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Abstract

This thesis describes the design, simulation, fabrication and characterisation of micro-
photonic silicon waveguide components on silicon-on-insulator (SOI) substrates. The
focus is on approximately 10 um 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 pro-
posed and the development of a new grating simulation algorithm is reported. The theo-
retical 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 # =9 pm was 1.3 dB/facet without
an AR coating. The AR coating reduced the coupling loss by 0.7-0.8 dB/facet. Mini-
mum propagation loss for a 114 cm long waveguide spiral with H =9 pm and W=7 um
was 0.13 dB/cm. With A = 9 pum, 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 tradi-
tional (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 thermo-
optical switching. Finally, the multi-step patterning principle is proposed.

Publication II presents simulation results for bent Si rib waveguides with three thick-
nesses 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 2x2 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 minimisa-
tion of single rise- and fall-times in a thermo-optical switch. The new method and the im-
proved control electronics are described. Results with the traditional (rise- and fall-times
29-35 ps) and new modulation method (rise- and fall-times 0.7-0.73 ps) 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 de-
scription 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 cou-
pling 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 realisa-
tion 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 de-
scribed. 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

Speed of light in vacuum

Numerical variable for the proposed new SM limit (default -0.1)
Thickness of a single-layer antireflection coating

Electric field vector

Thickness of the silicon slab surrounding a rib

Waveguide thickness (total silicon thickness at the location of rib)
Magnetic field vector

Intensity of light

Refractive index of a material

Refractive index of waveguide cladding (usually 1-1.5, default 1.46)
Refractive index of a single-layer antireflection coating

Refractive index of a material in a gap between a fiber and a waveguide
Refractive index of silicon (3.48)

Number of propagating waveguide modes

Effective index of a waveguide mode

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

Heating power needed for an ON state when only one heater is used
Heating power used for both waveguides in a biased OFF state
Correction term for the Soref's SM limit (Qrg for TE and Qqy for TM)

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

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

Bending radius

Fraction of input power for a 2x2 MZI that is always divided equally to both
outputs e.g. due to scattering

Poynting vector

Relative output power (or transmission for lossless operation) from the bar
port of a 2x2 MZI (i.e. 1-Tcross)

Relative output power (or transmission for lossless operation) from the cross
port of a 2x2 MZI (Tcross.min a1d Tcross.max are the minimum and maximum
when A¢ is varied, Tcross.ideal COrresponds to an ideal directional coupler with
r=1,s=0)
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w Waveguide (rib) width

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

Wsm Proposed new width limit for SM rib waveguides

Wsoret Soref's width limit for thick SM rib waveguides

Wsoetq ~ Soref's more accurate width limit for SM rib waveguides
Horizontal coordinate (along chip surface)

y Vertical coordinate (perpendicular to chip surface)

z Longitudinal coordinate (along waveguide axis)

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

Ag Phase difference between two waveguides or polarisation modes

An Refractive index difference between a waveguide core and its cladding

Effective index difference in a waveguide grating (groove vs. no groove)
Radial misalignment in a fiber-waveguide junction

Temperature difference between two waveguide branches
Longitudinal misalignment in a fiber-waveguide junction
Permittivity

Vacuum permittivity

Coupling coefficient between two electro-magnetic fields

Coupling coefficient in a fiber-waveguide junction when 6, = Ap =0
Wavelength in vacuum (default 1550 nm)

Permeability

Vacuum permeability

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

Arbitrary component of an electro-magnetic field

AWG
BESOI

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

Anti-reflection

Arrayed waveguide grating

Bond and etch-back SOI

12



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 2x2 MZI)
ERigeal Extinction ratio for an ideal 2x2 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

MZI1 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 (PXR;, and PXR,, for input and output, respec-
tively)
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RIE
SEM
SIMOX
SM
SMF
SOI
TEOS
TIR

TE
TExy

™
TMxy

TO
TOX
uv

Reactive ion etching

Scanning electron microscope

Separation by implanted oxygen (SOI wafer)

Single-moded

Single-mode fiber

Silicon-on-insulator

Tetraethyl orthosilicate

Total internal reflection

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

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

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

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

Thermo-optical
Thermal oxide

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 fron 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, supple-
mented our own limited capacity for numerical calculations, and enabled us to commu-
nicate 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. Single-
crystal 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) deter-
mines 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 tran-
sistors, 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 mi-
crochips that exist inside almost every modern electronic product (see Fig. 1).
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Figure 1. Microelectronic 0.13 um CMOS technology: a) A Pentium Il 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 transis-
tors 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 pm. There are three main variations of IC technology, namely the bipolar technol-
ogy, complementary metal oxide semiconductor (CMOS) technology and their combina-
tion (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 technol-
ogy driver of the Silicon Age.

1,000,000,000 »

Itanium® 2 Processor B

100,000,000

Pentium® lll Processor Pentium® 4

10,000,000 - Processor

Pentium® Processor
Pentium® Il Processor
1,000,000 A
386™ Processor 486™ DX Processor
100,000 -
10,000 { 4004
[ — , .
1970 1980 1990 2000 2010

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 ex-
ploited 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
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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, iner-
tial sensors and diagnostic equipment for health care.

I T

a)

Figure 3. Micromechanical silicon chips. a) SiC microresonator on Si [9]. b) Microflu-
idic 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 technol-
ogy in larger scale. This makes silicon microphotonics a very attractive research subject.

Figure 4. A simple silicon microphotonic chip (~30x12 mm’) including three thermo-
optic 2x2 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 combi-
nation 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 ob-
tained 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 compo-
nents 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, litho-
graphic patterning of photo-sensitive resist layers, ion implantation, diffusion of impurity
atoms into silicon, thermal oxidation of Si to produce silicon dioxide (SiO,), wet etching
with liquid chemicals and dry etching by ion bombardment. The strength of Si technol-
ogy is that standard processes and tools are used to fabricate chips for numerous applica-
tions 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 ma-
ture, 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 mono-
lithic 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, ma-
nipulation 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 microelec-
tronics. 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, com-
pensate for the losses associated with non-ideal components and power splitters. If opti-
cal transistors, wavelength converters and other all-optical components based on nonlin-
ear phenomena will be successfully commercialised in the future, they may enable ex-
tremely 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 compo-
nents 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]. There-
fore, 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 um
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 applica-
tions, such as short-range interconnections, multi-moded (MM) optics may also be used.
Examples of hybrid integration are illustrated in Fig. 5.

Flip-chip bonded detector
a) ‘ - b) Si ide chi
Si Wavegulde Fiber array on a on a >S1 waveguidae cnip

array on a Si chip V-groove 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.
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Silicon microelectronics and micromechanics are not based on silicon alone, but they
also involve many other materials, including various metals and dielectrics. Correspond-
ingly, 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 sili-
con-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 = ng; = 3.5) is typically surrounded by
other materials, such as thermal oxide (TOX, SiO,, n = 1.5). Several types of so-called
glass waveguides have also been fabricated on silicon (and glass) substrates by doping
Si0, 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
(SizNy4, 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 investi-
gated by using surface-textured bulk silicon (wavelength 4 < 1250 nm) [29], Si nano-
crystals (4 < 1200 nm) [30-32], erbium-doped Si [33] or SiOx (4 = 1550 nm) [18, 34],
the combination of Er and Si nanocrystals (4 = 1550 nm) [35, 36], Si/SiGe quantum
cascade structures (4 ~ 7 um) [37], Raman scattering (1 = 1550 nm) [38—40], and or-
ganic materials (4 up to 1550 nm) [41, 42]. Several breakthroughs have been made dur-
ing 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 dem-
onstrated 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. De-
tectors 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 A= 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 (A~ 1550 nm) [61]. The latest results with Ge at
A= 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 com-
petitive 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 wave-
guide core material [[-VII, 4, 62—70]. The most straightforward way is to use silicon-on-
insulator 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, SiO,) layer between them. SOI wafers are also used in microelectronics and mi-
cromechanics, 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 um, respectively. The SOI thick-
ness 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 sepa-
rate an epitaxial Si layer from its original substrate. This provides good thickness uni-
formity 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 pm, which is the main limitation of BESOI. Below ~5 pm thickness the relative
thickness variation becomes unacceptably high for many optical applications.

1. Bonding: 2. Grinding: 3. Polishing:
Finished SOI layer

—u_

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 um [76]. This is
particularly useful for fiber-optic communication, which is usually carried out between
1.3 and 1.7 pm, and especially at 4 = 1.55 um. The light sources, waveguides, modula-
tors, detectors etc. must naturally all operate at the same wavelength. Therefore, the ongo-
ing development of efficient, Si-based light sources and detectors to the 4 = 1.3—-1.7 um
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 (ng; = 3.5) is usually surrounded by SiO, (ny =
1.5) or air (ny = 1). Therefore, the index difference An = ng; — ny = 2-2.5 is exceptionally
high compared to other waveguide technologies and optical fibers (4n < 0.01). In the
theory and simulations presented in this thesis, it is by default assumed that the Si core
has ng; = 3.48, and it is surrounded by an oxide cladding with ny = 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 0.35x0.35 um’ 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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Cladding 1 (BOX)

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].

22



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 A= 1.3 um) [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 sub-
micron 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 de-
pletion) 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 (ng;) can be tuned. The simplest way to realise this is to heat
silicon [I, I1I-V, 88, 98-100], because the thermo-optic (TO) constant of silicon is as
high as 1.86:10* K™ [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 | 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 prob-
lem. Thus, the polarisation dependency of Si waveguide components should usually be
minimised. However, in some applications the Si waveguides are pigtailed with polarisa-
tion 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 extinc-
tion 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 um thick Si rib waveguides on
100 mm BESOI wafers. The wavelength is 1550 nm, unless otherwise stated. In particu-
lar, specific aims of the thesis were the following:

— Development of fabrication technology in order to provide single-moded Si wave-
guides 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 preceed-
ing these publications, the main goals, techniques and results of the work are summa-
rised, and some unpublished results are also presented. The compendium part is organ-
ised 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. Chap-
ter 2 presents the theory, simulation and design for Si waveguides and waveguide com-
ponents. Chapter 3 briefly describes the used fabrication methods and tools. It also pre-
sents process development for multi-step structures, waveguide gratings and photonic
crystals. Chapter 4 summarises the experimental results. Conclusions are given in Chap-
ter 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 re-
sults without significant overlapping. In addition to them, the author has published nu-
merous proceedings papers in international and national conferences, and filed six inter-
national patent applications as a primary inventor. Some of those directly related to this
thesis can be found from Refs. [23, 28, 6268, 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 sys-
tem 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 /(x,y). Waveguides also have a continuum of radiating modes that
radiate power away from the waveguide. Any physical intensity distribution /(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/n.s, where
c is the speed of light in vacuum and n. 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 7 of
fields y; and y; across a discrete junction is calculated from the overlap integral [104]

_{n]m)’ M
I Pl

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 x 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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where uo and & 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) polarisa-
tions 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 polarisa-
tion. In homogeneous material, such as Si core or SiO, cladding, E and H are continuous
functions of position. At the boundary between two dielectric media, such as the Si-SiO,
interface, the tangential components of E and H, and the normal components of ¢E and
uH are always continuous. In both Si and SiO,, the permeability u = yy and the permit-
tivity £ ~ & n’. Thus, at a boundary between two dielectric materials all other compo-
nents of E and H are continuous, except for the normal component of E. In a Si-SiO,
interface the normal component of E changes by a factor of (ns;/ ng)* = 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 end-
facet, 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 ex-
perimentally 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-SiO, interface. This creates differences between the intensity distribu-
tions 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 bire-
fringence 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 (n. calculations).

Calculated effective indices of the first three TE and TM modes, N, and N* for a 1D slab
waveguide are shown in Fig. 8 as a function of the slab thickness Hgpy. It can be seen
that for the fundamental mode ner ~ ng; = 3.48 when Hy,, >> 1 um, and that ny de-
creases rapidly when Hy,, < 1 um. Each higher order mode is cut-off when ne; = ng =
1.46 (cladding). The cut-off thicknesses for the two higher order modes are approx. 250
and 500 nm, respectively. As a function of Hy,p, N increases quite linearly, so that 1 and
10 pm slabs support 5 and 41 modes, respectively.
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Figure 8. a) Calculated ny for the three lowest TE and TM modes as a function of slab
thickness Hyg. b) Calculated number N of propagating modes and N° as a function of
Hyp. The calculated discrete points are connected with straight lines for better visuali-
sation, although N and N° are always integers (ng; = 3.48, ny = 1.46 for both graphs).

The combination of extremely high An and Hy,, > 1 um enables a multitude of propagat-
ing 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 um thick slab.
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Figure 9. a) Calculated intensity distributions of the first three modes in a 10 um thick
slab waveguide. Grey area illustrates the Si slab (ns; = 3.48, ng = 1.46).

If Hyy, > 1 um, then N is a relatively good approximation for the number of modes in a
Hy,xHga, 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 (ns; = 3.48, ny = 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 x H < 0.13 um’, as is illustrated in
Fig. 10. Calculated intensity distributions of TEy, and TM,, 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
pm. 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)
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Figure 11. Calculated intensity distributions of fundamental TE and TM modes in three
strip waveguides with indicated WxH.
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that was proposed to be valid for both polarisations as long as the waveguide is suffi-
ciently thick (H > 24 ~ 3.1 um) and the thickness ratio #/H > 0.5. With simple manipula-
tion, Eq. (8) in [82] can be converted into a more accurate SM condition
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where
Org = A for TE polarisation and )
0= 7y n% —nd

Orm = Org (ng/ng; )* for TM polarisation.

This formula is valid also for thinner rib waveguides if #/H > 0.5. For A = 1550 nm, ng; =
3.48 and ny = 1.46, one obtains Org = 156 nm and Oy =27 nm.

Obeying Soref's width limitation prevents the existence of higher order horizontal modes
by assuring that their n.¢ 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 4#/H < 0.5, a detailed modal
analysis was carried out for 10 and 3 pum thick rib waveguides with various slab thick-
nesses (0.25 < A/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 =~ 0.4, it is limited by the existence
of undefined points, not the width variation. The results are summarised in Figs. 12—13.
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Figure 12. Theoretical and simulated SM conditions for 10 um thick rib waveguides at
TE (left) and TM (right) polarisations. The "transition zone", where the first higher or-
der 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 um thick rib waveguides at TE
(left) and TM (right) polarisations. For notations refer to Fig. 12.

When h/H > 0.5, there are no TEy; and TM,; modes and the cut-off widths for TE,, and
TM, o 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 TEy; and TM,; modes at #/H < 0.5 are much more difficult to determine
unambiguously. Especially when H << 10 um and A#/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 solu-
tions can be found even for modes that are clearly too lossy to be considered as propa-
gating 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 distri-
butions of TE;, and TE,;; 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 TE;y and TEy, 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 TE;y mode rib width W is reduced from 14 to 9 um (H =10 um,
h/H = 0.5), while for TEy; mode h/H is increased from 0.3 to 0.45 (H =W = 10 um).
Contour lines represent constant intensity levels with 10% increments.

Rib waveguides with H = 1 and 1.5 pm were also simulated, but the analysis of the re-
sults was much more difficult than for # = 10 and 3 pm. All modes were no longer line-
arly polarised (no clear TE and TM modes) and the SM limit was very difficult to deter-
mine 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

Wsorer 0 if (O+h) 2 -4(Q+H)* <0 ©)

W<We, =
M {min(WSO,ef’Q, W) if (O+h)2—-4(Q+H)? >0,

where
1 (7

Wio=c(Q+H)+ ,
J©@+ )2 -4(0 + 1)

and ¢; is a numerical fitting parameter with an optimum value of -0.1. In addition to the
Soref's accurate width limitation (Wseerq), another width limitation (W) is given for
eliminating the higher order vertical modes. According to Figs. 12—13 the new SM con-
dition appears to be at least roughly valid when ¢; = —0.1, H = 3-10 pm and #/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 # =3 pm and #/H = 0.3
was analysed also with a 3D BPM algorithm. This method is slower and one needs spe-
cial tricks to excite higher order modes near the SM limit. In this work, TE;q, TEy,
TM,, and TMy; modes were excited one at a time in a clearly MM input waveguide with
h/H = 0.15 and W = 1.6-2.2 um. 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 = 0.3 and W = 1.1, 0.8, 0.9, and 0.6 um for TEo, TE,;, TM,, and
TMy,, 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 um, 1.2-1.4 pm,
1.5-1.7 um, and 0.8—1.0 um, respectively. Corresponding limits according to Eq. (6) are
2.1, 1.1, 1.9, and 0.9 um, 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).

Figure 15. Cross-sections of 3D-BPM simulations used to check the validity of Eq. (6)
for both TE; (left) and TE,; (right) modes when H = 3 um 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 (vefer 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 polish-
ing, 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
Si0,-Si interface into the junction. The reflection can then be totally eliminated by add-
ing an anti-reflection (AR) coating to the end facet of the waveguide. The optimum »
and thickness for a single-layer AR coating between materials 1 and 2 are

n4p =+/nny and ®)
d ar = 2/(4n ), ©)

respectively. For a SiO,-Si interface nar = 2.25 and dag ~ 172 nm. The optical coupling
between a fiber and a Si waveguide is presented schematically (1D) in Fig. 16.

Fiber (ng) Si waveguide (ng;):
Input —)E_‘Z_:'-_'Z Transmitted
light i ———> light
Reflected :_'Z:_‘I
light €——— i

it
ey

/

"

Interface 1 AR coating or

Gap (ngap) interface 2

Figure 16. Schematic description of fiber-waveguide input coupling area as a 1D film
stack. The gap (n = ngg) is filled e.g. with air, index matching oil or glue. If ngqy = ny =
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 coat-
ing 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
Si0,-air, Si0,-Si, and air-Si interfaces are 3.5%, 17%, and 31%, respectively. For an
airgap between SiO, 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 Si0,-Si-SiO, 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 inter-
ference 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, ¥, z, 6, and 6, (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 power-
coupling efficiency 7 as a function of radial, longitudinal, and angular misalignments of
Ap, Az, and 6, respectively, can be expressed by a formula

2,2 10
A1 1) 7 ep(z 2) (10)
n=K-expi—k| —| —+— |+ o+ ,
2 1’12 1’22 2/12
where
4r12r22 (1D
K=
(rlz +r22)z + 2AZ2 /ﬂznz,ap

ry and r, are the 1/e field radii of the gaussian fields, and n,,, 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 7, = rgyp = 5 um. In case
of negligible modal mismatch (7, = r, = rgur), the transverse, longitudinal and rotational
alignment accuracies should be below 1 um, 30 pm, and 1°, respectively, in order to
keep the loss <0.2 dB for each axis. The cumulative effect of 4p =1 pm, Az = 30 pm,
and 6, = 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. How-
ever, fabrication of fixed fiber pigtails is much more difficult. Glues typically experience
small deformations during and after curing, and for low-cost applications passive align-
ment is usually required.

