EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Proceedings of the 18th annual symposium of the IEEE
Photonics Society Benelux Chapter, November 25-26, 2013,
Eindhoven, The Netherlands

Citation for published version (APA):

Leijtens, X., & Pustakhod, D. (Eds.) (2013). Proceedings of the 18th annual symposium of the IEEE Photonics
Society Benelux Chapter, November 25-26, 2013, Eindhoven, The Netherlands. (IEEE/LEOS Benelux Chapter :
annual symposium; Vol. 18). Technische Universiteit Eindhoven.

Document status and date:
Published: 01/01/2013

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023


https://research.tue.nl/en/publications/7a77e84d-df5f-4517-8dce-a0fe9d3844d3

Proceedings of the
18t Annual Symposium
of the
IEEE Photonics Society Benelux Chapter






Proceedings of the
18" Annual Symposium
of the
IEEE Photonics Society Benelux Chapter

photonics

Monday-Tuesday, November 25-26, 2013
Auditorium TU Eindhoven
Eindhoven, the Netherlands

Editors
Xaveer Leijtens & Dzmitry Pustakhod

Organized by
Photonic Integration Group, Eindhoven University of Technology,
the Netherlands
in association with the IEEE Photonics Society Benelux Chapter

Supported by
Phoenix Software B.V.
Ocean Optics
Lionix B.V.

TNO
STW
Genexis B.V.
Bright Photonics B.V.



Proceedings of the 18™ Annual Symposium of the IEEE Photonics Society Benelux Chapter

A catalogue record is available from the Eindhoven University of Technology Library
ISBN 978-90-386-3512-5

NUR 950

Published by

Copyright

Department of Electrical Engineering
Eindhoven University of Technology
Eindhoven, the Netherlands

© 2013, all rights reserved. No parts of this book may be repro-
duced or transmitted in any form or by any means, electronic,
mechanical, photocopying, recording, or otherwise, without the
prior written permission of the editor.

Abstracting is permitted with credit to the source. Individual
readers and libraries acting for them are permitted to make fair use
of the material in these proceedings, such as to copy an article for
use in teaching or research, provided that such copies are not sold.
Authors are permitted to copy or reprint their own papers.

The papers in this book comprise the digest of the meeting men-
tioned on the cover and title page. They reflect the authors opinions
and are published as presented and without change, in the interest
of timely dissemination. Their conclusion in this publication does
not necessarily constitute endorsement by the publisher or the
editors.



Preface

Dear participant,

We are very pleased to welcome you to Eindhoven for the 18" annual Benelux sympo-
sium of the IEEE Photonics Society. This should be a great opportunity for all of you to
meet and interact with people with an interest in photonics.

First a little bit of background information. The IEEE Photonics Society is a world-wide soc-
ity of the IEEE with the following fields of interest: lasers, optical devices, optical fibers,
and associated lightwave technology and their applications in systems and subsystems,
in which the quantum electronic devices are key elements. Our society was not always
called the “Photonics Society”. The foundation was made already in 1965 with the estab-
lishment of the Quantum Electronics Council (QEC). The council became the Quantum
Electronics and Applications Society (QEAS) in 1977. This society was renamed in 1985 to
become the Lasers and Electro-Optics Society (LEOS). The Benelux chapter of the Lasers
and Electro-Optics Society was formed in 1996 with the goal of promoting the develop-
ment of photonics, as it is now called, in the Benelux area: Belgium, Netherlands and
Luxemburg. One of the main activities of the Benelux chapter is the organization of this
annual symposium. At the symposium we are bringing together scientists and engineers
working in universities, industries and other research institutes. The very first Benelux
symposium was organized in 1996 at the University of Twente. This was a big success
and since then the symposium has been organized every year, by different universities
and organizations in Belgium and the Netherlands. In 2009, LEOS changed its name to
become the Photonics Society.

This year’s symposium, the 18™ in the series, is organized again as a two-day event, start-
ing on Monday with an invited talk by prof Ursula Keller from ETH Zirich, followed by
a dinner and then an invited talk by prof Liam Barry from Dublin City University. After
this we have two contributed presentations and the remainder of the evening is for a
poster session where all posters are displayed and the odd-numbered posters are pre-
sented. This will allow for an informal meeting and exchange of ideas, with drinks and
some snacks.

The next day starts with two invited talks presented by prof Wood-Hi Cheng from the
National Sun Yat-sen University and by Pim Kat from Technobis. Following a coffee break
there will be a parallel sessions with twelve (2x6) presentations. After the first session
there is a 2% hour break for lunch and for the second poster session, where the even-
numbered posters are presented. The poster session is followed by a second parallel
session with twelve (2x6) presentations. In the closing session we will announce the
location of next year’s symposium and will hand out the best poster award.



The organizing committee of the symposium would like to thank the invited speakers and
the presenters of oral and poster contributions for their presentations. We thank the sci-
entific committee for their work in selecting the papers and their feedback on the sym-
posium program. Finally, we are grateful for the support from various organizations that
made this symposium possible: TU Eindhoven, the COBRA research institute, Phoenix
software, LioniX, Ocean Optics, TNO, Genexis, STW, Bright Photonics, the ECOC founda-
tion and the Photonics Society.

We welcome you to the 18" symposium and wish you a good time with valuable inter-
actions with your fellow photonics colleagues.

On behalf of the organizing committee,

Xaveer Leijtens
October 2013

Vi
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High power ultrafast VECSELs and MIXSELSs

B. W. Tilma, C. A. Zaugg, M. Mangold, S. M. Link, A. Klenner, M. Golling and
U. Keller

Institute for Quantum Electronics, Department of Physics, ETH Ziirich, Wolfgang-Pauli-Strasse 16, 8093
Zirich, Switzerland.

We present an overview of the latest results in high power ultrafast semiconductor laser
sources based on vertical-external-cavity surface-emitting lasers (VECSELs) and
modelocked integrated external-cavity surface-emitting lasers (MIXSELS). The on-going
power scaling and reduction in pulse duration, in combination with the excellent noise
performance makes these laser sources highly attractive for many applications in tele
and data communications, optical clocking, and multi-photon imaging for example and
in addition for new technological fields such as frequency comb metrology.

Introduction

The development of picosecond and femtosecond lasers has made a large impact in both
fundamental science and industrial applications [1, 2]. Examples of successful
implementation of these ultrafast lasers are the use in optical data transmission [3],
photonic signal processing [4] and frequency combs [5, 6]. So far, these lasers mainly
rely on modelocked diode-pumped solid-state lasers (DPSSL), which are often relative
complex, bulky and expensive systems. Semiconductor lasers have already proven to be
very reliable for continuous wave (cw) operation and are nowadays used in many
applications ranging from the compact disc player up to complex integrated laser
sources in optical networks [7]. Semiconductor based modelocked laser so far haven’t
had a large impact in industrial applications, mainly due to their complexity or lack in
device performance.

Optically pumped vertical-external-cavity surface-emitting lasers (VECSELs [8])
modelocked with a semiconductor saturable absorber mirror (SESAM [9]) (a typical
laser setup is shown in Fig. 1a) are very attractive ultrafast laser sources, which have the
potential to replace modelocked DPSSL for a widespread field of applications. High
output power levels, very good noise performance and excellent beam qualities clearly
set them apart other semiconductor based modelocked lasers.

\

L

Fig. 1. Schematlc diagram of: a) A conventional SESAM modelocked VECSEL consisting of a separate
VECSEL gain chip and SESAM chip in a VV-shaped cavity with an external output coupler. b) A MIXSEL
where the saturable absorber is integrated in the gain chip, which forms a straight cavity with the output
coupler.

After we demonstrated the first SESAM modelocked VECSEL in 2000 [10], we then
demonstrated for the first time femtosecond pulses with >1 W of average output power
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in 2011 [11]. This important milestone has been improved the last year to a record high
average output power of 5.1 W in 682-fs-pulses [12] and 3.3 W in 400-fs-pulses [13].
To date, the shortest pulses achieved from a fundamentally SESAM modelocked
VECSEL are 107-fs pulses with 3 mW of average output power [14]. Even shorter
pulses of only 60 fs were achieved with bursts of pulses [15]. However, the combination
of a sub-200-fs pulses with average output power levels above 1 W is still challenging.
In order to improve our gain chips towards such high powers with short pulses, we
recently developed a numerical model based on measurable macroscopic parameters.
The calculations revealed, that 200-fs pulses and an average output power of 1 W
should be feasible with a properly designed and fabricated VECSEL-SESAM
combination [16].

The demonstration of the modelocked integrated external-cavity surface emitting
laser (MIXSEL) [17], which combines the gain of the VECSEL with the saturable
absorber of a SESAM in one single semiconductor layerstack (Fig. 1b), brought the
technology to a higher integration level. Stable self-starting passive modelocking can be
achieved in a simple straight cavity. A record high average output power of 6.4 W was
achieved in 28-ps pulses at a repetition rate of 2.5 GHz [18]. Most recently we have
been able to demonstrate the first femtosecond operation of a MIXSEL, generating 620-
fs pulses at a repetition rate of 4.8 GHz and 101 mW of average output power [19]. In
Fig. 2a an overview of the reported average output power levels versus pulse duration is
given for both the SESAM modelocked VECSELS as well as for MIXSELSs.
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Fig. 2. Overview of published results achieved with QW-VECSELSs (green), QD-VECSELSs (red) and
MIXSELSs (blue): a) Recorded average output power versus pulse duration. b) Recorded pulse energy
versus repetition rate.

Repetition rate scaling

Besides the optimization in terms of shorter pulses and higher output power, there is
also a demand for stable pulse trains at certain repetition rates. Low repetition rates in
the MHz-range in combination with high pulse energies are very attractive for numerous
applications such as biomedical multi-photon imaging [20] where tissue heating has to
be avoided by reducing the average output power, maintaining the high pulse energy. In
other applications, such as optical sampling by laser cavity tuning (OSCAT) [21] and
on-chip optical clocking [22], a very high repetition rate of 10 GHz or higher is
required. Due to the very flexible cavity configuration, the VECSEL and MIXSEL
technology can operate over this large operation range of almost three orders of
magnitude (Fig. 2b). A 253 MHz fundamentally modelocked VECSEL was
demonstrated producing 400 mW of average output power in 11.3-ps-pulses leading to
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1.6 nJ pulse energy and 124 W peak power [23]. An even lower repetition rate of
100 MHz has been demonstrated with 30 mW of average output power in 20-ps-pulses
and 0.3 nJ pulse energy [24]. The major challenge in low repetition rate fundamentally
modelocked VECSELs and MIXSELSs is the suppression of multiple pulses in the laser
cavity, which decreases the pulse energy and destabilizes the repetition rate.

