematic description of fiber-waveguide input coupling area as a 1D film
stack. The gap (n = ngap) is filled e.g. with air, index matching oil or glue. If ngap = n0 =
1.46 then the reflection at the first interface is eliminated. An optional AR coating can be
used to eliminate the reflection at the second interface.
In the beginning of this work, waveguides were usually characterised without AR coating and air gap filling, which led to relatively high and unstable reflection losses. The
total reflection loss for a single fiber-waveguide junction, as well as for a waveguide
chip inserted between input and output fibers, can be estimated analytically by using a
1D film-stack method [VI–VII]. This is a valid approximation for large Si waveguides
with high optical confinement into the Si core. The reflection coefficients for single
SiO2-air, SiO2-Si, and air-Si interfaces are 3.5%, 17%, and 31%, respectively. For an
airgap between SiO2 and Si, the theoretical reflection loss is 31±14%. The large variation
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is due to the interference of multiple reflections. For a long, tilted or absorbing airgap,
the loss variation due to multiple reflections is reduced [102]. However, the best way to
avoid loss variations is to fill the airgap with index-matching oil or glue, as was done at
the later stages of this work. This leads to a constant 17% (0.8 dB) reflection at both
ends of the Si waveguide. Taking into account multiple reflections inside the waveguide,
the total reflection loss for the SiO2-Si-SiO2 structure is then 25±25% (0–2.93 dB), with
an average of ~1.5 dB. Actual reflection loss in a measurement depends on the
waveguide's propagation loss, scattering losses at the dielectric interfaces, and the interference effects. Interference depends on the optical length of the waveguide, as well as
on the wavelength and the spectral width of the light source used.
The modal mismatch and the impact of misalignment can be calculated from Eq. (1). In
the alignment of SM fibers to Si waveguides there are five degrees of freedom, namely
x, y, z, θx, and θy (see Chapter 2.8 for the alignment of PM fibers). When using gaussian
mode field approximations for both the fiber and the waveguide, the overall powercoupling efficiency η as a function of radial, longitudinal, and angular misalignments of
∆ρ, ∆z, and θρ, respectively, can be expressed by a formula
⎧
⎪

2 2
⎡ ∆ρ 2 ⎛ 1
⎤⎫
1 ⎞⎟ π θ ρ 2
⎪
⎜
r1 + r22 ⎥ ⎬ ,
+
+
⎢ 2 ⎜⎝ r12 r22 ⎟⎠ 2 λ 2
⎥⎪
⎣
⎦⎭

(

η = κ ⋅ exp⎨− κ ⎢
⎪⎩

)

(10)

where

κ=

(

4r12r22

) + λ ∆z

2
r12 + r22

2

2

2
/ π 2ngap

,

(11)

r1 and r2 are the 1/e field radii of the gaussian fields, and ngap is the refractive index of
the material within the gap [110]. In this thesis, the mode fields of SM and PM fibers
were assumed to be gaussian, and to have an 1/e field radius of r1 = rSMF = 5 µm. In case
of negligible modal mismatch (r1 = r2 = rSMF), the transverse, longitudinal and rotational
alignment accuracies should be below 1 µm, 30 µm, and 1°, respectively, in order to
keep the loss <0.2 dB for each axis. The cumulative effect of ∆ρ = 1 µm, ∆z = 30 µm,
and θρ = 1° is 0.65 dB. These tolerances are achievable with an appropriate alignment
stage, transmitted power as a feedback signal, and a careful alignment procedure. However, fabrication of fixed fiber pigtails is much more difficult. Glues typically experience
small deformations during and after curing, and for low-cost applications passive alignment is usually required.
Numerical overlap calculations were carried out to determine the modal mismatch between the gaussian field of a SM fiber and the modal fields of different Si waveguides
more accurately. According to the results, the modal mismatch for Si rib (and strip)
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waveguides with H = 10–14 µm, h/H = 0–0.6 and an optimised W (10–14 µm) varies
between 0.1 and 0.5 dB. The optimum coupling is achieved with a 14×14 µm2 strip
waveguide (h/H = 0). The requirement for 1 µm transverse alignment accuracy was also
numerically confirmed for Si waveguides with H = 10–14 µm, h/H = 0–0.5 and W = 11–
15 µm. An example of the numerically calculated modal mismatch as a function of the
vertical misalignment y is shown in Fig. 17. The optimum width changes very little as a
function of misalignment, so the estimated misalignment does not necessarily need to be
taken into account in the width optimisation.
0.75
W = 11 µm
W = 12 µm
W = 13 µm
W = 14 µm

Coupling loss (dB)

0.7
0.65
0.6
0.55
0.5

Loss due to
misalignment
~0.2 dB when
y = 1 µm

0.45
0.4
0.35
0.3
0

0.25

0.5

0.75

1

1.25

1.5

Vertical misalignment y (um)

Figure 17. Calculated dependence of modal mismatch between a standard SM fiber and
a Si rib waveguide as a function of waveguide width W and vertical misalignment y.
Waveguide thickness H = 10 µm and h/H = 0.5.

2.4 Bends and mirrors in Si waveguides
As for the propagating modes of straight waveguides, discrete waveguide modes can
also be calculated for waveguides with fixed bending radii. Such waveguides have an
invariant cross-section in the cylindrical coordinate system, where the Maxwell's equations can also be applied [111]. In bends, the solutions for the decaying transverse field
tails of the mode fields are based on Bessel functions, which are radiative by nature (see
e.g. [105: p. 480]). However, the radiation loss for a bend mode may be negligible with a
sufficiently large bending radius R, because the radiation losses decrease exponentially
as a function of R [103]. For a low-loss and effectively SM bend, the radiation losses
should be sufficiently small and high for the fundamental and higher order modes, respectively. Higher order bend modes with low losses may be tolerated if power is coupled only between the fundamental modes of bends and the SM straight waveguides
connected to them. However, this can be quite difficult because of the distorted field
profiles of the bend modes. With respect to a straight waveguide with a similar cross-
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section, the modes of a bent waveguide are shifted away from the centre of curvature, as
if they would be affected by a centrifugal force. This induces inter-modal coupling and
junction losses at the interfaces between straight and bent waveguides. The overall loss
of a fundamental mode due to a bend is, thus, a combination of radiation and junction
losses. It can be minimised by optimising the shape of the bend, e.g. by changing R
gradually [II].
A significant drawback of a large SM rib waveguide is its sensitivity to bending. Singlemoded Si strip waveguides (W×H ≈ 0.13 µm2) may have bending radii around 1 µm
[80], while a large Si rib waveguide (e.g. W×H ≈ 100 µm2) may require a 10 mm radius,
or more. In this work, the overall bending losses of 1.5, 3 and 10 µm thick rib
waveguides were calculated for different radii. The simulations were originally carried
out for a Master's thesis [81], supervised by the author. The results are presented in publications I–II, and summarised below. Some older, and less accurate, bend simulations
are also reported in publication III and Chapter 2.5.

Radiation loss (dB/90°)

Due to the slowness of rigorous bend calculations, the thickness ratio h/H was fixed to
0.5 and the rib widths were chosen according to the Soref's simple SM condition (3).
Thus, for H = 1.5, 3 and 10 µm, W = 1.3, 2.6, and 8.8 µm, respectively. Results from the
calculations are presented in Fig. 18 as the radiation loss for a 90° bend. The junction
losses are excluded from Fig. 18 as they can be minimised by a proper bend design.
Radiation loss has a strong polarisation dependency and thinner waveguides have significantly smaller bending radii with a given tolerable loss (e.g. 0.1 dB/90°). The required bending radius (R >> 10 mm) for a 10 µm thick waveguide with h/H ≈ 0.5 and
W ≈ H is not suitable for the dense integration of PICs.
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Figure 18. Calculated dependence of radiation losses on waveguide thickness (H = 10, 3,
or 1.5 µm), polarisation (TE/TM) and bending radius R.
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Bending losses can also be reduced by using wider ribs or smaller h/H ratios [93, 111].
This was not studied in the original publications, but some new results are given here.
The dependence of bending losses on W and h/H in 10 µm thick waveguides with R =
20 mm was calculated at the end of this work. A new computer (2.8 GHz, 2GB RAM)
was used for these simulations, which enabled the densification of the calculation grid by
a factor of two in both directions. This improved the simulation accuracy and resulted in
somewhat higher losses than those presented above for the same structure. The new
results are summarised in Fig. 19. Smaller h/H clearly reduces the bending losses, but at
sufficiently small h/H and sufficiently wide rib, higher order modes may also appear
with low losses. Based on Fig. 19, a useful compromise for H = 10 µm and R = 20 mm
could be e.g. h/H ≈ 0.4, which enables low-loss SM bends when W > 7 µm. Smaller h/H
or wider W could enable even smaller R. Unfortunately, accurate calculation of radiation
losses for various combinations of H, h/H, W and R values is not practical with available
computers and software tools.