Numerical overlap calculations were carried out to determine the modal mismatch be-

tween 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 pum, #/H = 0-0.6 and an optimised W (10-14 pm) varies
between 0.1 and 0.5 dB. The optimum coupling is achieved with a 14x14 um? strip
waveguide (4/H = 0). The requirement for 1 pm transverse alignment accuracy was also
numerically confirmed for Si waveguides with H = 10-14 um, #/H = 0-0.5 and W= 11—
15 um. 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.
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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 um 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 equa-
tions 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, re-
spectively. Higher order bend modes with low losses may be tolerated if power is cou-
pled 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. Single-
moded Si strip waveguides (WxH ~ 0.13 um®) may have bending radii around 1 pm
[80], while a large Si rib waveguide (e.g. WxH ~ 100 pm?) may require a 10 mm radius,
or more. In this work, the overall bending losses of 1.5, 3 and 10 um 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 pub-
lications I-II, and summarised below. Some older, and less accurate, bend simulations
are also reported in publication III and Chapter 2.5.

Due to the slowness of rigorous bend calculations, the thickness ratio #/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 um, W= 1.3, 2.6, and 8.8 um, 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 sig-
nificantly smaller bending radii with a given tolerable loss (e.g. 0.1 dB/90°). The re-
quired bending radius (R >> 10 mm) for a 10 um thick waveguide with #/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 um), polarisation (TE/TM) and bending radius R.

37



Bending losses can also be reduced by using wider ribs or smaller 4/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 # and #/H in 10 um 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 4#/H clearly reduces the bending losses, but at
sufficiently small #/H and sufficiently wide rib, higher order modes may also appear
with low losses. Based on Fig. 19, a useful compromise for # = 10 um and R = 20 mm
could be e.g. #/H = 0.4, which enables low-loss SM bends when W > 7 pym. Smaller #//H
or wider W could enable even smaller R. Unfortunately, accurate calculation of radiation
losses for various combinations of H, 4/H, W and R values is not practical with available
computers and software tools.
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Figure 19. Calculated dependence of radiation losses on rib width W, thickness ratio
WH (= 0.5/ 0.4 /0.3) and polarisation (TE/TM) when H = 10 um and R = 20 mm.
Higher order modes with low-loss can be found if h/H is sufficiently small and W suffi-
ciently large.

An alternative for a waveguide bend is a waveguide mirror [112], which uses total inter-
nal reflection to deflect the light propagating along one waveguide into another
waveguide. In SOI waveguides, the high An enables a deflection angle >90° if the reflec-
tion occurs at a Si-SiO, or Si-air interface (according to Snell's law). Successful reflec-
tion 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

y (um)

Mirror
surface

Relative intensity (dB)

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 um, a = 90°9).

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 modula-
tion 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-us 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. [[V]
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Si waveguides provide a possibility to realise particularly fast TO switches and modula-
tors. 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 band-
width, 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, fabri-
cated, and characterised. Finally, it was accelerated by using a novel modulation tech-
nology. 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° K') 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 2x2 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 A¢= 180° is intro-
duced 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:
Alternative Bar (ON)
input waveguide —» Cross (OFF)

(not used here)

4 heaters and
8 contact pads

<«—— Metal film:
Waveguide S-bend

Figure 21. Schematic top view of the designed 2x2 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 accu-
rate 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 (cross-
section). The results from the two methods were clearly different, which indicated that
2D BPM and/or the assumption of low An in a mode solver were not applicable for accu-
rate 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 sam-
ple 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 ps, 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 propa-
gation 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 = P,, 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 = Py;,). Traditional modulation can be applied by using simple control
electronics, but the exponential stabilisation of the temperature difference A7 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
P, and P, 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 (P} = P, = Pyy),
and the time-dependence of P, and P, during a single switching operation (rise/fall) is
optimised, so that A¢ is stabilised already before the waveguide temperatures 7 and 7,
are stabilised. If A¢ is to be raised from 0 to 180°, P, forms a high power peak, while P,
drops from P, to zero. This increases 7;, decreases 7, and rapidly increases A¢. Simi-
larly, A¢ can be rapidly decreased from 180 to 0°, by dropping P; from P,, to zero and
by forming a high power peak into P, For both operations, the fine structures of P, and
P, are optimised, so that A¢ reaches and maintains its target range as soon as possible.

The new method is different from the so-called overdriven operation [103: p. 330] be-
cause 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 advan-
tages, 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 ap-
plied 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 rectan-
gular 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 funda-
mental reason to limit the multi-step patterning principle to only two mask layers.

A B C
Si core

i ik N

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 cross-
sections 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 An and the number of propagat-
ing 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 suffi-
ciently small angle with respect to the propagation axis. Depending on the type and size
of the waveguide, this is expected to require 20-2000 pum 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 ¢
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 suffi-
cient for large structures. The alignment accuracy is around 1 pm in contact lithography
and <100 nm in stepper lithography, which are both sufficient for most multi-step struc-
tures. 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 An 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 ra-
diation 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-1II], there appears to be significant potential in realis-
ing extremely compact PICs based on multi-step SOI waveguides and the advantages
should clearly overcome the associated extra efforts in fabrication.
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Figure 24. Cross-sections and calculated intensity distributions of bent rib waveguides

with R = 20 mm, H = 10 um, /H = 0.5, and W = 8.8 um. a) Without a bend groove

(radiation loss 10 dB/90°). b) With a bend groove (radiation loss 0.0002 dB/90°9). Con-

tour 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 grat-
ings and other optical functions on a single chip.

In this work, waveguide gratings were designed for SOI waveguide technology in col-
laboration 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 add-
drop filter which could be fabricated by adding identical corrugated gratings on top of
the two waveguide branches of a 2x2 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 um
thick rib waveguides with #/H = 0.5 and W = 7—10 pm. Therefore, light is expected to be
well confined into the Si core with the n.s of the fundamental mode being slightly below
3.5. This means that for a first order grating the period should be A/(2n¢) = 220 nm and
the width of the corrugation groove ~110 nm. Such small structures are extremely diffi-
cult to fabricate with good surface quality, although they can result in compact devices.

a)
Reflection peak at 4,
ﬂ’ls 223 /13a /149"' (ln) \l/ 12' (add)
—> (A -
- ] —
42 (drop) Aty Ay A3, ... (OUL)

Figure 25. Schematic illustration of a) an add-drop filter and b) the designed waveguide
grating.

First, the effective index change Ang as a function of H, W and groove depth was calcu-
lated for grooves only on top of the rib and grooves extending to the surrounding slab
(see Fig. 25b). The latter produced much higher An.g values, although even they were
<0.0002 if the grating depth was <500 nm, and W = H = 7-10 um. The estimated maxi-
mum achievable etch depth for the grating was 500 nm. The required grating length as a
function of An.; 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 devel-
oped 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 appli-
cable to the analysis of other corrugated gratings as well. The 2D approximation was
implemented by eliminating the horizontal coordinate, thus describing the surface corru-
gation 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 pm coupling to
higher order vertical modes leads to harmful losses. The effect of stitching errors in e-
beam 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 non-
idealities, 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 po-
larisation maintaining applications the cross-talk between different polarisation modes
should be minimised. This typically requires waveguides with sufficiently high birefrin-
gencies, 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 (PXR,),
is defined as the ratio of optical powers P; and P, coupled to the two differently polar-
ised fundamental modes of the fiber, i.e. PXR = 10-log;¢(P;/P,) dB. This and the follow-
ing 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

46



waveguides. Then PXR,,, 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 (PXR;,), polarisation cross-talk in the fiber and the order of the modes (P,/P; or
P,/P;). The PXR of the fiber itself is defined as its PXR,,; (>1) when PXR;, = 0 or . In
practise, accurate characterisation of devices requires that PXR;, >> PXR,, and that the
rotational misalignments at the input and output are kept well below arctan(1/PXRy).

In general, PXR(¢) is the ratio of powers P, and P, transmitted through a linear polariser
in two orthogonal angles & (P;) and a+90° (P5). It describes the PXR, that would couple
to a fiber rotationally aligned to angle . If a is the angle with respect to a fiber's polari-
sation axis,

PXR it +24/PXR ¢ tan(a) cos(Ag) + tan’ () (12)
PXR tan (o) - 2,/PXR out tan(a)cos(Ag)+1 ’

PXR(a) =

where PXR,,; and A¢ 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 rota-
tionally misaligned junctions, and to explain the measured PXR(«) curves. It is illus-
trated in Fig. 26 and it led to the invention of a novel method for measuring the polarisa-
tion axes of waveguides and polarisation maintaining fibers. According to the proposed
method, two or more PXR() curves are measured and their crossing point determines
the angle of a polarisation axis (a = 0°). In this method, A¢ 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 stretch-
ing the fiber (or waveguide), or by slightly changing the wavelength. If some interpola-
tion 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 esti-
mated based on curve fitting and/or deviation of crossing points between multiple
PXR(a) curves.

It should be noted that if A¢ is properly averaged out, e.g. by using a sufficiently broad-
band light source, then PXR(e) corresponds to A¢ = 90°. For light propagating in free
space, there are no modes or polarisation axes, and PXR is usually defined as the maxi-
mum of a measured PXR(@) curve. Sometimes this definition is also used to determine
PXR,, of a fiber or a waveguide. However, based on Eq. (12) and Fig. 26 this should be
used only if 4¢ is averaged out. Otherwise the maximum PXR(«) indicates a false angle
and a false PXR,:.
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Figure 26. Theoretical PXR curves based on Eq. (12). PXR;, = 20 dB and A¢ = 0°, 45
909 1359 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 A¢, 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 PXR,, 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 cross-
talk 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 photo-
lithographic 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.

<«— UV light <«— Etching plasma
2) <« Photomask ©) (anisotropic, mate-
_ rial selective)

Photosensitive
WA/ resist Silicon

¥~ Oxide hard mask
d) l l ¢ ¢ <+— Etching plasma

(anisotropic, material
b) L

lecti
<— Oxide hard mask 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 depos-
ited with low temperature oxide (LTO) process in a chemical vapour deposition (CVD)
furnace on top of a BESOI wafer with SOI thickness ~10 um. 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 SF¢ and C4Hg,
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 pm.

Figure 28. Scanning electron microscope (SEM) images of SOI rib waveguides fabri-
cated 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 (C4Fy) 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 pm 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 struc-
tures, 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 ex-
posed oxide hard mask is used to carry out the third etch step. The different combina-
tions of the three mask layouts (etch steps 1-3) can produce six final Si levels (no etch,
etch 1, 3, 1+3, 243, 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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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. ¢) 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.
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Figure 30. SEM images of fabricated multi-step test structures on Si wafers. The differ-
ent 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 con-
tacts 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 moder-
ate 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 Ta,Os (n = 2.1),
HfO, (n = 2.03), and ZrO, (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
Zr0O, was deposited at the Helsinki University of Technology. Lowest reflections were
measured with an AR coating made of Ta,Os. However, the variation of measured re-
flection coefficients between different materials and samples was dominated by thick-
ness 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 excel-
lent 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 UV-
curable 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 nanos-
tructures 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 um 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 fabri-
cated 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 cor-
rugation from the original Si surface to the lower slab surface by using anisotropic sili-
con dry etching around the rib was not successful. Residual hard mask oxide in the grat-
ing 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 pm deep gratings opened up the possibil-
ity to apply gratings only on top of the ribs in future experiments.
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Figure 31. SEM images of fabricated grating test structures. a) Grating on a Si wafer
with period 225 nm and depth ~1 um. b) As above, but with 450 nm period and 1.2 um
depth. b) Parallel grating on top of a Si rib structure with period 675 nm and depth 1.2
um (fabricated only for SEM analysis).

The success of fabricating nanostructures on flat surfaces enabled the fabrication of
photonic crystal components on 1 pm 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 fu-
ture, input and output coupling of light should still be developed. The structure illus-
trated 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 polaris-
ers, 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 Thor-
labs), a PM fiber coupler (from Newport), two PM 1x2 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.

Switch TE Pol. splitter
PMF B PMF Py PMF
2) Laser Polariser =/;_ PMF TETTM DUT
TE—>TM O

¥~ Fiber rotatation 90°

7> «— Rotatable polariser

b) PMF NlAN
Laser 0 0 PME TE/T™M DUT
SMF (16 dBm output power from amplifier noise)
©) | EDFA DUT
(Unpolarised light)
Objective
d) 4 SMF (Unpolarised light)
Halogen lamp ‘=-.::::0'.-.- DUT
Pol. splitt
9 - ol. splitter o ~r
Broadband LED source PME | 45° angle A

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.
¢) High power input for IL measurements. d) Input for spectral measurements. e) Polar-
ised 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 charac-
teristics 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 deter-
mined 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 pm thick test waveguides with #/H = 0.48
the measured minimum modal mismatch loss was 0.6 dB with W ~ 12 um (width varia-
tion in 1 pm steps). According to rigorous overlap calculations for the same H and 4,
minimum losses of 0.541 and 0.584 dB for TE and TM, respectively, should be obtained
at W~ 13 um. 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 re-
duction after AR coating was compared to the calculated loss reduction. The best results
were obtained with Ta,Os5 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
Ta,Os 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 um 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 Ta,Os coating
and a 14x14 pm 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 Ta,Os 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 hwWH LWC Nominal W:
(pm) (um) {14 pum 1B3pm 12pm 11 pm 10 pm
Without Ta,0s5| 9.1 035 -2 (3.0 3.2 3.2 33 3.8
With Ta,05 1.8 1.4 1.9 1.8 2.0
IL reduction 1.2 1.8 1.3 1.5 1.8
Without Ta,Os| 8.5 0.38 -2.3 [3.2 3.1 34 3.7 3.8
With Ta,05 1.9 1.7 1.6 1.8 2.3
IL reduction 1.3 1.4 1.8 1.9 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 alter-
native 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 polari-
sation modes. Thus, the maximum and minimum of PXR(¢«), as measured by a rotatable
polariser, indicated the angles of the polarisation axes. Due to its simplicity and suffi-
cient 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 pro-
vided slightly better accuracy than wavelength tuning and mechanical fiber manipula-
tion. 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 wave-
length 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(a) 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 de-
vices 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(«) continuously with a fast rotating
polariser. However, with these method one needs to vary both & and A¢ 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.
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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 align-
ment 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 um 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 pow-
ers 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 wave-
guides 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 pm, 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 um and #/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). Reflec-
tion 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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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 um thick SM rib wave-
guides between two SM fibers was 0.13+0.01 dB/cm. This waveguide was fabricated
with the continuous passivation process. It had #//H = 0.44, W = 7 um, and a calculated
modal mismatch of 1.2 dB/facet. According to Eq. (6), the maximum SM width is 7.4
and 7.2 um 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 A~ 1550 nm. Also, the measurement accuracy is much better
than in previous results at A = 1300—1550 nm. For example, in [72] the propagation loss
at A=1.52 um is reported to be 0+£0.5 and 0.4+0.5 dB/cm for TE and TM, respectively.

Propagation losses were also measured as a function of wavelength for 9.0, 4.9, and
2.0 um thick SM waveguides. For a 9.0 um thick spiral waveguide the propagation loss
was practically constant (0.13—0.16 dB/cm) from 1200 to 1650 nm. For H ~ 4.9 pm and
H =~ 2.0 pm the minimum propagation loss measured from a 71 mm long straight
waveguide was 0.310.2 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.

H=2.0 um, W=3.6 um

EL»«QQ um, W =4.4 um

0.5 7

] H=9.0um, W=6.7 um
| |

(I R R 1
1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650

Propagation loss (dB/cm)

Wavelength (nm)

Figure 37. Measured propagation loss spectra for single-moded 9.0, 4.9, and 2.0 um
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 (PXR;, =
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 4, and the birefringence can, thus, be concluded from the
measured A-period and sample length. Examples of measured PXR spectra and birefrin-
gence values as a function of rib width W are shown in Fig. 38. Measurements were
carried out for 9 pm thick rib waveguides with different widths and cladding materials
(W/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 bire-
fringence 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 um, h/H ~ 0.5, W ~8 um). b) Measured birefringence as a func-
tion of Win a 71 mm long sample chip with TOX cladding (H ~9 um, h/H ~0.5).

Waveguide width can also be used to tune the birefringence, but this may produce con-
flicts with other design criteria, such as low-loss and SM operation. However, by choos-
ing 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 opera-
tion). 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 clad-
ding materials, all with H ~9 um, h/H ~ 0.5 and W ~ 8 um. Calculated values do not
include stress-induced birefringence, unlike the measured values.

Calculated: Measured:
Cladding material:|Air Si0, Air TEOS |[LTO TOX
Birefringence (107):/0.236 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 opti-
cal 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 applica-
tions 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 broad-
band 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 scat-
tered 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 2x2 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, re-
spectively, 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 um, 2~ 5 pm, and W ~
9 um. Waveguide spacing was 250 um at the input, output and heating area, and 11 or
12 um 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 process-
ing, 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 publica-
tions [ and IV-V.

First, the MZI switches were characterised without heating. The best switches had an
output extinction ratio ER = |10log(7Tcross/Tsar)| = 17 dB (98:2), where Tcross and Tpar
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 pm
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 out-
put 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 (4¢=0 or m). 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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13
TcrosS =%sinz(%J[l+cos(A¢Kl—s)+%s , (13)

where r is the ratio of real and ideal DC length. Relative transmission to the BAR port is
Tsar = 1-Tcross- The maximum and minimum transmissions 7crossmax a1d Tcross min
are obtained at A¢ = 0 (OFF) and © (ON), respectively. By measuring them one can
simply determine the remaining switch parameters

s =2Tcross,min and (14)
Sinz(zj _ Tcross,max ~ TcrOSS, min (15)
2 1-2TCRrosS, min

Equal ER exima (£17 dB) indicate that Tcrossmax ® 1—Tcross.min » DC length is close to
optimum (= 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 A¢, one can calculate the ideal trans-
mission Tcross.ideal COrresponding to an ideal MZI structure (r = 1, s = 0) from

Tcross —TcrOSS, min (16)

TcroSS, ideal = 7 7
CROSS,max — £ CROSS,min

This value, or the corresponding ideal extinction ratio

an

ER jgeal = dB,

T .
10 log CROSS, ideal
1-Tcross,ideal

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 (ERigea =
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 ps. This defined a maximum fre-
quency of 167 kHz for the new modulation method. The rise and fall operations were
then shortened by optimising the heating powers P; and P, of the two waveguide
branches in 1 us time-steps. The switching state could then be changed in 3 ps 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 (ERj4e, = 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 ps 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
P, and P, (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 um) 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 A~ 1550 nm and having good mode matching with SM fibers, the
obtained 167 kHz frequency and sub-pus 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 frequen-
cies 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 1x1 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 pat-
terning, as well as for patterning ~1 um 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, anti-
reflection 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 um thick
Si rib waveguides by using a 114 cm long spiral waveguide. This is the lowest propaga-
tion loss reported so far for SM dry etched Si waveguides at A ~ 1550 nm. Modal mis-
match between SM fibers and 9 um 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 Ta,0O5 AR coating. Losses due to misalignments in fixed
fiber pigtail arrays were kept below 0.5 dB/facet with 1.5 pum 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 in-
volved the accurate rotational alignment between fibers and waveguides. For this pur-
pose, 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
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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 corre-
sponds 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 tran-
sition times of ~0.7 ps represent the fastest values reported so far for thermo-optic
waveguide switches operating at A = 1550 nm and having efficient fiber coupling (thick-
ness >5 pum).