On the other side, ultrafast VECSELSs with repetition rates as high as 50 GHz in the
fundamentally modelocked regime [25] and up to 175 GHz in harmonically modelocked
operation [26] were demonstrated. The repetition rate of fundamentally modelocked
VECSELs is limited by the nature of the cavity design and the pulse duration. The
MIXSEL approach on the other hand benefits from the simple straight cavity in which
the output coupler can be moved closer to the semiconductor chip. Preliminary results
show that in this way the repetition rate of a fundamentally modelocked MIXSEL can
reach 100 GHz. Repetition rate tuning, required for example for OSCAT, has been
demonstrated with a SESAM modelocked VECSEL from 6.5 GHz up to 11.3 GHz [27]
with a nearly constant pulse duration of 625 fs and 169 mW average output power.

Noise performance and frequency stabilization

The high power levels achieved with the VECSEL and MIXSEL technology in
combination with the short pulses in the fs-regime, makes them highly attractive sources
for applications that rely on stable frequency combs [5]. So far these technologies
benefit from the excellent low-noise performance of DPSSLs. For bringing the
technology from scientific labs into industrial applications or even households, more
compact, robust and cheaper sources are required. For a long time it was assumed that
semiconductor lasers could not compete with the excellent noise figures of DPSSLs,
mainly due to their low-Q cavities and the long gain sections which introduce complex
dispersion, waveguiding effects and nonlinear dynamics. However, SESAM
modelocked VECSELs and MIXSELs operate in high-Q cavities with low intracavity
losses (including output coupling) in the range of 1%-5%. In addition, the interaction
length with the quantum well or quantum dot based gain is very short due to the vertical
propagation of the laser mode in the structure. One would expect low-noise performance
from SESAM modelocked VECSELs and MIXSELs to compete with the excellent
performance of modelocked DPSSL.

We therefore performed timing jitter measurements on a free-running [28] and a
stabilized [29] SESAM modelocked VECSEL with a 2-GHz repetition rate at a center
wavelength of 953 nm. The stabilized laser was actively stabilized to an electronic
reference source with a cavity length control loop using a piezo-electric actuator. After
detection of the output pulse train with a highly linear photodiode, the single-sideband
timing phase noise power spectral density (PSD) was measured with a Signal Source
Analyzer (SSA) (Fig. 3). Integration over an offset frequency range of 100 Hz —
100 MHz resulted in an rms timing jitter of 201 fs for the free-running laser and only
47 fs for the stabilized laser (34 ps and 58 fs in the range from 1 Hz — 100 MHz,
respectively). These results are comparable to state-of-the-art timing jitter measurements
on modelocked DPSSL [30] where values of 190 fs were measured in free-running
operation (100 Hz-1.56 MHz) and 26fs for a stabilized cavity length (6 Hz -
1.56 MHz).
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These results clearly demonstrate that SESAM modelocked VECSELs and MIXSELSs
can compete with modelocked DPSSLs in terms of low-noise performance and could
therefore be used for applications such as frequency comb metrology in the near future.
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Fig. 3. Measured timing phase noise PSD (SSB) of the free-running laser (blue), the PLL stabilized laser
(red) and the reference source (dotted black). The specified sensitivity level of the SSA is given as well
(dashed gray). Inset: RMS timing jitter integrated from the lower limit frequency to 100 MHz.

Electrically pumped VECSELSs

Another obvious step in the continuous improvement of the technology is to go from
optically pumped VECSELS to electrically pumped VECSELs (EP-VECSELSs) [31, 32].
Discarding the external pump diode reduces setup complexity and makes these lasers
highly attractive for system integration. So far, there were only a few successful
attempts of modelocked EP-VECSELSs [33-35] since the step from optical pumping to
electrical pumping is challenging. The main difference to optical pumping is the
fundamental trade-off between optical and electrical losses due to required doping in the
semiconductor layerstack to conduct the electrical current. The additional optical losses
can be compensated with an intracavity DBR mirror to enhance the electrical field in the
active region for more gain. Unfortunately, this step limits the available gain bandwidth
and large values of group delay dispersion inhibit femtosecond pulse durations [35].
Besides that, mode-size power scaling is limited by non-uniform current injection in the
active region at larger devices [32]. Despite these major challenges we recently
demonstrated 6.3 ps pulses in 6.2 mW of average output power [36]. To our knowledge
these are the shortest pulses from a modelocked EP-VECSEL producing several
milliwatts of average output power.

Conclusion and outlook

SESAM modelocked VECSELs and MIXSELs are attractive semiconductor laser
sources that deliver ultrashort laser pulses with picosecond and femtosecond pulse
durations in combination with watt-level average output power levels in the gigahertz
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repetition rate range. The excellent beam quality and low-noise performance makes
them highly attractive for several applications where they can replace conventional
complex ion-doped DPSSLs. With the ongoing development we expect the first fully
stabilized frequency comb from a modelocked VECSEL or MIXSEL within the near
future.
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Future networks will need to be capable of offering Triple Play, IPTV, Video-on-
Demand, Voice-over-IP and High-Speed Internet Access, combined with guaranteed
Quality of Service. These networks will employ WDM technology and advanced
modulation formats to achieve the high capacities required. In addition, given the
bursty nature of this data it is expected that dynamic bandwidth allocation will be
implemented to efficiently use network capacity. The key component in these networks
will be the tuneable laser transmitters that generate the different wavelength packets,
and the phase noise of these lasers will determine their coherent system performance. It
is thus vital to characterise the phase noise of these devices to understand their
performance in coherent systems, and to develop technologies to overcome limitations
posed by using tuneable lasers in coherent packet switched networks.

Introduction

To address the capacity crunch in optical networks, high spectral efficiency transmission
schemes employing high order quadrature amplitude modulation (QAM) formats with
coherent detection, cooperating polarization multiplexing (PM), and spatial division
multiplexing techniques [1] are being explored. In addition, rapid reconfiguration of the
optical network with optical packet/burst switching technology allows the amplification
bandwidth of the fibre to be used more efficiently [2-4]. Combining coherent
transmission techniques with optical packet/burst switching can enable optical networks
which are highly efficient both temporally and spectrally. One of the key elements in
these systems will be the laser transmitter, and the phase noise of laser sources has been
identified as a crucial characteristic that affects the performance of the coherent
detection schemes [5]. In this paper we will present the detailed characterisation of the
phase noise of a tuneable laser using an optical quadrature front end [6]. As the
instantaneous phase of the laser is recorded in the time domain, the transient variation of
the linewidth during switching can be derived by dividing the captured time domain
signal into short gating windows at different times during the switching interval. We
will then go on to present the performance of these tuneable lasers in various coherent
optical communication systems using DQPSK and 16-QAM modulation formats, in
both static and switching conditions [5, 7, 8], and identify some of the limitations of
using these devices in coherent packet switched networks. Finally we will propose a
number of techniques that can be used to overcome these limitations [9, 10].
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Abstract

A new scheme of hyperboloid microlens (HM) employing automatic grinding and
precise fusing techniques to achieve high-average and high-yield coupling efficiency
from high-power 980-nm lasers into single mode fibers is proposed and demonstrated.
The fiber endface of the HM exhibited a double-variable curvature in the major and
minor axes which was characterized as a hyperboloid. By selecting half transverse
length of the hyperbola and using fusing process to precise and quantitative controlling
the required minor radius of curvature within 2.4-2.8 um and offset within 0.8 um, the
HMs exhibited a high-average coupling efficiency of 83%. This study demonstrates that
the proposed HMs through both automatic grinding and precise fusing techniques can
achieve high-average and high-yield coupling efficiency better than any other grinding
techniques to form asymmetric microlenses for utilizing in many low-cost
interconnection applications. From art (or engineering) point of view, we are able to
fabricate any kinds of perfect fiber microlenses.

Mode (spot size and phasefront) mismatch between the laser diodes and single-mode
fibers (SMFs) can lead to a significant insertion loss. A direct near-field phase and
intensity measurements in diode lasers, cleaved SMFs, and HMs is demonstrated by
employing a SMF interferometer. From science point of view, detailed understanding of
the near-field phase and intensity distributions of light sources and optical components
may broadly benefit to provide practical micro-optic designs with better mode matching
for interconnect applications.
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ASPIC and Packaging solutions for demanding
industrial applications, an overview
R. Evenblij, P. Kat

Technobis Fibre Technologies

In the last few decades there is a broad oriented rising awareness with regard to
photonics as an enabling technology. The applications of photonics as an enabling
technology are extremely broad and will keep on growing rapidly. Photonics is being
regarded not only as supplemental but also as a base technology platform similar to
what electronics has become nowadays. Integrated electronics is already globally used
in billions of applications and its functionality is still increasing according to Moore’s
law. With similarity Integrated Photonics has emerged as the generic photonic
development platform for many future applications. Certainly not to replace electronics
but to provide an enormous surplus in capabilities for an extremely wide range of
applications.

Application Specific Photonic Integrated Circuits

An Application Specific Photonic Integrated Circuit (ASPIC) is an optical chip
designed for a rather dedicated purpose. As similar to electronics ASPICs allows a
variety of solutions all based on a small set of components. And unlike integrated
electronics where silicon is the dominant material, APICS have been fabricated on
different material platforms having each of them providing advantages and limitations
depending on the functions to be integrated. For instance, Silica has desirable properties
for passive components like Arrayed Waveguide Gratings (AWGS) while GaAs or InP
allow direct integration of active components, i.e. lights sources, detectors, etc.

Although the fabrication process is similar to integrated electronics, there is no
dominant device like the transistor. The range of photonic functions include low loss
interconnect waveguides, power splitters, optical amplifiers, optical modulators, filters,
lasers, detectors, etc.