Radiation loss (dB/90°)
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Figure 19. Calculated dependence of radiation losses on rib width W, thickness ratio
h/H (= 0.5 / 0.4 / 0.3) and polarisation (TE/TM) when H = 10 µm and R = 20 mm.
Higher order modes with low-loss can be found if h/H is sufficiently small and W sufficiently large.
An alternative for a waveguide bend is a waveguide mirror [112], which uses total internal reflection to deflect the light propagating along one waveguide into another
waveguide. In SOI waveguides, the high ∆n enables a deflection angle >90° if the reflection occurs at a Si-SiO2 or Si-air interface (according to Snell's law). Successful reflection requires that the mirror facet be vertical and etched through the whole SOI layer,
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and that light is well confined into the SOI layer. The mirror can be simply realised into
a large multi-moded strip waveguide, as illustrated in Fig. 20. Then the coupling to SM
rib waveguides must be separately solved, e.g. with the methods presented in Chapter
2.6. In thin SM strip waveguides significant amount of light bypasses the mirror leading
to high losses. Direct integration of a through-etched mirror facet to a rib waveguide
requires two masks and accurate alignment between them.
a)

b)

Si strip
waveguide
α/2

α

Mirror
surface

BOX

Figure 20. Waveguide mirror in a strip waveguide. a) Schematic illustration of a general
structure. b) Reflection of light from a waveguide mirror, as simulated with a 2D FDTD
software recently developed at VTT (top view, W = H = 4 µm, α = 90°).

2.5 Directional couplers and interferometric switches
Fast and inexpensively mass produced optical switches (and modulators) are one of the
needed key elements if optical communication technology is to be brought close to the
end users. Present switches can be roughly divided into two speed categories. Those
operating above 1 MHz are typically based on nonlinear effects, electro-optical modulation or, in SOI, current injection modulation [89]. Slower switches are typically based on
thermal modulation (or moving parts [7]), and they usually operate around 1 kHz or,
more generally, at 0.1–10 kHz. Switches operating above 1 MHz are typically much
more expensive than those operating around 1 kHz. Furthermore, the fast switches may
have harmful thermo-optical effects when operated below 1 MHz [89]. Presently, there
is a lack of inexpensive switches and modulators to operate in the 10–1000 kHz range or
to have sub-µs response times. Such switches and modulators could be used e.g. in the
reconfiguration of optical networks, backup routing of optical signals, and optical data
modulation e.g. in broadband connections to homes and small offices. [IV]
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Si waveguides provide a possibility to realise particularly fast TO switches and modulators. Fast modulators have been demonstrated with both SOI waveguides [88, 100] and
epitaxially grown Si waveguides [98]. The latter have operated with a 700 kHz bandwidth, while the SOI modulators have reached up to 40 kHz [88]. However, it should be
noticed that these values correspond to a 3 dB modulation depth. For switches the
maximum frequency is limited by the required minimum extinction ratio (ER), i.e. the
cross-talk between the two (or more) outputs. This should usually be at least 10 dB,
which makes fast switches more challenging to fabricate than modulators. A switch can
always be used as a modulator, but not vice versa.
In this work, a fast TO switch based on large SOI rib waveguides was designed, fabricated, and characterised. Finally, it was accelerated by using a novel modulation technology. The design [III] of the switch started the research of SOI waveguides at VTT by
the author in 1997. The SOI technology was chosen because it was rather new, it offered
some unique advantages with respect to previous waveguide technologies and it was
compatible with the Si processing technology available at VTT. The high thermo-optical
constant (1.86⋅10-4 K-1) and good thermal conductivity of Si suggested that there was
some potential for realising particularly fast TO switches. Large rib waveguides with
good fiber coupling efficiency, and a 2×2 Mach–Zehnder interferometer (MZI) layout
with two successive 50:50 directional couplers (DCs) were taken as the design basis. The
designed switch layout is schematically illustrated in Fig. 21. As such, the switch is in a
cross-state (off), but it shifts into a bar state (on) if a phase difference ∆φ = 180° is introduced between the two waveguide branches. This can be induced by operating at least
one of the metallic thin film heaters patterned on top of the ribs.
Waveguide heater
Directional coupler

Optical
input

Output ports:
Bar (ON)

Alternative
input waveguide
(not used here)

Cross (OFF)
Metal film:
4 heaters and
8 contact pads

Waveguide S-bend

Figure 21. Schematic top view of the designed 2×2 MZI switch (not in scale).
The switch design involved the analysis, simulation and optimisation for fiber coupling
efficiency, S-bends, DCs and thermal modulation. Simulations were carried out with the
combination of commercial Optonex software (for 2D optics simulations) and a Matlab
toolbox (for 2D thermal simulations). After the switch design, these tools were replaced
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with more advanced 3D software from BBV Software. Publication III describes the
calculation of fiber coupling coefficients and simulation of S-bends, although more accurate results are reported in publications I–II and Chapters 2.3–2.4. The optimum length
for DCs was calculated by using a 2D BPM (top view) and a 2D mode solver (crosssection). The results from the two methods were clearly different, which indicated that
2D BPM and/or the assumption of low ∆n in a mode solver were not applicable for accurate SOI rib waveguide simulation.
Thermal simulations indicated that the switch could indeed be somewhat faster than a
typical TO switch made of e.g. glass or polymer waveguides. The key to fast heating was
the thin oxide cladding that conducts heat rapidly from the heater into the Si rib. On the
other hand, fast cooling is possible because the Si slab spreads the heat horizontally and
the thin BOX conducts it rapidly into the Si substrate. The speed and power consumption
were found to be strongly dependent on the boundary conditions used in the simulation.
Airflow around the switch and thermal conductivity through the Si substrate into a sample holder are difficult to estimate accurately. With the used boundary conditions, the
heating of one interferometer arm by 3°C required 120 mW of electrical power and
changed the switch from cross- to bar-state. The rise (0–90%) and fall (100–10%) times
were both 200 µs, corresponding to a maximum frequency of approximately 2.5 kHz.
Better heat conductivity away from the rib leads to faster cooling, but it also increases
the power consumption. Therefore, BOX thickness and deeply etched insulation grooves
[88] can be used to choose a desired speed to power consumption ratio. Smaller
waveguides and better heat conductivity into the core can provide a faster switch with
lower power consumption, but these approaches are limited by the need for small propagation and coupling losses and the required optical insulation between the core and the
metallic heater. [IV]
The work described above led to a mask layout (see Figs. 4 and 21) that was used to
lithographically pattern all the switches reported in this thesis. It should be noted that the
original layout is not thoroughly optimised and that e.g. multi-mode interference (MMI)
couplers [23, 113] should be used instead of DCs in future designs. Two heaters were
drawn on top of each waveguide branch in order to enable constant power consumption
(successive vs. adjacent heaters operated). This also made it possible to modulate the
switches with a novel modulation principle, which was invented soon after the mask
design. It is briefly summarised below, while a detailed description can be found from
publications I and IV–V, and from Ref. [66].
Traditional modulation is based on turning the heating power P simply on and off in a
binary manner (P = Pon or P = 0 W). In some cases bias voltages are used to stabilise the
power consumption or to optimise the off-state of a non-ideal switching structure
(P = PON or P = Pbias). Traditional modulation can be applied by using simple control
electronics, but the exponential stabilisation of the temperature difference ∆T between
the waveguides seriously limits the attainable frequency. The purpose of the new modu-
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lation principle is to remove this limit by optimising the time-dependent heating powers
P1 and P2 of both waveguide branches during switching operations (rise/fall).
In the new modulation principle, high heating power peaks are used to rapidly heat one
waveguide, while the other is cooling down, as illustrated in Fig. 22. Furthermore, at
least the off-state is biased, so that both waveguides are equally heated (P1 = P2 = Pbias),
and the time-dependence of P1 and P2 during a single switching operation (rise/fall) is
optimised, so that ∆φ is stabilised already before the waveguide temperatures T1 and T2
are stabilised. If ∆φ is to be raised from 0 to 180°, P1 forms a high power peak, while P2
drops from Pbias to zero. This increases T1, decreases T2 and rapidly increases ∆φ. Similarly, ∆φ can be rapidly decreased from 180 to 0°, by dropping P1 from Pon to zero and
by forming a high power peak into P2. For both operations, the fine structures of P1 and
P2 are optimised, so that ∆φ reaches and maintains its target range as soon as possible.
The new method is different from the so-called overdriven operation [103: p. 330] because it enables switching with arbitrary input data. It is similar to the method described
in [114], but it also enables the reduction of fall-times. Extremely high and sharp heating
peaks, and perfectly optimised control signals between them, can provide at least one or
two orders of magnitude reduction in response times, while maintaining the obtained
phase difference between switching operations. Then heat diffusion into the waveguide
core, potential heat accumulation, power consumption, and the availability of control
electronics become the fundamental limits for switching speed. However, the new
method can be implemented to any desired extent from a minor fine tuning to extreme
acceleration by optimising the control signals with the given criteria.
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Figure 22. Schematic illustration of the novel modulation principle.
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2.6 Multi-step patterning of silicon waveguides
Traditionally, optical waveguides are patterned by using a single mask layer, which is
indeed sufficient for many applications. Additional mask layers are often used to define
metallic heaters etc, but typically they do not define the waveguide structure. However,
with a single mask layer it is difficult to simultaneously define waveguides with SM
operation, efficient coupling with fibers, lasers, detectors etc., low-loss propagation,
small bending radius, and applicability to miniaturised PICs. Using more than one mask
layer in the patterning of a single SOI waveguide cross-section has significant advantages, as is explained in detail in publications [I–II] and Refs. [63–65]. Similar approach
is already widely used in compound semiconductor devices [115], and it has been applied to SOI waveguides as well [90, 93, 116]. However, those implementations are
somewhat different from the ideas described in this thesis, or insufficiently documented
for real comparison. In particular, the proposed multi-step patterning principle avoids the
complicated epitaxial growth in the middle of waveguide fabrication, and the light is
always confined into a single unitary core made of homogeneous Si. The multi-step
patterning principle and its potential is illustrated below with four example structures.
The first two waveguide structures transform a rib waveguide into a thin or thick rectangular waveguide (or vice versa), as shown in Figs. 23a–b. The third transformer
waveguide connects two rib waveguides that have different thicknesses, as illustrated in
Fig. 23c. The three structures can be combined in various ways, and there is no fundamental reason to limit the multi-step patterning principle to only two mask layers.
A