Considering all the possibilities for extreme photonic circuit miniaturisation and mono-
lithic integration with e.g. electrical and micromechanical functions, silicon micro-
photonics is a fascinating research area with a lot of potential for scientific and commer-
cial success. However, silicon microphotonics, and Si waveguide technology in particu-
lar, 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, diffi-
culties in vertical tapering, and the requirement for 1 pm alignment accuracy in hybrid
assembly. Also, the present lack of sufficient computer power for accurate 3D simula-
tions in macroscopic scale complicates the design and theoretical analysis of Si
waveguide devices. Furthermore, the indirect bandgap and negligible electro-optic con-
stant of Si have so far prevented the realisation of optical light sources and fast modula-
tors 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 produc-
tion 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 microphoton-
ics 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:

e PDE Toolbox for Matlab 5 (from Comsol)
— 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)

o Optonex Integrated optics design software (from Optonex)
— 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 wave-
guides and DCs, mode mismatch with SM fibers, and coupling coefficients of DCs.
— Results used in publication III and Chapter 2.5.

o Slab (from Kymata Software), version 4.3.04 for Windows NT 4.0’
— Calculation of 1D waveguide modes. Fast and accurate.

— Results used in publication I and Chapter 2.5.

o TempSelene (from Kymata Software), version 4.3.04 for Windows NT 4.0'

— Calculation of 2D waveguide modes and coupling efficiencies between calculated fields
(including modal mismatch between fibers and waveguides).

— Finite-difference (#D) algorithms used for simple problems and first estimations.

— Bend algorithm used for rigorous calculations (for SM condition and bend loss): Full-
vectorial 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 pum thick rib waveguides were typically analysed with a calculation area
of approximately 60x12 pm?* and 20—40 thousand grid points.

— Transparent boundary conditions (perfectly matched layers in the Bend algorithm)

— Results used in publications I-1I 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 4.0
— 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 4.0
— 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.

'Presently represented by C2V, http://www.c2v.nl/, originally from BBV Software
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ABSTRACT

An overview of the present silicon-on-insulator (SOI) waveguide technology is given and supplemented with an
extensive set of theory and simulation results. Characteristics of slab-, rectangular- and ridge waveguides in SOI are
explained. In particular, the number of modes and the single-mode conditions are carefully analyzed. Experimental work
with straight and bent 8 to 10 um thick SOI ridge waveguides and a very fast thermo-optical switch are reported.
Propagation loss in a very long spiral waveguide down to 0.3 dB/cm, waveguide birefringence below 10, and a
switching frequency up to 167 kHz were obtained. A very promising multi-step patterning principle for SOI waveguides
is described together with many practical application examples.

Keywords: Silicon-on-insulator, SOI, waveguide, ridge waveguide, thermo-optical switch, polarization, polarization
extinction ratio, birefringence

1. INTRODUCTION

Silicon-on-insulator (SOI) waveguides, and high refractive index difference waveguides in general, are very promising
for realizing dense photonic integrated circuits (PICs)'. They allow extreme miniaturization of PICs due to their ability to
realize e.g. ultra small bends, high optical insulation between adjacent waveguides and photonic crystal (PhC)
structures™. SOI waveguides particularly have the advantage of using mature silicon processing technology, and the
potential for monolithic integration with electrical and micromechanical structures. SOI waveguide technology is
competitive also in less miniaturized and directly fiber coupled telecommunication circuits, where the single mode
behavior of large SOI ridge waveguides® can be exploited. Such large SOI waveguides have been used to demonstrate
e.g. directional and MMI couplers’, wavelength multiplexers’, and waveguide gratings”®. High thermal conductivity of
silicon can be exploited to make thermo-optic (TO) switches for frequencies well above the typical 1 kHz limit of todays
commercial TO switches. A new interferometric modulation technique has been proposed to accelerate TO switches in
SOI up to 167 kHZ’. Fast TO switches based on SOI waveguides can provide a low-cost solution for the optical access
networks and the fiber-to-the-home applications. A multi-step patterning principle has been proposed'® to solve many of
the remaining problems in SOI waveguide technology. It can be used to couple light efficiently between various types of
waveguides and fibers with different sizes and refractive index distributions. It also enables the realization of highly
miniaturized, single moded, and low-loss PICs with reduced processing and packaging costs.

An SOI waveguide has a silicon core (n ~ 3.5) surrounded by some cladding material(s), such as air, thermal oxide or
deposited oxide, that have n typically between 1 and 2. Therefore, the silicon core always has a very high index
difference with respect to the cladding and only a thin cladding layer is needed to insulate the waveguide core from its
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surrounding structures, such as the silicon substrate or any metallic electrodes. In case of standard SOI wafers, there is a
buried oxide (BOX) layer between the silicon core and an underlying silicon substrate. Three basic SOI waveguide
structures are presented schematically in Fig. 1: a one-dimensional (1D) slab waveguide, a two-dimensional (2D)
rectangular waveguide and a 2D ridge waveguide. The very high refractive index difference sets strict requirements for
the fabrication technology, especially when the dimensions are small. Single-moded (SM) rectangular SOI waveguides
require sub-micron dimensions, which easily leads to intolerable propagation loss due to surface scattering. The
smoothness of all etched and polished surfaces becomes an extremely critical factor as the SOI waveguide dimensions
approach the sub-micron limit and it is also essential in fabricating thicker ridge waveguides with low propagation and
fiber coupling losses.

a) b) ©) Cladding2
Cladding 2 w
—>
H
Siliconcore  JH Core| tH *
Cladding 1 (BOX) Cladding (BOX)

Cladding 1 (BOX)

Fig. 1. Schematic cross-sections of three basic SOI waveguide structures: a) slab waveguide (1D), b) rectangular waveguide (2D), and
¢) ridge waveguide (2D). Dark gray represents the silicon core and light gray represents the cladding materials, which are semi-infinite
by default. Silicon core has a height H and a width W. The thickness of the slab surrounding the ridge waveguide is h.

In this paper, theory, simulation results and some experimental results will be represented separately in Chapters 2, 3,
and 4 for the above mentioned three basic waveguide structures. Demonstration of very fast (>150 kHz) TO switching in
10 um thick SOI ridge waveguides is reported in Chapter 5. Finally, the basic principles of the multi-step patterning
technology for SOI waveguides are presented in Chapter 6. Throughout the paper, a semi-infinite oxide layer is assumed
to surround the silicon core, unless otherwise stated. The material choice for the top cladding has a clear effect on a ridge
waveguide's birefringence, as is concluded in Chapter 4. As usual, waveguide modes with the major electric field
component aligned horizontally or vertically are labelled TE and TM modes, respectively. The default wavelength is
1550 nm. Most of the experiments are related to approximately 10 pm thick ridge waveguides.

2. SOI SLAB WAVEGUIDES (1D)

To ease the understanding of waveguide modes and the single-mode conditions in SOI waveguides, a brief introduction
to the modes in one-dimensional SOI slab waveguides is first presented. A schematic cross-section of the slab waveguide
is shown in Fig. 2a. Propagating modes and their effective indices can be easily calculated in this 1D case, for both TE
and TM polarization. Two-dimensional SOI waveguide structures (see Chapters 3 and 4) can be approximately analyzed
with a so-called effective index method (EIM) by applying the 1D field calculations first in vertical slices of the 2D
structure and finally in the horizontal direction (see Fig. 2b).

For simplicity, the following modal analysis is presented only for TE polarization, but the results for TM polarization can
be obtained similarly. Calculated effective indices of the first three propagating modes are shown in Fig. 3a as a function
of the slab thickness Hgpy,. It can be seen that in several micrometers thick slabs the effective indices have only a slight
difference with respect to silicon's refractive index (3.48). When the slab thickness decreases well below 1 pum the
effective indices start to decrease rapidly and the modes are cut-off just before their effective indices reach the cladding
index (1.46). The cut-off widths for the TEl and TE2 modes are approximately 250 and 500 nm, respectively. The
number of propagating modes N and N* are presented in Fig. 3b. Number N increases rapidly with respect to slab
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thickness, so that 1 and 10 um thick slabs already support approximately 5 and 40 modes, respectively. When the
waveguide modes are well confined, e.g. when the core dimensions are above 1 pum, the number of modes in a SOI
waveguide with a square cross-section can be approximated with N. The results in Fig. 3 clearly indicate that SOI slabs
and rectangular SOI waveguides must have core dimensions well below 1 pum in order to provide SM operation and that
SOI waveguides can have tens or even hundreds of modes already at dimensions below 10 pm.

_____________ -4 U
Q) =146 Cladding 2 ) J SR
n; = 1.46 Cladding 1
Ny = Deffslab Ny = Neffslab

Fig. 2. Schematic cross-section of a 1D SOI slab waveguide with thickness Hg,p,. a) Physical slab structure with a real silicon slab
(n. = 3.48). b) Virtual slab structure with calculated effective indices nefgap and Negrrigee as cladding and core indices and Hy, equal to
ridge width W. This can be used in the effective index approximation of a 2D SOI waveguide, as illustrated by the dashed line.
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Fig. 3. a) Calculated effective indices of the three lowest TE modes (e tro,/ 11/ TE2) @ @ function of slab thickness Hg,p in an SOI slab
waveguide. b) Calculated number of propagating waveguide modes N and N? as a function of Hy,p. The latter approximately
corresponds to the number of modes in a square waveguide cross-section when the effective index of the mode is close to silicon ( 3

<< < 348)

The combination of extremely high refractive index difference and dimensions above 1 um was seen to support many
propagating modes in SOI slab waveguides. It also confines the propagating modes very efficiently into the silicon core,
except for modes that are very close to cut-off. This can be seen in Fig. 4, where the intensity distributions of three
lowest order modes are plotted for slab thicknesses 200 nm, 1 um and 10 um. The effective index being close to the core
index follows directly from the high confinement, as the effective index can be considered to be an weighted average of
the propagation media's refractive index.
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Fig. 4. Calculated intensity distributions of the lowest propagating modes in an SOI slab waveguide with a thickness of a) 200 nm
(1 mode), b) 1 um (5 modes), or ¢) 10 um (>40 modes). The gray area illustrates the silicon slab.

3. RECTANGULAR SOI WAVEGUIDES

First theoretical approximation for rectangular SOI waveguides can be based on the effective index method. If the
dimensions are well above 1 um the problem of finding waveguide modes is sufficiently separable with respect to the
horizontal and vertical directions. Then the results from Chapter 2 can be readily used to estimate the modal behavior in
rectangular waveguides. Based on such an analysis, it can be stated that the rectangular SOI waveguides are multi-moded
unless the core dimensions are clearly below 1 um and that the number of modes increases very rapidly with respect to
the dimensions. The fundamental mode is extremely well confined into the silicon core, which leads to some favorable
characteristics. For example, the rectangular waveguides can have ultra-small bending radii of a few micrometers'' and
they can even make abrupt changes of course based on total internal reflection (TIR) in so-called waveguide mirrors, as
depicted in Fig. 5. With an air or oxide cladding, TIR mirrors can turn the SOI waveguides by more than 90°. Also,
arrays of rectangular SOI waveguides can be packed very densely without the risk of any optical or thermal cross-talk
between them. This allows for very high miniaturization of PICs on SOI substrates.

Further on, the very high number of modes can be utilized in interferometric components, such as multi-mode-
interference (MMI) couplers. The length of an MMI coupler increases with respect to the second power of its width, and
the width is limited by the need for a sufficient number of horizontal waveguide modes. In weakly guiding structures a
2x2 MMI coupler's length is typically from a few hundred micrometers to a few millimeters. A rectangular SOI
waveguide only needs to have a width of 2.5 um to support more than 10 horizontal modes. This can lead to MMI
couplers with lengths well below 50 pm, enabling very compact PICs.

The very high index difference also poses some important problems that must be solved. Rectangular SOI waveguides
tend to be very multi-moded, which seriously limits their applicability e.g. in optical telecommunication and in many
interferometric devices. This problem can be tackled by reducing the dimensions of the waveguide to the SM region, but
this severely increases scattering losses. A better solution could be to couple light adiabaticly from SM waveguides to
rectangular waveguides and back, so that higher order modes are not excited to any relevant extent. This is difficult to
realize with traditional waveguide technologies, but it can be obtained with the above mentioned multi-step patterning
principle, as is explained in Chapter 6.
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Mirror
surface

Fig. 5. Schematic view of an abrupt waveguide mirror, which produces total internal reflection between the silicon core and the
surrounding cladding (e.g. air or silicon dioxide) and, thus, turns the waveguide by angle a.

Accurate analysis of the rectangular SOI waveguides requires the use of numerical analysis, especially when the core
dimensions are close to the single-mode region. Rigorous numerical simulations were applied in a study of modal
properties in rectangular SOI waveguides. Simulations were carried out with a commercial software package
(TempSelene v.4.3) from Kymata Netherlands (currently represented by C2V). The applied algorithm (BendSolver) is
full-vectorial and capable of calculating both propagating and lossy modes. Simulations verified that the effective index
approximation is not valid close to the SM region. The SM limit for a square core was found to be approximately W =
H =350 nm. On the other hand, the SM limit for W was found to be as high as 500 nm for a 250 nm thick silicon core.
Calculated intensity distributions of the TEy, and TM, modes in three different waveguide cross-sections are presented
in Fig. 6. Strong polarization dependency can be clearly observed when the dimensions are reduced beyond the SM limit.

b)

m : I
Fig. 6. Simulated intensity distributions of rectangular SOI waveguides separately for TE and TM polarization when the waveguide

width is 500 nm and the waveguide height is a) 500 nm, b) 350 nm, or ¢) 200 nm.
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4. SOI RIDGE WAVEGUIDES

4.1 Theory and simulation of ridge waveguides

Ridge type SOI waveguides can be single-moded with both width and height clearly above 10 pm. It should be noted
that ridge waveguides are sometimes also referred to as "rib" or "partially etched" waveguides. The thickness of the
silicon layer is H within the ridge and h around the ridge. A schematic cross-section of the SOI ridge waveguide with a
contour plot of the fundamental mode's intensity distribution is shown in Fig. 7.

Q)
y (um)

_4 1 1 1 L L
-10 -5 0 5 10
X (pm)
Fig. 7. Schematic cross-section and a calculated intensity distribution of the fundamental mode in a ridge waveguide (H =10 pum,
h=6 pm, W= 10 um).

With certain H and h the width W of the ridge is limited by a single-mode condition

K<0.3+M—H (1)

V1= (h/H)? ’

as proposed by Soref'. This width limitation essentially eliminates the higher order horizontal modes. In practice it
assures that the effective index (e.g. nerrrio) of any higher order horizontal mode in the 2D ridge waveguide is lower
than the effective index (nemrro) of the fundamental mode in the 1D slab waveguide surrounding the ridge. Thus, all
higher order horizontal modes see a negative effective index difference in the horizontal direction and, therefore, leak to
the surrounding slab waveguide'®. On the other hand, propagation of higher order vertical modes is prevented by
choosing®

hH>0.5. )

This assures that the lowest intensity maximum of any higher order vertical mode has a negative or zero effective index
difference in the horizontal direction and such a mode is always radiative'®. When the SM limit is approached both
horizontal and vertical higher order modes spread into the silicon slab and start to radiate power along the slab away
from the ridge. The 1D slab offers these modes an escape port in a similar fashion as a traditional (2D) cladding offers
for optical fibers and typical low-index contrast silica waveguides.

According to the effective index approximation, the large refractive index difference is replaced by a much smaller
effective index difference in the horizontal direction. As a result, the bending of SM ridge waveguides becomes much
more difficult and typically requires a bending radius of several millimeters to avoid harmful bending losses. The strong
asymmetry between the horizontal and the vertical direction also tends to cause some geometrical polarization
dependency. In particular, the ridge waveguides can be birefringent and the propagation losses in straight and, especially,
in curved waveguides can be polarization dependent, as is discussed later.
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The two limitations (1-2) together, as proposed by Soref, form a sufficient, but not an exclusive single-mode condition.
Single-mode operation can be obtained also when h/H < 0.5 if the ridge is sufficiently narrow. Therefore, a detailed
analysis of the single-mode conditions was carried out for 10 and 3 pum thick SOI ridge waveguides by using various
thickness ratios in the range 0.25 < h/H < 0.8 and by varying the ridge width W in order to locate the maximum width
Winax for SM operation.

The SM analysis of ridge waveguides was based on rigorous calculations with the above mentioned TempSelene
simulation software and the same full-vectorial algorithm. All the relevant higher order modes radiate along the silicon
slab, so transparent boundary conditions only need to be used in the horizontal direction. Six to ten perfectly matched
layers (PMLs) per boundary were used in the horizontal direction to allow higher order modes to spread and radiate into
the silicon slab. The calculation grid size was varied between 128x64 and 256x64 and the width of the calculation area
was varied between 4 and 8 times H. The rejection of the higher order modes was made by using several different
requirements that had to be valid for any propagating mode. The intensity maxima were required to reside below the
ridge, the intensity distribution was not allowed to significantly spread out of the calculation area and no significant
losses were accepted. These criteria are somewhat dependent on the simulation parameters and, therefore, some results
were positioned into a so-called gray-area, instead of putting all the results either to SM or MM region. The true SM
limit is expected to lie somewhere within the gray-area. The results are shown in Figs. 8 and 9.

When 0.25 < h/H < 0.4, the suppression of horizontal TE;, and TM;, modes requires that W is somewhat smaller than
the Soref's maximum width (1). In the same h/H range the elimination of vertical TEy and TM,, modes poses a much
more strict width limit. SOI ridge waveguides can be SM even when h/H < 0.3, but this requires very narrow ridges. At
h/H = 0.3, for example, 10 and 3 um thick waveguides are SM when the ridge widths are below 3 and 1 pum,
respectively. It should also be noted that higher order vertical modes may appear also when h/H > 0.5 if the ridge is
sufficiently wide.

20 20 -
a) TE (H=10 um) " b) TM (H=10 um) -e/g
10 2
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_ *.(g/g
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Fig. 8. Simulated SM conditions for 10 um thick SOI waveguides, separately for a) TE and b) TM polarization. Thick continuous lines
represent the maximum width according to Soref's rule, while the thin dashed line represents a new width limit for eliminating the
TEy; and TMy; modes. Circles define simulated structures. Horizontal lines and filled circles indicate higher order horizontal (TE;,
and TM,) and vertical (TE,; and TM,;) modes, respectively. Gray color indicates the gray-zone between clearly SM and MM regions.
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Fig. 9. Simulated SM conditions for 3 um thick SOI waveguides, separately for a) TE and b) TM polarization. Symbols as in Fig. 8.

As can be seen from Figs. 8 and 9, the SM condition of SOI ridge waveguides is slightly polarization dependent. The
waveguides also have a small geometrical birefringence An = |nefr1e - Negrrv | that depends on H, h and W. In typical
waveguide structures with H ~ 10 um the simulated birefringence is below 5-107, but in 1.5 um thick SOI waveguides it
can be as high as 5-107.

4.2 Theory and simulation of bends in ridge waveguides

Perhaps the greatest limitation of ridge waveguides is their tendency to cause large bending losses to the propagating
light. For example, both measurements and simulations'? have shown, that in a 10 um thick ridge waveguide with etch
depth of 5 um, bending radii smaller than 2 cm cause significant losses. This means that high integration densities in
PICs are very hard to achieve with thick waveguides.