Figure 1 : Example of the
Passive Phase Amplitude Polarisation functionalities that can be
- realized in a generic
waveguide phase modulator opticalamplifier polarisation converter integration technology that
N\ o E:-’-' '-G_ﬂ'>-' supports four basic building
- - blocks: Passive Waveguide
curve amplitude modulator A converter, ultrafast switch pol. splitter / combiner Devices (PWD) (Optical)
- e == -am<_"4"~-gm- | Phase Modulators (PHM),
MMi-coupler 2x2 switch picosecondpulse laser pol.indep. 2x2 switch Semu;o_nductor Opth&|
Amplifiers ~ (SOA)  and
O . .
—g 2//;//? g— _.Cg:,\-= Polarization ~ Convertors.
7,
AWG-demux WDMOXC multiwavelength laser pol.indep. diff. delay line (Courtesy of PARADIGM)

The versatile ability to replace traditional assemblies of multiple discrete optical or
micro-optical components by a single small sized chip, makes ASPICs highly favorable
for next generation optical systems for benefits like cost reduction, functionality
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aggregation and standardization of specifications and processes. And certainly, this
broad applicable versatility requires this standardization need to preserve compatibility
between the development platforms allowing to integrate the best of worlds to provide
the best possible solution available. In that respect valuable lessons in platform material
selection for ASPICs are repeatedly discussed which ultimately will determine the
success of the ASPICs industry. For instance several successes have been achieved in
both InP-based and silicon-based systems. As cost and performance may currently
prove silicon-based devices preferable, it is certainly the capability of having both
passive and active functions combined that proves InP more worthwhile depending on
the required system functionality. Moreover, the integration of both electronic circuits
with photonics circuits, i.e. hybrid systems, will most likely lead to more applicable
development platforms yet to be invented.

ASPIC technology may just as well be moving towards a paradigm shift once it
establish a state where the complexity of optical systems will no longer be a major
determining factor in optical system development. And this shift may very well cause an
unpredictably large growth of applications and their markets in the next decades.

As data- and telecommunication needs have been the major driver for some time,
other applications fields appear to gain increasing necessity for smaller sized, more
affordable and repeatable and reliable performance devices just as well. An example of
another rapidly growing application area is for instance optical sensing. Sensing is and
shall always be an integral part of a large variety applications in its most wide
perspective and remains expressing the need for an increasing improvement of sensing
devices. Photonic Integrated Circuit technology will play a major role is this transition
of current conventional systems into next generation optics based systems throughout
major technology market segments like Aerospace, Automotive, Medical and Robotics,
Civil, etc.

For many small and medium enterprises the rising awareness for these needs not only
revealed the current ASPIC value chain and its promising capabilities but just as
important its shortcomings. Bringing ASPICs to the market requires extensive
development steps and associated logistics. Starting from an product idea to having a
series production of ASPIC based devices involves sufficient product and technology
knowledge, value assessment, sophisticated photonics integrated system design, chip
manufacturing in the foundries, chip testing and prototyping, chip packaging, device
integration and interfacing, series production development, and finally implementation.
As the ASPIC technology is in the process of coming loose from its academic roots,
some important aspects of the value chain need to be improved or developed in order to
get to a valuable supply chain transition.
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Generic Photonics Integrated Circuits Fabrication (GPICSFab)

The need for SME’s to improve time to market for ASPIC based system is imperative.
The current availability of resources like foundries, designers, packagers, still needs
maturing for several reasons. Although the first complex PIC’s started to be published
in the late 80’s and despite the similarities in chip development complexity, there still
remains a significant difference in research and development methodology. The
development of ASPICs is obviously very dedicated and focused to its application. As a
result there are almost as many technology customizations as applications, often quite
similar but different enough to prevent sufficient standardization and subsequently easy
transfer from one design to the other. Although a growing trend in the market is
tangible, due to this fragmentation current markets are still too small to justify extensive
development into a low cost industrial volume manufacturing process, making chip
fabrication practically out of reach for many SME’s.

It is precisely this fundamental technology versatility which allows an enormous
spread of possibilities that needs the required standardization in order to supply a lateral
supported ASPIC technology. Subsequently, the ASPIC value chain appears to illustrate
a certain reluctance when it comes to the development of not only follow up processes
like packaging and integration but also in the design and prototyping processes of
ASPICs.

Mo As a result of this imminent need the

) consortium GPICSFab — initiated from the

industry — was founded that facilitates a

Lean and Asset-Light manufacturing and

logistics infrastructure to accelerate the

introduction  of integrated photonic
functionalities.

Its mission is to accelerate the
introduction of ASPIC functionalities for
Integrated Device Manufacturers (IDM)
and Original Equipment Manufacturers
(OEM) by means of facilitating production and logistics infrastructure using minimal
in-house resources and optimizing outsourcing possibilities.

GPICSFab is convinced that the generic fabrication approach will cause a revolution
in micro and nano-photonics, just like it did in microelectronics thirty years ago. In
Europe, three integration technology platforms are actively introducing the generic
foundry concept for the major integration technologies in photonics: JePPIX for InP-
based monolithic integration, ePIXfab for silicon photonics and TriPleX for low-loss
dielectric waveguide technology. GPICSFab concerns itself by selecting and offering
those parts of these development platforms which are ready for product development
today and offers them to the marketplace.

Given the tremendous impact of photonics as enabling technology for further
expansion of high-performance telecom networks, the availability of dedicated PICs
will enable the development and efficient implementation of advanced systems and
instrumentation for a multitude of applications. To maximize its reach GPICSFab aims
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to collaborate with national and international partners and programs like Memphis 11,
IOP Photonic Devices and IPC HTSM Photonics, to secure state-of-the-art and world
leading photonics integration competences.

GPICSFab provides access to a suite of quality manufacturing and logistics
solutions. Instead of having a general ability to subscribe to a Multi Project Wafer run
once a Yyear, the initiative of GPICSFab now offers SME's accessible and even hybrid
options to subscribe to Shared Wafer Runs multiples times a year. This increase in
availability of best-in-class methods for volume production will boost speed and reduce
costs for the development of ASPIC based systems considerably. With regard to that,
one of the important achievements of GPICSFab so far is establishing an agenda for
Shared Wafer Runs with an interval period of 3 to 4 months which significantly exceeds
current affordable availability of MPWs.

Another important achievement by GPICSFab in the
process of standardization, is the development of a
generic package for ASPICs. Packaging is one of the
most important steps in bringing ASPICs to the market
for which no generic volume process has been
established yet. Although photonic packaging
researchers have been working on a range of
technologies for application across a number of key
industry sectors, including telecommunications, medical devices, biotechnology and
consumer electronics, many of these research activities are still being performed
through industry collaborations with the expectance of growth as photonics becomes the
technology of choice for an increasing range of applications.

Conclusion

Photonic Integrated Circuits represent a disruptive technology break-through that
promises the delivery of immediate benefits and significant future development
opportunities. To accomplish this important steps need to be taken with regard to
standardization and further value chain development. GPICSFab is a good example of
an industrial initiative to close a gap between technology and markets and to increase
Time to Market.
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4

Photonic integrated circuits based on the Germanium on Silicon platform are presented
for operation in the 5 um wavelength range. Waveguide losses in the range of 2.5 -
4 dB/cm for TE/TM polarization and Mach-Zehnder interferometers with an extinction
of 20 dB for TE polarization are reported. Wavelength multiplexers based on Arrayed
Waveguide Gratings are reported with an insertion loss and cross talk of -2.5/-3.1 dB
and 20/16 dB for TE/TM polarized light while those based on Planar Concave Gratings
are shown to have an insertion loss/cross talk of -4.9/-4.2 dB and 22/23 dB for TE/TM
polarization.

Introduction

Photonic integrated circuits (PICs) have allowed the realization of various on-chip optical
functionalities such as wavelength filters, (de)multiplexers, routers and switches. This
has led to the development of compact and robust systems operating in the telecommu-
nication wavelength range. Silicon on Insulator (SOI) is now the first choice material
platform for this wavelength range because of (a) compatibility with the CMOS pilot
lines which makes mass manufacturing possible and (b) higher index contrast which al-
lows to make circuits with small footprint. For spectroscopic sensing applications, the
wavelength regime which is of interest is the mid-infrared (3 - 12 ym). Most of the atmo-
spheric gases and biological liquids have a strong absorption feature in this wavelength
regime and therefore the development of PICs for longer wavelengths promises to pro-
vide compact hand held components which could be utilized to tap the full potential of
this wavelength range. Silicon itself has a large transparency window from 1.2 ym to 8
um however the underlying oxide starts absorbing beyond 4 ym [1]. Various alternative
waveguide platforms have been proposed in recent literature such as free standing Si[2],
Silicon on Sapphire[3], Silicon on Silicon Nitride[4] and Germanium on Silicon[5]. The
key requirements for a waveguide platform are (a) transparency in the wide mid-IR, (b)
straightforward fabrication scheme and (c) CMOS compatibility which will allow mass
manufacturing.

Free standing Si has a very wide transparency window but suffers from the fact that the

21



Germanium-on-Silicon Mid-infrared Photonic Integrated Circuits

waveguide structures are fragile and prone to collapsing. Silicon-on-Sapphire has a trans-
parency limited to 5.5 um because of the sapphire absorption and Silicon-on-Silicon Ni-
tride has a complicated fabrication scheme which requires wafer bonding. Germanium-
on-Silicon fits all the above mentioned requirements and thus seems the ideal candidate
for the mid-IR.

In the past decade, advancements in Quantum cascade lasers (QCLs) and Interband cas-
cade lasers (ICLs) have enabled efficient on chip mid-IR light generation[6]. The inte-
gration of these light sources with a passive PIC can help in the realization of interesting
functionalities. Two possible applications based on this integration are described in Fig 1.
In a first case, a broad band fabry-perot QCL is integrated with a wavelength selective
feedback circuit present on the passive PIC. This can enable the realization of a compact
and hand held mid-IR light source and can replace existing bulky devices. In second
case, an array of DFB lasers can be integrated with a wavelength multiplexer present on
the PIC. This arrangement promises to allow efficient on -chip beam combining which
has been realized using free space optics till now.

lll-V Substrate

Wavelength

Multiplexer

Coupling Se

(@) (b)

Figure 1: Schematic diagram of (a) a broadband QCL integrated with a photonic chip via
flip chip integration and (b) an array of DFB QCL lasers integrated with a wavelength
multiplexer.