B

C
B

A

C

a)
Si core

BOX

BOX

b)

c)

Figure 23. Three different 3D waveguide transformers based on multi-step patterning.
The layouts on the left describe the structures a–c) as seen from the top and the crosssections A, B, and C are shown on the right.
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Waveguide transformers, such as those illustrated in Fig. 23, can enable vertical
waveguide tapering, coupling between strip and rib waveguides (both with their unique
advantages and disadvantages), radical tailoring of both ∆n and the number of propagating modes, and e.g. coupling of light into SM strip waveguides and PhC waveguides.
However, the waveguide cross-section must be changed adiabatically, i.e. in a sufficiently small angle with respect to the propagation axis. Depending on the type and size
of the waveguide, this is expected to require 20–2000 µm long tapering areas [116]. The
mask alignment must also be carried out accurately, although the alignment tolerances
can be partially relaxed by using appropriate processing steps [64, 65]. According to
simulations, the finite widths and the exact positions of the sharp tips in Figs. 23a and c
are not critical, as long as the cross-sectional area is much smaller for the tip than for the
underlying rib or strip structure. Thus, an easily attainable tip width of 500 nm is sufficient for large structures. The alignment accuracy is around 1 µm in contact lithography
and <100 nm in stepper lithography, which are both sufficient for most multi-step structures. It should be noted that outside the transformation area only one mask layer defines
the waveguide structure.
The fourth example is a bent rib waveguide with an additional groove etched to its outer
side, as illustrated in Fig. 24. The groove locally increases ∆n in the bent waveguide
section, and it can almost completely suppress the radiation loss, as can be clearly seen
from Fig. 24. In order to minimise the overall bending losses, i.e. both junction and radiation losses, the bending radius, as well as the distance and width of the groove, can be
adiabatically tuned along the bend. Similar grooves have been proposed for glass
waveguides [117, 4: pp. 97–99] and briefly referenced for Si waveguides as well [90].
Based on numerous simulations [I–II], there appears to be significant potential in realising extremely compact PICs based on multi-step SOI waveguides and the advantages
should clearly overcome the associated extra efforts in fabrication.

Figure 24. Cross-sections and calculated intensity distributions of bent rib waveguides
with R = 20 mm, H = 10 µm, h/H = 0.5, and W = 8.8 µm. a) Without a bend groove
(radiation loss 10 dB/90°). b) With a bend groove (radiation loss 0.0002 dB/90°). Contour lines with 10% spacing between 5 and 95%.
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2.7 Waveguide gratings
Fiber optic gratings are widely used for reflecting desired wavelength(s) backwards
along a fiber or, in general, for producing a desired reflection spectrum. Fiber gratings
are usually fabricated by using ultraviolet (UV) light to produce small refractive index
changes along a piece of fiber. Waveguide gratings on planar substrates [VI, VII, 62, 90,
91] represent a less mature technology, but they have some clear advantages, especially
with respect to fabricating miniaturised gratings and in integrating several different gratings and other optical functions on a single chip.
In this work, waveguide gratings were designed for SOI waveguide technology in collaboration with the Department of Physics at the University of Joensuu (JoFy). The work
is reported in publications VI–VII and in Ref. [62]. The target application was an adddrop filter which could be fabricated by adding identical corrugated gratings on top of
the two waveguide branches of a 2×2 MZI, as illustrated in Fig. 25a. In order to have
efficient fiber coupling and SM operation, the gratings were to be etched on top of ~10 µm
thick rib waveguides with h/H ≈ 0.5 and W = 7–10 µm. Therefore, light is expected to be
well confined into the Si core with the neff of the fundamental mode being slightly below
3.5. This means that for a first order grating the period should be λ/(2neff) ≈ 220 nm and
the width of the corrugation groove ~110 nm. Such small structures are extremely difficult to fabricate with good surface quality, although they can result in compact devices.
a)

λ1, λ2, λ3, λ4,... (in)

λ2 (drop)

b)

Reflection peak at λ2

λ2' (add)

λ1, λ2', λ3, λ4,... (out)

Figure 25. Schematic illustration of a) an add-drop filter and b) the designed waveguide
grating.
First, the effective index change ∆neff as a function of H, W and groove depth was calculated for grooves only on top of the rib and grooves extending to the surrounding slab
(see Fig. 25b). The latter produced much higher ∆neff values, although even they were
<0.0002 if the grating depth was <500 nm, and W ≈ H = 7–10 µm. The estimated maximum achievable etch depth for the grating was 500 nm. The required grating length as a
function of ∆neff was then calculated with a 1D film stack method. In order to have rela-
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tively short gratings with >99% reflection, the grating should be as deep as possible and
it should preferably extend to the slab region as well.
The results were confirmed with a rigorous 2D simulation tool that was specially developed for this task. The new simulation method is based on rigorous diffraction theory. It
is much more accurate than the film stack method, computationally efficient and applicable to the analysis of other corrugated gratings as well. The 2D approximation was
implemented by eliminating the horizontal coordinate, thus describing the surface corrugation accurately. However, the approximation presents a SM rib waveguide as a highly
MM slab waveguide. This led to the identification of additional reflection peaks that
correspond to non-physical higher order modes that in reality present loss. Based on the
results, deeper etching enables shorter gratings, but at etch depths >>1 µm coupling to
higher order vertical modes leads to harmful losses. The effect of stitching errors in ebeam lithography was also studied. [VI]

2.8 Polarisation cross-talk
Theoretically, propagating waveguide modes have no polarisation cross-talk. In practice,
however, waveguides have a finite polarisation cross-talk due to junctions, process nonidealities, and non-adiabatic transformations. In most applications the input polarisation
is unknown and it is sufficient to optimise the components with respect to polarisation
dependent loss (PDL) and polarisation mode dispersion (PMD). However, in some polarisation maintaining applications the cross-talk between different polarisation modes
should be minimised. This typically requires waveguides with sufficiently high birefringencies, low losses, and accurately aligned input junctions. It is possible to realise PM
components with low PDL and PMD, but usually components are designed to be either
highly polarisation independent (with SM fiber pigtails) or polarisation maintaining
(with PM fiber pigtails). In the following, the theory of polarisation cross-talk in Si
waveguide components is briefly discussed. More details and experimental results are
given in Chapter 3.3, publications [I, VIII] and Ref. [63].
In literature, the term polarisation extinction ratio is commonly used to describe the
characteristics of polarisers, PM fibers, waveguides, light propagating in free space and
light originating from the end of a fiber or a waveguide [VIII]. In this thesis, the PXR of
light that propagates along a SM fiber, or originates from the end of that fiber (PXRout),
is defined as the ratio of optical powers P1 and P2 coupled to the two differently polarised fundamental modes of the fiber, i.e. PXR = 10⋅log10(P1/P2) dB. This and the following definitions apply for waveguides as well as for fibers. Usually, the two fundamental
modes are linearly polarised along two mutually orthogonal polarisation axes. In PM
fibers these axes are called the slow and the fast axis, while in Si waveguides the axes
are horizontal (TE) and vertical (TM) with respect to the chip. Linear polarisation modes
are assumed in this thesis, which is a good approximation for PM fibers and large Si rib
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waveguides. Then PXRout can be measured as the ratio of powers transmitted through a
linear polariser aligned along the two polarisation axes. This PXR value depends on input
coupling (PXRin), polarisation cross-talk in the fiber and the order of the modes (P1/P2 or
P2/P1). The PXR of the fiber itself is defined as its PXRout (>1) when PXRin = 0 or ∞. In
practise, accurate characterisation of devices requires that PXRin >> PXRout and that the
rotational misalignments at the input and output are kept well below arctan(1/PXRout).
In general, PXR(α) is the ratio of powers P1 and P2 transmitted through a linear polariser
in two orthogonal angles α (P1) and α+90° (P2). It describes the PXRin that would couple
to a fiber rotationally aligned to angle α. If α is the angle with respect to a fiber's polarisation axis,
PXR (α ) =

PXR out + 2 PXR out tan(α ) cos(∆φ ) + tan 2 (α )
PXR out tan 2 (α ) − 2 PXR out tan(α ) cos(∆φ ) + 1