The amount of bending loss in several bent ridge waveguides was calculated by the same BendSolver algorithm as
described above. As TempSelene can calculate the mode fields in the cylindrical coordinate system, there is no need to
use any approximative methods, such as conformal mapping. The software can readily calculate the loss per unit length
from the complex propagation constant 3 that accompanies every mode field. Three waveguides with thicknesses H of
10 pm, 3 pm and 1.5 pm, all with etch depth of H/2, were considered. The Soref's SM condition (1) was used to
determine the ridge widths W, resulting in values of 8.8 pum, 2.6 pm, and 1.3 pum, respectively. The calculation
parameters used were essentially the same as those given in subsection 4.1. Results from the calculations are presented in
Fig. 10.

From the results it can be seen, that bending losses are high for the 10 um thick ridge waveguide, but that they diminish
rapidly as the waveguide is made smaller. Further reduction to the bending loss can be obtained by using larger ridge
widths than the ones given by Soref's equation, or by using deeper than H/2 etched waveguides. Despite these alterations
to the geometry, the waveguide can still operate in the SM region, because higher order modes are more susceptible to
radiate away from the ridge. Finally, it should be noted that the bending loss has a very strong polarization dependency.
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Fig. 10. Simulated bending losses for standard ridge waveguides with thickness H equal to a) 10 um, b) 3 um and ¢) 1.5 um.

4.3 Fabrication and measurements

Several different waveguides were fabricated with thickness H typically in the range of 8 to 10 pum, etch depth
H-h = H/2, width W ranging from 6 to 14 um and cladding material being thermal oxide (TOX), low-temperature oxide
(LTO), TEOS oxide or air (i.e. no cladding). The BOX thickness of the bonded SOI wafers was 1 pum. The waveguide
structures were patterned with standard UV-lithography. An oxide hard mask was used for etching the waveguide
structure into silicon by inductively coupled plasma (ICP). In the very beginning of the waveguide etching process
continuous etching was used. Then the etching continues with alternating passivation and etching steps (etching gas SFs,
passivation gas C4Fs) to ensure side-wall verticality. The durations of the etching and passivation cycles were both 5 s.
After the removal of the residual mask TOX, LTO or TEOS cladding was optionally grown on top of the waveguide.
Finally, the waveguides were diced into chips and the endfacets were polished to optical quality.

One problem of characterizing SOI waveguides is to perform accurate propagation loss measurements, since the total
propagation loss is comparable to the insertion and coupling losses in short waveguides. Therefore, up to 72 cm long
spiral waveguides with bending radii varying between 27 and 42 mm were fabricated to measure the propagation losses
accurately. In the measurement setup the laser light was polarized and butt-coupled into a waveguide with polarization-
maintaining fiber (PMF). One axis of the PMF was aligned parallel to the chip surface, i.e. horizontally. This ensured
that the polarization modes of the input fiber were coupled directly to the polarization modes of the waveguide with
minimum cross-talk (below —25 dB). The transmitted light was coupled into a multimode fiber (MMF) and guided to a
detector. The setup enabled transmission measurements for both TE and TM polarization. A fiber-to-fiber reference
transmission was measured by directly butt-coupling the PMF and MMF. To obtain an exact value for the excess loss of
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a waveguide, both the Fresnel reflection loss 3 dB (including both facets) and the theoretical fiber-to-waveguide modal
coupling loss (only input facet) were subtracted from the insertion loss.

The measured propagation loss for a 14 um wide SM spiral waveguide was 0.30+0.05 dB/cm for both TE and TM
polarization. It is expected that this loss is still somewhat effected by the spiral bends and that an equally long straight
waveguide would provide a lower loss value. However, the roughness of the waveguide side-walls still has the greatest
contribution to the measured loss.

The birefringences of the waveguides were measured using the fixed analyzer method". The experimental measurement
setup is shown in Fig. 11. Light from a broadband light source was polarized and butt-coupled into the waveguide with a
PMF. Polarization axis of the PMF was rotated so that light polarized at a 45° angle was launched into the waveguide.
Optical powers coming out of the waveguide in two orthogonal linear polarization states +45° were measured with a
rotatable polarizer as a function of wavelength by using an optical spectrum analyzer. Either one spectrum or a ratio of
the two spectra (polarization extinction ratio, PXR) could be used to calculate the birefringence. Waveguide
birefringence induces a periodic transmission (or PXR) curve as a function of frequency. The period is equivalent to a
phase difference of 27 (one beat length). The birefringence 4An can be calculated using equation

C m Z‘lﬂ“n

m =
AFL AL

> )

where m represents the number of periods included in a frequency range Af, or a corresponding wavelength range A4 =
A, - A1, between two transmission (or PXR) maxima (4; , 4,) and L is the length of the waveguide.

Main problem of the method is that wavelength dependence of the birefringence has an effect on the results, especially
when the birefringence is low, because measurements require the use of a broad spectrum. However, wavelength
dependence was not observed in our SOI waveguide measurements in the wavelength range from 1350 to 1600 nm.

Figure 12a shows measured PXR spectra from straight waveguides with LTO and TEOS claddings. Periodic response of
the transmission signal is well seen in the case of LTO. Birefringence value of 6-10* was obtained using equation (3). It
can be seen that TEOS cladding produces a clearly lower birefringence than LTO. Approximately one half of a period is
seen in the TEOS spectrum, which lead to an estimated birefringence of 1-10*. The fixed analyzer method could not
provide an accurate birefringence value for a waveguide with air cladding because the associated spectrum showed less
than one half of a period, which indicates a birefringence of less than 1-10™*. Measured birefringence for a straight
waveguide with TOX cladding was similar to the results for LTO and it is shown in Fig. 12b as a function of W. A
maximum of 6.8-10"* and a minimum of 1.5-10"* were obtained with waveguide widths 6 and 2 pm, respectively.

Broadband Optical
source
spectrum
| Rotatable analyzer
Polarization polarizer
controller PMF Waveguide
R MMF
Lens Lens

Fig. 11. Measurement setup used to determine waveguide birefringencies.
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Fig. 12. a) Measured PXR spectra from two 4 cm long waveguide samples with LTO and TEOS claddings (H = 9 um, W = 8 um). b)
Measured birefringence as a function of waveguide width in a 71 mm long sample chip with TOX cladding (H = 9 pum).

5. THERMO-OPTICAL SWITCHING IN SOI RIDGE WAVEGUIDES

Typical TO switches made from silica or polymers typically have a maximum frequency below 1 kHz. This is mostly
due to their poor thermal conductivity, relatively large core size and thick cladding, which is necessary to optically
insulate the waveguide from the heating electrode. Thick SOI ridge waveguides have good thermal conductivity and a
thin top cladding between the heating electrode and the silicon core. These characteristics lead to faster switching
operating, but also to a somewhat higher power consumption than what is seen in the well insulated and slow switches.

To study the potential of SOI waveguides in optical switching, a TO switch based on a 9 um thick SOI ridge waveguide
was fabricated and characterized. The switch was implemented by using a 2x2 Mach-Zehnder interferometer (MZI)
layout and it was operated by using both conventional square wave modulation and a new interferometric modulation
technique. The cross-section of the SOI waveguide with an aluminum heater on top is shown in Fig. 13a. Detailed design
and fabrication of the switch are published elsewhere'*’. The switch is in a cross state (off), when the heating elements
are not operated. It turns into a bar state (on) when a temperature difference corresponding to a phase difference of Ap =
180° is applied between the two waveguide branches by operating at least one of the heaters. The optimum bar- and
cross-states can be obtained only when the directional couplers (DCs) are identical and their lengths correspond to
perfect 50:50 (-3 dB) power division.

<«— Al heater (500 nm thick, 9 um wide)

<«———— Oxide cladding (1 pm) b) _
Silicon waveguide ridge
| | (10 um wide, 4 pm high step) Input [ _ _ Outputs:

«—— Intensity distribution y Y ‘/>< bar (off)
— Silicon slab (5 pm) / g 7 S cross (on)

|«— Buried oxide (BOX, 1 um) l' ] Heaters and

contact pads

<+ Silicon substrate (0.5 mm) Waveguides

Figure 13. a) Cross-section of a SOI ridge waveguide with an aluminum heater on top of the ridge. The intensity distribution of the
fundamental mode is again shown with contour lines. b) A schematic layout (top-view) of the 2x2 MZI switch.

Before carrying out the switching measurements, the switches were characterized optically without heating them. This
showed strong polarization dependency and slightly non-ideal DC lengths. Therefore, all the following results are
obtained with TE polarized input light and the switches have a maximum extinction ratio (ER) of 17 dB (98:2). During
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the switching, this is an optimum value that represents perfect phase modulation. The polarization dependency and the
ER can be improved without a significant change in the modulation frequency. The heating power P in the active
waveguide branch was then adjusted to P,, so that a static on-state was optimized, resulting in P = P,, = 300 mW. The
maximum frequency for full phase modulation (~99%) with P = P,, was approximately 10 kHz. For lower phase
modulation depths, e.g. 90% or 50%, the frequency can be clearly above 10 kHz. This already represents an order of
magnitude improvement with respect to commercial TO switches.

The details of the new modulation method are presented elsewhere’, but the basic principle is explained in the following
and presented in Fig. 14a. Instead of heating just one waveguide branch, both branches of the MZI are used for heating.
In the off state they are heated with equal power, while in the on state only one of the branches is heated. Further on,
both the rise and fall time are remarkably shortened by applying a high heating power peak to the other branch and by
dropping the heating power of the other branch to zero. The new method increases the frequency very efficiently with
respect to power consumption and it can be applied to increase the operational frequency or the response time of other
interferometric components as well. In case of the fabricated SOI switch, the switching speed was pushed up to 167 kHz.
This was the maximum for the very simple and inexpensive control electronics used. Even at 167 kHz the ER was still
better than 13 dB (95:5), i.e. close to the optimum. Average total heating powers were 120 mW and 350 mW during off-
and on-states, and 760 mW and 1.13 W during the 3 us long fall- and rise-times, respectively. In random modulation all
alternatives are equally popular and the average heating power is 590 mW.
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Fig. 14. a) Schematic principle of the new modulation method. Measured results at 167 kHz: b) Optical response (cross-state output)
and total heating power. c¢) Heating powers of the two branches (P1, P2), and an average power for every 3 us time span (black dots).
Optical signal has a 2 ps delay with respect to P1 and P2 (labels on top refer to heating pulses).

6. MULTI-STEP PATTERNING OF SOI WAVEGUIDES

Traditionally, optical waveguides are patterned by using a single mask layer. Other mask layers may be used to define
heaters etc, but typically they do not contribute to the basic waveguiding. Using a single mask layer to define optical
waveguiding is sufficient for most applications and it is much more simple to realize than aligning different mask layers
with respect to each other with the required accuracy.

However, the use of more than one mask layer in the patterning of a single SOI waveguide cross-section has significant
advantages, as is explained in the following. The principle is called multi-step patterning and its potential is illustrated by
presenting four different SOI waveguide structures that have significant advantages over traditional waveguides. The
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main advantages of these multi-step waveguides are the potential for extreme miniaturization and the ability to
efficiently couple light between different types of waveguides and fibers.

First, two different structures for converting a ridge waveguide into a rectangular waveguide (or vice versa) are shown.
For simplicity, only two mask layers have been used. However, one can also use more mask layers, either in a single
waveguide cross-section or by connecting waveguides with different mask layer pairs, one after another. The two
structures are schematically presented in Fig. 15. The first transformation occurs between a ridge waveguide and a
smaller rectangular waveguide, while the second transformation involves ridge waveguides and rectangular waveguides
of equal height. Both of them can be used to combine the advantages of ridge waveguides (SM, thick, low loss) and
rectangular waveguides (tight bends, mirrors, short MMISs).

A B C D

’»

a)
[
I

: ‘wlle mn
I
§ " W= Ny .

Fig. 15. Two different 3D waveguide tapers between a rectangular and a ridge waveguide. The height of the ridge is a) greater than or

b) same as the height of the rectangular waveguide. The layouts on the left describe the structures as seen from the top and the cross-
sections A, B, C and D are shown on the right.

The changing of the waveguide cross-sections must be carried out adiabatically, i.e. in a sufficiently small angle with
respect to propagation. Depending on the type and the size of the waveguide, this may require relatively long tapering
areas, such as tens or even hundreds of micrometers. The alignment between the mask layers must be carried out
accurately, but the alignment tolerances can be partially relaxed by using appropriate processing steps. In the 3D tapers
shown in Fig. 15 the definition of the waveguide can be transferred from one mask layer to another, so that both mask
layers have a relevant contribution to the waveguiding only in the tapering region. The sharp tip in Fig. 15a will have a
finite width due the finite lithographic resolution. However, according to the simulations the effect of the tip on the
fundamental mode becomes negligible when the tip width becomes much smaller than the width and the height of the
underlying rectangular waveguide. It should be noted that these 3D tapers also allow for efficient coupling between a
PhC waveguide and a SM ridge waveguide. In the miniaturization of PICs the input waveguides and local mode strippers
can be formed of SM ridge waveguides, while the bends, waveguide mirrors, couplers and other such structures can be
realized densely with small rectangular waveguides.

The third type of transformation connects two ridge waveguides that have different heights. This transformation is
described schematically in Fig. 16. It shows a similar sharp tip as in Fig. 15a, but also here the finite width of the tip
becomes negligible with a sufficiently wide shallow ridge. The main application of this structure is to change the height
of a waveguide without losing the SM behavior. Several successive tapers can be used to obtain very large height
differences. Larger waveguides are especially useful for low-loss propagation of longer distances and for coupling with
hybrid integrated waveguides, fibers and lasers. The smaller waveguides, on the other hand, are better for realizing ultra-
small PICs and fast modulators or switches.
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Fig. 16. A 3D waveguide taper connecting two ridge waveguides with different heights. The layout on the left describes the structure
as seen from the top and the cross-sections A, B, C and D are shown on the right.

The fourth example of multi-step SOI waveguides is an asymmetric bend. By etching a shallow groove next to the SM
waveguide ridge the effective index difference of the fundamental mode can be locally increased. This allows to realize
small waveguide bends without forcing the waveguide to MM operation. The distance and width of the groove can be
tuned along the bend to obtain an optimum for the transmission without launching the higher order modes. A schematic
layout of the structure is shown in Fig. 17, together with contour plots of the fundamental mode. It can be clearly seen
that the very high bending loss of the ridge waveguide can be completely suppressed by using the groove.
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Fig. 17. Cross-sections and calculated intensity distributions of SOI waveguides with a bending radius of 10 mm a) with
and b) without an additional groove.

According to the simulations'? carried out in this work there is a lot of potential in realizing extremely compact optical
circuits based on multi-step SOI waveguides. The use of additional etch steps requires the use of additional lithography
masks and process steps, but the advantages should clearly overcome the associated extra efforts in fabrication. The basic
principle of multi-step patterning can be applied to thick (e.g. 10 um) as well as thin (e.g. 1 um) waveguides.

7. CONCLUSIONS

Silicon-on-insulator waveguide technology has strong potential in providing ultra-compact, highly efficient and low-cost
PICs in the future. Further development of the fabrication technology will shortly provide the means to realize efficient
coupling from standard fibers and thick SOI ridge waveguides to very thin SOI waveguides (ridge or rectangular) as well
as to photonic crystal structures fabricated in SOI. The high bending losses in thick SOI waveguides can be eliminated
by applying additional grooves to the outer sides of the waveguide bends. Waveguide arrays and devices such as MMI
couplers and switches can be made very small by taking advantage of the excellent confinement and high number of
modes in rectangular waveguides. The advantages of SOI technology become more and more apparent when the
integration and miniaturization level of PICs is increasing. It will have applications not only in optical
telecommunication, but also in optical interconnections and, perhaps, in sensor technologies as well.
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When developing the SOI waveguide technology one must keep the roughness of the etched silicon surfaces very small
to avoid any significant scattering losses and the roughness must even be reduced from the present values when the
waveguides dimensions are reduced to the sub-micron range. However, the present SOI waveguide technology can
already provide losses that are competitive with other waveguide technologies, such as the 0.3 dB/cm propagation loss
measured from bent waveguides within this work. Waveguide birefringence is also an important issue, especially in
small waveguides, and the selection of an appropriate cladding material appears to be crucial in keeping it low.
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Fast thermo-optical switch based on SOI waveguides
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ABSTRACT

Thermo-optical silicon-on-insulator (SOI) waveguide switch has been fabricated and characterized. The switch is based
on a 2x2 Mach-Zehnder interferometer and 9 microns thick ridge waveguides. The extinction ratio of the switch is 17
dB with ultraaslow modulation and it is limited by the unoptimized directional coupler lengths. Thermo-optical
switching with conventional on/off modulation was demonstrated up to 10 kHz. The average power consumption was
150 mW and the extinction ratio was 15 dB in 10 kHz square wave modulation. By using a novel modulation principle
the maximum frequency was rised up to 167 kHz, while till maintaining the 15 dB extinction ratio in sguare wave
modulation. With random binary modulation at 167 kHz frequency (3 us per hit) the extinction ratio remained above 13
dB and the average power consumption was 590 mW. The obtained frequency limits for sgquare wave modulation
correspond to a maximum of 1% deviation from the attainable extinction ratio limits. With less strict extinction ratio
reguirements the maximum frequencies can be much higher. The new modulation method can be used to radically
speed up interferometric switches with atolerable increase in the power consumption.

Keywords: Silicon-on-insulator, SOI, waveguide, thermo-optical switch, phase modulation, Mach-Zehnder
interferometer

1. INTRODUCTION

Inexpensive and sufficiently fast optical switches are one of the key elements when the optical communication
technology continues its expansion from the backbone networks to the access networks. Switches close to the end users
must be inexpensively mass produced. Optical switches can be roughly divided into two categories based on their
frequency range. Fast switches operate above 1 MHz and they are typically based on nonlinear effects, electro-optical
modulation or current injection modulation. Slow switches operate below 1 MHz. Actually, they are typically based on
thermo-optical (TO) modulation or micro-electro-mechanical systems (MEMS) that operate well below 10 kHz. The
slow switches, and especially the thermo-optical switches, are typically much less expensive than the fast switches.
There is clearly a lack of inexpensive switches that can operate in the 10-1000 kHz range. Currently available TO
switches typically have a maximum frequency of 1 kHz or less.

In scientific papers there have been some examples"?® of thermo-optical switches that operate above 10 kHz. Fischer et
al, for example, have demonstrated a thermo-optical 1x1 Mach-Zehnder (MZI) switch with 5 ps rise time and 150 mwW
power consumption by using silicon-on-insulator (SOI) technology?. However, their small waveguide structure was not
optimized for fiber coupling, the optical wavelength was 1300 nm and the continuously modulated operation was not
reported.

" timo.aalto@vtt.fi; phone +358-9-456 6694; fax +358-9-456 7012; http://www.vtt.fi/tte/research/tte6/;
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Silicon-on-insulator technology offers a relatively inexpensive method to fabricate thermo-optical switches. The high
thermo-optical constant (1.86-10*K™") and good thermal conductivity of silicon can make SOI switches faster than most
other TO switches. SOI technology can also be used to integrate different optical, electrical and micromechanical
functions onto a common substrate. The advantages and disadvantages of SOI waveguides have been discussed in detail
elsewhere™>°.