Waveguide Loss

Fully etched waveguides (etching through the 2 um thick Ge waveguide layer)of width
2.2 um and lengths 0.5 cm, 1 cm, 2 cm and 3 cm were characterized for transverse elec-
tric (TE) and transverse magnetic (TM) polarizations[7]. The fabrication details of these
waveguides and the measurement setup required to characterize these waveguides is de-
scribed in [7]. Fig. 2 (a) and (b) respectively show the cutback measurements at 5.3 um
and the waveguide losses for the 5.15 - 5.45 um wavelength range are presented in Fig. 2
(c) for both polarizations.

Mach Zehnder Interferometers

Ix1 and 1x2 Mach Zehnder interferometers (MZIs) were designed using 1x2 and 2x?2
Multimode interferometers (MMIs) with a delay length of 260 ym for TE polarized
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Figure 2: Cutback measurements at 5.3 um for (a) TE polarized light, (b) TM polarized

light and (c) loss measurements in the 5.1 - 5.45 um wavelength range for TE and TM
polarizations.
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Figure 3: Normalized spectrum of (a) 1x1 MZI and (b) 1 x2 MZI.

light[8]. This resulted in a free spectral range (FSR) of 25 nm and an extinction of 23
dB for a 1x1 MZI at 5.3 ym and 20 dB for a 1x2 MZI at 5.32 um as seen in Fig. 3 (a)

and (b) respectively. An array of such MZIs can be used as wavelength multiplexer to
enable mid-ir beam combining.

Arrayed Waveguide Gratings

A 5x200 GHz arrayed waveguide grating (AWG) was designed and found to have an
insertion loss of -2.5/-3.1 dB while the cross talk was found to be 20/16 dB for TE/TM
polarization[7]. Normalized spectra for TE and TM polarizations are shown in Fig 4 (a)
and (b) respectively. Since the AWG has a lower insertion loss and cross talk, it can be
deployed both to separate broadband light in different channels and to combine light from
individual DFB lasers in a single beam.

Planar Concave Gratings

A six channel planar concave grating (PCG) having DBR gratings with 25 nm channel
spacing was designed and found to have an insertion loss of -4.9/-4.2 dB and cross talk of
22/23 dB for TE/TM polarizations[9]. Normalized spectra for TE and TM polarizations
are shown in Fig 5 (a) and (b) respectively. The insertion loss of the PCG is higher
than the AWG however this is mainly due to the fact that because of the limits of i-line
contact lithography, the minimum feature is 1 ym. This results is a third order DBR
with 66% reflection. With the access to standard CMOS tools, first order DBRs can be

fabricated which will reduce the insertion loss enabling the use of this PCG as wavelength
(de)multiplexer.
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The transfer of very accurate time information over long distances has numerous
applications in modern society. Satellite-based links have typically been used so far, but
fiber-optical signals can transfer time with increased precision. In this paper, a novel
method suited for time transfer employing conventional optical data signals is
demonstrated; specifically, transmission of 10 Gb/s signals for up to 75 km over an
amplified bidirectional link enabling time transfer with 4 ps accuracy is shown. The
very high accuracy achieved and compatibility with existing optical links may allow
reliable synchronization of vital infrastructure, and positioning systems with mm-level
precision.

Introduction

The dissemination of precise time information and clock synchronization is of
fundamental value in modern society. Navigation systems for vehicles and ships,
telecommunication networks, systems that handle financial transactions, they all depend
on the availability of an accurate timing signal, with more applications being developed
[1]. Global Navigation Satellite Systems (GNSS) are arguably the most successful
example of a time-dissemination network, providing positioning and timing services
across the globe. However, due to its satellite-based nature, GNSS has a number of
vulnerabilities (e.g. susceptibility to jamming or disruptions due to space weather) that
may necessitate a back-up system for critical applications [1]. Moreover, the accuracy
achieved by satellite systems is limited to around 1 ns if bidirectional transmission is
used [2] and can be as low as tens of ns for commercial receivers.

Fiber-based timing dissemination systems can provide a back-up solution for GNSS that
is virtually free from interference (natural or man-made), and at the same time
considerably increase the timing accuracy. Optical frequency transfer over 1840 km of
fiber [3] and time transfer with offsets as low as 35 ps over 480 km [4] has been
demonstrated. However, such methods use either ‘dark’ fiber (a dedicated fiber link for
time/frequency transfer) or a ‘dark’ channel (a dedicated wavelength), which means that
significant capacity is being lost for data transfer. It would be preferable and more cost-
effective to implement simultaneous data and time transfer. The most sophisticated
approach in this respect is the White Rabbit Ethernet project, which combines 1 Gb/s
data transfer with a precision below 1 ns for links up to 10 km [5].

In this paper, a novel method of determining delay times in optical links (the key step to
implementing time transfer between clocks) using typical optical data signals that is
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scalable in both bit rate and link length is proposed and demonstrated for 10 Gb/s
signals and 25, 50 and 75 km links, achieving 4 ps accuracy over only 1 ms of data.

Proposed Method and Experimental Approach

In order to synchronize two clocks that are situated at different locations, typically
electromagnetic signals are exchanged between the clocks, the process being known as
Two-Way Time Transfer (TWTT). To ensure accurate synchronization, the signal delay
between the two locations needs to be known with high precision. A powerful method
for estimating time delays between signals is cross-correlation; similar to the technique
used in GNSS, we estimate the signal delay in the link by cross-correlating Pseudo-
Random Binary Sequences (PRBSs) transmitted using optical signals.

To validate the concept of such a delay-determination method, an experimental set-up
was designed and built, shown in Fig. 1. A rubidium (Rb) atomic clock serves as the
reference time base. A Bit Pattern Generator (BPG) creates a 10 Gb/s bit stream, a
PRBS of 2%-1, which is amplified and used to modulate an optical carrier at 1550.52
nm through on-off keying modulation. Part of the signal at point A (Fig. 1) is fed into a
Digital Phosphor Oscilloscope (DPO), which samples the reference, non-delayed
electrical signal. The optical data signal is then launched into a fiber spool (25 km long)
through an ITU grid wavelength multiplexer. An optical amplification stage is located
after the fiber spool; two Semiconductor Optical Amplifiers (SOAs) amplify the
downstream and upstream channels, which are separated by demultiplexers. Optical
isolators ensure that no back-reflected light enters the amplifiers. After the amplification
stage, a short patchcord, a 25 km or a 50 km fiber spool is inserted, enabling
measurements over 25, 50 or 75 km links. In the remote end, a receiver consisting of
photodiode, a transimpedance amplifier and a limiting amplifier convert the optical
signal to the electrical domain. The signal of one of the two outputs of the receiver is
sampled by the DPO (point B in Fig. 1), while the second output signal is amplified and
modulates an optical carrier at a different wavelength than the downstream channel. The
return channel is then launched into the link and is received at point C, where it is also
sampled by the DPO.
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Fig. 1 Experimental set-up

In order to synchronize two clocks located at each end of the optical link, the One-Way
Delay (OWD) delay tag needs to be determined. Since the clock at point B would not be
initially synchronized, the OWD has to be estimated using the Round-Trip Delay (RTD)
tac, which can be directly measured. Ideally, the OWD would be the half of the RTD:
tas=tac/2. However, a number of asymmetries are present in the link, which will
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introduce a delay asymmetry A so that tag=(tac—A)/2. The delay asymmetry can be
further subdivided into the instrument asymmetry, A, and the link asymmetry, A;. The
instrument asymmetry arises from unequal path lengths, electrical or optical, for the
downstream and upstream signals in the transceivers and the optical amplification stage.
The link asymmetry is a result of the difference in propagation time between the
downstream and upstream signals over the common fiber link; the two signals are
transmitted over different wavelengths, which results into different propagation speeds
due to Chromatic and Polarization-Mode Dispersion (CD and PMD, respectively).

The combined effect of Aj and AL can amount to several ns, which means that in order to
achieve ps-level precision, the delay asymmetries need to be carefully accounted for. To
estimate A, the fiber spools are removed and the instrument delays, denoted t’ag, t'ac
are directly measured. Then, the instrument asymmetry is calculated as A= t’ac— 2t’a.
The link delay asymmetry, on the other hand, is not so straightforward to calculate. The
asymmetry due to CD can be estimated by measuring the dispersion parameters of the
fiber. However, the uncertainty in the measurement of the dispersion parameters
translates to a total delay uncertainty higher than 10 ps. Moreover, as these parameters
change over time due to environmental conditions, the measurements should be repeated
periodically. A more accurate method of estimating the delay asymmetry due to CD is to
use two different wavelengths for the upstream channel. By combining the delay
measurements performed with the two possible wavelength pairs, a very accurate
estimate of A_ is obtained. The details of the method and the dispersion model used here
will be presented in a longer manuscript. The asymmetry caused by PMD, which is
statistical in nature, is estimated by performing a second set of measurements where the
input State Of Polarization (SOP) of the optical signals is rotated by 90°. This is
accomplished by inserting a circulator and a Faraday mirror in the set-up, as is shown in
Fig. 1. The full PMD analysis is also to be expanded on in a longer manuscript.

Results and Discussion

By propagating the uncertainty introduced by all the parameters involved in the estimate
of the OWD of the link, with the most important ones being the uncertainty in A, the
time base stability of the DPO, the error in determining the peak of the correlation
spectrum and the estimation of PMD, the total time uncertainty of the system can be
calculated. The error propagation described above yields a system-level uncertainty of 4
ps. To assess the performance of the delay estimation method, the estimated OWD, 0z,
iIs compared with the directly measured tag for different link lengths, with the results
(including the uncertainty) shown in Fig. 2b-d. It is observed that all 24 estimates are
within £5 ps of the measured delay, while 20 of them are within £4 ps, confirming the
very high precision allowed by the method. Moreover, there is no sign of increasing
errors as the link becomes longer, indicating scalability of the method to link lengths
longer than 75 km. In addition, the Bit Error Rate (BER) of the downstream data signal
is measured and is shown in Fig. 2a. It can be seen that error-free transmission
(BER<10®) is possible for the 25 and 50 km links. For the 75 km link, a BER of 107
can be achieved if slightly higher signal powers are used, or if compensation for the
accumulated dispersion is implemented (or a better receiver is used).