,

(12)

where PXRout and ∆φ are the PXR and the phase difference of the polarisation modes at
the fiber's output. This formula was used to analyse the changing of PXR due to rotationally misaligned junctions, and to explain the measured PXR(α) curves. It is illustrated in Fig. 26 and it led to the invention of a novel method for measuring the polarisation axes of waveguides and polarisation maintaining fibers. According to the proposed
method, two or more PXR(α) curves are measured and their crossing point determines
the angle of a polarisation axis (α = 0°). In this method, ∆φ does not need to be known or
densely varied. It suffices to change it enough for the identification of the crossing
point(s), e.g. by ±45°, or more. Changes can be induced by heating, bending or stretching the fiber (or waveguide), or by slightly changing the wavelength. If some interpolation or fitting to theoretical curves is used, the measurement accuracy can be much better
than the angular step size. Also, the measurement accuracy of this method can be estimated based on curve fitting and/or deviation of crossing points between multiple
PXR(α) curves.
It should be noted that if ∆φ is properly averaged out, e.g. by using a sufficiently broadband light source, then PXR(α) corresponds to ∆φ = 90°. For light propagating in free
space, there are no modes or polarisation axes, and PXR is usually defined as the maximum of a measured PXR(α) curve. Sometimes this definition is also used to determine
PXRout of a fiber or a waveguide. However, based on Eq. (12) and Fig. 26 this should be
used only if ∆φ is averaged out. Otherwise the maximum PXR(α) indicates a false angle
and a false PXRout.
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Figure 26. Theoretical PXR curves based on Eq. (12). PXRin = 20 dB and ∆φ = 0°, 45°,
90°, 135°, or 180°.
As can be concluded from Eq. (12) and Fig. 26, the rotational misalignment of a fiber
with respect to the input of a Si waveguide rapidly increases the variation of the
waveguide's input PXR with respect to ∆φ, which is usually unknown and unstable.
Therefore, the rotational alignment should be carried out very accurately, especially in
case of multiple successive junctions between different PM components.
Proper input alignment alone does not guarantee high PXRout for a Si waveguide. The
polarisation cross-talk within the waveguide or the waveguide component must also be
minimised. Careful PIC design can minimise unwanted modal coupling in bends, tapers
and other circuit elements. However, material inhomogeneities, surface roughness
around the core and other process-related imperfections induce scattering losses, and
some of the scattered power tends to couple to the other polarisation. This type of crosstalk can be minimised by decreasing the propagation losses and by increasing the
waveguide birefringence.
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3. Fabrication
3.1 Clean-room processing
The fabrication of waveguide components was mostly based on standard clean-room
processes and tools that are commonly used in silicon microfabrication. An up-to-date
introduction to microfabrication can be found from [105]. The basic principle of photolithographic patterning is illustrated in Fig. 27. A short summary of the used tools and
methods is given in this chapter. Due to the numerous variations of processing, a default
process for fabricating an SOI waveguide chip is first described and the main variations
with respect to that are then briefly listed.
a)

UV light
Photomask
Photosensitive
resist
Oxide hard mask
Silicon

c)

Silicon

d)
b)

Etching plasma
(anisotropic, material selective)

Oxide hard mask
Silicon

Etching plasma
(anisotropic, material
selective)
Silicon

Figure 27. Schematic presentation of photolithographic surface patterning with an oxide
hard mask (dimensions not in scale). a) UV exposure. b) Resist development. c) Oxide
dry etching. d) Si dry etching.
The default waveguide process is based on photolithographic patterning and the use of
an oxide hard mask (see Fig. 27). First, approx. 300 nm thick oxide hard mask is deposited with low temperature oxide (LTO) process in a chemical vapour deposition (CVD)
furnace on top of a BESOI wafer with SOI thickness ~10 µm. Waveguide patterns are
then transferred to the hard mask using standard photolithography and dry oxide etching
in parallel plate plasma etcher. Silicon etching is done using an inductively coupled
plasma (ICP) type reactive ion etcher (RIE). The etching process is modified from a
pulsed (Bosch) type process for deep silicon etching, in which etching and passivation
steps are alternated subsequently. The etching and passivation gases are SF6 and C4H8,
respectively. During the passivation step a thin polymer film is deposited on the etched
silicon side-walls to prevent lateral etching under the mask and thus keeping the etched
wall vertical. The passivation and etching step lengths are reduced to their minimum
(5 s) to minimise the depth of the unavoidable side-wall undulation in this process. The
process is started by etching the first 500 nm with continuous passivation to prevent the
significant underetching in a first etch cycle when no passivation is yet present. The
resulting etch wall roughness after Si etching is shown in Figs. 28a–b. After the removal
of the resist and the passivation polymers in oxygen plasma, the oxide mask is removed
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by wet etching in hydrofluoric acid. The final process step is the deposition of the top
cladding oxide. By default, the cladding is formed by thermal oxidation, which also
reduces surface roughness on waveguide walls. The default TOX thickness is 1 µm.
b)

a)

Figure 28. Scanning electron microscope (SEM) images of SOI rib waveguides fabricated with the default process, but before cladding oxide deposition. a) Cross-section
(white area is the BOX layer). b) Side wall (undulation due to the pulsed process).
To eliminate the slight undulation in waveguide walls, a continuous passivation process
may alternatively be used. In this case, the flow rate of the passivating gas (C4F8) is
increased linearly as a function of time, instead of pulsed operation. In this process, the
maximum achievable etch depth is presently limited to ~6 µm with acceptable side wall
verticality. There are alternatives to the TOX top cladding as well. For example, low
pressure CVD of oxides, such as tetraethyl orthosilicate (TEOS) and LTO, can be used,
or the cladding deposition can be simply skipped. For fabricating TO switches, thin film
metal heaters must be processed on top of the rib waveguides. By default, a 500 nm thick
Al layer was sputter deposited and patterned using standard photolithography and dry
etching.
In order to enable the future demonstration of functional multi-step waveguide structures, a three-step fabrication process was also developed. The process is schematically
presented in Fig. 29. First the default waveguide process is applied for the first etch step
(deepest areas in the final structure). Then a new mask oxide is deposited and patterned
to define the layout for the third etch step. This structure is not immediately transferred
to Si, but a new photoresist layer is applied and patterned on top of it. The second etch
step is done using the photoresist mask. Then the photoresist is stripped off and the exposed oxide hard mask is used to carry out the third etch step. The different combinations of the three mask layouts (etch steps 1–3) can produce six final Si levels (no etch,
etch 1, 3, 1+3, 2+3, or 1+2+3). Examples of fabricated test structures are shown in
Fig. 30. When applied to functional waveguides on SOI wafers (see Chapter 2.6), these
structures should provide adiabatic operation as long as the different mask lines have
sufficiently small crossing angles with respect to each other.
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a)

Oxide mask

Resist
Oxide mask

f)

Silicon

b)

Silicon

g)

Oxide mask

Silicon

c)

Silicon

Oxide mask
Silicon

Oxide mask

h)

Silicon
Oxide mask

d)

Silicon
Oxide cladding

i)
Resist
Oxide mask

e)

Silicon

Silicon

Figure 29. Schematic presentation of a multi-step process (3 etch steps, dimensions not
in scale). a) Oxide patterning with photomask 1. b) Silicon etching with oxide mask and
oxide removal. c) Oxide deposition. d) Oxide patterning with photomask 3. e) Resist
patterning with photomask 2. f) Si etching with resist mask. g) Resist removal. h) Silicon
etching with oxide mask. i) Final structure after oxide removal and thermal oxidation.

