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Preface 

This year it is the privilege of Eindhoven University of Technology to host the eleventh 
Annual Workshop of the IEEE/LEOS Benelux Chapter. The workshop is organized by 
the Student Chapter. We took the initiative this year to bundie the contributions and 
to publish proceedings. 

The fields of interest of the Lasers and Electro-Optics Society are lasers and inte
grated opties, optical fibers, optical communication systems and devices, optical sensors, 
physics of novel materials, polymers and inorganic materials, non-linear opties, quanturn 
electranies and quanturn opties. 

The Benelux Chapter was founded in 1996 with the main objective to promate 
the LEOS fields in the Benelux as well as in the neighbouring countries Germany and 
France, by stimulating interactions between scientists and engineers werking in universi
ties, industry and other research institutes. The Society is concerned with the research, 
development, design, manufacture, and applications of materials, devices and systems, 
and with the various scientific and technological activities, which contribute to the useful 
expansion of the field of quanturn electranies and of its applications. A special attention 
is paid to the students to reinforce streng scientific and human collaboration between 
universities and industries. 

Few years ago, all the activities related to students were organized by the IEEE/LEOS 
Benelux Chapter Board, especially by the two student members of this board. Th is was 
not an ideal situation in terms of visibility and manpower and thus, Marc Sciamanna 
and Douwe Geuzebroek initiated a call for participation for a separate Student Chapter 
within the Benelux. 

The Student Chapter was then founded in 2004 to have a better visibility of the 
student activities within the region. Furthermore a board consisting out of students can 
organize more activities, since more students can be involved. The Student Chapter 
was thus created to support the formal and informal acquaintance between the (PhD) 
students werking in the field of LEOS within the Benelux. Currently, the student board 
has twelve volunteers from almest all universities dealing with the fields covered by the 
LEOS. 

The Workshop has been organized yearly since 1996 and it is now the most prominent 
event of the Student Chapter. lt provides an excellent forum for young scientists to 
exchange their latest results and to promate the research going on in the Benelux region 
to a wide public. The 2007 Workshop is a one day event that camprises two invited 
contributions and ten oral contributions. This year we are particularly proud to wekome 
a LEOS Distinguished Lecturer professor Bishnu P. Pal from the lndian lnstitute of 
Technology Delhi, New Delhi, India who will give an invited talk on guided wave optical 
components entitled 11 Microstructured Optical Fibers: An Emerging Technology and 
its Potentials11

• lt has become a tradition to invite an excellent PhD student from a 
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university of the Benelux to give a presentation. The junior invited speaker of this 
edition is Gunther Roelkens from Ghent University. His talk is entitled 11 Heterogeneous 
III-V /Silicon Photonics: Bonding Technology and lntegrated Devices 11

• 

The Workshop erganizing committee would like to thank the invited speakers and 
presenters of regular papers for their valued contributions. This kind of interaction con
stitutes the spirit of our Student Chapter. We also thank the Program Committee and 
the volunteers who helped to put this Workshop together. Finally we would like to ac
knowledge the support from our sponsors. Without their contribution, the organization 
of this Workshop would not have been possible. 

On behalf of the Workshop erganizing committee, 

LEOS Benelux Student Chapter 
May 25, 2007 

Technica! Program Committee 

Prof. Peter Bienstman 
Prof. Jan Danckaert 
Dr. Fouad Karouta 
Prof. Daan Lenstra 
Dr. René de Ridder 
Dr. Marc Wuilpart 

Organizing Committee 

Christophe Caucheteur MSc., chairman 
Jonathan Bradley MSc., vice-ehairman 
Philippe Tassin MSc. , secretary 
Ronald Dekker PhD., treasurer 
Toh Kee Chua MSc. 
Cathy Crunelle MSc. 
Dimitri Geskus MSc. 
Bas Huiszoon MSc. 
Milan Mareli MSc. 
Wouter van Parys MSc. 
Patryk Urban MSc. 
Katrien de Vos MSc. 

Universiteit Gent 
Vrije Universiteit Brussel 
Technische Universiteit Eindhoven 
Technische Universiteit Delft 
Universiteit Twente 
Faculté Polytechnique de Mons 
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Microstructure Optical Fibers: 
An Emerging Technology and its Potentials 

Bishnu Pal 

lndian Institute of Technology Delhi 
Physics Department 

New Delhi: 110 016, India 

Consequent to the mind boggling progress in high-speed optica[ telecommunication wit
nessedinlate I990s, it appeared that it would only be a matter of time befare the huge 
theoretica[ bandwidth of 53 THz, affered by low-loss transmission windows ( extending 
from 1280 nm to I650 nm) in low water peak high-silica opticalfibers would be tapped 
for telecommunication through dense wavelength division multiplexing techniques! In 
spite of this possibility, there has been a considerable resurgence of interest amongst re
searchers to develop application-specijic specialty fibers, e.g.fibersin which transmission 
loss of the material would nat be a limiting factorand in which nonlinearity and disper
sion properties could be conveniently tailored to achieve transmission characteristics that 
are otherwise almast impossible to realize in conventional high-silica fibers. Research 
targeted at suchfiber designs in the early I990s gave rise toa new class offibers, known 
as microstructured opticalfibers (MOFs), which are characterized with wavelength scale 
periadie refractive index features. These structures exhibit photonic bandgaps i.e these 
forbid propagation of a certain band of wavelengths within them. IJ the frequency of 
incident light happens tofall within the photonic bandgap, which is characteristic of 
these fibers, then propagation of light is forbidden inside it. In contrast to the electron ie 
bandgap, which is a consequence of a periadie arrangement of atoms/molecules in a 
semiconductor crystal lattice, a photonic bandgap arises due to a periadie distribution 
of refractive index in a PCF. However by introducing in the central region a defect to an 
otherwise periadie structure, light (within the bandgap) could be localized in the defect 
region thereby mimicking a fiber co re. The defect region could be a medium of refractive 
index higher or lower (e.g. air) than the average refractive index of the surrounding lay
ers. In case of lower refractive index defect, the corresponding MOFs are known as pho
tonic bandgap fibers ( PBGFs). In contrast to a conventional optica! fiber, in which light 
is guided by total internal refiection, Bragg scattering is responsible for effective wave 
guidance in such fibers, which led to the chrislening of these fibers as photonic bandgap 
guided opticalfibers. In 1987, Yablonovitch and John independently proposedfor the first 
time the possibility of cantrolling properties of light through the photonic bandgap effect 
in man-made photonic crystals. Microstructured opticalfibers have been afall out ofthat 
research. The talk would focus on basic functional principle of optica[ wave guidance in 
suchfibers vis-a-vis conventionalfibers. Details ofpropagation and design & technology 
of I D photonic band gap Bragg fibers would be described, in which we have recently 
made some research contributions and our collaborators in Russian Academy of Science 
have succeeded infabricating some of our designedfibers. Discussions on applications 
would include designs of dispersion compensating fibers, fibers for metro networks, gen
eration of supercontinuurn light, and possibly on Bragg refiection waveguides. 
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Heterogeneons lil-V/Silicon Photonics: 
Bonding Technology and Integrated Devices 

G. Roelkens, J. Brouckaert, J. Van Campenhout, D. Van Thourhout, R. Baets 

Photonics Research Group, INTEC, Ghent University 
Sint-Pietersnieuwstraat 41 , 
B-9000 Ghent - Belgium 

Gunther.Roelkens @intec.UGent.be 

In this paper we give an overview of our research in the field of///-V/silicon photonics. The 
technology for inlegrating high-quality lil- V layers on top of silicon-on-insuiator waveguide 
circuits wil/ be outlined logether with the realization of laser diodes and photodetectors in this 
lil-V layer. 