The very high precision in the estimation of delay, in combination with the compatibility
of the proposed system with existing optical networks and the fast acquisition time (only
1 ms of data are captured to produce each measurement) indicate the potential of the
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method to provide a fiber-optical back-up for GNSS timing, to supply a time reference
for cutting-edge scientific research, and to enable novel applications. For example, the
positioning accuracy of a system with 4 ps resolution would be cx4 ps>«ﬁz2.4 mm.
Other potential applications could take advantage of the availability of very precise
timestamps to offer more secure transactions over communication networks and
synchronize wireless base stations to achieve faster mobile communication links.
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Fig. 2 Experimental results: BER curves (a) Delay errors (b) 25 km (c) 50 km (d) 75 km

Conclusion

A novel method of estimating the propagation delay of optical data transmitted through
fiber-optical links with unprecedented accuracy is described and its key functionality is
demonstrated over 75 km employing 10 Gb/s signals. The proposed system can enable
ubiquitous availability of ps-range timing signals, providing GNSS back-up for critical
infrastructure and supporting novel applications such as mm-level positioning and new
techniques for fast and secure communications.
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Space-time block codes can extend the optical signal to noise ratio tolerance in
multiple-input multiple-output optical coherent spatial division multiplexing
transmission systems with respect to single-mode transmission performance. The OSNR
tolerance gain is achieved through exploiting the spatial diversity few-mode-fibers
offer. An OSNR gain of 3.2, 4.1, 4.9, and 6.8 dB at the hard-decision forward error
correcting limit with respect to single mode fiber back-to-back performance is shown
for DP-QPSK, 8,16, and 32 DP-QAM, respectively.

Introduction

Enabled by multiple-input multiple-output (MIMO) digital signal processing (DSP),
coherent transmission (Tx), and the development of key optical components, spatial
division multiplexing (SDM) continues to be proposed as the solution to extend the
capacity of a single optical fiber. Also known as Bell Laboratories Layered Space-Time
(BLAST) in wireless communications [1], spatial multiplexing remains a key area of
interest for increasing capacity. In optical transmission systems, SDM can be achieved
by multi-core and multi-mode transmission [2-4]. Focusing on a specific case of the
latter, namely few-mode fiber (FMF) transmission, 3 linearly polarized (LP) modes, the
LPo1, LP114, and the LP;1, mode are excited and propagated [5]. Hence in this case, the
capacity of a single fiber can be increased threefold with respect to single-mode fiber
(SMF) transmission. Each LP mode contains two polarizations, which can be employed
as transmission channels. Therefore, the total number of transmittable channels in FMFs
Is 3x2=6. Note that in SMFs, 2 polarization channels can be employed simultaneously.
Clearly, FMFs can offer an increased capacity with respect to SMF transmission.
However, the FMF transmission systems can also be used to improve the transmission
quality of single mode transmission through space-time coding (STC). The transmission
quality improvement is investigated through optical-signal-to-noise ratio (OSNR)
performance with respective bit error rates (BERsS). For STC, there are three main
contenders: space-time trellis codes (STTCs) [6], orthogonal STCs [7], and delay
diversity. The latter two are linear space-time block codes (STBCs) and have a lower
complexity than trellis codes. Although the STTCs offer better performance than the
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Fig. 1 Space and time allocation for FMF transmission blocks showing (A) 6, (B) 3, (C) 2, and (D) 1
transmitted channel. The first and second number denote the channel and block number, respectively.
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linear variants, for high throughput optical transmission systems complexity is a key
factor [8]. Therefore, we focus on the linear STBCs. The orthogonal STBCs are linear
codes where the data is formed as unitary matrices. The most common orthogonal
STBCs are Alamouti and Tarokh codes [7,8]. However, these only exist for certain
numbers of transmitters. To this end, we use the simplest STBCs, purely exploiting the
space and delay diversity. Fig. 1 shows the 4 cases of delay-diversity STBCs
investigated in this work, where (A) 6, (B) 3, (C) 2 (SMF capacity), or (D) 1
polarization channel are received.

This work shows that either the capacity of a single fiber can be increased by
transmitting an increased number of spatial channels, or that the transmission quality
can be improved by employing STC with the existing spatial channels. In this work the
resulting tradeoff is studied. The quality improvement is demonstrated through OSNR
characterization of 28GBaud quadrature phase shift keying (QPSK), 8, 16, and 32
quadrature amplitude modulation (QAM) constellation sequence transmission over
41.7km FMF using a 6x6 MIMO frequency domain equalizer (FDE).

Experimental Setup

The experimental setup is depicted in Fig. 2. At the transmitter, a 1555.75 nm external
cavity laser (ECL) is used. The output is guided through an 1Q-modulator, where the
laser light is modulated by a 28GBaud signal. The 1Q-modulator is driven by two
digital-to-analog converters (DACs), which represent the in-phase (real) and quadrature
(imaginary) components of the transmitted constellations. The transmitted constellations
under investigation are QPSK, 8, 16, and 32QAM.

The transmitted sequences are formed in the digital domain by a number of fully
uncorrelated pseudo random bit sequences (PRBSs), each of length 2*°, which avoids
correlation within the 2*° symbol sequence. The output of the IQ-modulator is split, and
one arm is delayed by 1233 symbols for polarization decorrelation. After recombining
the two arms, the uncorrelated dual polarization (DP) signal is noise loaded to
characterize the optical OSNR system performance. To achieve 3 DP multiplexed mode
channels, the noise loaded signal is split into three equal tributaries. Two arms are
delayed for mode decorrelation by 3714 and 8233 symbols, respectively. Each arm is
separately amplified before going into the mode multiplexer (MMUX). As a MMUX, a
single prism spot launcher is used [9], resulting in equal excitation of the three LP
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Q 4 O
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Fig. 2 Experimental setup (inset: measured alignment from spot launcher).
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modes, guaranteeing full mixing. For all inputs, the losses are approximately 4.5 dB.
The transmission link consists of two spans of few-mode fiber with lengths of 29.9 km
and 11.8 km, respectively [5]. At the receiver side, a reciprocal setup of the MMUX
comprising a single prism splits the FMF output into 3 separate outputs. Each output
contains a mix of the 3 transmitted modes. The loss in the mode demultiplexer is
approximately 4.5 dB for each output. After transmission, the three outputs from the
mode demultiplexer are received using DP coherent receivers, where a second laser acts
as the local oscillator (LO) and mixes with the signal. Real-time oscilloscopes act as 12
(3 modes x 2 polarizations x 2 real-valued axes of a complex symbol) analog to digital
converters (ADCs). The captured data is post-processed offline.

In the digital domain, first the optical front-end impairments are compensated. Then,
the chromatic dispersion (CD) is removed. To invert the channel mixing effects, a 6x6
MIMO FDE with adaptive step size is used [10]. The weight matrix of the FDE is
heuristically updated using the least mean squares (LMS) algorithm during convergence
and decision-directed least mean squares (DD-LMS) during data transmission. To
compensate the frequency offset between the transmitter laser and LO, one carrier phase
estimation (CPE) block per output channel in the form of a digital phase locked loop is
used [11]. After this stage, the received constellations are demapped using a space-time
demapper. The output of the space-time demapper can be 6, 3, 2, or a single output,
depending on the STBC setup used. Note that single-mode transmission performance
has 2 output channels, as each of the polarizations is employed.

Results

Fig. 3 shows the performance results of the space-time coded FMF transmission
experiment for (A) QPSK, (B) 8, (C) 16, and (D) 32QAM. As the primary benchmark
indicator, the 7% overhead hard-decision forward error correcting (HD-FEC) limit is
used. If the BER is below this threshold, after error correction, theoretically the data
transmission can be seen as error free (<10™). As there are 3 LP modes transmitted, and
hence 6 polarization channels, the system capacity versus performance can be
subdivided into 3 categories; 3, 1.5, 1, and 0.5xSMF capacity using no STBC, STBC
over 2, 3, and all 6 transmitted channels, respectively.

For QPSK transmission, as shown in Fig. 3a, for threefold capacity increase there is a
0.6 dB OSNR penalty at the HD-FEC limit with respect to SMF back-to-back (BTB)
performance. When applying STBC on 2 polarizations for a single channel, the
performance is already better than the theoretical SMF performance. However, the FMF
transmission capacity is reduced to 1.5% the SMF capacity. When using a 3 channel
STBC, the FMF capacity equals the SMF capacity. The OSNR gain between STBC
transmission and SMF BTB is approximately 3.2 dB.

As for QPSK, the same STBCs can be applied to 8QAM transmission. Fig. 3b depicts
the 8QAM transmission performance. For threefold capacity increase there is a 0.5 dB
OSNR penalty with respect to SMF BTB performance. A performance increase of 2.7
dB and 4.1 dB is seen when comparing the FMF capacity of 1.5% and 1x the SMF
capacity to SMF BTB, respectively.

16QAM transmission is the next constellation when further increasing the number of
constellation points. 16QAM performance is shown in Fig. 3c. The 3x SMF capacity
OSNR penalty with respect to SMF BTB is 1.5 dB. However, when applying STBCs,
and reducing the FMF transmission system capacity to SMF capacity, an OSNR gain of
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Fig. 3 (A) QPSK, (B) 8QAM, (C) 16QAM, and (D) 32QAM transmission performance for 6,3,2, and 1
channel using STC over a 41.7km FMF with respect to single mode BTB performance.
4.9 dB OSNR is observed. For 32QAM transmission, as depicted in Fig. 3d, the 20%
overhead soft-decision FEC (SD-FEC) is required for successful transmission for 3-fold
capacity increase with respect to SMF. However, after applying STBCs, a 6.8 dB OSNR
performance gain is observed at the HD-FEC limit.

Conclusions

The successful transmission of 3x28GBaud DP-QPSK, 8, 16, and 32 DP-QAM over
41.7 km FMF has been demonstrated. Space-time coding was applied to improve the
FMF transmission quality to outperform single mode fiber back-to-back performance.
An OSNR gain of 3.2, 4.1, 4.9, and 6.8 dB at the hard-decision forward error correcting
limit with respect to single mode fiber back-to-back performance is shown for DP-
QPSK, 8,16, and 32 DP-QAM, respectively. Through STC, an additional dimensionality
for potential FMF flex (flexible)-grid/flex-rate applications was demonstrated.
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Since graphene supports low loss surface plasmon polaritons (SPPs) in the infrared
range, we theoretically investigate the coupling of the SPPs in patterned sheets with nano-
cavities. By using the finite-element method, we illustrate SPP propagation in filter-type
circuits. Resonant frequencies are observed as a dip in the reflection spectrum, and fully
described by the coupled mode theory. The shift of frequency is easily obtained by tun-
ing the doping of graphene (e.g. via voltage tuning). We can reach quality factors up to
42 for cavities of 20nm length around Sum wavelength. This may pave the way towards
ultra-compact optoelectronic devices.