No etch
Etch 1

Etch 2+3
Etch 3

5 µm

2 µm

Figure 30. SEM images of fabricated multi-step test structures on Si wafers. The different combinations of etch steps are indicated on the right.
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3.2 Post-processing and fiber pigtailing
Between the clean-room processing and sample characterisation, some post-processing is
usually required. In this work, the main post-processing steps were wafer dicing (into
chips), polishing of the chip facets to optical quality and wire bonding of electronic contacts to TO switches. Dicing was carried out with a Loadpoint MicroAce 3 machine. An
improved dicing method was developed for optical samples in order to ease the polishing
process.
In the beginning of this work, chip polishing was carried out by using diamond sprays
and rapidly rotating polishing cloths. This process was slow and it only provided moderate surface quality. Therefore, better polishing equipment was purchased and a new
polishing process was developed for SOI waveguide samples. With the latest process,
fine tuned by another person at VTT, a chip facet with an array of SOI waveguides can
be polished to excellent quality in less than half an hour. One key factor in a successful
polishing process is that the chip surface is protected with a thick resist layer until the
final chip cleaning. In order to characterise the TO switches the contact pads on the chips
were wire-bonded to external electronics.
In this work, single-layer AR coating technology was developed to reduce reflections in
fiber-waveguide junctions. Three coating materials were tested, namely Ta2O5 (n = 2.1),
HfO2 (n = 2.03), and ZrO2 (n = 2.13). All three materials were grown by atomic layer
deposition (ALD), but the first two were deposited at the University of Helsinki, while
ZrO2 was deposited at the Helsinki University of Technology. Lowest reflections were
measured with an AR coating made of Ta2O5. However, the variation of measured reflection coefficients between different materials and samples was dominated by thickness variation, not the refractive index differences. The thicknesses were not thoroughly
calibrated in this work. Nevertheless, it should be noted that in series production the
ALD thickness uniformity is usually excellent and all the three materials are applicable
for AR coatings. Another, and perhaps even more important, advantage of ALD is excellent conformality (step-coverage).
Some waveguide samples were equipped with fixed fiber pigtails, and even with fiber
arrays. First, fibers were passively aligned onto Si V-groove chips and fixed with UVcurable glue and glass lids. Then these fiber sub-assemblies were polished and actively
aligned to the waveguide chips. Finally, the aligned end facets were fixed together with
UV-curable and index-matched glue.
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3.3 Waveguide gratings and photonic crystal structures
The experimental part of the waveguide grating development was started in the very
beginning of the whole research work, in parallel with the study of thermo-optical
switching. Therefore, this work did not only concentrate on the waveguide gratings
themselves, but it also involved a significant amount of fundamental development with
respect to the processing of plain silicon waveguides and various types of silicon nanostructures with the help of both optical and electron (e)-beam lithography [VII, 62, 70].
As was explained in chapter 0, the target for process development was to realise up to
500 nm deep corrugated gratings on top of an SOI rib waveguide and the nearby slab
regions (refer to Fig. 25b). The design for process integration involved the patterning of
wide gratings onto an SOI wafer, the patterning of an oxide hard mask on top of the
grating and, finally, the etching of silicon around the rib to the desired depth, so that the
grating around the rib would be replicated on top of the slab. The fabrication processes
for rib waveguides and gratings were first develop separately, while bearing in mind the
requirement for process integration in the future. The developed waveguide process was
similar to the above described default process and its detailed description can be found
from publication VII. The grating process was first intended to be carried out mostly at
JoFy in Joensuu, but it was found out that such a process formed a contamination risk to
the CMOS fabrication line at VTT. Most of the fabrication steps were then moved to
VTT's facilities in Espoo and only the critical e-beam lithography step was done at JoFy.
Numerous processing tests were done with different mask layers and etch processes, but
first order gratings with 225 nm period could not be fabricated with sufficient quality
because of an artefact in e-beam writing. The varying e-beam dose resulted in linewidth
and, consequently, etch depth variations (see Fig. 31a). However, second and third order
gratings (450 and 675 nm periods) with over 1 µm etch depth were successfully realised
on plain Si wafers (see Fig. 31b).
After developing the waveguide and grating processes separately, they were combined
with the designed integration process. First and third order grating structures were fabricated on top of silicon ribs on both Si and SOI wafers (see Fig. 31c). Unfortunately, the
gratings around the ribs had poor quality. Apparently, the replication of the surface corrugation from the original Si surface to the lower slab surface by using anisotropic silicon dry etching around the rib was not successful. Residual hard mask oxide in the grating grooves at the beginning of the deep Si etching was at least one of the reasons for
this. The high quality of third order gratings was maintained on top of the ribs, but the
gratings on the sides did not have sufficient quality for successful optical measurements.
However, the obtained ability to realise over 1 µm deep gratings opened up the possibility to apply gratings only on top of the ribs in future experiments.
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a)

225 nm

b)

450 nm

c)

2.7 µm
= 4×675 nm

Figure 31. SEM images of fabricated grating test structures. a) Grating on a Si wafer
with period 225 nm and depth ~1 µm. b) As above, but with 450 nm period and 1.2 µm
depth. b) Parallel grating on top of a Si rib structure with period 675 nm and depth 1.2
µm (fabricated only for SEM analysis).
The success of fabricating nanostructures on flat surfaces enabled the fabrication of
photonic crystal components on 1 µm thick SOI wafers. This was indeed carried out
successfully [70, 84]. Some PhC waveguide structures fabricated in SOI are illustrated in
Fig. 32. To enable the optical characterisation of these tiny PhC waveguides in the future, input and output coupling of light should still be developed. The structure illustrated in Fig. 23a may turn out to be useful for this purpose.

Figure 32. SEM images of PhC waveguide structures fabricated in SOI by using a single
e-beam exposure window: a) 60° bend, b) 120° bend, and c) taper.
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4. Experimental results
4.1 Construction of the measurement set-ups
In the beginning of this work, measurements were carried out with an unstable 6-axis
alignment stage, standard SM and MM fibers (SMF, MMF), rotatable thin-film polarisers, standard objectives and an IR camera. This resulted in many problems, including
difficult fiber alignment and unexplained polarisation effects. Therefore, a rigid 3-axis
alignment stage with piezo drives (NanoBlock from Melles Griot), a computer controlled
6-axis stage (Model F-206 from PI), PM fibers (PMF, from Flextronics), a fiber pigtailed
polariser (from General Photonics), two free-space polarisers (PXR 50 dB, from Thorlabs), a PM fiber coupler (from Newport), two PM 1×2 switches (from Newport), two
polarisation splitters (from OZ optics), and a new IR camera with near-field optics were
purchased. Furthermore, a motorised fiber rotator was fabricated by a student from The
Finnish School of Watchmaking under author's supervision. With these tools, new setups
for loss and polarisation measurements were constructed. The basic setups are illustrated
in Figs. 33–34 (alignment tools not shown), although some modifications were made for
particular measurement needs.
a)
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Laser
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d)
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PMF

Polariser

PMF

Switch

Pol. splitter

TE

PMF
DUT
TE / TM
Fiber rotatation 90°

PMF
TE→TM
Rotatable polariser

PMF

PMF

DUT

TE / TM

SMF (16 dBm output power from amplifier noise)
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(Unpolarised light)
Objective
SMF

(Unpolarised light)
Pol. splitter
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PMF
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Figure 33. Typical measurement setups used for optical input coupling. a–b) TE/TM
polarised input for insertion loss (IL), PDL, PXR, and polarisation axis measurements.
c) High power input for IL measurements. d) Input for spectral measurements. e) Polarised broadband input for birefringence measurements. EDFA = erbium doped fiber
amplifier, DUT = device under test.
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Figure 34. Typical measurement setups used for optical output coupling in measurement
of a) polarised output power and PXR, b) output power in free-space, c) output power
with SMF or MMF, d) PXR spectra for birefringence measurements, e) spectral characteristics and f) near-field intensity distributions. Det. = detector.
Compared to the old setups and methods, the new setups provided significantly better
measurement accuracy. This also led to much better consistency with the theory and
simulations. High quality polishing of the waveguide facets (see Chapter 3.2) and the use
of index matching oil between fibers and waveguides were also found to be crucial for
obtaining reliable results.

4.2 Optical coupling of fibers and silicon waveguides
Silicon rib waveguides were optically coupled with standard SM, MM and PM fibers.
The coupling efficiency to MM fibers is practically 100%, excluding the reflection
losses. Modal mismatch between a Si rib waveguide and a standard SM fiber was determined by measuring the insertion losses (IL) of 3 mm long waveguide chips between
SM input and output fibers. Due to the short waveguide length the propagation losses are
negligible (<0.1 dB) with respect to the coupling losses, and the worst-case coupling loss
estimate for a single fiber-waveguide junction is IL/2, including the reflection losses.
The reflection losses were suppressed to 0.8±0.05 dB/facet by using index matching oil
(n = 1.5) between the fiber and the waveguide. To estimate the modal mismatch loss,
0.75 dB/facet reflection loss was subtracted from IL/2 (interference effects should be
very small with the used light source). For 9 µm thick test waveguides with h/H ≈ 0.48
the measured minimum modal mismatch loss was 0.6 dB with W ≈ 12 µm (width variation in 1 µm steps). According to rigorous overlap calculations for the same H and h,
minimum losses of 0.541 and 0.584 dB for TE and TM, respectively, should be obtained
at W ≈ 13 µm. Thus, the calculated and measured values agree very well.
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The impact of AR coatings in reducing the reflection losses was measured with 4 cm
long waveguide chips. In order to eliminate the somewhat uncertain propagation losses
(0.2–0.8 dB), insertion losses for the waveguides were measured before and after AR
coating deposition. Index matching oil was used for both measurements, and the IL reduction after AR coating was compared to the calculated loss reduction. The best results
were obtained with Ta2O5 AR coatings and they are summarised in Table 1. The average
loss reduction was 0.8 dB/facet with a 0.12 dB standard deviation (due to the finite
measurement accuracy). The calculated loss reduction was 0.7 dB for a 180 nm thick
Ta2O5 coating. This thickness was measured from a reference sample, and it may slightly
deviate from the real thickness. Thus, the calculated and measured values again agreed
very well. Based on the results and the calculated 0.8±0.05 dB reflection loss without the
AR coating, the reflection loss with the AR coating is estimated to be <0.15 dB. Thus the
total coupling loss for a 9 µm thick waveguide with AR coating and optimum alignment
is estimated to be <0.75 dB/facet. Even lower coupling loss should be attainable with an
optimised AR coating thickness and a thicker waveguide. With an optimal Ta2O5 coating
and a 14×14 µm strip waveguide, the coupling loss could be as low as 0.1 dB/facet.
Table 1. Insertion losses (dB) of Si rib waveguides between standard SM fibers with and
without Ta2O5 AR coatings, and the insertion loss reduction (dB) due to the AR coating.
LWC = line width change with respect to the nominal W on the mask layout.
H
h/H
(µm)
Without Ta2O5 9.1 0.35
With Ta2O5
IL reduction
Without Ta2O5 8.5 0.38
With Ta2O5
IL reduction