In this work, TO switches have been realized based on SOI ridge waveguides with a large cross-section’. The
waveguides have a modal fiber coupling loss clearly below 1 dB (<0.3 dB for optimized design), and a propagation loss
below 0.5 dB/cm. Due to a thermal oxide cladding the waveguides are polarization dependent, but this property should
be eliminated by choosing an appropriate cladding material, as the results from some polarization independent SOI
waveguides indicate’. The switches are implemented by using a 2x2 MZI layout and the optical wavelength is 1550 nm.
The devices have been operated by using both conventional modulation and a novel interferometric modulation
technique. The continuously modulated 167 kHz operation of a TO switch with a large waveguide core and a 15 dB
extinction ratio is the fastest result so far reported. The novel modulation principle is now proposed and demonstrated
for the first time, and it can be applied to radically increase the operational frequency or the response time of other
interferometric switches as well.

2. BACKGROUND ON THERMO-OPTICAL SWITCHING

Thermo-optical switches are often assumed to be limited clearly below the 10 kHz frequency due to the slow thermal
conduction in optically transparent materials. In general, TO switches can be made faster by reducing the waveguide
size. Unfortunately, this normally leads to higher optical losses, both due to the size mismatched fiber-waveguide
interconnections and the increased scattering losses. Thermal conductivity between the heater and the waveguide should
be maximized, but this is normally limited by the need for sufficient optical insulation. In low-index contrast (low An)
waveguides the distance between the core and the heater element must be several micrometers. Increasing the thermal
conductivity around the heated waveguide makes the switch faster, but it also increases the power consumption. This
leads to a trade-off between the speed and the power consumption. In many waveguide structures the requirement for
sufficient optical confinement also limits the possibility to increase thermal conductivity between the waveguide core
and the underlying substrate.

In addition to the waveguide structure, also the switching structure, or the principal layout, effects the characteristics of
a switch. Typical TO switches are based on a 1x1, 1x2 or a 2x2 MZI structure. Larger matrices are obtained by
cascading these fundamental switching blocks®. The extinction ratio of a switch can be improved by directing the signal
through more than one fundamental switching block in each switching node®. Two successive switches with 20 dB
extinction ratios produce a total extinction ratio of 40 dB. The disadvantages of this principle are increased power
consumption and larger device area. In general, the 2x2 switch is more difficult to realize than the 1x1 switch, or a
modulator, while the 1x2 switch lies somewhere in between. This is due to the increased number of input and output
ports and the requirement for even transmission between different ports. In a 1x1 switch, or in a modulator, the
modulation can be based on absorption, while this is not possible in an interferometric 1x2 or 2x2 switch.

There are several tricks that can be used to increase the switching speed or to reduce the response time of the switch
without modifying the actual switch structure. Firstly, the switching speed can be significantly increased if one satisfies
with a lower output extinction ratio or, in another words, lower modulation depth. For example, a 3 dB extinction ratio
can be achieved with a much higher frequency than a 20 dB extinction ratio. Secondly, single transitions between
different switching states may be obtained with very short rise or fall times, but these do not automatically guarantee
acceptable operation in continuously modulated operation. For example, an ultra-short rise time is not very useful if the
fall time is much longer. In some cases the convergence of successive transitions may also cause e.g. heat build-up that

150 Proc. of SPIE Vol. 4987

IvV/2



limits the maximum frequency. Finally, surprisingly fast operation may be obtained by using square wave modulation
and so called overdriven switching (or overshooting)’. Unfortunately, this principle does not support any controlled
switching operations.

Due to the multitude of parameters and switching principles one should be careful when comparing different switching
solutions. In addition to the maximum switching speed itself, one should also pay attention to the type of the switch
(1x1, 1x2, 2x2, ...), type of modulation (e.g. random or square wave), the insertion loss, the extinction ratio (or the
modulation depth), the polarization characteristics, the power consumption and the price.

3. DEVICE DESIGN

A detailed description of the device design has already been published elsewhere'’. Therefore, only a short summary
and update of the design will be given here. It should be noted that the mask layout has not been optimized after the
initial design, thus leaving plenty of room for future improvement with respect to e.g. extinction ratio and device size.
The waveguide width in the old lithography mask is W = 10 um. The SOI wafers used in this work had a slightly
thinner SOI layer (9 pum) than the wafers used in the original design (10 um)'’. Therefore, the vertical dimensions of the
waveguide were slightly modified to maintain single-moded operation. The silicon core is surrounded by 1 um thick
optically insulating oxide layers and the thin film heater is on top of the ridge. The SOI ridge waveguide structure is
presented schematically in Fig. 1a.

—>

«—— Al heater (500 nm thick, 9 um wide)

<+——— Oxide cladding (1 um)
\

«—— Intensity distribution
- Silicon slab (thickness h =5 pum)
'« Buried oxide (BOX, 1 um)

< Silicon substrate (0.5 mm)

Silicon waveguide ridge (width W = 10 pum, height H =9 pm)

b)
Input L A Outputs:
% % bar (off)
cross (on)
“ Heaters and

Waveguldes
contact pads

Figure 1: a) Cross-section of the SOI ridge waveguide with an aluminum heater on top of the ridge. The intensity distribution of the
fundamental mode is shown with contour lines. b) A schematic layout (top-view) of the 2x2 MZI switch.

Ridge type silicon-on-insulator waveguides have a very large refractive index contrast (high An) between the silicon
core (n = 3.5) and the surrounding oxide (or air) cladding (n = 1.5 or 1). Nevertheless, they can be single-moded (SM)
even when the width and the height are both several micrometers. This is because the ridge (width W, total thickness H)
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is surrounded by a slab waveguide (thickness h) that offers an "escape path" for the higher order modes. The SOI ridge
waveguide is single-moded when both the conditions''

w hlH

— <034+ ————— and (1)
1= (h/H)?

WH>0.5 2

are satisfied. In the fabricated waveguide switch the width, the ridge height and the slab height were W = 9 um, H = 9
pum, and h = 5 um, respectively. Therefore, the device is operating at the boundary between single- and multi-moded
operation. The validity of the above mentioned single-mode conditions can be, and has been, verified both by solving
the propagating modes of different ridge waveguides numerically and by observing the output of realized ridge
waveguides with an IR-camera. The modal fiber coupling loss between the waveguide and a standard single-mode fiber
is clearly below 1 dB*'°. This can be suppressed down to 0.3 dB by optimizing the waveguide cross-section'.

The waveguide switch consists of two cascaded waveguide couplers with thermo-optic heaters on both waveguide arms
connecting the two couplers. A schematic layout of the 2x2 MZI switch is shown in Fig. 1b). The coupling coefficient
for directional couplers is difficult to calculate accurately, because it is affected by the coupling between the bent
waveguides, the etch depth, the linewidth changes (during the process), etc. Therefore, several directional couplers with
different waveguide spacings and lengths were designed to determine their coupling behavior experimentally. Five
different directional coupler lengths were used to define five different switch versions on the mask. These lengths
determine the attainable extinction ratio of the switch.

The 2x2 MZI switch is in a cross state (off), when the heating elements are not operated. It turns into a bar state (on)
when a temperature difference corresponding to a phase difference of A¢p = 180° is applied between the two waveguide
branches by operating one or more heaters. The optimum bar- and cross-states can be obtained only when the
directional couplers are identical and their lengths correspond to perfect 50:50 (-3 dB) power division.

According to the thermal modelling'’, a 3 K temperature change is enough to switch the output state of the device. The
rise (0%—>90%) and the fall (100%—>10%) times were both estimated to be 200 ps and the electrical power
consumption was estimated to be 120 mW. The response times correspond to a maximum frequency of approximately
2.5 kHz. Calculated cross-sections of two temperature change distributions during waveguide heating are plotted in Fig.
2. The cooling takes place with the same speed, but then the temperature change distributions are much more flat. Heat
conducts very efficiently from the heater into the silicon ridge and then spreads horizontally along the silicon slab.
Silicon has a relatively high TO constant (1.86-10* K ™) and good thermal conductivity, while the oxide cladding is very
thin. This results in a rapid optical phase change in the waveguide. Finally, heat diffuses through the thin buried oxide
(BOX) layer into the silicon substrate that behaves as a small heat sink. The exact temperatures, diffusion times and
heating powers are strongly dependent on the boundary conditions. These, on the other hand, depend on the actual
environment around the chip. Modifications in the airflow and in the bonding of the chip to an underlying support plate
may cause significant changes in the exact values.

In conclusion, according to the design and simulations, the SOI waveguide switch can be modulated much faster than
most other TO switches. This is due to the good thermal conductivity between the heater, the core and the substrate,
which is difficult to realize for low An waveguides. Only 1 um thick oxide layers are sufficient to confine the
waveguide optically, while the SOI layer acts as an efficient heat spreader'®. The corresponding increase in the power
consumption is unavoidable, but owing to the efficient heat confinement into the waveguide core, the power increase is
very reasonable with respect to the increased frequency.

152 Proc. of SPIE Vol. 4987

IV/4



a) c) 3
248
2
1.5
b)

10.5

Figure 2: Calculated cross-sections of two temperature change distributions. The heat is generated in the thin film heater
lying on top of the waveguide ridge and the total heating power is 10 mW. a) Situation 50 us after the heating has
started. b) Situation 1 ms after the heating has started (stabilized situation). ¢) Temperature change scale.

4. FABRICATION

Bond-and-etchback SOI (BESOI) wafers were used for fabricating the SOI waveguide switches. The active silicon layer
thickness was 9.3 pm and the buried oxide layer thickness was 1 pm. This BOX thickness was enough to prevent any
leakage of optical power into the underlying silicon substrate.

The switch fabrication was done in two phases. First, passive SOI waveguide structures were defined and second,
thermal control was introduced by fabricating heating structures on top of the waveguides.

Waveguide fabrication was started with growing a 500 nm thick oxide layer using plasma-enhanced chemical vapor
deposition (PECVD). This oxide layer was used as a hard mask in silicon etching. The waveguide structure was
patterned using standard photolithography and the pattern was dry etched into the hard mask. Then the structure was
etched into SOI using inductively coupled plasma (ICP). The ICP etching process was started with a long etch step with
continuous passivation. Then the etching continued with alternating passivation and etching steps (etching gas SFs,
passivation gas C4Fsg). This was done to ensure side-wall verticality. The durations of the etching and passivation cycles
were both 5 s. After removal of the resist and the passivation polymers in oxygen plasma, the oxide mask was removed
by wet etching in buffered hydrofluoric acid. A scanning electron microscope (SEM) image of a cleaved test waveguide
endface after ICP etching and mask removal is shown in Fig. 3. It clearly shows the high verticality and smoothness of
the etched side-walls.

After the ridge waveguide fabrication an approximately 1 pum thick thermal oxide (TOX) was grown on top of the
waveguide. This oxide served as an upper cladding for the waveguide, insulating the waveguide optically from the
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heating elements. Thermal oxidation also reduced any surface roughness that might be present on the waveguide surface
after ICP etching, and thinned the SOI layer down to 9 um. A 500 nm thick Al layer was sputter deposited. It was
patterned using standard photolithography and dry etching to form the heaters and their contact pads. After the dicing
and the polishing the optical chips were glued on top of supporting plates with thermally conducting glue. Then the
contact pads were wire bonded to provide the necessary electrical contacts and the chips were ready for the
measurements.

Figure 3: SEM image of an SOI waveguide cross-section after the ICP etching. The total height H, etch step H-h and width W of the
waveguide are approximately 9 um, 4.3 um and 8 pum, respectively. These are similar, but not exactly the same dimensions as in the
switch.

5. NEW MODULATION PRINCIPLE

Traditional modulation is based on turning the heating power simply on and off. In some cases bias voltages are used to
stabilize the power consumption or to optimize the off-state of a nonideal switching structure. However, there are only
two different heating states in traditional modulation. The advantage of this method is simple control electronics, but the
exponential stabilization (AT = AT ( 1 )) of the temperature difference seriously limits the attainable frequency.
The purpose of the new modulation principle is to remove this limit by optimizing the time-dependent heating powers
in both waveguide branches. The principle is mainly focused on binary switching operation, but it may also be
applicable for analog switch control.

In the new modulation principle the switching operation is divided into four different spans (time intervals) that each
correspond to a single transition between two successive control bits. The spans are the on-span (binary 1—1), the fall-
span (1—0), the off-span (0—0), and the rise-span (0—1). The heating power patterns in both waveguide branches (P,
P,) are optimized separately within each span, as illustrated schematically in Fig. 4. The duration of each span is the
same as the duration of one control bit, but the selection of the span is based on two bits, instead of one.

The control powers are optimized according to the following logic. The static on-span remains unchanged compared to
the traditional modulation (P, = P, P, = 0, A¢ = 180°). The static off-span, on the other hand, is biased so that both
waveguide branches are heated with approximately equal power (P, = P; = Py, Ad = 0°). This increases the average
power consumption, but it also radically increases the switching speed, as will be shown below. Both the off- and the
on-spans are static with respect to time, so that the switching state may remain stable for long periods of time (e.g. for
binary ...111111111111...). During the rise-span, P, forms a high power peak, while P, drops from Py;,s to zero. The
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resulting temperature difference is a sum of the heating of the first waveguide and the cooling of the second waveguide.
This generates a very fast rise time for the phase difference (A¢ = 0° —180°) between the waveguides. The fine
structure of P; is optimized so that the phase difference reaches and maintains the allowed phase range as soon as
possible. Similarly, during the fall-span P; drops from P, to zero, while P, forms a high power peak. Therefore, while
the first branch cools down, the second branch heats up, until the temperatures meet (A¢p = 180°—>0°). Then both
branches cool down, while maintaining the phase difference (A¢ = 0°) within an allowed range. If the switching is
optimized for a given frequency f, then the operational frequency can be easily reduced by inserting additional on- and
off-type delays between all the spans. It should also be noted that the modulation frequency corresponds to two spans,
not one.
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Figure 4: Schematic of the novel modulation principle.

The main advantage of the proposed principle is that the exponential temperature stabilization does not limit the
operation and the maximum frequency can be radically increased. The increased complexity in the control electronics is
not a serious problem if some kind of simple control electronics is anyway used to control the switch. With suitable
software the optimization is not very difficult and fine tuning between similar devices can be carried out very fast.

6 RESULTS

The fabricated waveguides and waveguide switches were characterized optically by directly butt-coupling a polarization
maintaining fiber (PMF) to the input end and a multi-moded fiber (MMF) to the output end of each waveguide. The
MMF was connected to a fast photodetector. One axis of the PMF was carefully aligned parallel to the chip surface, i.e.
horizontally. This ensures that the polarization states of the input fiber are coupled directly to the polarization states of
the waveguide with minimum cross-talk (below -25 dB). Input power from a 1550 nm laser was then coupled very
accurately to either polarization axis of the PMF and a transmission maximum from the PMF to the MMF was located
by iteratively aligning both the input and the output fiber with respect to the waveguide.

6.1 Results without modulation

Before carrying out the switching measurements, the waveguides, switches and some separate directional couplers were
characterized without heating them. This showed that the waveguides were single-moded and that the couplers were
strongly polarization dependent. The latter is due to the thermal oxide cladding that induces a stress distribution into the
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silicon core. The waveguides and couplers maintain the polarization state with an extinction ratio better than 15 dB, so
they could be used to realize polarization maintaining or polarizing devices. However, for the majority of applications,
the devices should be polarization independent. Such SOI ridge waveguides have indeed been realized’, so the switches
reported here could be made polarization independent by optimizing the fabrication process. All the following results
are obtained with TE polarized input light (electric field along the substrate plane).

Preliminary characterization also revealed that even the best switch had slightly non-ideal DC lengths. This is not
surprising, since the coupler length was varied only coarsely, as already discussed in Chapter 3. The best switch was
chosen for the switching experiments and it had a maximum extinction ratio (ER) of 17 dB (98:2). During the phase
modulation (switching), this is an optimum value that represents 100% phase modulation (A¢p = Nx180°).

6.2 Results with traditional modulation

The switch was first tested by using traditional modulation with a square wave signal generator. The heating power P in
the active (heated) waveguide branch was adjusted so that the on-state was optimized for very slow modulation (f <<
1 kHz, P = Py, Ad = 180°). The power consumption in the on-state was P,, = 300 mW. The transmission and the
extinction ratio were found to be the same for both the bar and the cross-state of the switch with slow modulation.
Therefore, the following measurements were carried out by measuring only the cross-path transmission through the
switch. Optimized heating with very slow modulation determined the limits for the attainable transmission variation.
The maximum frequencies for square wave modulation were determined by requiring a maximum of 1% deviation from
the target transmission in both switching states. This is a very strict requirement and in an ideal switch structure it
would correspond to an output extinction ratio of 20 dB. Due to the nonideal directional couplers, it only corresponds to
15 dB (97:3) extinction ratio in these measurements.

The maximum frequency for square wave modulation was found to be approximately 10 kHz. The measured result is
shown in Fig. 5. Much faster modulation was obtained with extinction ratios smaller than 15 dB (e.g. 100 kHz for 3dB
modulation). Both the maximum frequency and the power consumption were somewhat higher than the simulated
values. This is probably due to the differences in boundary conditions.
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Figure 5: Normalized optical output power (thick gray line) for the cross-path through the thermo-optical switch and a control signal
for the heating (black line) as a function of time at 10 kHz modulation. Deviation from the optimum (static) transmission minimum
and maximum is below 1%.
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6.3 Results with the new modulation principle

The proposed modulation principle was tested by applying it to the thermo-optical SOI waveguide switch described
above. The control electronics was built from basic electronic components, and software was developed to control the
system. The control circuit for one heating resistor consisted of one 16F84 microprocessor connected to an 8-bit digital
to analog converter (DAC) made from an operation amplifier and a resistor network. The DAC's output was connected
to the heating resistor via a power transistor to provide sufficient output current. For operating both branches of the
switch, two of these circuits were built. The total cost of electronics was less than $25, the two microprocessors being
the most expensive parts. The desired voltage patterns were generated by the software and sent via the computer's
parallel port to the microprocessors' input ports. After receiving the complete patterns the processors started to repeat
them until new patterns were transmitted.

The fall- and the rise-spans were optimized by adjusting P, and P, in 1 ps time steps. Shorter time steps would ease the
optimization at high frequencies, but the used control electronics could not handle any shorter steps. Already at 1 ps
steps the DAC strongly distorts fast voltage transients and generates sharp voltage peaks. Each span should include at
least three time steps for any meaningful optimization, so the maximum frequency with 1 ps time steps is fpmax = (2-3
us)'1 =167 kHz. Due to the simple and inexpensive electronics, the voltage patterns had very non-ideal shapes, but the
feasibility of the new modulation principle could still be demonstrated, as will be shown below.

After appropriate optimization, A¢ could be changed between 0° and 180° in less than 3 ps, as can be seen from the
optical response shown in Fig. 6. With square wave modulation the 15 dB extinction ratio was still achieved at the 167
kHz frequency that corresponds to 3 us long spans and, thus, the limits of the control electronics. If a much lower
extinction ratio would be accepted, such as 3 dB, then the maximum frequency could probably be rised close to the
MHz regime. Unfortunately, the available control electronics was not sufficiently fast for such tests. The modulation at
167 kHz was tested with various different bit sequences, including back and forth transitions, as well as long chains of
successive ones or zeros. The internal structure of each span remained constant in these experiments. For all bit
sequences the extinction ratio remained above 13 dB (95:5). An example of the optical response with respect to a bit
sequence at 167 kHz is shown in Fig. 6.