Heterogeneous 111-V /Silicon pbotonics 

While silicon-on-insuiator (SOl) is nowadays used for the fabrication of high-end 
electrooie integrated circuits, the use of the material system for photonic applications is 
intensively studied. A silicon-on-insuiator wafer (commercially available up to 300mm 
in diameter) consists of a silicon layer on top of a buried Si02 layer, fabricated on a 
silicon substrate. While in electronic integrated circuits the presence of the buried Si02 

layer impraves transistor performance, in photonic applications it is used to create a 
high vertical refractive index contrast between the silicon top layer (ns;=3.45) and the 
Si02 (ns;02= 1.45), to be able to guide near-infrared light (À> 1.1 Jlm) in the silicon top 
layer by total intemal reflection. A large omni-directional index contrast can be 
obtained by laterally etching the silicon top layer to obtain a silicon photonic wire 
surrounded by a low refractive index air and Si02 cladding. In order to restraio the 
propagation of light in the optica! waveguide to a single optica! mode at the 
telecommunication wavelengths of 1.3 and l.55Jlm, a typical maximum waveguide 
cross-section of 0.1 Jlm2 is required. The high omni-directional refractive index contrast 
enables large-scale integration of optica! functions on an SOl chip, as light is tightly 
confined to the silicon wire. lt allows the fabrication of ultra-compact resonators with 
high quality factor, wavelength-scale waveguide bends and optica! circuits with 
photonic wire pitches on the order of lJlm with negligible crosstalk Moreover, the tight 
confinement -and the associated high power densities- in the photonic wire allows 
exploiting the nonlinear optica! properties of silicon at moderate optica! power levels. 
To fabricate these photonic integrated circuits, standard CMOS technology can be used 
[I). This allows high-yield fabrication and a reduction of the component cost by the 
economy of scale. Even the inlegration of photonic and electronic functions on a 
common substrate is feasible. Although in recent years many research groups reported 
high-performance operation of photonic circuits in SOl (both passive optica! functions 
like wavelength-selective optica! functions, optica! power splitters, etc. and active 
optica! functions like optica! modulators and all-optica) wavelength converters), the use 
of silicon as a medium for stimulated light emission is hampered by the indirect band 
gap of silicon. Due to this indirect band gap, the probability for an excited electron-hole 
pair to recombine and ernit a photon is strongly reduced due to the much higher non
radiative recombination rate. Although several advances are being made to achieve light 
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emission from silicon, either by modifying the silicon material on a nano-scale [2] or by 
exploiting its nonlinear optica! properties [3], in the foreseeable future these devices 
will not outperform their lll-V semiconductor counterparts, supplying state-of-the-art 
opto-electronic components for the telecommunication market nowadays. Therefore, we 
propose to integrate a direct band gap lll-V layer on top of the silicon-on-insuiator 
waveguide substrate to achieve stimulated light emission and to couple this stimulated 
emission to the underlying SOl waveguide circuit. This ill-V layer can at the sametime 
be used as a photodetection layer. The integration process should however maintain the 
advantages of the CMOS manufacturing process, namely the high yield and the 
economy of scale. 

Bonding Technology 

In order to achieve the heterogeneaus integration of a ill-V layer on top of an SOl 
waveguide circuit, a DVS-BCB adhesive die-to-wafer bonding process was developed 
[4]. In DVS-BCB adhesive wafer bonding, an oligomer solution of DVS-BCB is spin 
coated on the processed SOl waveguide circuit. This spin coating process planarizes the 
waveguide topography. Afterspin coating, a baking step at 150C removes the residual 
solvent in the spin coated film while a short baking step at 250C transforms the liquid 
DVS-BCB to a soUgel rubber by partial polymerization of the DVS-BCB. The 
preparation of the lnP/InGaAsP epitaxial layer surface was optimized to achieve a high 
bonding strength. A HF surface treatment improved the bonding strength by chemica! 
modification of the lll-V surface. After attachment of the lil-V dies, the waf er stack is 
cured at 250C for 1 hour to completely polymerize the DVS-BCB. A uniform pressure 
is applied to the wafer stack during curing to achieve an intimate contact between both 
surfaces . DVS-BCB was chosen as bonding agent due to its optica! transparency, its 
excellent planarization properties, its low curing temperature, the fact that no outgassing 
occurs during cure and its high glass transition temperature (>350C), determining the 
available post-bonding thermal budget for the fabrication of the laser diodes and 
photodetectors. After bonding, the lnP growth substrate is removed using a combination 
of mechanica! grinding and wet chemica! etching using HCI:H20 until an InGaAs etch 
stop layer is reached. 

Integrated devices 

Several types of photodetectors and laser diodes were fabricated in the bonded lll-V 
epitaxiallayer and coupling between the lii-V layer and the underlying SOl waveguide 
substrate was demonstrated. Laser light from a bonded lnP/InGaAsP Fabry-Perot laser 
diode was coupled to the SOl waveguide circuit using an inverted adiabatic taper 
approach as shown in tigure la. lmW of optica! power was coupled to the SOl 
waveguide circuit. The detrimental influence of the high thermal resistivity of the 
bonded laser diodes due to the polymer bonding layer was tackled by incorporating an 
integrated heat sink structure, as will be discussed during the workshop. The same 
coupling approach and type of device was used as a photodetector. A device 
responsivity of 0.22NW was obtained at 1550nm [5]. While this type of device layout 
allows to use the same processing and epitaxial layer structure to fabricate laser diodes 
and photodetectors together on an SOl waveguide circuit, the number of processing 
steps are relatively large. For applications only requiring an array of photodetectors, a 
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Polylmfde wavegulda 

111-VKIMI-

(a) 

SOl wswgulde 

(b) 

MSM 
photodetector 

Figure I: Layout of the III-V devices integrated on top of the SOl waveguide circuit. A Fabry
Perot laser diode/photodetector structure (a) and an MSM photodetector structure (b) 

new type of waveguide-coupled InAIAsllnGaAs MSM (metal-semiconductor-metal) 
photodetector was designed and fabricated as shown in figure lb. Coupling of light 
from the SOl waveguide into the photodetector structure is achieved through a vertical 
directional coupling mechanism. Device responsivities of lA/W were obtained at 
1550nm, while device processing is easier compared to the pin-type photodetector 
structure [6]. While these types of devices (and associated bonding technology) will be 
discussed in detail during the workshop, other types of integrated laser diodes and 
photodetector devices wil! be outlined as wel!. 