LWC
(µm) 14 µm
-2 3.0
1.8
1.2
-2.3 3.2
1.9
1.3

Nominal W:
13 µm 12 µm 11 µm
3.2
3.2
3.3
1.4
1.9
1.8
1.8
1.3
1.5
3.1
3.4
3.7
1.7
1.6
1.8
1.4
1.8
1.9

10 µm
3.8
2.0
1.8
3.8
2.3
1.5

Coupling with PM fibers was also tested. To obtain good input PXR the polarisation
axes of the waveguides and fibers were accurately aligned parallel. The polarisation axes
of a Si waveguide are usually parallel and transverse to the chip's surface and, thus, easy
to align with respect to the setup. However, the polarisation axes at plain fiber ends need
to be directly measured. After the measurement the fiber axes can be rotated parallel to
the waveguide axes and the positional alignment can be started. In this work, two alternative methods were used to find the polarisation axes of PM fibers. In the first method,
broadband light source was used to average out the phase differences between the polarisation modes. Thus, the maximum and minimum of PXR(α), as measured by a rotatable
polariser, indicated the angles of the polarisation axes. Due to its simplicity and sufficient accuracy, this method was usually used. However, the practical applicability of the
new measurement method, as introduced in Chapter 2.8, was also demonstrated [VIII].
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The new measurement method was tested by using three alternative means to induce
phase difference changes in a PM fiber. All three led to good results, but heating provided slightly better accuracy than wavelength tuning and mechanical fiber manipulation. The improved accuracy was mostly due to the motorised fiber rotator, which was
used only in the heating experiments. It was not yet available when the other modulation
methods were tested. Fitting to theoretical curves was good for temperature and wavelength tuning, but rather poor for the mechanical fiber manipulation. This was due to the
uncontrolled and unexpectedly long stabilisation time of microscopic fiber movements,
which induced phase fluctuations during the angular scan. With temperature modulation
the measured PXR(α) curves fitted well to theory and provided a measurement accuracy
of better than 0.2°, as can be confirmed from Fig. 35.
When compared to alternative methods [118–121], the new method has some unique
advantages. Unlike the broadband method, the new method can be applied also to devices with a very narrow spectral range, such as arrayed waveguide gratings (AWGs) or
wavelength filters. Compared to the use of polarisation analysers, or other complicated
equipment, the new method is particularly simple and inexpensive to implement. Some
alternative methods are based on measuring PXR(α) continuously with a fast rotating
polariser. However, with these method one needs to vary both α and ∆φ with very small
steps. The accuracy of the new method appears to be at least as good as for any other
method, and it can be easily confirmed from the results.

Figure 35. Measurement of a PM fiber's polarisation axis by heating the fiber (filled
symbols) and by using a broadband light source (thin crosses).
Finally, fixed fiber pigtails were fabricated by using a combination of passive fiber
alignment into Si V-groove chips and active alignment between the fiber array and
waveguide array chips (see Fig. 5a). This was done for both SM and PM fibers. For PM
fibers the output PXR of the fiber array was limited to ~17 dB, even if the fiber alignment was done with very high accuracy. This was probably due to the stress induced into
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the PM fibers when they were permanently affixed to the V-grooves with UV-curing
glue and a pyrex lid. For SM fiber arrays the fixed fiber pigtails increased the coupling
losses by <0.5 dB/facet with respect to the optimum alignment of single fibers. Thus, the
misalignments in a fiber array were <1.5 µm according to Fig. 17.

4.3 Propagation and bending losses of silicon
waveguides
Accurate measurement of the propagation losses in low-loss Si rib waveguides is quite
difficult. In this work, 4" SOI wafers were used, providing a maximum length of 9 cm
for straight waveguides. For 9 cm long waveguides with 0.1–0.5 dB/cm attenuation the
total propagation loss is comparable to the somewhat uncertain coupling losses. Also,
low-loss light propagation in the surrounding slab makes it difficult to separate the powers associated with the fundamental, higher order and radiation modes at the output of
short waveguide samples. Thus, the usual cut-back method [77, 79] does not provide
very accurate results for low-loss waveguides. On the other hand, the very high effective
index requires that short waveguides should be used in the alternative Fabry–Perot loss
measurement [77, 79]. Then the scattering losses at the waveguide end facets induce
uncertainties in the loss measurements.
In order to measure the propagation losses accurately, up to 114 cm long spiral waveguides were fabricated on 100 mm SOI wafers. A schematic layout of the spiral is shown
in Fig. 36. Nominal waveguide width varied from 2 to 11 µm, and the bending radius
varied between 25 and 42 mm along the spiral. The minimum radius of 25 mm is still
quite short for weakly guided Si rib waveguides with H ≈ 9 µm and h/H ≈ 0.5, and the
bending losses have some effect on the measured propagation losses. Also, each
waveguide made 100 crossings with other waveguides. Thus, the measured losses are a
worst-case estimate. However, the impact of fiber coupling and interference effects is
almost completely eliminated in the very long waveguides, and the insertion loss of
perpendicular crossings is very small (<0.05 dB/crossing based on the results). Reflection loss with index matching oil is only 0.8 dB/facet, while even the smallest measured
IL was ~15 dB. To obtain the propagation loss, 0 and 1.6 dB losses were assumed for
crossings and reflections, respectively. Also, the calculated modal mismatch loss was
subtracted from the IL.
Most of the results were obtained with a high-power EDFA source (Fig. 33c) and SM or
MM fibers at the output (Fig. 34c). Some polarisation measurements were carried out
with a laser source and PM fibers (Figs. 33a and 34a). The waveguides were confirmed
to be SM by monitoring the output with an IR camera while moving the input fiber.
Straight waveguides with same dimensions were often seen to be multi-moded because
the bends eliminate weakly guided higher order modes. In practise, wider waveguides
can, and should, be used in bends.
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Input waveguide array
(individual waveguides
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Figure 36. Schematic layout of the waveguide spiral test structure used to determine the
propagation losses of Si rib waveguides.
The measured minimum propagation loss for 114 cm long and 9 µm thick SM rib waveguides between two SM fibers was 0.13±0.01 dB/cm. This waveguide was fabricated
with the continuous passivation process. It had h/H ≈ 0.44, W ≈ 7 µm, and a calculated
modal mismatch of 1.2 dB/facet. According to Eq. (6), the maximum SM width is 7.4
and 7.2 µm for TE and TM, respectively. Thus, the waveguide was SM also according to
Eq. (6). The obtained propagation loss is the best reported so far in literature for a dry
etched Si rib waveguide at λ ≈ 1550 nm. Also, the measurement accuracy is much better
than in previous results at λ = 1300–1550 nm. For example, in [72] the propagation loss
at λ = 1.52 µm is reported to be 0±0.5 and 0.4±0.5 dB/cm for TE and TM, respectively.

Propagation loss (dB/cm)

Propagation losses were also measured as a function of wavelength for 9.0, 4.9, and
2.0 µm thick SM waveguides. For a 9.0 µm thick spiral waveguide the propagation loss
was practically constant (0.13−0.16 dB/cm) from 1200 to 1650 nm. For H ≈ 4.9 µm and
H ≈ 2.0 µm the minimum propagation loss measured from a 71 mm long straight
waveguide was 0.3±0.2 dB/cm and 1.2±0.2 dB/cm, respectively. To obtain these values
the calculated modal mismatch and reflection losses were subtracted from the measured
insertion losses. This reduced the measurement accuracy of thin and straight waveguides
compared to the thick spiral waveguides. However, it can be clearly seen that thinner
waveguides have higher propagation losses due to their higher sensitivity to surface
roughness. The measured transmission spectra are shown in Fig. 37.
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Figure 37. Measured propagation loss spectra for single-moded 9.0, 4.9, and 2.0 µm
thick Si rib waveguides.
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4.4 Polarisation characteristics of Si waveguides and
directional couplers
The birefringencies of different Si rib waveguides were measured by using the fixed
analyser method [122]. The used input and output setups are illustrated in Figs. 33e and
34d, respectively. The results are also described in publication [I] and Ref. [63]. In the
measurements both polarisation modes of the waveguide were equally excited (PXRin ≈
0 dB) from an input PM fiber having high PXR and a rotational 45° angle with respect to
the waveguide. At the output, a PXR spectrum was measured, again at 45° angle with
respect to the waveguide. Waveguide birefringence induces a periodic variation of
measured PXR as a function of λ, and the birefringence can, thus, be concluded from the
measured λ-period and sample length. Examples of measured PXR spectra and birefringence values as a function of rib width W are shown in Fig. 38. Measurements were
carried out for 9 µm thick rib waveguides with different widths and cladding materials
(h/H ≈ 0.5). The main conclusion was that typical cladding oxide materials (n ≈ 1.5),
such as TOX and LTO, can increase the birefringence almost by an order of magnitude
compared to an air cladding. This must be due to the stress induced by the cladding into
the Si core [I, 63, 95]. A low-stress TEOS cladding indeed provided almost as low birefringence as the air cladding, although both values were at the limits of measurement
accuracy. A summary of the results is given in Table 2. [I]
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Figure 38. a) Measured PXR spectra from two 4 cm long waveguides with LTO and
TEOS claddings (H ≈ 9 µm, h/H ≈ 0.5, W ≈ 8 µm). b) Measured birefringence as a function of W in a 71 mm long sample chip with TOX cladding (H ≈ 9 µm, h/H ≈ 0.5).
Waveguide width can also be used to tune the birefringence, but this may produce conflicts with other design criteria, such as low-loss and SM operation. However, by choosing an appropriate cladding material and by fine tuning cladding thickness, waveguide
width and etch depth, one should be able to tune the birefringence continuously from
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very small values (polarisation independent operation) to very high values (PM operation). Some variations can also be done within a single chip to monolithically combine
waveguides with different polarisation characteristics. Finally, it should be noted that in
thin waveguides birefringence usually increases [93, 95] and becomes a more difficult
problem.
Table 2. Calculated and measured birefringencies of rib waveguides with different cladding materials, all with H ≈ 9 µm, h/H ≈ 0.5 and W ≈ 8 µm. Calculated values do not
include stress-induced birefringence, unlike the measured values.
Calculated:
Cladding material: Air
-4