Introduction

Graphene has a lot of interesting properties in various domains, but we will focus here
on its optical properties in the near-infrared range of frequencies. The plasmonic modes
of graphene has already been theoretically and experimentally studied, and some appli-
cations were pointed out [1]. For example, propagating plasmons in nano-ribbons were
investigated in [2] and directional couplers were designed in [3].

Here we present a filter-type circuit based on graphene nano-cavities. By means of the
finite-element method (COMSOL), we compute the reflection of a surface plasmon po-
lariton (SPP) along a 2D ribbon. We observe deep dips in the reflection spectrum and an
easy tuning of the resonant frequency. This remarkable circuit application comes from
the specific properties of graphene.

Materials and method

The two dimensional system is composed of a semi-infinite nano-ribbon of graphene
(waveguide) and a small ribbon (cavity) of length W, at distance d from the first one
(Figure 1). The background medium is air with n,;, = 1. Graphene is modelled as a
thin layer of # = 0.5nm thickness with the edges rounded by semicircular profiles to avoid
large field in the corners. The material is characterized by a dielectric function €(®) = 1 +
4mic/mr. We use the surface conductivity 6(®, Er) obtained via the Kubo-Greenwood
formulation [4] where ® is the light angular frequency and EF is the Fermi energy relative
to the Dirac points, which can be chemically or electrostatically tuned. The relaxation
time of scatterers in graphene is fixed to 10~ '2s.

The plasmonic mode is excited along the first ribbon and the reflection is measured. On
the right part of Figure 1, the normalized H, field is plotted at a resonant frequency and
we observe high concentration of the field in the cavity.
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Figure 1: 2D structure studied, the plasmonic mode is excited on the graphene ribbon
along the x-direction (left). |H;| field of a resonance for Ef = 0.3¢V and A = 7.95um

(right).

Coupled Mode Theory (CMT)

The resonances in the reflection spectrum can easily be described by the Coupled Mode
Theory (CMT) [5]. This is based on a development of the solution in eigenmodes. The
cavity mode is characterized by a waveguide coupling lifetime T, an absorption lifetime
T, and a radiation lifetime t,. We find for the reflection

2
(@—woP+ (£ -L+1)

T T
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where  is the resonant frequency and R, is the reflection without the cavity. Since
lifetimes are supposedly independent, one writes 1/t = 1/t,+ 1/1.+ 1/1,. It turns out
we can neglect T, in regard to T, ~ T, ~ 10~ 3s. Indeed, integrating the energy escaping
the system, we find that radiation losses are less than 0.01%. In this report, the reflections
are normalized and we plot R/R,,,.

We can analytically model the absorption lifetime via T, = 1/v,3(B) where v, is the
group velocity and [ is the propagation constant of the plasmonic mode. 3 () indicates
the imaginary part.

Tuning graphene for tunable resonances

The results are plotted in Figure 2. The cavity has a size of W, = 75nm and it is separated
of d = 10nm from the waveguide. The doping of graphene is shifted from Er = 0.2eV to
Er = 0.5eV and we show a shift of the resonant wavelength from A = 10 to 6um. This can
be realized by introducing a gate voltage on the graphene ribbon. Table 1 shows different
fitted parameters from these spectra using Equation 1.

First of all, we observe that the theoretical absorption lifetime matches the fitted value,
increasing with the doping of graphene. It can be understood considering the interband
transitions in graphene. They occur above a threshold related to the Fermi energy (2EF)
which can be shifted to higher frequencies by larger doping [6]. That has an impact on the
imaginary part of the propagation constant : doping graphene decreases its value, leading
to less losses.
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On the contrary, T, decreases when increasing doping level. Note that the coupling life-
time is tunable: it increases with the distance d (not shown) since it depends on an overlap
integral of the fields.

For this configuration, a point R = 0 is reached only for Er = 0.3eV where 1, = 7,
leading to a critical coupling (see Equation 1).

The resonances can be described more analytically by the phase condition 2R [B(®)] W, +
2@, = 2mn with @, the phase induced by the reflection at the edge of the ribbon, and m
an integer. Since @, is relatively constant in our range of frequencies, the (first order)
resonance always occurs at the same value of the propagation constant § = 30.2um™!.
This is a consequence of the special properties of graphene : just applying a gate voltage
shifts the optical properties to another range of frequencies, so this value of [ is reached
for a wavelength depending on doping.

o
o

Normalized reflection
o o o ©
N w B w

o
s

o

Wavelength (um)

Figure 2: Normalized reflection spectrum R/R,,, for different doping of graphene (Er).
Three orders orders of resonances are shown for each Er and a shift in the resonant
wavelength is observed.

The second order dip is less deep than the first order one. Indeed, the coupling is less
efficient, so T, is bigger. If we examine equation 1, in order to deepen the dip, we would
have to increase T,, and thus decrease the losses in graphene. In the case of 0.4eV doping,
the second order dip has a quality factor Q = 15. The value is higher than the one obtained
for the first order dip (where Q = 13), but it is mainly due to the resonant frequency .

In order to improve the quality factor, one needs smaller cavities i.e. bigger resonant
frequencies. However, going in this direction increases losses, interband transitions oc-
curring when ® > 2Er. Thus, in order to avoid huge losses, we need to increase this
threshold, doping graphene. When Er = 1eV, one reaches a quality factor of Q = 42
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Doping (eV) Fitted Theoretical
1. (10713s) 1, (107 13s) @y (10"rad/s) Q 1, (10~ 13s)
0.2 2.6 1.7 1.9 9.2 1.7
0.3 2.0 2.0 2.4 12 2.0
0.4 1.7 2.2 2.8 13 2.3
0.5 1.5 23 3.1 13 24

Table 1: Result table of the fitted lifetimes and resonant frequency mq for the first or-
der mode. Theoretical absorption lifetime is also shown. The quality factors are also
computed from the fitted parameters as Q = @y /A®OFwHM-

with a cavity of W, = 10nm. This occurs for A = 2.8um. It has the same order of magni-
tude than the quality factor of localized surface plasmon resonance of metals like silver
(Q =~ 30) or gold (Q ~ 10) [7].

Conclusion

From our simulations based on the optical conductivity of graphene, we demonstrated a
filter-type circuit, exited with SPPs. The resonances are fully described with CMT and
tuning the resonance frequency can easily be performed by tuning the applied gate voltage
on the graphene nano-ribbon. We computed a cavity of 10nm width with a quality factor
of O =42 at a wavelength 2.8um.
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Silicon micro-ring resonators are now widely used and stddis filters in the field of
optical communication and as sensitive elements in thedfeddnsing. This work aims to
provide silicon photonic designers with a set of results agaboning to assist them with
the design of micro-rings. We fully and detailedly charaetsd waveguide, waveguide
bends, and directional couplers including their dispersid@’he chip was fabricated via
the ePIXfab platform. To the best of our knowledge, we are teetbrreport on the
exceptional phase shift of directional couplers in the afion when they are used as
cross-coupler.

Introduction, devices, and setup

Silicon photonic micro-ring resonators receive largenesé[1]. In this work, we present
a methodology to characterize the components of such ressrand the obtained set of
figures.

We characterized integrated optical devices in silicorirmulator technology, hav-
ing 220 nm thick rectangular waveguides. The devices webbacated via the EU-
funded ePIXfab consortium at IMEC (Leuven) in their IMECS8 tivplroject-wafer shut-
tle. IMEC fabricated the devices in their semi-industrial OBlline with deep-UV litho-
graphy. We measured the dimensions of the waveguides wigli@nion-microscope
(Carl Zeiss SMT), providing 15 nm accuracy. We depositedumzhick SiG cladding
using plasma-enhanced chemical vapor deposition (PECV@yeMer, the disagreement
between the measured coupling of directional couplers badimulated coupling sug-
gests that the PECVD may be imperfect. The main concern isapedition of SiQ in
the small gap between the waveguides.

The photonic chips have out-of-plane grating couplers 2] are measured in an au-
tomated setup to the provide high alignment repeatabhity is necessary for loss mea-
surements [3]. The fibers are manually positioned abovehipefar a set of consecutive
measurements. Fine in-plane alignment is achieved by s&glig scanning the 4 in-
plane axis of the two piezo-actuated stages to maximizeémstmitted power. We used
amplified spontaneous emission (ASE) light-source andrdecbthe transmittance spec-
tra around\; = 1550 nm free-space wavelength with an optical spectrunyaea{OSA).

L oss characterization

The devices in Fig. 1a only differ in the lengthof the straight waveguides, with a to-
tal length difference of 5 cm. Transmission spectra of thtesaces were recorded and
averaged over 5 nm wavelength spans to remove the “noisgihating from spurious re-

flections. The loss per length was found by linear fitting @f ttansmitted power versus
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(a) straight waveguide loss (c) loss per length [dB/cm] (d) loss per 180° turn [dB]
. —-0.0225
. / ~0.025
(b) waveguide bend loss 275 —0.0275
-3 -0.03
W 1540 1550 1560 1540 1550 1560
input output wavelength [nm] wavelength [nm]

Figure 1: Sketch of devices for measuring loss of strajghand bendb) waveguides with
397 nm. Measured loss in straigle} and bendd) waveguides (radius @m).

the length of the straight waveguides. The average losstbee25 nm wavelength span
is -2.50 dB/cm and there is only a weak wavelength dependéngelc). This loss is
slightly higher than the values reported in literature pssibly because our waveguides
are 60 nm smaller and our Si@ladding deposition is not optimized. Loss in waveguide
bends are characterized by comparing the transmissionghneaveguides with a differ-
ent number of bends (Fig. 1b, with upto 359 bends). The trasssom is compensated
for the loss in the straight waveguides and the loss pet @88 is found by linear fitting.
The averaged loss is -0.024 dB/turn with low wavelength ddeeay (Fig. 1c).