Applications 

Several applications could emerge from this technology. Especially in those 
applications where a combination of active and passive optica! functions is required and 
where cost is an important factor, heterogeneaus lil-V/silicon photonics can have an 
large impact. For example, in applications like fiber-to-the-home, the next broadband 
network, where each end-user requires a transceiver for (de)multiplexing, transmitting 
and receiving optica! signals and where low-cost components are required in order to 
boost the deployment of these networks, lil-V/silicon photonic components can be of 
large interest. 
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Experimental study of Nd(TTA)3Phen-doped 
6-FDA/Epoxy Waveguides 

J. Yang, M.B.J. Diemeer, L.T.H. Hilderink, and A. Driessen 

University of Twente, Integrated Optica! Microsystems Group, P.O. Box 217, Enschede, the Netherlands 

The infrared fluorescence (890nm, 1060nm, 1330nm) of a Nd(TTA)JPhen (TTA = 

thenoyltrijluoroacetone, Phen = 1, 10-phenanthroline) doped 6-FDA epoxy (6-
jluorinated-dianhydride cured epoxy ) film was observed by pumping with a 
Ti:Sapphire laser at 800nm. Furthermore, Nd(TTA)JPhen doped 6-FDA epoxy channel 
waveguides were fabricated and their toss spectrum was measured. 

Introduetion 
Lasing and amplification by rare-earth doped polymer materials has been widely 
investigated [1-2]. In our previous work [3], a Nd(TTA)3phen doped 6-FDA epoxy film 
was spin-coated on an thermally oxidized wafer. The Judd-Ofelt analysis based on the 
absorption spectrum shows that this neodymium doped polymer material has a good 
potential to be used as a planar waveguide in lasers or amplifiers. 
In this paper, the spontaneous emission spectrum of this neodymium doped film and the 
fabrication of Nd(TT A)3phen doped 6-FDA epoxy channel waveguides by backfilling 
the core material in inverted cladding channels are presented. 

Spontaneous emission spectrum of neodymium doped film 
The absorption spectrum ofNd(TTA)3phen doped 6-FDA epoxy film, which is obtained 
in our previous work [3], indicates the absorption peaks at 580nm, 740nm, 800nm and 
865nm. 
Therefore, the recording of the room temperature fluorescence spectrum was performed 
using the 800 nm line of a tunable Ti:Sapphire laser as the excitation source. The 
spontaneous emission spectrum was recorded by an optica! spectrum analyzer (Spectro 
320, Instrument System) and is shown in Fig. I Three distinct emission bands with 
peaks at 890 nm, 1 060nm and 1330nm can be seen clearly. They correspond to 
transitions from the 4F3n level to the 41912 , 

4111n, and 4113nlevels. 
0.0010 

0.0008 

,; 
.i 0.0006 

.~ 
~ 

~ 0.0004 

0.0002 

900 1000 1100 1200 1300 1400 
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Fig. l Room temperature spontaneous emission ofthe Nd(TTA)3phen doped 
6-FDA epoxy film pumped by Ti:Sapphire laser at 800nm. 
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Waveguide fabrication and loss measurement 
By spin-coating and photodefining a cycloaliphatic epoxy prepolymer (code name 
CHEP) [ 4], inverted channels in the low index CHEP polymer were obtained on a 
thermally oxidized wafer. The core material, a Nd(TTA)3phen doped 6-FDA epoxy 
solution, wasthen backtilled via spin-coating twice and the Nd doped channel 
waveguide was realized after thermal curing. A lower refractive index silicon 
containing epoxy was used as the upper cladding, and on the top of which a Pyrex glass 
wafer was applied. Fig. 2 shows a microscope picture of the waveguide cross section 
(--40 )liD). 

The waveguide loss was determined from the optica! output of samples with different 
lengths using butt-coupled 50 )liD multimode fibers, a braadband white light souree at 
the input and the Spectra 320 at the output. The loss spectrum clearly shows the 
abso tion lines ofthe neod ium, which appear at 580, 740, 800 and 865 urn (Fig. 3). 

Fig. 2 Microscope picture of the Nd doped 
channel waveguide cross-section. 
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Fig. 3 Loss spectrum of the N d(TT A )3phen doped 
6-FDA epoxy channel waveguide. 

Spontaueaus emission spectrum of the neodymium doped polymer film with three peaks 
at 890nm, 1060nm and 1330nm was obtained. Channel waveguides were realized by 
backfilling the inverted channels in a low index epoxy with the core material and their 
loss was measured. This study demonstrates that Nd(TTA)3Phen doped 6-FDA epoxy is 
well suited for lasing or amplification in optica! waveguides. 

Acknowledgement 
The authors acknowledge the financial support of STW (TOE 6986). 
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Polarization based liltering in a wavelength converter 

L.M. Augustin, J.J.G .M. van der Tol, M .K. Smit 

COBRA Research Institute, Te eh nische Universiteit Eindhoven 

Postbus 513, 5600MB Eindhoven, The Netherlands 

A new scheme is demonstraled to filter signals aftera wavelength converter basedon 
integrated polarization components. This allows polarization independent conversion, 
co-propagating operation without a tuneable filter, and it facilitates conversion to the 
same wavelength. 

Introduetion 
Wavelength converters are key-components in future optica! networks. Wavelength con
verters experience some problems: polarization dependent operation, need for expensive 
tuneable filters and problems in converring to the same wavelength. 
The POLARIS (POiarisation LAbelling for Rejection and Isolation of Signals) wave
length converter can deal with these problems. 

Principle 
The concept of POLARIS is depicted in Fig. I. The signa! from the network arrives 
in an arbitrary polarization. Th is signa! is split in the polarization splitter (PS) into two 
orthogonal polarizations. In one branch, the polarization is rotated in the polarization 
converter (PC) to have the signa! in both branches in the same polarization (TE). These 
signals are injected into the Mach Zehnder Interferom eters (MZI) tagether with the locally 
generared CW light in the orthogonal polarization (TM). After interacting in the MZI 
the signa! is transferred to the CW wavelength and both signals have to be separated. 
This is done by rotaring the polarization of the upper branch and then using a PS to 
combine both branches. As only TE intheupper and TM in the lower input will couple 
to the output, filtering of the unwanted signa! occurs. Simulations show polarization 
independent behavior and promising BER, ER and isolation [1]. All components (MZI, 

lj) 

Figure I: Schematic of the PO LA RIS wavelength converter 

PC, PS) can be monolithically integrated. The polarizarion components will be treated 
below. 