At 167 kHz operation the average total heating powers (including both branches) during the off-, on-, fall-, and rise-
spans were 120 mW, 350 mW, 760 mW, and 1130 mW, respectively. With respect to square wave modulation, the
power consumption is increased due to the high power peaks that correspond to changes in the switching state (rise- and
fall-spans). In random modulation all spans are equally popular and the average heating power becomes 590 mW and in
ultra-slow (...000001111111...) modulation the average heating power drops to 230 mW. Square-wave (...01010101...)
modulation produces a worst-case average power of 950 mW. Relatively high peak powers are necessary for high
frequency modulation, but because of the unoptimized electronics they became unnecessarily high in these
measurements.

Any frequency between 10 kHz and 167 kHz can be obtained by optimizing the fall- and rise-spans with respect to the
power consumption and the required minimum extinction ratio. When certain basic frequencies have been optimized,
one can obtain the intermediate frequencies simply by inserting additional delays between the spans. This allows for
rapid frequency fine tuning. Some sample frequencies were optimized to estimate the dependence of average heating
power on the frequency. In this experiment, square wave modulation was used and a 15 dB extinction ratio was required
for both switching states. The on- and off-spans again corresponded to static operation and single rise- and fall-spans
were required to produce a stable output state (no overdriving). Table 1 summarizes the results at various frequencies
between 10 kHz at 167 MHz. The average power consumption with random modulation was found to vary
approximately linearly with respect to the frequency f, and an estimation for the power can be obtained from the
formula P, = 116 mW + 2.8 mW/kHz.
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Figure 6: Measured switching at 167 kHz (3 ps/bit). Upper plot: Optical response (cross-path output) and total heating power. Lower
plot: heating powers Py, P, and the average heating power for each span (black dots). Optical signal has a 2 us delay with respect to
the heating power (span labels on top refer to the heating pulses).

Table 1: Summary of square wave switching characteristics at various frequencies by using the traditional modulation (10 kHz) and
the novel modulation. A maximum of 1% deviation was required with respect to the attainable response range that was limited by the
physical switch structure (nonideal coupler lengths). A fixed off-state (bias) is assumed, except for the 10 kHz modulation (no bias).

Case | Span  Frequency Average Average Average Average  Peak power
length power 1" power 2 power 3! power 4
(random) (worst-case) (slow) (lin. fit)
(us) (kHz) (mW) (mW) (mW) (mW) (mW)
1P 50.0 10.0 150 150 150 144 300
2 6.3 79.4 331 427 235 338 608
3 53 94.4 371 506 235 380 787
4 43 116.0 436 638 235 441 1352
5 33 151.6 528 822 235 540 1848
6 3.0 167.0 590 945 235 584 2180

' With random modulation.
(2 With back and forth modulation (...10101010101...).
I With ultra-slow modulation (...00000111111...).

By using a simple and inexpensive 2x2 MZI switch based on SOI technology, traditional TO modulation at 10 kHz
frequency was obtained with 150 mW average power consumption. With a novel modulation principle the modulation
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Ml Estimation based on the linear fit of random modulation.
I With traditional square wave modulation (...10101010101...).

7. CONCLUSIONS
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frequency was then pushed up to 167 kHz. The extinction ratio still remained at 15 dB for square wave modulation and
it was 13 dB for random binary modulation. The extinction ratio is limited below 17 dB due to the nonideal coupler
lengths, so the measured extinction ratios deviate only 1-3% from the attainable limits. The average power consumption
with random modulation was 590 mW at 167 kHz. We expect that a reduction of the core size, optimization of the
thermal insulation, improved electronics and less strict extinction ratio requirements can improve the frequency to
power ratio and increase the frequency to the MHz range. The results indicate potential in realizing inexpensive thermo-
optical switches in the 1-1000 kHz frequency range by using SOI technology. The very successful first testing of the
proposed new modulation principle also encourages further testing with other interferometric switch structures. The
basic principle could be used to speed up many existing switches in many different frequency ranges.
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Sub-/ts Switching Time 1n Silicon-on-Insulator
Mach—Zehnder Thermooptic Switch

Mikko Harjanne, Markku Kapulainen, Timo Aalto, and Péivi Heimala

Abstract—We have demonstrated both rise and fall times
below 1 ps with 10%-90% modulation in a silicon-on-insulator
thermooptical Mach-Zehnder switch. The switch is based on
9-pm-thick and 10-pum-wide single-mode rib waveguides. Very
fast switching was achieved by using a differential control method.
The switch was driven with a digital signal processor accompanied
by simple electronic circuitry.

Index Terms—Integrated optics, optical switches, optical waveg-
uides, silicon-on-insulator (SOI) technology, thermooptic (TO) ef-
fects.

1. INTRODUCTION

ILICON-ON-INSULATOR (SOI) waveguides are very
S promising for realizing dense photonic integrated circuits
[1]. The transparency of silicon in the infrared spectral region
is very high. A typical SOI waveguide has a silicon core (re-
fractive index n = 3.5) surrounded by a cladding oxide, with
n less than two. Therefore, the silicon core has a very high
index difference with respect to the cladding, which strongly
confines the electric field into the silicon layer. This means
that cladding oxide layers can be made relatively thin (<1 pm)
when compared, e.g., with silica-on-silicon waveguides where
the required cladding oxide thickness is typically over 10 pym.
SOI waveguide technology is compatible with electrical inte-
grated circuit technology and micromechanics.

Despite the large refractive index difference, the silicon wave-
guide can be made single-moded even with large waveguide
dimensions using a rib structure [2]. This makes SOI wave-
guide technology compatible with fiber-based telecommunica-
tion and interconnection devices. Large SOI waveguides have
been used to demonstrate, e.g., optical couplers [3], wavelength
multiplexers [4], and waveguide gratings [5], [6].

Fast modulators based on free-carrier dispersion and absorp-
tion effects have been demonstrated in silicon. Modulation fre-
quencies as high as 1 GHz have recently been demonstrated
[7]. Drawbacks of free-carrier effects are higher manufacturing
costs and losses in optical switching. An alternative, particularly
for low-loss, low-cost, and low-frequency applications, is to use
the thermooptic (TO) effect for optical switching or modula-
tion. SOI technology offers a relatively inexpensive method to
fabricate TO switches. The high thermooptical constant (1.86 -
10~*K 1) and good thermal conductivity of silicon can make
SOI switches faster than most other TO switches.
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Fig. 1. (a) Cross section of the processed rib waveguide with structure

dimensions. Field intensity contours are equispaced and run from 10% to 90%.
(b) Schematic structure of the MZI used for measurements.

In this work, a TO switch has been realized based on SOI rib
waveguides. Switching time below 1 ;s was achieved by using
a differential modulation technique [8].

II. SwITCH

The fast switching scheme was demonstrated with an existing
2 x 2 TO Mach—Zehnder interferometer (MZI) switch. Detailed
information of the design and fabrication process of the switch
is published in [8]. The switch is constructed of 9-pm-thick SOI
rib waveguides with rib width of 10 ym and etch depth of 4 pm,
as illustrated in Fig. 1(a). The buried oxide layer and the thermal
oxide (TOX) cladding layer were both 1 pm thick. These waveg-
uides have good coupling to standard single-mode fibers, and
are also single-moded according to theory [2], computer simu-
lations [9], and measurements.

The MZI switch structure is presented in Fig. 1(b). A TO-MZI
consists of two identical 3-dB couplers and a heating resistor in
one or both optical branches. The heaters are used to change
the index of refraction, and hence, cause a phase difference Ay
between the two optical branches. When branches have equal
optical lengths, that is Ap = 0, the switch is in a cross state. In
this case, signal at input A comes out from output B and vice
versa.

With a certain temperature difference, Ay = 7 between the
branches, and the switch is in a bar state, so that signal at input A
is seen at output A. The amount of heat required for this depends
on several factors such as heater and waveguide dimensions, as
well as thermal conductivities of materials.

In our implementation, both optical branches are equipped
with 1-mm-long heating resistors having electrical resistance of
approximately 9 Q. The two 3-dB couplers were found to have
nonideal coupling lengths, which led to a maximum of 15-dB
power extinction ratio (ER). The fact that the maximum ER was
obtained when heating was OFF suggests that the couplers are
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identical, and the optical power measured from the cross port is
related to Ay as

1
Px ~ 3 (14 cos(Ay)). (1)

The switch is somewhat polarization-dependent due to the
stress induced by the TOX cladding. This polarization depen-
dency can be lowered by using a tetraethylorthosilicate layer
instead of TOX [9].

III. CONTROL METHOD

In a TO MZI switch, the phase difference required for op-
erating the switch is induced by heating the waveguide with
a thin-film heater. The conventional way is not to apply any
heating when the switch is in the cross state, and to use a con-
stant heating voltage when switch is changed to the bar state.
This leads to an exponential temperature stabilization during
both state changes, which limits the achievable switching time.

When using an MZI-structure having heaters at both
branches, such as in Fig. 1(b), switching times can be signif-
icantly reduced by driving both heaters simultaneously with
different signals [8]. Fig. 2 shows the basic principle of this
switching method.

A bias heating, equal in both branches, can optionally be used
during the cross state to reduce the cooling time when switching
from bar to cross state. The biasing adds the power consumption
of the device, but this drawback is usually compensated by the
shortened switching time.

To have a fast temperature change, a high voltage pulse is ap-
plied to heater A, and heater B voltage is dropped to zero. If
there would be no further action, Ay would go over =, but by
applying a smaller corrective pulse to heater B at exactly the
same time as Ay = 7, the overshoot can be compensated. This
leads to a stepwise optical response and leaves both waveguides
above their target temperatures. However, the heaters cool down
together along exponential curves, keeping A essentially the
same. If the two waveguide branches cool down at different
rates, some fine-tuning can be added to the heater voltages in
order to keep Ay at 7 during the cooling period.
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Fig. 3. Schematic representation of the control circuit.

The change from bar to cross state is handled similarly; a
high-voltage pulse is applied to heater B and at the same time
voltage at heater A is set to zero. When the branch temperatures
coincide, both heaters are set to their cross state bias voltages.
Again, some fine-tuning of voltages may be needed to compen-
sate different cooling rates.

The temperature curves in Fig. 2(b) were calculated from the
heater voltages in Fig. 2(a) by difference equation

(Tn—l — VnK)
TAL

where V,, is heater voltage during the nth time step, K is the
experimentally determined relation between voltage and tem-
perature, At is the time-step length, and 7 is the temperature
time constant which can be different for cooling and heating, as
well as for the two branches. As the phase is linearly dependent
on temperature, the cross port transmissions, shown in Fig. 2(c),
could be calculated from the temperatures by using (1).

T, = @)

n—1 —

IV. MEASUREMENT SETUP

To demonstrate the feasibility of the differential control
method, a controller shown in Fig. 3 was constructed. The
heating patterns were designed on a personal computer, and
these were then sent to the memory of a digital signal pro-
cessor (ADSP-21992) via serial cable. The processor was
programmed to send the data as fast as possible to an 8-bit
digital-to-analog (D/A) converter (DAC 8408). The low-level
output of the converter was amplified with operational ampli-
fiers to a range of 0-6.5 V, and then buffered by high-power
transistors. This setup could generate 330-ns voltage pulses
with a slew rate of 16 V/pus.

The processor in the setup is capable of receiving new pat-
terns from the computer at the same time as it repeatedly sends
the previous pattern to the D/A converter. This allowed for a
near real-time observations of switch operation when changes
were made to the heating pattern.

All measurements were made at 1550-nm wavelength with
transverse-electric-polarized light. The laser light was butt-cou-
pled to the waveguide with a polarization maintaining fiber.
Power at the output was gathered from the cross-state port with
a multimode fiber, and measured with a fast 15-MHz detector.

Optical power extrema were measured by letting Ay go
below zero and over 7 at some point during one state change.
The measured power was then normalized to this range, so that
the nonideal switch structure would not affect the measurement
of the switch state.
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differential control 700 ns and for biased control 35.0 us.

V. MEASUREMENT RESULTS

The proposed method was used to optimize single rise and fall
times for the switch. Transition times between 10% and 90% of
the achievable power extremes were used as the only optimiza-
tion criteria, i.e., the power consumption and the power varia-
tions below 10% and above 90% were not considered. The op-
timal heating patterns are shown in Figs. 4 for rise time and 5 for
fall time, together with the normalized optical signals obtained
with the differential control method. For comparison, normal-
ized optical signals obtained by driving the switch with conven-
tional step-wise control signal also implementing bias are shown
in the Figs. 4 and 5.

As seen from Figs. 4 and 5, the differential control method
enabled the rise and fall times to be suppressed from 29.2 and
35.0 ps to 725 and 700 ns, i.e., by a factor of over 40 in both
cases. The power variations above 90% and below 10% after the
rise and fall times are due to the different temperature settling
times and the minimum time step of 330 ns allowed by the con-
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trol electronics, which prohibits the precise timing of the com-
pensation pulse. When compared to the step-wise biased con-
trol, the differential control adds the energy consumption by 4.8
and 5.8 pJ for rise and fall times, respectively. For continuous
1- and 10-kHz switching speed, this corresponds to a change in
power consumption from 250 mW of the conventional switching
to 260 and 360 mW, respectively.

The characteristic behavior of the measurement results with
and without the differential control method is in good agreement
with that depicted in Section III.

VI. CONCLUSION

We have achieved rise and fall times of 725 and 700 ns, re-
spectively, with 10%—-90% modulation, in an MZI TO-switch
with 9-pm-thick rib waveguides by applying a differential tem-
perature control. Switching times were reduced by a factor of
over 40 when compared to conventional switching.

With the differential control, the switching speed increase can
be freely selected by using appropriately high heating voltages.
The switching speed is limited by the heater breakdown point,
the speed of controller circuit, and the possible channel temper-
ature heat build-up.

The switch controller used in the demonstration is more com-
plex than is needed in an actual component. With SOI waveg-
uides, the required electronics could well be monolithically in-
tegrated with the optical switch, so that the differential control
would be totally transparent to the end user.

The proposed method can be used to speed up also other inter-
ferometry-based components, providing that both interferom-
eter branches are controllable, and that the switching speed is
mainly limited by the speed of the optical effect used.

REFERENCES

[1] B. Jalali, “Silicon-on-insulator photonic integrated circuit (SOI-PIC)
technology,” Proc. SPIE, vol. 2997, pp. 60-71, 1997.

[2] R. A. Soref, J. Schmidtchen, and K. Petermann, “Large single-mode rib
waveguides in GeSi-Si and Si-on-SiO2,” J. Quantum Electron., vol. 27,
no. 8, pp. 1971-1974, 1991.

[3] T. Zinke, U. Fischer, B. Schiippert, and K. Peterman, “Theoretical and
experimental investigation of optical couplers in SOL” Proc. SPIE, vol.
3007, pp. 30-39, 1997.

[4] P.D.Trinh, S. Yegnanarayanan, F. Coppinger, and B. Jalali, “Silicon-on-
insulator (SOI) phased-array wavelength multi/demultipelexer with ex-
tremely low-polarization sensitivity,” IEEE Photon. Technol. Lett., vol.
9, pp. 940-942, July 1997.

[5] T. Aalto, S. Yliniemi, P. Heimala, P. Pekko, J. Simonen, and M. Kuit-
tinen, “Integrated Bragg gratings in silicon-on-insulator waveguides,”
Proc. SPIE, vol. 4640, pp. 117-124, 2002.

[6] A. Cutolo, M. Iodice, A. Irace, P. Spirito, and L. Zeni, “An electrically
controlled Bragg reflector integrated in a rib silicon on insulator wave-
guide,” Appl. Phys. Lett., vol. 71, pp. 199-201, 1997.

[71 A. Liu, R. Jones, L. Liao, D. Samara-Rubio, D. Rubin, O. Cohen, R.
Nicolaescu, and M. Paniccia, “A high-speed silicon optical modulator
based on a metal-oxide-semiconductor capacitor,” Nature, vol. 427, pp.
615-618, 2004.

[8] T. Aalto, M. Kapulainen, S. Yliniemi, P. Heimala, and M. Leppihalme,
“Fast thermo-optical switch based on SOI waveguides,” Proc. SPIE, vol.
4987, pp. 149-159, 2003.

[9] T. Aalto, M. Harjanne, M. Kapulainen, P. Heimala, and M. Leppihalme,
“Development of silicon-on-insulator waveguide technology,” Proc.
SPIE, vol. 5355, pp. 81-95, 2004.

VI3






PUBLICATION VI

Efficient Bragg waveguide-grating analysis
by quasi-rigorous approach based on
Redheffer's star product

In: Optics Communications, Vol. 198, pp. 265-272, 2001.

© 2001, Elsevier.
Reprinted with permission from the publisher.






H 1 November 2001

i3

S

ELSEVIER

Optics Communications 198 (2001) 265-272

OPTICS
COMMUNICATIONS

www.elsevier.com/locate/optcom

Efficient Bragg waveguide-grating analysis by
quasi-rigorous approach based on Redheffer’s star product

Jani Tervo ?, Markku Kuittinen ®*, Pasi Vahimaa ?, Jari Turunen ?,
Timo Aalto °, Pdivi Heimala °, Matti Leppihalme ®

# Vaisala Laboratory, Department of Physics, University of Joensuu, P.O. Box 111, FIN-80101 Joensuu, Finland
Y VTT Electronics, Microelectronics, P.O. Box 1101, FIN-02044 VTT, Finland

Received 31 May 2001; accepted 28 August 2001

Abstract

We introduce a computationally efficient quasi-rigorous method for the analysis of corrugated planar waveguide
structures. The method is based on rigorous diffraction theory of gratings. The computational efficiency is achieved by
using Redheffer’s star product and the so-called binary method for the involution of the transfer matrix. The developed
method enables efficient rigorous analysis of corrugated waveguide structures without any limitations for the corru-
gation depth. Comparison with the thin-film stack method shows that the proposed method gives similar results for
Bragg grating for the fundamental mode when the corrugations are shallow, but the results differ significantly when the
corrugations are deep. Furthermore, the quasi-rigorous method also facilities the analysis of the coupling of light from
the fundamental mode into the higher waveguide modes. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 42.82.E; 42.79.D; 02.70

Keywords: Waveguide gratings; Rigorous diffraction theory

1. Introduction

Bragg gratings are widely used in the rapidly
growing field of optical telecommunications. In
general, any perturbation formed as a periodic
corrugation or refractive index modulation in an
optical waveguide serves as a Bragg grating for
some wavelength. Bragg gratings written in a pho-
tosensitive fibers as a periodic refractive index

* Corresponding author. Tel.: +358-13-251-2110; fax: +358-
13-251-3290.

E-mail address: markku.kuittinen@joensuu.fi (M. Kuitti-
nen).

variation can be used to make a variety of devices
such as filters, add/drop multiplexers, and disper-
sion compensators [1]. The advantage of the all-
fiber devices is that they have low insertion losses.
However, if cost efficiency, size reduction or sepa-
ration of several wavelength channels is important,
integrated optical Bragg gratings offer an attrac-
tive alternative. Silicon based waveguide technology
eases mass production and enables monolithic
integration of different gratings in almost arbitrary
configurations. Especially in complex systems this
eliminates many interconnections, thus reducing
work load, costs, power losses, and size. Materials
with high refractive index, such as silicon, allow to

0030-4018/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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realize integrated optical grating components that
are smaller than their fiber equivalents. In addi-
tion, integrated Bragg gratings offer a couple of
completely new possibilities. First, gratings can be
fabricated as corrugated structures in materials,
which are not photorefractive. Second, other op-
tical devices (couplers etc.), and even electrical
components (modulators, control circuits etc.), can
be monolithically integrated with the gratings.