Directional coupler characterization

A directional coupler consists of two parallel waveguidesckse that power couples
from one waveguide to the other via the evanescent fieldseofibdes (Fig. 2a). Using
coupled mode theory, the total electric field is approxirddig a superposition of the
two modes of the isolated waveguides. Lossless couplegsdiigh-through powet|?,
coupled power (% [t|?), and a straight-trough amplitude transmisdigiven by [5]

t = e—l(Bb+Kbb—6)E (COSSE —19/s- sinS|:) ) @)

with B, the propagation constant of the lower waveguidg,a correction oifg, due to the
vicinity of the other waveguide ,&he difference between the corrected propagation con-
stants of the two waveguidesthe coupling coefficient. = L + AL the effective length
of the coupler, where is the length of the parallel waveguides, axidis a correction for
the coupling occurring in the bends. The correctigp is smaller than the fabrication-
induced uncertainty i}, hence we negleet,, < Bp. Dispersion in waveguide propaga-
tion constanfl, is taken into account by assuming linear dispersion of tfect¥e index
Ne(A), henceBp(A, ne,Ng) = 211((Ne — Ng) /Ac +Ng/A) , with ne andng = ne — A(dNe/0A)
evaluated ah.. Dispersion in the coupling(A) = s+ S (A —A¢) is assumed linear. We
neglect dispersion iAL, which is validated by the fact that the obtained relatiocsua
rately describe the measured spectra. We measured diralatimuplers in ring resonators
(Fig. 2b) having power transmissidngiven by [5]

T = (0®+1—2acosd) [t|?/ (1+o?[t|* — 2a|t|* cosB) - Py, 2)

with a the round-trip amplitude transmission of the rirg€ 1 means no loss)t| the
amplitude transmission through the coupkthe round-trip phase delay of the ring in-
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)
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t
( \ coupler length L [um] coupler length L [um]
(e) Fitted parameters

gap [nm]  width [nm]| s[pm™] AL [pm] s [um~?] d[um] g

222 391 0.073 2134  0.339 0.0006 4.319
195 392 0.084 2118  0.411 0.0048 4.319
168 394 0.099 2053  0.414 0.0042 4.313

Figure 2. Directional coupler characterizatiofa) Sketch of coupler. Waveguide width
~400 nm and bending radiusiin. (b) Sketch of ring with two couplers. 4{m straight
waveguides and im bending radius(c) and(d) Straight-through transmission powiel?
of the directional coupler fok. = 1550 nm and\; + 15 nm, respectively(e) Table of fitted
parameters.

cluding the two couplers, arig the power in the input waveguide. For a ring with two
directional couplers, the phase defis, using Eq. (1),

0 = —Byl +25L + 2arg{cossl —18/s-sinsL } . (3)

We measured three sets of couplers with different gaps amthsiwaveguides. Each
set consists of eleven devices with coupler lerg#arying from Oum to 18um. Equation
(2 with 3 and 1) was fitted fitted to the set of spectra. Trartamiea was calculated
using Fig. 1, leaving unknowrs AL, s, , ng, {ne} and{Py}. The effective indexe
and input powePy vary from device to device due to variations in fabricatidhdnd in
fiber-chip alignment, respectively, while the other unknevghare single values for all
spectra. Levenberg-Marquardt optimization is used to miire the squared difference
between the measured and computed spddtka. To weight all spectra approximately
equally, we weighted each datapoint (wavelength) wjth With | the average intensity
in a 5 nm span around this wavelength. An accurate initiabglignecessary, which we
obtained using less complete analysis neglecting dispessid asymmetry in the coupler
(0=0,s =0), and by choosingne} andng to match the wavelengths of the resonance
dips in the recorded spectra.

Fig. 3 shows that the fitted spectra agree very well with thesaeed spectra, indicat-
ing that the theory indeed contains all important effecengthL. = 8 um shows a typical
spectrum with a FSR of 5.0 nm, but= 14 um is in the particular cross-coupling regime
with nearly all light coupled to/from the ringt(? ~ 0). The change in FSR is due to the
additional phase delay of the directional couplers (Fig. 3¢e define the third term on
the right-hand-side of Eq. (3) as this additional phaseyd&aich only occurs for cou-
plers with asymmetry between its waveguid@s40). We designed the two waveguides
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Figure 3: (@) Measured (cyan, solid lines) and fitted (black, dashed lines) transmsggstatra
of the ring resonators (two different coupler lengths Normalized to the transmission of a
single-mode waveguidéb) and(c) Quantities obtained from the fitted curve.

to be identical § = 0) but observed small a asymmetry This additional phase delay is
usually negligible as the real part inside this argumentisimsmaller than the imaginary
part © < 9), but aroundt| ~ 0, we have cos_ = 0 so that the real part vanishes and the
phase delay rapidly increases. In one spectiuimfixed butsvaries slightly due to linear
dispersiorg. The straight-through power of the coup|dF is plotted in Fig. 3b, and the
wavelength of minimal transmission agrees with the rapitatian in additional phase
delay (Fig. 3c) and with the corresponding change in the FS& @a). This significant
change is explained by a small difference between the dedquropagation constants
of the waveguides, &, of 0.1%. To get a feeling fod, we numerically compute the
difference in the widths of the waveguid&s that would give such an asymmetry, giving
Aw =~ 0w/0B-20 =1 nm.

Fig. 2e shows the fitted unknowns and Fig. 2c shows the camnelspg behavior of
the couplers. Fig. 2d presents their wavelength depengdshowing a variation in the
coupled power (% [t|?) up to 0.18 within the wavelength span of 30 nm.

Conclusion

We measured propagation loss of straight and bent wavegjaideé observed a weak
wavelength dependency. We characterized directionallemipsing an analysis based on
coupled-mode-theory and found excellent agreement bettveemeasured spectra and
the theoretical shape, indicating that all relevant phly/sancluded. The couplers showed
significant wavelength dependency. We demonstrated thiay énfanoscale) asymmetry

in the two waveguides of a coupler causes a significant additiphase delay in the

cross-coupling regime where most light is coupled from oageguide to the other.
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In this study, the use of PbS colloidal quantum dots for short-wave infrared
photodetector applications is explored. To achieve effective carrier transport between
the dots in a film, a layer-by-layer approach is used to deposit uniform, ultra-smooth
and crack-free QD films, where each deposition cycle involves the replacement of the
native organic ligands by inorganic moieties (OH and S*) followed by a thorough
cleaning procedure. The photodetector shows clear photoconductive gain. The cut-off
wavelength of these devices is ~ 2.2 um. Integration of these photodetectors on silicon
photonic circuits is demonstrated.

Introduction

Nowadays the short-wave infrared (SWIR) region gets more and more attention for
applications. Traditional spectroscopic systems are nowadays mainly based on discrete
components based on epitaxial materials'. However, the cost of these components
hampers large scale deployment of such systems and the size of the system makes their
use difficult in the field. Low cost colloidal quantum dots (QDs) offer an alternative
way to implement SWIR photodetectors and can be integrated on silicon-based
waveguide circuits, resulting in very small and cheap spectroscopic sensing systems”.
Colloidal QDs are new optoelectronic materials that raise a lot of interest for photonic
applications. They are prepared by simple hot injection chemical synthesis, which offers
a significant cost reduction’. Another advantage of colloidal QDs is the spectral
tunability due to the quantum size effect’. The suspension of colloidal QDs in solution
provides an easy way to realize large-area heterogeneous integration by solution based
processing”.

In this study we use PbS colloidal QDs for short-wave infrared photodetector
applications. A layer-by-layer (LBL) approach is demonstrated to realize homogeneous
and crack-free QD films. In this approach, each cycle involves a QD layer deposition by
dip coating, followed by inorganic ligand exchange, and then a thorough cleaning
procedure is used to remove impurities. Metal-free inorganic ligands, such as OH™ and
S*, are used to enhance carrier transport in QD films®. The QD films are realized on
prefabricated interdigitated electrodes (for surface illuminated devices) and also on
silicon photonics planar concave grating spectrometers (PCG). Afterwards a selective
wet etching approach is used to achieve a micropatterned QD film.

Experimental details
1. Fabrication of QD films
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The QD films were formed by a layer-by-layer (LBL) approach. Each cycle contains a
dip coating of the substrates into a 1 uM PbS QD suspension in toluene with an 80
mm/min dipping speed. After completely drying, the QD films were re-immersed into a
solution of either Na,S-9H,O (10 mg/mL) or KOH (0.01 mg/mL) in formamide to
exchange the original oleate ligands by S* and OH". At the end of each cycle, the
sample was thoroughly cleaned by immersing it twice in formamide, twice in acetone
and once in isopropanol. Afterwards the sample was dried under nitrogen.

2. Micropatterning of QD films

Micropatterned QD films were realized by optical lithography and wet etching. The
photoresist was spun on top of the QD layer and post baked. After exposure and
development, the pattern was transferred from the mask to the photoresist layer. After
this a mixture of HCI and H3;PO,4 was used to remove the uncovered QD film. The
volume ratio between HCI and H3PO4 is ~ 1:10. After the desired etching time, the
photoresist was stripped by acetone , resulting in a well defined micropatterned QD film.

3. Photodetector Fabrication

PbS photodetectors are fabricated similar to the PbS thin films. For the surface
illuminated PbS photodetectors, an isolating SiO, layer was deposited by plasma
enhanced chemical vapor deposition (PECVD) on a silicon substrate. A pair of
interdigitated finger shape electrodes was formed by optical lithography through a lift-
off process consisting of 10 nm Ti and 100 nm Au. The fingers are designed with 2 pm
wide fingers with 2 um separation and are attached to two independent contact pads
(shown in Figure 1). For integrated photodetectors on planar concave gratings, an array
of electrodes was defined by photolithography and lift-off. After the QD films were
deposited with a layer-by-layer (LBL) approach, selective wet etching was used to
obtain micropatterned QD detectors for surface illumination on silicon substrate and on
photonic integrated circuits.

~2.0 um Input waveguide Output waveguide

g ..... - =1 |
3 o = .
? l Free propagation region .-. et |
A L e
a4 ~620 pm b Curved grating with distributed b ey
Bragg reflector (DBR) facets iy -

Figure 1. (a) Illustration of the PbS detector electrodes design (top view) (b) schematic of .integrated
photodetector electrodes design on a planar concave grating

Results and Discussion

1. Layer-by-layer assembly of QD films

After synthesis, the electrically isolating organic oleate ligands need to be replaced by
inorganic ligands to facilitate carrier transport in QD films and implement
photoconductive devices. Thus a solid state ligand exchange process is proposed to
remove the original organic capping of the QDs. Transmission electron microscopy
(TEM) is used to examine the ligand exchange of QDs on a small scale. As shown in
Figure 2, the distances between QDs are clearly decreased after ligand exchange, which
indicates that the oleate ligands were removed after chemical treatment. The
corresponding surface morphology of the QD films obtained by the LBL approach is
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measured by scanning electron microscopy (SEM), which confirms that crack-free,
homogeneous QD films can be obtained.