Polarization converter 
An improved design fora PC is proposed (Fig. 2(a)) that uses the same topcladding as 
an active device and can be integrated with the other components [2]. It consistsof a 
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waveguide with a vertical and a slanted side. Because of the Jatter, the modes in the 
converter are tilted. Bath modes are excited when either TE or TM polarized light is 
input. After half a beatlength the two modes are completely out of phase andrecombine 
in the orthogonal polarization. 
The maximum conversion from TE toTMand vice versa (for this device 97.5%) occurs 
at 131 11m length, and back to zero at the full beat length (Fig. 2(c)). 

(a) Schematic overview 

Polarization splitter 

(b) SEM photograph 
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(c) M easured conversion 

Figure 2: Polarization converter 

A short (600 ,urn long), interference based splitter integrated with a polarization converter 
is demonstrated. The device consistsof a Mach Zehnder Interferom eter with polarization 
converters in bath arms (Fig. 3) [3]. 
The device is fabricated and first measurements show a splitting of 10 dB and a conversion 
of 90%. 

MMI1 MM12 

lnpu· ~~~=s.''"'""" L_ Output, 

~~1 ! 

Figure 3: Schematic of the MZI polarization splitter/converter 

Conclusions 
An improved scheme for filtering in wavelength conversion is shown. Polarization com
ponents needed for monolithic inlegration are demonstrated. Polarization conversion up 
to 97.5% is shown, polarization splitting of I 0 dB is achieved. 

Relerences 
[I] R. Hanfoug, J. J. G. M. van der Tol, L. M. A ugustio, and M. K. Sm it. Wavelength conversion with 

polarisation labelling for rejection and isolation of signals (PO LA RIS). In Proc. llth Eur. Conf on 
Int. Opt. (ECIO '03), pages 105-108. Prague, Czech Republic, April2-4 2003. 

[2] L.M. Augustin, J.J.G.M. van der Tol, and M.K. Smit. A compact passive polarization converter for 
active-passive inlegration on lnP/InGaAsP. In Proc. 13th Eur. Conf on Int. Opt. (ECIO '07), Copen
hagen, Denmark, April25-27 2007. 

[3] L.M. Augustin, J.J.G.M. van der Tol, R. Hanfoug, W.J.M. de Laat, and M.K. Smit. An integrated 
polarization splitterand converter. In Proc. IEEEILEOS Symposium (Benelux Chapter), pages 89-92. 
Eindhoven, The Netherlands, December 2006. 
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Label-free biosensors attempt to overcome the stability and reliability problems of biosen
sors relying on the deleetion of labeled molecules. We propose a label-free biosen
sorbasedon microring cavities in Silicon-on-Insuiator (SOl) that fits in an area below 
I Oxl Opm2• The resonance wavelength shift that occurs when the surroundings of a cavity 
is changed, is used for sens ing. While theoretically the performance for bulk refractive 
index changes is moderate (I 0 -s ), this device perfarms outstanding in terms of absolute 
molecular mass sensing (theoretica[ sensitivity of lfg molecular mass) thanks to its ex
tremely smal! dimensions. We use the avidinlbiotin high affinity couple to demonstrate 
good repeatability and defection ofprotein concentrations down to JOng/mi. 

Introduetion 
Optica] label-free biosensors for protein deleetion attempt to overcome the drawbacks 
of commercialized microarrays, which rely on the deleetion of labeled molecules. This 
intermediale labeling step however complicates the deleetion process and decreases reli
ability. When biomolecular interaction takes place at the surface of an optica] cavity, the 
resonance wavelength will shift. The semiconductor surface is chemically functionalized 
with receptor molecules that specitically interact with the target molecule. SOl offers 
a high refractive index contrast suitable for the fabrication of nanophotonic circuits in
cluding micron- and submicron sized optica] cavities of very high quality. The enhanced 
light-matter interaction in a cavity increases the sensitivity while keeping the sensor's di
mensions small [3]. Integrated in a microftuidic setup thousands of cavities can be lined 
up in arrays for multiparameter sensing within a few square millimeters. 

SOl microrings for biosensing 

Light with a wavelength À= n,gL, m = I ,2, ... resonates in a microring resonator with 
circumference L. This results inasharp dip in the transmission. A change in the refractive 
index of the ring's environment shifts the resonance spectrum, which can be monitored 
by scanning the wavelength and by measuring the intensity profile at one well chosen 
wavelength. The sensitivity increases with increasing quality factors Q of the resonator. 
The Q-factor expresses the peak's width: Q =À 

5
À148 • Q-factors over 20,000 are eas-

resrnmlce 
ily achievable with our fabrication process and opttmized design, the 3dB peak width is 
75pm. Deep ultraviolet (UV)lithography, the technology used for advanced complemen
tary metal-oxide-semiconductor (CMOS) fabrication offers both the required resolution 
and the throughput needed for commercial applications [1]. 

Measurements 
Water with different sodium chloride concentrations is ftown across the ring resonator in 
order to characterize the sensor for bulk refractive index sensitivity. Fig. I a shows a linear 
shift of the resonance wavelength with increasing salt con centration of 70nm/RIU. The 
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variations are very small, proving a very high refractive index sensor's stability. A shift of 
one fifteenth of the peak width is easily measurable, soa minimal detectable wavelength 
shift of 5pm corresponds with a minimal detectable refractive index shift of 10-5 RIV. 
In the present work we used the avidin/biotin system w hich has a high affinity constant 
and therefore has a stabie and specific interaction, as a model of biomolecular interac
tion. Biotin was immobilized on the aminofunctionalized silicon surface. We campare 
the resonance wavelengthof the cavity immersed in PBS, before and after being in con
tact with avidin salution (avidin in PBS), no bulk refractive index changes are involved. 
The evolution of the wavelength shift for different avidin concentrations compared to the 
reference PBS resonance wavelength is shown in Fig. Ib. For avidin concentrations above 
I Opgjml the surface is fully covered, the resonance wavelength shift saturates. The esti
mared lowest detectable concentration, fora minimal detectable wavelength shift of Spm, 
is lOng/mi. This compares well with commercially available label-free protein detection 
methods [2]. 
Measuring the output intensity at one wavelength is used for real time interaction detec
tion. Graph Ie shows real time measurements for lOng/mi and SOng/mi avidin concentra
tions. The rise time is due to both the protein interaction rate and the mixing in the flow 
cell. 

1.J.34 1.335 1.336 
relracliYBindex[RIUJ 

Figure I: a) Resonance wavelength shift versus bulk refractive index change. b) Quanti
talive avidin/biotin detection with an SOl microring cavity. c)Real-time measurement of 
avidin/biotin interaction 

Conclusions 
We have demonstrared a highly miniaturized optica! label-free biosensorbasedon a Silicon
on-Insuiator microring cavity with Q factors over 20000. The refractive index sensitivity 
is 10-5 independent of the microring's radius. Measurements reveal proper operation of 
the device, being able to detect avidin concentrations down to lOng/mi which compares 
favorably with commercial biosensing applications. 