Birefringence (10 ): 0.236

Measured:

SiO2

Air

TEOS

LTO

TOX

0.238

<1

1

6

6.3

For realising polarisation independent devices it is not always sufficient to minimise
birefringence only. After all, birefringence-induced PMD is usually not very significant
in the relatively short waveguide chips. Instead, the polarisation dependency of all optical circuit elements, such as directional couplers and modulators, must be minimised,
although there is usually a strong correlation between birefringence and the polarisation
dependency of components. In this work, the polarisation dependency of directional
couplers was tested for different cladding materials, namely air, TEOS, LTO and TOX.
According to the results, there was indeed a strong correlation with birefringence. Air
and TEOS claddings provided polarisation independent DC operation, while LTO and
TOX caused a strong polarisation dependency. Therefore, LTO and TOX should not be
used for polarisation independent applications.
Birefringence measurements indicate that LTO and TOX claddings could be used for
PM applications, particularly if only one polarisation is used. However, such applications require a sufficient PXR value for waveguides and waveguide components, such as
DCs. Therefore, the PXR of straight Si waveguides and DCs was measured. The PXR of
the input fiber was >30 dB and the polarisation angles were accurately aligned with the
methods described in Chapter 2.3. Furthermore, the input angle was iteratively varied in
order to confirm optimum alignment. Output PXR was measured with both the broadband method and the new crossing point method. However, the maximum output PXR of
both straight waveguides and DCs was only slightly over 15 dB. This value is rather low,
although sufficient for some applications. It is estimated that the relatively low PXR is
due to scattering, which is also responsible for propagation losses. A certain fraction of
the scattered light is coupled to the opposite polarisation state, and the PXR can only be
improved by further reducing the propagation losses. This conclusion is supported by the
fact that in a 4 cm long waveguide with 0.15 dB/cm loss 13% of the input power is scattered away from the waveguide, while PXR = 15 dB corresponds to 3.6% of the same
input power having coupled to another polarisation state.
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4.5 Fast thermo-optic 2x2 MZI switch
First thermo-optic 2×2 MZI switches were fabricated directly after the switch and mask
design (see publication III and Chapter 2.5). However, the initial characterisation of the
switches [28] was not easy, because the pre-existing measurement setup was somewhat
unstable, the input polarisation was arbitrary, and the quality of the waveguide facets
was rather poor. Also, the unprotected Mo thin film heaters experienced corrosion and
the heating of the waveguide chip influenced the fiber coupling efficiency at the input
due to the thermal expansion or warping of the chip. The measurement setup and the
facet polishing process were then improved, as explained in Chapters 4.1 and 3.2, respectively, and heatsinks were attached to the waveguide chips. This stabilised the power
and polarisation at the input. Furthermore, waveguide processing was developed further
to reduce scattering losses, and ~200 nm thick Mo heaters were replaced with 500 nm
thick Al heaters. The final dimensions of waveguides were H ≈ 9 µm, h ≈ 5 µm, and W ≈
9 µm. Waveguide spacing was 250 µm at the input, output and heating area, and 11 or
12 µm in the directional couplers. A bending radius of 12 cm was used for the S-bends
to induce transverse offsets of ~120 nm, and the lengths of the DCs were varied between
0 and 4 mm. This led to a total chip length of 4 cm. For more details on switch processing, see publications I and IV–V, and Chapter 3.1. After the development described
above, new switches were fabricated and characterised. As the DCs were polarisation
dependent (see Chapter 4.4), only TE polarisation was used for the characterisation
(setup as in Figs. 33a and 34c). Details of switch modulation can be found from publications I and IV–V.
First, the MZI switches were characterised without heating. The best switches had an
output extinction ratio ER = |10log(TCROSS/TBAR)| ≈ 17 dB (98:2), where TCROSS and TBAR
are the relative powers from the two switch output ports (BAR and CROSS with respect
to the input port). This was partly due to the very coarse variation of DC lengths on the
mask. For example, only lengths 0, 1, 1.5, 2, and 3 mm were available for 11 µm
waveguide separation. Therefore, the measured maximum ER does not indicate the
maximum for SOI-based MZI switches in general.
Heating contacts were wire bonded to the best switches, which were then characterised
with externally applied control signals. First, the voltage over a single heater was slowly
increased in order to determine the minimum and maximum transmissions for both output ports. The minimum and maximum were obtained with heating powers P = 0 W and
P = PON = 300 mW, respectively. Same 17 dB extinction ratio was found for the ON and
OFF state (∆φ = 0 or π). However, the ER of a lossless and symmetric MZI should be
infinite for the ON state [III]. Therefore, the ER is not limited only by the DC lengths,
but also by scattering, inter-modal coupling, limited PXR or some other imperfection. If
we assume that a fixed fraction s of total output power is always divided equally to both
outputs, e.g. due to scattering, then the relative CROSS port transmission (or portion of
total output power if the switch has an excess loss) is
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TCROSS =

1
1
⎛ rπ ⎞
sin 2 ⎜ ⎟[1 + cos(∆φ ](1 − s ) + s ,
2
2
⎝ 2 ⎠

(13)

where r is the ratio of real and ideal DC length. Relative transmission to the BAR port is
TBAR = 1−TCROSS. The maximum and minimum transmissions TCROSS,max and TCROSS,min
are obtained at ∆φ = 0 (OFF) and π (ON), respectively. By measuring them one can
simply determine the remaining switch parameters
s = 2 TCROSS,min and

(14)

⎛ rπ ⎞ TCROSS,max − TCROSS,min
.
sin 2 ⎜ ⎟ =
1 − 2TCROSS,min
⎝ 2 ⎠

(15)

Equal ER exima (±17 dB) indicate that TCROSS,max ≈ 1−TCROSS,min , DC length is close to
optimum (r ≈ 1) and s ≈ 0.04 dominates the maximum ER. The relatively high s is
probably due to scattering, and it could be lowered by reducing the excess loss of the
switch, which was measured to be ~1 dB with respect to an equally long straight
waveguide. It should be noted that the maximum output ER of ±17 dB describes perfect
phase control, and that in the following results the emphasis is in the phase modulation
depth. For any measured TCROSS with an arbitrary ∆φ, one can calculate the ideal transmission TCROSS,ideal corresponding to an ideal MZI structure (r = 1, s = 0) from
TCROSS,idea l =

TCROSS − TCROSS,min
TCROSS, max − TCROSS,min

.

(16)

This value, or the corresponding ideal extinction ratio
⎛ TCROSS,ideal
ER ideal = 10 log⎜
⎜ 1 − TCROSS,ideal
⎝

⎞
⎟ dB ,
⎟
⎠

(17)