The propagation of optical modes in perio-
dic corrugated waveguides can be analyzed ac-
curately by using the Floquet-Bloch theory [2,3].
If the depth of the corrugated structure is much
lower than the waveguide thickness, coupled-mode
theory [4,5] is widely used for the analysis of
waveguide gratings. Wang [6] proposed a simple
effective-index/impedance matching technique for
solving the mode-coupling problem. Later Verly
et al. [7,8] derived the effective-index method for
corrugated gratings directly from Maxwell’s equa-
tions. The effective-index method is known to give
results equivalent with coupled-mode theory for
shallow surface corrugations [9]. Effective-index
method is very similar to the methods used to
study reflection and transmission of light from
thin-film stack. This thin-film stack approach
can be implemented in a computationally efficient
form for waveguide gratings by using Rouard’s
method [10], which is a recursive method used
in thin-film coating design. The basic idea of the
Rouard’s method is the replacement of a thin-film
layer characterized by an effective complex re-
flectivity by a single interface having the same
properties. In fact, thin-film stack method is a
numerical method for solving the coupled-mode
equations and it has shown to be in excellent
agreement with the coupled-mode method [10,11].
Coppola et al. have presented analytic approach
[12] for analysis of the effects of errors in grating
period and shape as well as other fabrication
errors, which is an extension of the coupled-mode
theory. The idea of this analytic extension is to
separate the response of the ideal grating and the
response of the errors.

All the methods mentioned above are limited
either by the assumption of infinite grating struc-
ture or by the small-perturbation (shallow struc-
ture) hypothesis. Recently, a rigorous method of

bidirectional mode expansion and propagation
(BEP) [13,14] has been extended for efficient mod-
eling of periodic structures by implementation of
the Floquet theorem [15,16]. The BEP method can
be cast into a consistent implementation of the
mode-matching method for waveguide structures
with strongly corrugated Bragg gratings. Also,
some finite-difference beam propagation methods
have been applied to the analysis of waveguide
gratings [17], but these methods are still compu-
tationally rather inefficient, especially if the wave-
guide grating contains a large number of periods.

In this paper we introduce a computationally
efficient quasi-rigorous method for analyzing cor-
rugated Bragg gratings. It has been developed for
the simulation of silicon-on-insulator (SOI) wave-
guide gratings [18-20], but it is applicable to other
grating structures as well. The method is based
on rigorous diffraction theory of gratings [21] and
it is described in detail in Section 2. The compari-
son between the introduced method and thin-film
stack method is given in Section 3, where we also
demonstrate that the thin-film stack method can-
not predict the reflectance of Bragg gratings with
strong corrugations. The new method can be ap-
plied also to the error analysis of Bragg gratings.
Some results for regular, stitching-type errors are
given in Section 3.

2. Computational model

Vahimaa and Turunen [22] introduced an idea
on how to apply rigorous grating diffraction theory
to the analysis of waveguide gratings (see also Ref.
[23]). A similar method has been used by Lalanne
and Silberstein [24]. This method is highly accurate
but computationally inefficient because the transfer
of fields through the structure must be calculated
sequentially, period by period. In this paper we
describe how the S-matrix transfer algorithm with
the star product [25,26] can be applied to reduce the
computational effort from ~N to ~log, N, where N
is the number of grating periods.

Let us consider the three-dimensional structure
illustrated in Fig. 1. We assume that the ridge
waveguide is etched by an amount / so that J/2
identical periods, where J is an even integer, are
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Fig. 1. Three-dimensional structure of an etched ridge-waveguide grating.

formed. If we assume that the constant width w of
the guiding part is, at least, a few wavelengths, we
may approximate this structure by a two-dimen-
sional structure illustrated in Fig. 2, where ny is
the effective refractive index of the ridge part cal-
culated in the y-direction as described in Ref. [28].
In Fig. 2 we have already assumed that the struc-
ture is periodic, with period D, in the x-direction
to make the use of the grating theory possible. To
minimize the interaction between the fields in ad-
jacent periods the artificial absorbers have to be
added between the periods. The optimal selection
for an absorber would be an optimized Bérenger
layer [29], but in numerical simulations we noticed
that Gaussian absorber, which does not require
optimization, is sufficient. Moreover, the period D
is assumed to be large enough to prevent the eva-
nescent tails of the guided modes from interacting
with the absorbers.

As explained in Ref. [21], the field expression in
the jth layer in the case of TE-polarization is of
the form

2= fj {al, exp [i7/,(z — )]
+ bl exp [ — iy, (z — z41) | } X (x)
(1)

where @/, and b/, are the unknown amplitudes of
the mth mode propagating in the positive and the
negative z-directions, respectively, and 7/, are the

propagation constants of the modes obtained by
solving the eigenvalue equations as explained in
Ref. [21]. Here the function X/(x) represents the
transversal distribution of the mth mode. Applying
the periodicity, X/ (x) may be expanded as a Fou-
rier series

Z , €xp(i2ngx/D), (2)
with the qth Fourier coefficient given by

P, :%/0 X/ (x) exp(—i2ngx/D) dx. (3)

These coefficients P], are actually solved eigen-
vector coefficients from the eigenvalue problems,
see Ref. [21]. In rigorous grating diffraction theory,
the input and output regions are assumed to be
homogeneous materials. However, in our model
for waveguides both the input and output regions
are periodically modulated, and the field expres-
sions in these regions are similar to Eq. (1):

z) = i {ad exp (170z)
+byexp[—ih(z—z)]} X (x)  (4)

in the input region and

o0
E;1(x,z) E 7l exp [i

m=1

T (2 = 2r) [ X, ()

(5)
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Fig. 2. Two-dimensional approximation of the geometry in Fig. 1.

in the output region. We note here that in Eq. (4)
the first term in summation represents incoming
field and the second term represents reflected field.
To solve the mode amplitudes ¢/, and b/, we use
the requirement of the continuity of the electric
field as well as its z-derivative at the boundary
between the layers j and j + 1, which yields

aj+1 a;
=S;|,”7 |, 6
[ b, } j{bjﬂ] ( )
where
S = { P —Pj]l{ PE,  —PiuE;, }
Pl PG| | PLE, Pl By |
(7

The elements of the column vectors a; and b; are
a/ and b/ , respectively. Here I'; and E; are diagonal
matrices with elements 1/ and exp[iy/ (zj+1 — z;)],
respectively, while the elements of the matrix P; are
defined in Eq. (3). Therefore, all the matrices S; can

be formed once the eigenvalue problem of each
layer is solved. One should notice that Eq. (7) is
valid also at z = z; and z = z;, . In the latter case,
however, b,,; = 0.

If only the amplitudes by and a;,, are of inter-
est, one may combine the matrices S; by using
Redheffer’s star product [30] as described by Li
[26]:

a a

Here the star product for 2N x 2N matrices C and
D is defined as

CxD
_ {011 c12] . |:d11 dlz]
C e dy dp
_ |: dy (I- c12d21)71cl] diy +djep(l - d21012)71d22

en(l—dyepn) 'dy 7

©)

o
€1+ endy (I —cpdy) ey
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where c,,, and d,, are N x N submatrices and I is
an unit matrix.

If the structure is periodic so that layers j and
j+2 are identical, we have S;=S,, for j=
1,2, ...,J — 3. Using the associativity of the star
product, we may express Eq. (8) as

[a;]} =Sy [(S1 %Ss) -+ (Sy_3 *S,5)]

«S, 1 *S, [a(’} (10)
0
So*Z(J_Z)/z*SJl*SJ|:‘z)O:|, (11)

where Z = S, * S, and Z" is an involution in terms
of Eq. (9).

Due to the involution the computational effort
may be reduced significantly. However, many dif-
ferent approaches to the evaluation of powers
exist. Probably the most straightforward method
(excluding the direct computation) is known as the
binary method [31]. Because this method is fully
explained in elementary textbooks of computa-
tional mathematics, we discuss it here only briefly.

The loop for calculating C = Z" consists of the
following steps:

1. Initialize: Set C « L. If n =0, output C is the
answer and one terminates the algorithm. Other-
wise, set p«— nand D «— Z.

2. Multiply: If p is odd, set C— D=« C and
p—p—1L

3. Halve p: Set p — p/2. If p = 0, the output is C
and the algorithm is terminated. Otherwise, set
D <— D% D and return to step 2.

This method requires the calculation of no more
than 2log, n + 1 star products and is thus superior
to direct computation, especially with large n. For
example, with n = 29999, as in the examples given
later in this paper, evaluation of only 24 star
products is needed. Of course, three additional
products must be calculated when combining
the. remaining matrices and one more is needed
to form Z. Hence, in this case, a total of 28 star
products is needed. One should notice that, by
using only values n = 2™, where m is an integer, the

number of matrix multiplications can be further
reduced remarkably.

The binary method represented here does not
always give the smallest possible number of mul-
tiplications. However, usually the difference in the
number of calculations between different power-
raising methods is relatively small and the deter-
mination of the best available method is not a
simple task. For extensive discussion of the evalu-
ation of powers with different methods, see Ref.
[32].

3. Analysis and design results

As the first example we consider the back-
reflection efficiency of a SOI waveguide Bragg grat-
ing [20] as a function of the wavelength. We assume
that the waveguide is silicon on silica, with refrac-
tive indices n, = 3.48, n. =1 (air) and n, = 1.46,
respectively. The dimensions of the waveguide and
the grating are as follows: width w = 7 pum, height
G=10 um, g =5 um, period d =220 nm, and
filling factor ¢/d = 0.5; see Figs. 1 and 2 for the
notation. In the two-dimensional approximation
used here, the refractive index of the ridge part can
be replaced by the effective index calculated in the
transverse (y) direction. For the given dimensions
ner ~ 3.4782, i.e., very close to the refractive index
of the core. The analysis is carried out for the TE-
polarization of the ridge waveguide. However, one
should notice that in the selected geometry the ef-
fective index of the ridge part must be calculated
for TM-polarization.

In the following we will compare results of our
quasi-rigorous method with the film-stack method.
The latter is based on the calculation of multiple
reflections and transmissions from a stack of uni-
form homogeneous layers, where the refractive
index of each layer is the effective index of the fun-
damental mode in the corresponding waveguide
cross-section. In the film-stack method the refrac-
tive indices of the both input and output regions
are replaced by the effective index of the unmodu-
lated waveguide. We have implemented our film-
stack method as described in Ref. [33]. The results
of these two methods are shown in Fig. 3 for the
grating of 30000 periods. The reflection peak of
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Fig. 3. Reflectances of waveguide Bragg gratings with three
different etch depths /4, calculated by the method presented here
(solid lines) and by the thin-film stack method (dashed lines).

the fundamental guided mode is predicted very
accurately by the thin-film stack method, but the
efficiency of the modal method is somewhat lower
because of the correctly handled losses. Moreover,
the modal method predicts additional reflection
peaks at shorter wavelengths. These peaks arise
because of wavelength-dependent coupling of
energy from the fundamental mode to higher-
order modes. The wavelength of the reflected
higher-order modes can be solved approximately
from f = (B, + |B.|)/2, where m is the number of
the order and f = 2mnee /A [27].

In addition to the above-considered relatively
shallow structures we calculated reflection spectra
also for strongly corrugated waveguides. As shown
in Fig. 4, the difference between the modal method
and the thin-film stack method is remarkable for
such structures. By comparing Figs. 3 and 4 we
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Fig. 4. Same as Fig. 3, but with deeper etch depths. Note, here
thick line: presented method, thin line: thin-film stack method.

notice that the reflectance peak is shifted towards
lower wavelengths when the etch depth is in-
creased. This phenomenon originates from the fact
that etching alters the average effective index of
the waveguide.

In addition to the calculations mentioned
above, we determined the effect of stitching errors,
which typically occur in fabrication of waveguide
Bragg gratings by electron beam lithography. We
assumed that these errors take place with every
454th period and that they are identical to each
other. In computations we can first construct one
structure with the error and then multiply these
basic blocks together by applying the matrix in-
volution rule. Thus, these regular errors increase
the computational effort only by few matrix mul-
tiplications. The etch depth used in these calcu-
lations was 1.5 um. The results for two different
errors, 4 = —10 nm and 4 = +20 nm (see Fig. 5
for notation), are illustrated in Fig. 6. By com-
paring Figs. 3 and 6 we immediately see that the
reflectance peak of the fundamental guided mode

Fig. 5. Definition of the stitching error 4 used in this article.
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Fig. 6. Same as Fig. 3, but with stitching errors —10 nm (thin
line) and +20 nm (thick line).

is shifted towards either shorter or longer wave-
lengths, depending on the sign of 4.

4. Conclusions

We have presented a computationally efficient
method for the analysis of corrugated waveguide
structures, like Bragg gratings. The efficiency of
the method is based on the possibility to apply the
Redheffer’s star product. By using the star product
it is possible to construct the electromagnetic field
transfer problem in a form of a matrix involution.
This matrix involution is then solved using a so-
called binary method which enables the solution of
matrix involution in a basis of the powers of two.
The approach reduces the computational effort of
the rigorous analysis method to ~log, N, where N
is the number of periods in a Bragg grating. The
extension of the rigorous method for the analysis
of the three-dimensional waveguide structures is
straightforward, but mainly due to the computer
memory limitations, it is not reasonable at this
moment.

In this paper we have shown that the thin-film
stack method gives rather accurate results when
the corrugation of the waveguide is shallow. How-
ever, when the groove depth of the corrugation
exceeds two tenths of the waveguide thickness, the
results given by the thin-film stack method differ
remarkably from the results given by the quasi-
rigorous approach. One of the main benefits of
the new numerical method is that it enables the

analysis of coupling of light from the funda-
mental mode into higher-order modes. We have
shown that this coupling, which occurs at shorter
wavelengths than the fundamental-mode Bragg
reflection, can be very strong. Thus, in wavelength-
division-multiplexing systems this coupling will
determine the free spectral range of the system.
Furthermore, we have demonstrated that the pre-
sented quasi-rigorous method is a suitable tool for
the analysis of regular, stitching type errors.
Method can also be used for the analysis of other
fabrication errors, like undercutting or tilted
sidewalls. In these cases one has to divide a single
period up into thin layers and then proceed as with
the multilayer structure in rigorous diffraction
problems. When the problem is solved for the
single period, the star product and matrix involu-
tion can be applied as described in this paper.

Experimental work on the demonstration of
the results is underway and we expect to publish
characterization results of fabricated Bragg grat-
ings on silicon waveguides elsewhere.
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Abstract. A novel method has been developed for measuring the rota-
tional angle of a fiber’s or a waveguide’s polarization axis with respect to
a reference angle. The reference angle is the polarization axis of the
measuring device. The method also gives the true polarization extinction
ratio of the measured fiber or waveguide. The method is suitable for the
characterization and rotational alignment of polarization-maintaining
waveguides and fibers. In particular, the method can be used to rotation-
ally align the fiber-waveguide interconnections during waveguide char-
acterization. The measuring device is either a linear polarizer or a polar-
ization splitter that is accurately rotated with respect to the device under
test. According to the experiments with a polarization-maintaining fiber,
the method is very easy and inexpensive to implement, and the angular
accuracy can be better than 0.2 deg. © 2003 Society of Photo-Optical Instrumen-
tation Engineers. [DOI: 10.1117/1.1600730]
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fiber-waveguide coupling; polarization; polarization axis; polarizer; polarization
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1 Introduction The polarization characteristics of optical devices are

often determined by using a polarization scrambler at the
|_input, so that the maximum power variation at the output
gives the PDL of the device. Reliable results require that
the polarization scrambler scan the whole Poincukere
very densely. According to another method, the principal
states of polarizatiofPSPs), or the polarization eigen-
modes for continuous waves, are first determined from the
device and input light is then coupled selectively to one
PSP at a tim&.The PDL can then be detemined as the ratio

Most of applications in optical telecommunication are
based on using randomly polarized light, because the avai
able polarization-maintaining fibef®MFs)are clearly too

expensive for long transmission links. The polarization-
dependent los€PDL) and the polarization mode dispersion
(PMD) of devices are minimized to have sufficiently static
operation during the polarization fluctuations that cannot be
avoided in optical networks. The widely used single-mode

f_ibers (SMFs) cannot maintgi_n the polgrizgtion state ofthe ot o output powers, corresponding to the two different
I{ght because of their negligible poIar|zat|qn extinction ra- input polarizations. By comparing the power ratio of the
tio (PXR). However, they have a weak birefringence that 1 principal states of polarization at the output, one can
changes as a function of temperature, wavelength, andyiss determine the polarization extinction ratio of the de-
stress along the fiber. This induces time-dependent varia-yice for both input polarizations. This method is not very
tions in both state of polarization and PMD of the fiber's practical in the characterization of standard single-mode fi-
output. Due to their statistical behavior, these fluctuations pers and other such devices that do not have fixed principal
have a finite probability of becoming very strohgVhen  states of polarization. However, in many other devices that
the data rates rise, the polarization problems become morengye some kind of structural symmettyee Fig. 1), the
difficult to handle. At very high data rates, active compen- psSps correspond to fixed linear polarization states that are
sator devices can be used to eliminate the PMD caused byidentical at the input and output. This does not necessarily
long fiber links?~* They may also be used to stabilize the require a good PXR value. Such fixed principal states of
polarization to a fixed polarization state. polarization are referred to as the polarization modes or the
Inside the network nodes, there are two possibilities for polarization axes of the device, and they exist in all
handling polarization problems. The devices can be made polarization-maintaining fibers and in many integrated op-
either sufficiently polarization independent or sufficiently tical components. In a PMF, the polarization modes lie
polarization maintaining. In the former case, randomly po- along the so-called slow and fast axis, while in many inte-
larized light may be used, while in the latter case, only grated optical waveguides they lie horizontdlisansverse-
well-defined polarization is used. In either case, it is essen-electric(TE) or quasi-TE modeand vertically[transverse-
tial to be able to accurately characterize the polarization magnetic (TM) or quasi-TM mode]with respect to the
properties of the devices. substraté:®
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(a) (b) Table 1 Jones matrices of some ideal components (B;
=propagation constant, Zz=longitudinal coordinate, and «
=rotational angle).

Rotational
O e Fiber/waveguide junction Polarizer

exp(iB12) 0 cos(a) sin(a) cos?(a)  cos(a)sin(a)

0 exp(iB2)

—sin(a) cos(a)| |cos(a)sin(a)  sin*(a)

Fig. 1 Schematic cross sections of structures with fixed PSPs: (a)
polarization-maintaining fiber and (b) integrated optical waveguide.

is assumed to be fully polarized. Second, light is described

When using polarization modes to characterize compo- only by two complex values that represent two transverse
nents, the input light must be carefully coupled to only one and orthogonal components of a harmonic plane wave. We
polarization mode at a time. As a PMF is typically used for assume that the PSPs of the optical components are linear
input coupling, the rotational alignment between the device polarization states, and the two complex values represent
and the PMF input must be very accurate. Furthermore, the two polarization eigenmodes, e.g., the slow and fast
when using different polarizing and polarization- axis of a PMHsee Fig. 1(a)pr the TE and TM modes of a
maintaining components in any characterization, communi- waveguide[see Fig. 1(b)]. These complex values can be
cation, or sensing systems, all the interconnections must berepresented as a Jones vector
rotationally aligned with high precision to minimize the
polarization cross talk between different polarization
modes.