Heferences 
[I] W. Bogaerts et al., "NanopholOnic Waveguides in Silicon-on-InsuJator Fabricated With CMOS Tech

nology", J. Lightwave Technology, 2005, vol. 23, pp. 401. 
[2] R. !nee, R. Narayanaswamy, "Analysis of the performance of interferometry, surface plasmon reso

nance and luminescence as biosensors and chemosensors," Analytica Chimica Acta,2006,vol. 569,p. 
1-20. 

[3] K. De Vos et al., "Optica! Biosensorbasedon Silicon-on-Insuiator Microring Cavities for Specific 
Protein Binding Detection," Proceedings of SPIE Photonics West (Bios), 2007, p. 4667-19. 
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The design of a spiral-shaped Mach-Zehnder Interferometric sensor (sMZI sensor) for 
refractive index sensing of watery solutions is presenled The goal of the running 
project is to realise a multi-sensing array by placing multiple sMZis in series tofarm a 
sensing branch, and to place several sensing branches in parallel. In such an 
arrangment it is possible to use a single light souree for several sensors. Each sensor 
wil/ contain an electro-optical modulator, which makes it possible to separately 
interrogale and accurately read-out each sensor in the same sensing branch. 

Introduetion 
The poten ti al of the classica! "straight" Mach-Zehnder lnterferometric (MZI) sensor, as 
shown in Fig. 1, is large: the achieved resolution in refractive index changes obtained in 
the past at the IOMS group is in the order of öN ~ 10'8 [1]. The two branches of the 
device are made as equal as possible to minimise the effect of fluctuations in 
temperature. 

sample salution 

.;...::,Pin:...,_-<~ :-r--; :>::=--....;.P.,:::::oul 

electro-optical 
modulators relerenee salution 

Figure I. Top-view of a classica! "straight" JO Mach-Zehnder Jnterferometer. 

The straight MZI layout is not suitable for compact integration into multi-sensing 
arrays, mainly due to the device length (typically 4 cm). The large device length makes 
the sensor more vulnerable to process non-uniformities. 

Spiral-shaped MZI layout 
The goal of the running project [2] is to realise a multi-sensing array by placing 
multiple spiral-shaped MZis in series to form a sensing branch, and to place several 
sensing branches in parallel, as is illustrated in Fig. 2. In such an arrangment it is 
possible to use a single light souree for several sensors. Each sensor will contain an 
electro-optical modulator, which makes it possible to separately interrogate and 
accurately read-out each sensor in the same sensing branch. 
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Figure 2. Top-view of a sensor array of 
spiral-shaped Mach-Zehnder 
Interferometers. Sections for e/ectro
optical modula/ion (nol displayed) lead 
/o a larger sensitivity and the possibility 
/o read out all sensors in a sensor 
branch separately. 

light 
souree -

, , 

, , 

, , 
, , 

te ether sensing branches 

detector -
The spiral-shaped layout of the MZI has several advantages: a long sensor window 
length can be placed in a compact sensor chip: within an area of I x I cm2 Jengths of 
several tens of centimeters are feasible. Moveover, the spiral shape has the advantage 
that if both MZI branches are identical ( except for the sensor layer) the sensor should be 
very insensitive to temperature gradients across the chip. Another advantage is that the 
compactness owing to the spiral shape also allows cascading of several sensors. 
A parametrised sMZI has been designed such that the position, slope, and curvature are 
continuous. 

Photolithographically defined immunolayers 
The sensors can each be coated with e.g. a specific immunolayer to be able to detect 
changes in concentration of viruses, bacteria or enzymes. In this project, technology is 
being developed for the immobilisation and photolithographical patteming of such 
immunolayers, which should result in a demonstrator to monitor the ripening process of 
cheese by measuring changes in the con centration of several different enzymes involved 
in this process. 

Concluding remarks 
A spiral-shaped MZI (sMZI) is being developed having the following features: 
• Insensitivity for temperature gradients across the two branches 
• Compact device layout 
• Cascaded into multisensing arrays 

References 
[I] R.G. Heideman, P.V. Lambeck, "Remote Opto-Chemical Sensing with Extreme Sensitivity: Design, 
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Interferometer System", Sensors and Actuators B61, pp. 100- 127, 1999. 

[2] Acknowledgement: this research is being carried out within tbe framework of the STW project 
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Optica! communication systems are an important part of today's communications net
works which have to support bandwidth hungry applications like video, online games 
and peer-to-peer applications . Like in most communication channels, signa! degradation 
occurs in fiber optie cables, the most common transmission channel for optica) commu
nication systems. Even with the latest fiber technology featuring transmission Josses as 
Jow as 0.2-0 .3 dB [l] per kilometer, repeaters are required every 5 0-100 km [2]. Repeated 
all-optica! amplification of the signa! leads to an accumulation of noise caused by am
plified spontaneous emissioo (ASE). This means that at the very least 2R regeneration is 
required to reshape the signa! thereby improving the optica! signa! to noise ratio (OSNR). 
Various methods and devices are currently used to regenerale the optica! signa!. Here 
we report a study on a 2R regeneratorbasedon semiconductor optica! amplifiers (SOA) 
that is realized using the POLarization based Inlegration Scheme (POLIS). POLIS com
bines active and passive components on the same material, using polarization properties 
of compressively strained InGaAs/lnP quanturn wells [3] . This study is carried out using 
numerical simulations with well knowo SOA rate equations [4] and those suggested by 
M. Mareli [5] for the polarization converters (PC) . Unlike the previous study [5] we are 
concentrating on the uitrafast effects in the SOA with a view to ex tending the applicability 
of the device to network speeds of up to 40 Gbps. 

Preliminaries 
2R regeneratorsbasedon SOAs have been extensively studied in many configurations in
volving Mach-Zehnder interferometers [6, 7, 8]. This study follows the sametrend using 
a similar concept, however the interference in this regenerator is between two orthogonal 
polarizations induced by polarization couverters in the POLIS structure. Figure I shows 

PC/4 PC/4 
SOA1 PC 

SOA2 

Figure I: 2R regenerator 

a 2R regenerator with two partial polarization couverters (PC/4) that split (on entry) or 
combine (on exit) the Transverse Electric (TE) and Transverse Magnetic (TM) polariza
tions . The full polarization converter (PC) switches the polarizations so that TE polarized 
light becomes TM polarized and vice-versa. The setup is such that, for signals that are not 
sufficiently strong (e.g. ASE noise contribution in a return-to-zero (RZ) digital system), 
the TE and TM polarizations will destructively interfere after traversing the regenerator 
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due to the 7r/2 phase shift introduced by (PC/4) and (PC) converter. Stronger signals (the 
logica! I's) will induce a phase change due to self-phase modulation in the two SOAs so 
that they are not 180° out of phase at the com bining partial polarization converter. 