should be used to evaluate the depth of the thermo-optic phase modulation.
After the preliminary characterisation the best switches were characterised with fast
externally applied control signals. First, simple step-wise modulation (ON/OFF) was
applied to one heater only. The maximum modulation frequency for 15 dB ER (ERideal =
20 dB) was 10 kHz. The measured CROSS-port transmission at 10 kHz operation is
shown in Fig. 39. The measured speed and power consumption of the switch were
somewhat higher than in simulations. The heat conductivity from the Si substrate to the
heat sink was probably higher than in simulations.
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The feasibility of the novel modulation method (see Chapter 2.5) was tested by using it
to accelerate the TO switch. At first, a simple, inexpensive, and somewhat slow control
electronics was built with a minimum time-step of 1 µs. This defined a maximum frequency of 167 kHz for the new modulation method. The rise and fall operations were
then shortened by optimising the heating powers P1 and P2 of the two waveguide
branches in 1 µs time-steps. The switching state could then be changed in 3 µs with
15 dB ER. This could be done either once or with a continuous 167 kHz frequency. With
better electronics, higher frequencies could have been obtained with lower ER.
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Figure 39. Measured CROSS-port transmission (lower graph) of the TO Si waveguide
switch with traditional 10 kHz modulation (upper graph). Transmission is normalised to
the attainable range of the slightly non-ideal switch (1–99%).
Sensitivity to random modulation was tested by sending semi-random bit sequences as
inputs to the control electronics. This dropped the measured ER to 13 dB (ERideal = 15 dB).
Optical response to a semi-random input signal at 167 kHz is shown in Fig. 40. With a
random input signal the average power consumption was 150 mW for the traditional 10
kHz modulation and 590 mW for the novel 167 kHz modulation, i.e. the speed and the
power consumption increased by factors 17 and 3.9, respectively. Thus, the acceleration
was efficient with respect to the increase in heating power.
In order to reach even faster operation, new control electronics was constructed and used
to optimise single switch transitions with 9 dB ER (10–90%) [V]. Single rise and fall
times were successfully suppressed to 725 and 700 ns, respectively. For comparison, a
traditional modulation method provided 29 and 35 µs transition times, i.e. 40–50 times
slower operation. If the single transitions are carried out with an average frequency of 1
or 10 kHz, the power consumption increases 4 and 44%, respectively, when compared to
traditional modulation with the same OFF-state bias power. Thus, the acceleration was
again efficient with respect to the increase in heating power.
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Figure 40. Semirandom input data at 167 kHz frequency (top), optimised heating powers
P1 and P2 (middle), and the measured TCROSS (bottom). Transmission is normalised to the
attainable range (1–99%) of the slightly non-ideal TO Si waveguide switch.
Based on the results, TO switching appears to be approximately tenfold faster (~10 kHz
for H ≈ 10 µm) in Si waveguides than in equally large low index contrast waveguides,
such as silica or polymer waveguides [18]. This is due to the good thermal conductivity
of Si and the thin BOX and cladding layers. Thermal insulation grooves [88] and an
appropriate BOX layer thickness can be used to obtain a desired compromise between
speed and power consumption. Furthermore, smaller waveguides can provide both faster
operation and lower consumption at the cost of more complicated fiber coupling. The
feasibility of the new modulation method was successfully demonstrated with a speed
improvement by a factor of 17–50 with respect to traditional modulation. For TO
switches operating at λ ≈ 1550 nm and having good mode matching with SM fibers, the
obtained 167 kHz frequency and sub-µs switching times are clearly the fastest results
reported so far in literature. In particular, one should keep in mind that these results are
obtained with high ER values of 13–20 dB. For 3 dB modulation, the maximum frequencies would be much higher than those reported above. The promising results indicate that
the new modulation principle should be tested also with other interferometric devices,
such as slower silica and polymer switches, and 1×1 MZI modulators.
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5. Conclusions
In this work, theoretical, numerical and experimental studies were carried out in order to
promote Si waveguide technology. Based on the theoretical and numerical studies, a new
SM condition and the use of multi-step patterning for Si waveguides were proposed.
Novel methods were also invented for accelerating interferometric devices and for
measuring the polarisation axes of waveguides and PM fibers. A small contribution was
also given for the development of a new simulation method for corrugated waveguide
gratings.
Numerous waveguides and waveguide components were fabricated by using standard
and modified clean-room processes. Existing processes were improved, especially for
realising low-loss Si rib waveguides. New processes were developed for multi-step patterning, as well as for patterning ~1 µm deep corrugated gratings and photonic crystal
waveguides with a combination of e-beam lithography and two types of dry etching.
Post-processing steps were also developed, especially waveguide facet polishing, antireflection coating, and fiber pigtailing.
For the characterisation of fabricated devices, new setups and methods were developed.
Propagation losses as low as 0.13±0.01 dB/cm were accurately measured for 9 µm thick
Si rib waveguides by using a 114 cm long spiral waveguide. This is the lowest propagation loss reported so far for SM dry etched Si waveguides at λ ≈ 1550 nm. Modal mismatch between SM fibers and 9 µm thick Si rib waveguides was measured to be 0.6 dB,
while thicker Si waveguides are expected to have mismatch losses as small as ~0.1 dB.
The reflection losses at Si waveguide end facets were suppressed from 0.7–1.6 dB/facet
to <0.15 dB/facet by using a Ta2O5 AR coating. Losses due to misalignments in fixed
fiber pigtail arrays were kept below 0.5 dB/facet with 1.5 µm alignment accuracy. This
included the impact of passive alignment into V-grooves and active alignment between
fiber and waveguide arrays. Waveguides were pigtailed also with PM fibers. This involved the accurate rotational alignment between fibers and waveguides. For this purpose, also the invented new rotational alignment method was tested, and its accuracy
was found to be better than 0.2°. At least for some applications, the new method appears
to be more simple and accurate than the alternative methods. Waveguide birefringence
was found to vary between 0.0001 and 0.00063 depending on the cladding material. This
enables the fabrication of both polarisation independent and maintaining Si waveguides.
However, the polarisation extinction ratio of waveguides and directional couplers was
found to be only ~15 dB. This should be improved by further reducing the propagation
losses.
Finally, the fabricated thermo-optical switches with non-optimised directional couplers
were modulated with a traditional step-wise method and the invented novel modulation
method. The former provided a maximum frequency of 10 kHz with 15 dB extinction

67

ratio and an average power consumption of 150 mW. The new method provided a
maximum frequency of 167 kHz with the same ER and an average power consumption
of 590 mW. Therefore, the frequency and the power consumption were increased by
factors 17 and 3.9, respectively. It should be noted, that the measured 15 dB ER corresponds to a 20 dB ER in an ideal switch structure. With improved control electronics and
a slightly lower ER of 9 dB, single rise and fall times were suppressed down to 725 and
700 ns, respectively. The continuous 167 kHz modulation frequency and the single transition times of ~0.7 µs represent the fastest values reported so far for thermo-optic
waveguide switches operating at λ ≈ 1550 nm and having efficient fiber coupling (thickness >5 µm).
Considering all the possibilities for extreme photonic circuit miniaturisation and monolithic integration with e.g. electrical and micromechanical functions, silicon microphotonics is a fascinating research area with a lot of potential for scientific and commercial success. However, silicon microphotonics, and Si waveguide technology in particular, are also a very challenging subject. Some of the main difficulties are the high capital
cost of fabrication tools, sensitivity to surface roughness, polarisation dependence, difficulties in vertical tapering, and the requirement for 1 µm alignment accuracy in hybrid
assembly. Also, the present lack of sufficient computer power for accurate 3D simulations in macroscopic scale complicates the design and theoretical analysis of Si
waveguide devices. Furthermore, the indirect bandgap and negligible electro-optic constant of Si have so far prevented the realisation of optical light sources and fast modulators that would be competitive with other photonic technologies, such as compound
semiconductors and lithium niobate. These drawbacks have prevented at least the silicon
waveguides from making a true commercial success, although low index contrast
waveguides on Si have already become widely used in optical communication.
The advantages of Si waveguides are estimated to appear especially in the mass production of photonic devices with high quality and sufficient complexity, as well as in the
future integration between various optical, electronic and mechanical functions on a
single chip. In the present optical communication market the demand for such devices is
quite low. However, it is estimated that the further development of silicon microphotonics and the revival of the market can change the situation both radically and rapidly.
During the past few years this technology has already evolved with huge steps. At the
same time, numerous companies, universities and research organisations have started to
study Si waveguide technology, which shows that there is a common belief in it.
Hopefully, this thesis will contribute to the future success of silicon microphotonics. In a
wider perspective, the potential success of silicon microphotonics can provide a new
technological development step for the whole Silicon Age.
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Appendix A: Simulation tools
In this work, the following simulation tools were mostly used:
•

PDE Toolbox for Matlab 5 (from Comsol)
−
−
−

•

Optonex Integrated optics design software (from Optonex)
−
−
−

•

−
−
−
−
−
−

Calculation of 2D waveguide modes and coupling efficiencies between calculated fields
(including modal mismatch between fibers and waveguides).
Finite-difference (FD) algorithms used for simple problems and first estimations.
Bend algorithm used for rigorous calculations (for SM condition and bend loss): Fullvectorial and complex solver can solve bend modes and leaky modes with losses.
Typical calculation grid spacing 50–200 nm in both horizontal and vertical direction
For example, 10 µm thick rib waveguides were typically analysed with a calculation area
of approximately 60×12 µm2 and 20–40 thousand grid points.
Transparent boundary conditions (perfectly matched layers in the Bend algorithm)
Results used in publications I–II and IV, and Chapters 2.2–2.4, 2.6, and 4.2–4.3.

SelenePro (from Kymata Software), version 3.1.11 for Windows NT 4.01
−
−

•

Calculation of 1D waveguide modes. Fast and accurate.
Results used in publication I and Chapter 2.5.

TempSelene (from Kymata Software), version 4.3.04 for Windows NT 4.01
−

•

Sub-components LightGuide, FieldEx and BPM were used for 2D BPM simulations of
bends and directional couplers
Sub-components Channel and Contours were used for calculating 2D modes in waveguides and DCs, mode mismatch with SM fibers, and coupling coefficients of DCs.
Results used in publication III and Chapter 2.5.

Slab (from Kymata Software), version 4.3.04 for Windows NT 4.01
−
−

•

Calculation of static and dynamic temperature distributions in waveguide cross-sections
by solving partial differential equations with a finite element method.
Results used in publications III–IV and Chapter 2.5.
Software used as a platform for developing FEMLAB (no longer available)

As TempSelene, but an older version without thermal analysis.
Results used in publications VI–VII and Chapter 2.7.

Prometheus (from Kymata Software), version 4.3.13 for Windows NT 4.01
−
−
−

Finite-difference BPM algorithm for simulating light propagation along waveguides with
one polarisation at a time (FFT-BPM algorithm not used). 2D and 3D options available.
Hierarchial mask editor used for mask design.
Results used in publication I and Chapter 2.2.
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