Several methods for the rotational alignment of a PMF
have already been propos&d.They are typically based on  wherer = E,/E, is the ratio of the amplitudeg; andE,,
changing the phase difference between the polarizationand A ¢=¢,— ¢, is the phase difference between the two
modes continuously and by simultaneously rotating a po- polarization components. The common factor in the latter
larizer in front of the PMF. The phase difference can be expression can be dropped out if the absolute power and the
varied, e.g., by heating stretching, or pressing the fiber, apsolute phase are not relevant.
or by tuning the wavelength? Each of these methods re- Polarization transformation caused by an optical compo-

quires a long piece of fiber, a long measurement time, si- nent or a rotational junction is described by a matrix equa-
multaneous variation of several measurement parametersiion

or some complicated and expensive equipment, such as a
polarization analyzer or a tunable laser. The accuracy of the 11 12\ [Eqexpliey )
methods typically varies between 0.2 and 1 deg. There areJ,,= MJin:< )[E n i in }
also other methods that rely on optical observation of the 2,n €XPi @2,in)
fiber end, but these typically have an accuracy of 1 deg or E 1 ou@XPi €1 oud

Ez,outexliI (PZ,outJ ’

Eiexpliey)
Ezexplie,)

1
}:Elexfiiﬁol) eX[XiAcp)/ll’ 1)

Jo1 22
worse. = (2)
A novel method for accurate determination of rotational
angles between different polarizing and polarization-
maintaining components is described and demonstrated
The method is applicable to such fibers and waveguides
that have fixed principal states of polarization and a finite
polarization extinction ratio. When compared to earlier
methods, the new method is particularly simple and inex-

pensive to implement.

whereM is the Jones matrix and subscripts “in” and “out”
refer to the situation before and after a component or a
junction. The Jones vectors and matrices are associated
with a certain coordinate system that is aligned with respect
to the polarization axes of the fiber, waveguide, or another
component. Therefore, rotation of the coordinate system
between different components must be carried out by using
an appropriate Jones matrix. In the following, such a rota-
2 Jones Matrix Theory tional junction is simply referred to as a junction. The Jones

There are two alternative ways to analyze polarization by matrices of some ideal components are listed in Table 1.
using matrix algebra, namely, the Stokes and Jones meth- The true PXR of light that propagates along a fitmra
ods. Both of them define the states of polarization as vec- waveguidejor that comes out of the fiber is defined to be
tors, and the polarization changes due to optical compo- the ratio of the two amplitudess( ,E,) of the Jones vector
nents as matrices. The Stokes vectors and the associatedquared, and is never less than one. In relative units, PXR
Mller matrices take into account both the polarized and =r2(E;=E,) or 1f?(E;<E,), and in decibel units is
depolarized light, while the Jones vectors and matrices can
only handle polarized light. In this work, the Jones vectors PXR=|20log E;/E,)|dB=|20logr)|dB. (3)
and matrices are used for mathematical simplicity, but all
the results can be converted into Stokes vectors anteMu  In real polarization-maintaining fiber&@nd waveguides),
matrices'®! the maximum PXR is typically below 35 dB due to the
When the Jones vectors and matrices are used, somdinite polarization cross-talk inside the fibers. However, the
basic assumptions and approximations are made. First, lightmain limiting factor for the PXR in optical systems is the

2862 Optical Engineering, Vol. 42 No. 10, October 2003

VIII/2



Aalto, Harjanne, and Kapulainen: Method for the rotational alignment . . .

0 [ :
25 i
. -5 ‘
% 20 +
—10 |
~ E
| o
| =
a =15 ; -
m 2
- m
£ x 5_
5 20 m
@
; 0F
_25
5 F
-30 L L L N L 10 I | I ‘
-20 0 20 40 60 80 100 -20 0 20 40 " |
Rotational angle o/ [°] cotational angle @/ ()

Fig. 2 Calculated transmission through an ideal polarizer when

PXR, =20 dB. Fig. 3 Calculated PXR,, after a rotary joint (angle a) when PXR;,

=20 dB. Each curve has a fixed phase difference (0, 45, 90, 135, or
180 deg).

olarization cross-talk caused by the rotationally mis- . .
glignedjunctions between the fibégnd Waveguides).yThis crossing points wherevar=+N-90 deg =0, 1, 2, 3),
can be seen by calculating the PXR change in a junction, € vyhen any two polarization axes are parallel. At the
where a polarization axis on one side of the junction has a €r0SSing points, PXR=PXR;,. It can also be seen that
rotational anglex with respect to a polarization axis on the close to the crossing points P¥Rvaries particularly rap-
other side of the junction. With a given amplitude ratio  idly with respect to bothr andA¢, and the maxima of the
phase differencéA¢), and angle(a), the Jones vector at  CUrves do not associate with any constant angle. With ap-

the output(excluding the common factobecomes propriate « and A¢, the output PXR can be significantly
higher than the input PXR. For example, withp=*+N

coja) sin(a) 1 -180 deg,a= *atan(1/r), andr>1, PXR,, can reach in-
out— | _ ; finity, corresponding to a linear polarization state. However,
sinfa)  coda) |l eXpiA¢)/T with appropriateA¢, the output PXR may also decrease
cog a)+sin(a)expiAe)/r very rapidly as a function oé. .
~| —sin(a)+cog a)expliAg)/r |’ (4) Successive junctions increase the fluctuation of the

PXR,ui, as can be seen from Fig. 4. In general, the average

The output PXR (PXR,) can then be obtained as the ratio PXRo,: degrades and the range of the variation increases as
of the two output amplitudes squared. The amplitude of the the number of junctions and the magnitude of the angles
first output polarization component is plotted in Fig. 2 as a increase. The results in Fig. 4 are based on the assumption
normalized function ofx with five different values ofA¢
and a fixed input PXR (PXR=20 dB). The result is iden-

tical with the transmission through a polarizer with an 50 0-0.17 0-0.5% -1
anglea. The second polarization component corresponds to Tl T Lo
a =90 deg rotation with respect to the first component. It
can be seen from Fig. 2 that the smaller polarization com- —
ponent @~90 deg) varies much more strongly with re- 2 ,,| kK =g
spect toa and A¢ than the larger componentr(&0 deg). ~ 5 ;E
Therefore, the smaller component dominates the depen—% : :;!
dence of PXR, on @ and Ap with a high PXR,. With - £ %
some simple algebra, the output PXR becomes EL 30 A
=] 7
b 101 r2+2r tan «)cog A @) +tarf( «) ° () o=0, Ap=180° ' @
Rour=| 1010 retarf(a)—2r tan(a)cogAp)+1|| points/series=200
20 ——— — —
(5) 12 3 4 12 3 4 12 3 4

In Fig. 3 the output PXR according to this formula has been Number of Jjunctions

plotted for a fixed input PXR (PXR=20 dB) as a set of Fig. 4 Statistical analysis of PXR fluctuation after successive junc-
curves, so that each curve represents PX&s a function tions. The misalignment () in each junction was varied randomly by
of a for a givenAe. It should be noted that the plotted set assuming a normalized distribution and a given standard deviation

TR . . (o), while the phase difference (A¢) was varied randomly in the
of curves(not the individual curvesis symmetric and an- range 0 to 360 deg. PXR;,=40 dB before the first junction, and the

tisymmetric with respect to anglesxk=0deg and « number (N) of successive junctions varies from 1 to 4. Circles cor-
=45 deg, respectively. The set of curves has common respond to e=o and A =180 deg.
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larizer in front of the fiber can give misleading resultaip
is unknown(see Fig. 2). Continuous rotation of a polarizer
and a simultaneous scanning ®% can point out an angle
(e~N-90 deg), where the dependence of RXBn Agp is
at a minimum or the minimum of PXR=f(A¢) has a
maximum. However, the continuous scanning of bath
and Ap makes the measurement relatively slow, and the
accuracy of the method is difficult to estimate. The whole
definition of PXR for a fiberor waveguidejs meaningful
only if the PSPs are fixed, but the finding of a minimum or
a maximum signal does not guarantee this.

As is shown next, Eq(5) and the corresponding set of
. . . . . . curves(Fig. 3) can be used to easily determine betfand
68 90 92 94 96 98 PXR of a fiber(or waveguide). The basic principle of this
method is that first, two or more curves, similar to those in
Figs. 2 and 3, are measured by varying the measurement
Fig. 5 Calculated transmission of broadband light through an ideal angleg in the junction between the fiber and the measuring
polarizer when the true PXR;, varies between 10 and 40 dB. device. Then the crossing point of the measured curves is
determined. This point directly corresponds@ge and the
PXR value of the fiber (PXR, before the junction). Tran-
sitions between different curves are done by somehow
changing the phase differende of the fiber’s output. One
advantage of the new method is that one does not need to
know A¢ or to continuously vary it. It is sufficient to in-
duce such changes ik that at least two measured curves
are clearly different. These changes can be realized either
'by modifying the light guiding properties of the fiber or by
tuning the wavelength. The former can be easily done by
heating, stretching, or pressing the fiber.

Transmission curveFig. 2) can be measured by rotat-
ing a polarizer in front of the fiber end. PXRcurves can
be obtained by calculating the ratio of transmissions in per-
pendicular angle§s, 8+ 90 deg). Alternatively, the PXE;
curves can be directly measured by calculating the ratio of
two output powers that originate from a rotatable polariza-
tion splitter.

The measured curves are not identical with the theoret-
ical curves because of the finite accuracy in optical power
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that bothA¢ anda vary randomly(« according to a normal
distribution). The results clarify the need to minimize the
misalignments in the junctions when a static and high
PXR,,t is needed.

When the rotational angle of a fiber’s polarization axis is
measured or optimized, it must first be defined with respect
to some physical reference angle of a measuring device
e.g., the transmission or blocking direction of a linear po-
larizer. Therefore, this reference angle corresponds to the
origin of the @ scale and to one crossing point of the theo-
retical set of curvesgsee Figs. 2 and 3). In the beginning of
a measurement, the angte is unknown and a separate
measurement scal@) must be used to control the possible
rotation of a measuring device with respect to the fiber. It is
here defined that the origin of thescale and the associated
crossing point of the theoretical set of curves correspond to
a certain crossing point angl8cp on the measurement
scale(B). If Bcp can be determined, then also the fiber’s

angle a=8— Bcp can be obtained and set to any desired 4 angle(8) measurements, the instabilities of the fiber

value. I . . and the measurement system, the depolarized fraction of
Another definition for the PXR is based on detecting the light, the finite bandwidth of the light, and the wavelength

minimum and maximum  transmissiorP iy ,Prmay Of a fluctuations. Therefore, the position of the crossing point
light beam through a rotated polarizer. This so called free- may not be explicitly determined. There are several possi-
space PXR (PXRy) is defined as bilities for postprocessing the results. One may fit the the-
oretical set of curves to the results, or one may also fit each
PXRes= 10109 P ax/ Pmin) dB. (6) curve individually by just assuming a fixed crossing point

. , . . angle Bcp and taking into account the possible PXR fluc-
As is evident from Figs. 2 and 3, this method cannot be ,ations. Also, the measured points can all be connected
used directly to give reliable results for the PXR or the it interpolated curves. This typically produces several
rotational angle of a fiber, unless the effectinp is some- . 4qqing points, an@ep can then be obtained by appropri-
how eliminated. However, when a sufficiently broadband ately averaging them. The measurement error in laatind
|Ight|SOUI‘CG IS usdedAgo averagizrou_t of qu(.S) ?]nd thl‘? PXR can be estimated based on the quality of fitting or the
results correspond to a case whare=90 deg. This vali- | aration between the different crossing points. In both
dates the use of Ed6) for characterizing a fiber output cases, the measurement accuracy Bgp can be clearly

only W?enbA‘P ;Q/erzgtes out O.f thteh reSl#]Its. Tlhepretlca_ltlh better than the angular spacing between individual mea-
curves tor broadband transmission through a polanzer with o, .ament points, unlike in many alternative methods.

different input PXRs are shown in Fig. 5.

3 Novel Method for Rotational Alignment 4 Results

Due to the additional dependence of PxRon Ag, the The functionality of the new method was demonstrated by
determination of PXR and the rotational anglef a fiber measuring the angle of a polarization-maintaining fiber’s
is not experimentally trivial. The simple rotation of a po- polarization axis with respect to the blocking direction of a

2864 Optical Engineering, Vol. 42 No. 10, October 2003
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Fig. 6 Schematic layout of the measurement setup.
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thin film near-infrared polarizer. The extinction ratio of the 0
polarizer is better than 40 dB around the 1550-nm wave-
length. The measured fiber is used as an incoupling fiber in

a _Wavegu'de characte_rlzatlon _setu_p, SO a S_ucceSfL” flberFig. 7 Measurement results and fitted theoretical curves obtained
alignment can be readily exploited in waveguide measure- by wavelength tuning.

ments. Due to the flatness of the waveguide chips, they can

be easily aligned with respect to the calibrated angle of the

polarizer. ) ) o timally fitted value. Detuning3cp by =0.5 deg evidently

~ The experimental setup for measuring the fiber is shown degraded the fitting quality. The accuracy was also succes-
in Fig. 6. Light is launched either from a narrowband laser fully confirmed by connecting the measured points with
(A=1550nm) or a broadband LED into a 7-m-long straight lines and by checking that the angular variation
polarization-maintaining fibefPANDA) via a polarization-  petween different crossing points was below 0.5 deg.
adjustment setup. The polarization and power of the light  The phase differenc&¢ was also tuned by simply mov-
that couples into the fiber can be controlled and stabilized. ing the fiber on a table. Changing the direction or the
The light, originating from the bare output end of the fiber, amount of the loose fiber loops was sufficient to induce
is guided through the manually rotatable polarizer to a pho- significant phase changes. Movements are also expected to
todetector. The line grid of the measurement scale was ascause slight variation in the PXR value. The phase change
high as 2 deg and, therefore, the relative accuracy of thedoes not stabilize immediately after the movements, be-
first angle readings was only 0.5 deg. However, to obtain cause the fiber loops experience microscopic movements
more accurate results, a motorized fiber rotator was con- after repositioning. Therefore, the measured curves, shown
structed to turn the fiber with respect to the polarizer. This in Fig. 8, do not correspond to fully stabilized phase differ-
improved the accuracy in the last measurements down toences and a common PXR. The measurement accuracy is
0.05 deg. Before starting the actual measurements, the poagain better than 0.5 deg, and is mainly limited by the
larization axes at the output of the fiber were determined accuracy of the rotational scale. This was verified with the
coarsely by rotating the polariz¢or the fiber)and maxi-  same principles as in the case of wavelength tuning.

mizing PXR:s with the laser source. Then the accurate  Heating and motorized rotation of the fiber was found to
angle was determined by measuring sets of curves and lo-be the most accurate measurement method. Figure 9 shows
cating the crossing points. The phase was varied either byPXR, as a function of3 with different temperatures when
changing the wavelength, by simply moving the fiber on a the motorized fiber rotator was used. Only a couple of de-
tﬁbk;{,bor by heating an approximately 8-cm-long piece of grees temperature change is enough to changsignifi-

the fiber.

When using wavelength tuning, it was found that only a
1-nm wavelength step is sufficient to cause =& 2hase
difference. The required wavelength change is so small that
the wavelength dependences of the polarizer and the
polarization-adjustment setup do not affect the results. Fig-
ure 7 shows both the measured PxRalues and the the-
oretical curves that are based on Ef) and fitted to the
results. The fiber's PXR (PXR and the crossing-point
angle Bcp Were used as common fitting paremeters, while
A¢ was fitted separately for each curve. As can be seen
from Fig. 7, the theoretical curves and measurement results
agree very well. The accuracy of the results is limited by
the coarse measurement scale of the manually rotated po-
larizer. The final accuracy @8cp is slightly better than the
0.5 deg accuracy of the individual angle readings, because 18
an appropriate curve fitting can partially average out the
angle reading errors. This was verified by monitoring the
fitting quality, while Bcp was slightly varied around its op- Fig. 8 Measurement results obtained by moving the fiber.

Measurement angle B / [°]

_3 -2 -1 0 1 2 3
Measurement angle B / [°]
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5 Conclusions

T=21°C -
30 Toges A A . The best way to maintain a stable and sufficiently high
T=30°C - #- ) “ ‘\‘. PXR in a polarization-maintaining optical system is to use
28 | Broadband -mX & ] highly linear input polarization and very accurately aligned
= 26 ' il rotational junctions. The required rotational accuracy de-
S pends on the number of junctions, the polarization cross-
~ 24t 1 talk induced by the components themselves, the required
] minimum PXR, and the tolerable PXR fluctuation. For
Boazr | most applications, the accuracy should be better than 0.5
20 b X deg, but for some applications the improvement of accu-
racy down to 0.1 deg is justified.
18 7 A novel method for the rotational alignment of

polarization-maintaining fibers is presented and demon-
strated. The best results are obtained by heating the fiber
and by using a motorized fiber rotator. The measurement
accuracy is better than 0.2 deg. Also,tuning and me-
chanical movement of the fiber are used to change the
phase difference, but these methods were somewhat less
accurate(0.5 deg). This is mostly due to the poor rotation
accuracy(0.5 deg)of the manually rotated polarizer used in
these measurements. By using curve fitting, the final results
cantly. Based on the results, the fiber angle was correctedcan be slightly better than the rotation accuracy.

toward the origin of the3 scale, and a second set of curves The new method can be readily used in waveguide char-
was measured with a finer angular grid. This set of curves acterization, where the PMF must be carefully aligned with
is shown in Fig. 10. In both cases, the measurements werean integrated optical waveguide. It should also be possible
carried out at four different temperatures. Based on Fig. 10to apply the method to the direct measurement of a
and the same criteria as with the previous phase tuningwaveguide’s rotational angle. However, this would require
methods, the accuracy @ipis estimated to be better than a motorized rotation of the polarizer, because the manual
0.2 deg. For comparison, the measurement of each set ofpolarizer rotation is less accurate than the straightforward
curves(Figs. 9 and 10yas followed by a PXRs measure- alignment by using a rotationally calibrated flat plate under
ment. In this procedure, a PXR curve was measured by the chip. For short waveguides, a large amount of wave-
using the broadband light source. These results agree welllength tuning is necessary, and this requires a stable input
with the new method. PXR with respect ta.. When heating a waveguide chip, the

-5 -4 -3 -2 -1 0 1 2 3 4 5
Measurement angle B / [°]

Fig. 9 Measurement results obtained by heating the fiber (filled
symbols) and by using a broadband light source (thin crosses).
Coarse angle variation.
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Fig. 10 Measurement results obtained by heating the fiber (filled symbols) and by using a broadband
light source (thin crosses). Fine angle variation after angle adjustment.
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stability of the input coupling also requires special atten-
tion.
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