Results 
The transfer function of the setup mentioned above has been studied by M. Mareli [5] and 
it agrees with the well known transfer function necessary for 2R regeneration. 

Figure 2: 2R regenerator transfer function 

Uitrafast nonlinear processes of the SOA have been studied using differential equations 
suggested by Mecozzi and M~rk [4] 

dhN 

dt 

dhcH 

dt 

dhsHB 

dt 

hN I go(z) 
--- -[G(t ,z) -IJS(t,O) +-

't"s Ss't"s 't"s 

hcH fcH 
--- -[G(t,z) -l]S(t,O) 

't"CH 't"CH 

_ hsHB _ êsHB [G(t,z) -l]S(t,O) _ dhcH _ dhN 
't"SHB 't"SHB dt dt 

(I) 

where êSHB and EcH are the nonlinear Campression factors due tospeetral hole burning 
(SHB) and carrier heating (CH) respectively. 't"5 , 't"cH and 't"sHBare the carrier lifetime, 
temperature relaxation time and carrier-carrier scattering times. hN, hcH, hsHB are the 
rnadal gain contributions of carrier density, CH and SHB respectively. 
The results show that there is suftleient phase change and recovery of the saturated ga in to 
support speeds of up to 40 Gbps for miliwatt (mW) strength optica! signals that are used 
in mast optica! com m unication system s. 
The next step is to sirnulale the behavior of the optica! pulses through the whole system 
and to calculate the improved OSNR and extinction ratio of a sequence of optica) pulses. 

Condusion 
The high speed operation of a 2R regenerator capable of operatingin WDM systems at 
40 Gbps is being studied. This regenerator accupies a smaller chip area than most 2R 
regenerators because of the use of a cascaded design as opposed to the Mach-Zehnder 
interferom eter design which uses two arms. 
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Grating Coupiers are a very elegant salution to the well-known coupling problem 
between single modefibers and nanophotonic waveguides. In this paper, a navel type of 
grating coup/er is introduced based on a metal grating. We discuss the design and, 
fabrication of metalgrating coup/ers and present measurement results .. 

Introduetion 
Due to the large mismatch in mode size and shape between the ftmdamental mode of 
SOl waveguides and the mode of an optica! fiber, coupling light efficiently from fiber to 
waveguide is rather challenging. Efficient and broadband grating couplers as compact 
as 10 j.lm x 10 j.lm have been proposed and demonstrated to solve this problem [1]. This 
device is based on etching a grating into the top silicon waveguide layer. In this paper, a 
different design is proposed and demonstrated. This novel type of grating coupter 
consists of a metal grating on top of the silicon waveguide layer. 

Design 
For the design of metal grating couplers and optimization, we use CAMFR, a two
dimensional fully vectorial simulation-tool based on eigenmode expansion and mode 
propagation with perfectly matched layer (PML) boundary conditions [2]. We consider 
1-D gratings in 2-D simulations and concentrate on TE polarization (electric field 
parallel to the grating lines). With refractive index data for silver and gold taken from 
[3], the grating parameters (period, fill factor, height) were optimized to obtain high 
coupling efficiency. Another key parameter in the design of grating couplers is the 
buried oxide layer thickness. The resuJt of this optimization is shown in Fig. 1, where 
the coupling efficiency is plotted as a ftmction of buried oxide layer thickness for a 
silver grating with optima! grating parameters. 

Fabrication and characterization 
For the fabrication of prototype metal grating couplers, we had a few types of SOl 
wafers at our disposal. Based on the results of optimization discussed before, we choose 
to work with the SOl wafers with 2 micron buried oxide. Gold was chosen as the metal 
because of its inert chemica! properties in contrast to silver which easily starts corroding 
after deposition. We studied two fabrication methods: (I) etching the grating in gold 
using a focused ion beam and (2) lift-off of gold after writing the grating in PMMA 
using e-beam lithography. Best results have been obtained using e-beam lithography. 
The main reasou is that e-beam lithography does not require an intermediate protective 
layer as is the case for focused ion beam etching. As a proof-of-principle, a gold grating 
coupter was fabricated using e-beam lithography and lift-off on top of 10 j.lm wide SOl 
waveguides. They were characterized by fiber-to-fiber transmission measurements 
using the gold grating couplers to couple light in and out of the waveguide. A SEM-
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image of the fabricated gold grating coupter on top of a waveguide is shown in the inset 
of Fig. 2, where the measurement data are plotted. For this prototype, a coupling 
efficiency of 20 % has been measured. 
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Fig. I : Coupling efficiency of a silver grating coupler (period = 610 run, fill factor= 30 %, height = 20 
nm) as a function of buried oxide layer thickness. 
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Fig. 2: Measurement data offiber-to-fiber transmission via two gold grating couplers on top of a 10 ~m 
wide SOl waveguide. Input power is set to I mW. lnset: SEM-picture of a gold grating coupler 

prototype. Bar length is 3 ~m. 
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We report single mode polycrystalline silicon-on-insuiator photonic wire fabricated in a 
CMOS fabrication faci/ity. The optica/ qua/ity and the material aspects of the 
po/ycrystalline-silicon for photonic application were studied. We report an optica/ 
propagation loss of 13.4dB/cm, which is the lowest loss reported for a 500nm wide 
photonic wire. 

Introduetion 
With ever increasing complexity and density of pbotonic integrated circuits the need for 
multilayer functionality is arising for next generation pbotonic circuitry. Even though 
monocrystalline silicon-on-insuiator exhibits superior optica! quality it is difficult to 
realize multilayer circuitry based on this material, however, deposited Si is a very good 
candidate for such application. The deposited material can be amorphous or 
polycrystalline (poly) depending on the deposition technique and parameters. An optica! 
loss of9dB/cm has been demonstrated for broad (1-7J.Lm) multimode pbotonic wires [1] 
fabricated in poly-silicon. In this work we have fabricated single mode pbotonic wires 
of 220nm thick and 500nm wide on poly-silicon deposited by a low pressure chemica! 
va por deposition (LPCVD) process. The effect of the material properties on the optica! 
propagation loss was studied. 

Design and Fabrication 
Poly-silicon waveguides were fabricated on 200mm silicon handle wafers with lJ.Lm of 
high density plasma (HOP) oxide as the bottorn cladding/isolation foliowed by a 
chemica! mechanica! polish (CMP). Successively, a 220nm amorphous silicon layer was 
deposited by an LPCVD process at 560°C. Single mode pbotonic wires were then 
pattemed by DUV lithography and etched using a HBr/Ch/02 gas chemistry. To reduce 
the rough sidewalls formed during the dry etch process, we grow a thin oxide layer. The 
oxide is grown at 900°C in an oxygen atmosphere. The pbotonic wires are then covered 
with HOP oxide as the top cladding followed by a Cl\1P step. The oxide cladding serves 
as the isolation !ayer for any higher level circuitry. The oxide covered wafers are then 
annealed at 600°C for 30min to crystallize the amorphous silicon deposited by LPCVD. 
Unlike the work reported in [1] we use a short time and low thermal budget, which is 
important for fabrication in a production environment. The resulting poly-silicon is then 
hydrogenated in forming gas at 450°C to passivate the defects in the poly-silicon 
pbotonic wires. 

Results and Discussion 
Fig. 1 depiets the fabricated 500nm wide poly-silicon pbotonic wire. The pbotonic wires 
are fabricated with different length by spirals [2]. Light from a broad band souree is 

19 



Polycrystalline silicon as waveguide material for advanced photonic applications 

Figure 1 Poly-silicon photonic wire wilh oxide as top and bollom c/ad 

coupled into the pbotonic wire and the output at the other end is measured by a 
spectrum analyzer. Grating couplers were used at the input and output of the wires to 
couple light [2]. Samples were prepared with different process conditions to study the 
effect of the process on the optica! loss. The effect of annealing, the oxide growth and 
hydrogenation were studied. The results show that high temperature annealing and 
hydrogenation are very important to make a pbotonic wire with decent propagation loss. 
Tbe annealed and hydrogenated samples show a propagation loss of 13.4dB/cm. The 
losses for the samples without annealing or hydrogenation where too high to measure 
using our loss measurement technique. It was observed that growing a thin oxide of 
2.5nrn after etching decreases the loss by 3dB/cm; however, further oxidation increased 
the losses again. Various material analyses were done on the poly-silicon: atomie force 
microscopy, transmission electron microscopy and X-ray diffraction to study the 
roughness, grains and crystallinity respectively. The material analysis correlates with 
the opticalloss mechanism. 

Coneinsion 
Single mode poly-silicon pbotonic wires were fabricated. A propagation loss of 
13.4dB/cm was measured, which is the lowest loss reported to our knowledge for a 
single mode poly-silicon pbotonic wire and which is acceptable for several pbotonic 
applications with micrometer scale footprint. The loss mechanism was analyzed through 
extensive material characterization. The results show the possibility for further reducing 
the loss below 13 .4dB/cm. 
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We study optica! resonators in which diffraction is controlled by use of a left-handed 
material. We show that it is possible to change the strength of dif.fraction due to the 
phase compensation between right-handed and left-handed materials in such systems. 
This control of diffraction allows decreasing the size of cavity solitons. However, when 
such cavity solitons become sub-dif.fraction-limited, other effects starts to dominate 
their spatial structure. We show that the inherent nonlocal interaction in left-handed 
materials imposes a new limit on the width of cavity solitons, which is nevertheless 
smaller than possible with a diffraction-limited system. 

Introduetion 
Localised structures have been predicted and demonstrated in a variety of fields, such as 
chemistry, plant ecology, fluid dynamics, and opties [ 1]. These structures are formed 
due to the balance between nonlinearities (light-matter interaction), transport processes 
(diffraction, diffusion), and dissipation (absorption, cavity losses). Localised structures 
in optica! systems - commonly referred to as cavity solitons - have been proposed as 
bright spots encoding information in all-optica! data starage and processing. 
However, the width of cavity solitons is a critica! issue for such applications. In optica! 
devices, their size is typically limited by diffraction. For example, in a microcavity 
semiconductor laser emitting light at À= 0.5 fllll, cavity solitons have been reported 
with a diameter of approximately 10 flill [2]. This corresponds to the calculated 
diffraction limit for this system. Note that the spot size is significantly larger than the 
wavelength due to the high photon lifetime in the resonant cavity. 

Diffraction Management 
Recently, we have devised a method to control the strengthof the diffraction process by 
placing a left-handed material inside an optica! resonator [3]. Such left-handed materials 
are artificially designed structures with negative effective permittivity and permeability. 

Figure 1: (left) An optica! cavity witb left-banded (LHM) and right-handed (RHM) materiallayers. 
(right) Phase compensation between both Iayers results in full or partlal diffraction compensation. 
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Sub-Diffraction-Limited Cavity Solitons 
In systems where diffraction is the dominating process goveming the spatial dynamics, 
the width of cavity solitons typically scales as the square root of the overall diffraction 
strength. Therefore, the method of diffraction compensation described above, which 
allows making the diffraction strength as small as we want, would imply the generation 
ofvanishingly small cavity solitons, beyond the limit imposed by natura! diffraction. 
Intuitively, however, it is clear that other spatially dependent processes will take over 
the role of diffraction. By careful analysis of the diffraction-compensated system, we 
have found that it is the nonlocal interaction in the left-handed material that will 
determine the spa ti al evolution of the field. 
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Figure 2: (left) Bifurcation diagrams for cavity solitons for several va lues of q, a parameter that 
measures the nonlocality strength relative to diffraction. (right) Diameter I; of cavity soUtons in 

function of '1· Regions with stabie (unstable) solitons are coloured blue (red). 

Using a numerical analysis, we have investigated the influence of this nonlocal 
interaction on the existence and stability of cavity solitons. In Fig. 2 (left), we have 
plotted the bifurcation diagrams of the cavity solitons. We see that soliton branches 
emerge subcritically from the stabie background. When diffraction is more and more 
compensated (higher TJ), the peak intensities are lowered, indicating a broadening ofthe 
cavity solitons. We also observe that for too high 11 (i.e., overcompensated), the stabie 
part of the branches disappear. 
In Fig. 2 (right), we have plotted the normalised width Ç of the cavity solitons. We see 
that the width decreases when diffraction is better compensated. However, when 
diffraction becomes too small, the cavity solitons width reaches a minimum for positive 
nonlocality (TJ > 0, upper part of the figure)), and saturates for negative nonlocality 
(TJ < 0, lower part of the tigure ). At the same time, the cavity solitons lose their stability 
when overcompensated. The nonlocal response of the left-handed material thus limits 
the si ze of cavity solitons. From a simpte estimation, we find that the minimum width is 
about one wavelength. 
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An optica[ isolator that can easily be integrated with its souree would signijicantly de
crease the cost of a laser diode module. A promising scheme consists of an amplifying 
waveguide covered with a magnetizedferromagnetic metal. Earlier, we demonstraled this 
concept experimentally. Here we report on the optimization of the isolator. Magneta-optie 
waveguide calculations revealed a subtie interplay between the waveguide dimensions, 
the cladding material and the properties of the metal film. Our experimental result of 
12.7dB optica[ isolation combined withfull compensation ofthe internattoss is the best 
ever obtained. With this performance practical implementation is now within reach. 

Introduetion 
An optica! isolator is indispensable in a telecom linktoproteet laser sourees against back
reftected light. A waveguide version of this component is highly desirabie as it would 
decrease the packaging cast - hence the overall cast - of a laser diode module largely. 
An approach that is getting a lot of attention in recent years [1)[2] involves the use of a 
ferromagnetic metal as the souree of the non-reciprocal effect. In an optica! waveguide 
covered with a transversely magnetized ferromagnetic roetal film close to the guiding re
gion, the magneto-optic (MO) Kerr effect induces a non-reciprocal shift of the complex 
effective index of the guided mode. Consequently, the modal loss is dependent on the 
propagation direction of the light. If the guiding co re consistsof am plifying layers , elec
trical biasing decreases the internal loss of the waveguide. The result is a device which, 
being transparent in the forward while providing lossin the opposite direction , is isolat
ing. As the isolator basically has the same structure as the laser it is to be integrated with , 
monolithic inlegration is straightforward. This paper discusses the optimization of the 
TM-mode amplifying waveguide optica! isolator. 

Simulations 
The performance of the amplifying waveguide optica] isolator is obviously determined 
by the magneto-optic strengthand the optica! absorption of the ferromagnetic roetal film 
and the amount of material gain that can be provided by the amplifying waveguide core . 
The optimization of both building blocks has been reported earlier [!]. The optimized 
heterostructure has a tensite strained AIGalnAs multi-quanturn well co re (9 wells with a 
thickness of !Onm) and is covered with a 50nm CosoFeso ro etal film . 
Apart from these main building blocks the refractive index and the thickness of the 
cladding layers between tbe guided core and the roetal film needs to be properly designed. 
A rough but very intuitive design rule can be stated like this : as the cladding thickness 
decreases, bath the overall absorption in the ro etal and the non-reciprocal effect increase 
due to enhanced overlap of the light with the roetal film . How ever, extensive study of the 
interaction of the waveguide mode with the metal revealed that the situation is much more 
complex. The actual non-reciprocal effect is determined by a subtie interplay between the 
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Figure I: (left) Spectrum of the isolator transmission in both propagation directions, 
showing 12.7dB optica! isolation - (right) Evolution of the demonstrared tigure of merit 
with time. 

phase of the (complex) electric field at the metal-semiconductor interface and the phase 
of the (complex) magneto-optic constantsof the metal. lt was only after taking this into 
account that the amplifying waveguide isolator layer structure could really be optimized. 

Experimental Results 
In ligure I (left) a measurement example is shown . The transmission of a tunable laser 
signa! through a 2mm long AR-coated isolator is plotted for both propagation directions . 
The device is electrically pumped with I60mA of current. The difference in transmission 
between the 'forward' signa! and the 'backward' signa! equals 12.7dB and the loss in 
the forward propagation direction is completely compensated (transmission > OdB). This 
result is the first demonstration of a transparent optica! isolator that can straightforwardly 
be integrated with a semiconductor laser. In addition, the ex perimental isolation of 12.7dB 
is the highest value ever obtained on this kind of device . 

Evolution Isolator Performance 
Since the first ex perimental dem onstration of the am plifying w aveguide isolator m id 2003 
[3], the device performance has continuously improved . This is illustrated in tigure I 
(right). The suitable tigure of merit (FoM) is the optica! isolation (in dB) of a device re
quiring I mA of current for forward transparency. In the three years that have passed since 
the first demonstration huge improvement of the FoM by a factor 80 has been achieved. 

Condusion 
Improved understanding of the nature of the amplifying waveguide optica! isolator re
sulted in a major advance of the state-of-the-art. We demonstrared the first transparent 
optica! isolator, monolithically integratable with a laser source. The experimental isola
tion level of 12.7dB shows that practical implementation is now within reach. 
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Reservoir Computing[ 1] is a new approach to study and use Neural Networks, which try 
tomimica brain-like intelligence. lt uses memory antifeedback in the reservoir to extract 
time correlatedfeatures and in this why it can solve complex classification and recognition 
tasks like speech processing[2]. This has already been realized using software but a 
hardware implementation needs yet to be realized. Photonics offers a good perspeelive to 
achieve this Jast and economie. 

Introduetion 
Neural Networks are networks that can be trained to solve complex classification and 
recognition problems. They mimic the nervous system in the brain, consisting of vertices 
w hich are interconnected end w hereby every conneetion has a eertaio weight that can be 
adapted during the learning process. W hile feed forward neural networks (no feedback) 
are well studied and understood , they are unapt for solving problems with time depen
dence . Recurrent N eural N etworks are better suited because they have memory due to the 
feedback loops, but they have been proven hard to train. 
Recently a navel approachtothese networks has been proposed: Reservoir Computing. 
The networkis split up into two segments. The first one is the reservoir which is a RNN 
with random weights and which is further left untrained . The second one is the read -out 
function which will be trained to solve a specific problem. The idea is that by splitting 
up the functionality the read-out function can be kept simple and therefore easy to train, 
w hile the w hole system keeps its interesting com putational properties - like extracting 
time dependent features - thanks to the reservoir. This can beseen in ligure I. 

input reservoir state of the 
reservoir 

read-out 
lunetion 

Figure I : Reservoir com puting 

output 

The implementation of Reservoirs has so far been restricted to software, so there is a 
need fora hardware implementation that perfarms in a power efficient way. Moreover the 
theory of Reservoir Computing doesn' t limit the reservoirs to recurren t neural networks. 
Therefore a photonic implementation was proposed as a hardware implementation be
cause it has properties which lead toa rich dynam i cal behaviour needed for reservoirs. 
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Photonics is the science which studies light and its interaction with materials . Nanopho
tonics tries to miniaturize the structures, needed to influence light, so that they would fit 
on a single chip. Given this it should be possible to develop a nanophotonic reservoir 
which is power efficient and very fast. It should be able to tacle all kinds of problems in 
an intelligent way, from the filtering of optica! signals in telecom applications to speech 
recongition. 

lmplementation 

The goal of this research is to develop a Reservoirbasedon nanophotonics . The reservoir 
will consist of different cavities which are interconnected. Inside the cavity non-linear 
effects will influence the properties of the resident light. These effects along with the de
gree of interconnection will delermine the performance of the reservoir to solve complex 
problems. In a first stage the cavities will be studied until they are well understood . Dif
ferent cavities will be evaluated like Photonic Crystal cavities (figure 2), Microdisklasers, 
SOA's, ... 
In the next stage they will be connected to form a reservoir. This reservoir will first be 
simulated and made into a hardware implemention to verify its computational potential. 
The material system we are looking into is Silicon on Insuiator (SO I) because it allows for 
compact designs and they can bemadein collabaration with IMEC (Leuven). It will be 
necessary though to bond a layer of InP on the SOI(3] to enhance the non-linear effects, 
needed fora rich dynamic behaviour. 

Future work 
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Figure 2: Photonic Crystal Cavity 

In the near future the first reservoirs wil! be simulated and build totest their potential. 
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