Figure 2. (a) TEM images of OlAc (a), S* (b) and OH" (c) -terminated colloidal PbS QDs. SEM images
of $* (d) and OH" (d) —terminated PbS films.

2. Characterization of PbS photodetectors

The current-voltage characterization of S*-terminated PbS photodetectors was done
under surface illumination with a fiber coupled near infrared SLED (A ~ 1.55 um). As
shows in Figure 3(b), under illumination, the PbS photodetector shows photoconductive
behavior and a linear I-V characteristic is observed, which indicates that the carrier
transport is facilitated by the inorganic ligand exchange. The responsivity of S*-
terminated PbS photodetectors as a function of illumination power level is represented
in Figure 3(c), which shows an increase of responsivity with decreasing illumination.
The photodetector shows internal photoconductive gain, which indicates that the carrier
lifetime (related to the trapping of carriers in the dots) is longer than the carrier transit
time. Probably, the long-lived trap states are filled with increasing incident power, such
that a lower responsivity is obtained for increased input power.

a b

— Dhark current C sl
= Current under EmW illumination

S

Current (pA)
Responsivity (A/W)

.

: \"nll;l;ui\-’l : ’ o Imﬁml :‘:A'»‘NTWI o
Figure 3. (a) microscope picture of a S* -terminated PbS colloidal QD photodetector. (b)
Current-voltage characteristics of processed S* -terminated PbS colloidal QD photoconductors.
(c) Responsivity dependence as a function of optical power at 1.55 um and a bias voltage of 10

V for an S$* -terminated PbS colloidal QD photodetector.

Integrated QD photodetectors are obtained by the deposition of OH -terminated PbS QD
on a PCG. This is shown in Figure 4. Measurements are currently being carried out to
assess the performance of such a spectrometer.
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Figure 4. microscope picture of a OH™ -terminated PbS colloidal QD photodetector array
integrated on a planar concave grating spectrometer.

Conclusions

In this paper, PbS QDs are explored for SWIR photodetector applications. We have
demonstrated a uniform, ultra-smooth colloidal QD film without cracks by the LBL
assembly method. Metal-free inorganic ligands, such as OH™ and S* are investigated to
facilitate the charge carrier transport between the dots. PbS photoconductors show clear
photoconductive gain. The integration of PbS QD photodetectors on photonic integrated
circuits has also been realized.
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The increasing bandwidth and connectivity requirements in data- and tele-
communications have led to a considerable interest in space and wavelength switching.
Optoelectronic switching has been proposed for scalable optical switching systems but
these approaches so far have used hundreds of discrete components. We present the first
monolithically integrated InP active-passive 8x8 cross-connect which provides 8 x8 x84
capacity within a 14.6x6.7mm? area. 432 unique optical connected paths are
characterized. Data routing studies are performed for a representative range of paths to
show optical signal-to-noise ratios of greater than 30dB/0.1nm. Switch rise and fall
times are measured to be 3.8 and 3.2ns respectively.

Introduction

Increasingly sophisticated optical signal routing offers the possibility to define
connectivity in terms of the product of physical inputs and wavelength channel numbers
per port, allowing order of magnitude scaling with respect to space switches and
wavelength routed switches only. This has motivated large scale experimental switch
fabric demonstrations for tele- and computer-communications [1,2]. The largest fully
implemented fabric has used multiplexes of eight wavelengths on each of eight input
ports to enable 64x64 connectivity [3]. The use of discrete photonic components in
these proof of principle implementations is however restrictive in terms of scalability
and power consumption.

Extensive photonic integration can provide synchronized switch states, allowing
considerable reductions in control complexity, calibration, and an improved control of
optical losses, as well as decreased footprint and power consumption. Recently we have
reported the first 8x8 space- and wavelength-selective cross-connect [4,5]. Arrayed
waveguide grating (AWG) based architectures are chosen to offer a high scalability
route to rich functionality optical cross-connect circuits. The combination of wavelength
selective switches with semiconductor optical amplifier (SOA) switches is implemented
to offer flexible control and re-configurability with fast switching speeds.

In this work we present the first monolithically integrated 8x8 WDM cross-connect. The
combination of both space- and wavelength-selective routing is exploited on a single
monolithic InP circuit. Dynamic multi-path provisioning is performed in time and
wavelength. Data integrity for received channel is evaluated in term of measured power
penalty.

8x8 Integrated Cross-Connect

The monolithically integrated 8x8 space and wavelength selection switch consists of a
broadcast port selection or photonic switch stage (PSS) and a color selection or
wavelength selective stage (WSS), as shown in the architecture in Fig. 1a. In the first
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stage, eight colorless inputs are broadcast to 64 broadband SOA gates for input port
select through a shuffle network. Eight parallel 8 input-8 output cyclic AWGs map each
of the input ports to a second stage of 64 SOAs gates which perform the color selection.
The selected wavelength channels are combined and sent to the eight colorless outputs.
The grey-scale layers in Fig. la are the seven identical layers implemented in the
integrated circuit for both stages.

PSS WSS
A A

s | 8
c 2 Colorless
olorless |z " Outputs
Inputs | : P
6
7

The device is realized on a re-grown active-passive InGaAsP/InP epitaxy. An optical
image of the chip is shown in Fig. 1b. The eight pre-amplified colorless inputs are
broadcast through a shuffle network made of cascaded 1x2 multimode interferometer
(MMI) splitters. After port and color selection, the selected channels are combined with
broadcast cascaded 2x1 MMI couplers. The active islands in the InP wafer are used for
SOAs gates and preamplifiers, while the passive regions are used for waveguide wiring,
splitters and cyclic routers. Shallow waveguides allow low leakage amplifiers and low
divergence 90° waveguide crossings. Deep etch waveguides are used for splitters and
low-radius micro-bends for a more compact chip size. To reduce further the total circuit
area, pairs of Imm long BSS and WSS SOAs share one active island. The cyclic AWG
used in the WSS is designed with a channel spacing of 3.2 nm (400GHz) and a free
spectral range of 25.6 nm. All inputs and output waveguides are positioned on a 250pum
pitch to enable simultaneous access to all the ports using a commercially sourced lensed
fibre array. The 136 SOA contacts are wire-bonded to an electronic printed circuit board
(not shown). The chip is attached with conductive epoxy to a water-cooled block. The
total footprint of the switch is 16.4x6.7mm?.

46



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

WDM and Multi-Path Dynamic Routing Assessment

The chip connectivity is evaluated by using the SOA amplified spontaneous emission as
a source and measuring AWG transfer functions at both chip sides. The SOAs on the
selected path are biased with 40 mA current. Sixty paths out of sixty-four connections
are verified from the wavelength selection SOAs to the input side. From the photonic
switching stage to the output side, 432 paths out of 512 paths connections are verified.
In total 84% of the paths from the input to the output side of the chip are electrically and
optically connected.

Data integrity for multiple simultaneously routed 10 Gb/s wavelength channels is
evaluated by optical spectra and bit error rate assessment. The experimental control
plane to demonstrate multi-path WDM data routing is schematically shown in Fig. 2.

Reference | 50MHz FPGA Current
clock
enerator Patch | ||programmable| level Scope
— panel scheduling Acontrol —
10G clock <~ < 5 Received

0G Pattern [ 72 DC current ] [ 64 DC current ] Data
Generator drivers drivers
I———

Pre-amplified
lightwave
receiver
Receiver

4 WDM
sources
Transmitter

8x8 space- and wavelength-
selective-switch

Fig. 2 — Setup for WDM single and multi-port simultaneous routing.

An Altera Stratix Il FPGA provides control signals to the high speed current drivers for
optical path selection using a round-robin schedule. A common reference clock
generator for the FPGA and the bit error rate test equipment allows synchronization
between the routed data and the switch controller. Four different wavelength channels,
M=1543.1 nm, A;=1546.3 nm, A,=1549.8 nm and A3=1552.7 nm, with a nominal channel
separation of 400GHz are multiplexed and modulated using a single Mach-Zehnder
modulator with a pseudo random bit sequence (PRBS) of 2'*-1 bit length. The WDM
signal is then amplified, de-multiplexed, de-correlated and used as input to the device.
The chip output is connected to a pre-amplified optical receiver after a 0.95 nm
bandwidth filter for broadband noise rejection.
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Fig. 3 — Optical spectra (a) and bit error rate measurements (b) for WDM routing through path 0 to 0.
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Each path include three SOAs. An average total current per path in the range from 120
to 160 mA is used. The optical spectra of multiplexed channel at input O are evaluated at
output 0. Optical signal to noise ratios greater than 27.0 dB for 0.1 nm resolution
bandwidth are measured for each of the channels in Fig. 3a. A mean chip to fibre-array
coupling loss is estimated to be 13.5 dB when all waveguides are simultaneously
aligned indicating a mean 13.3 dB on-chip loss. Moderate power penalties in the range
from 3.6 to 4 dB for three of the four filtered output wavelength data signals are
measured (Fig. 3b). The third channel is compromised by the pass-band misalignment
imposed by the WDM source multiplexer.

(a) | (b)

Input0 | Inputl | Input6 | Input7 | Input0 {Inputl |Input6 |lInput7 Falling and rising times
1, it A
) (b £ P ikl m
,"_«., i b VY NV T

Miedh NAK ATHACKS, vl GRS oS A O S

A A

PR 3 Y IR 3 Y 'F lh”
| yitify { iy ' % ',\r‘_,‘\,, Ml -‘,{_‘ ,{‘,‘ " .AV-: v,.v-\'_‘.\_v,.».\ " “",".ﬁ‘.‘ﬂ '! If.‘f\‘\_, v\ BTN
AR ANG IRV TR AHOSAI ACE R r b b 1 )

[500ns/div] ~ [500ns/div] [1ns/div]

Fig. 4 — Time traces (a), rise and fall time (b) for dynamic multi-port WDM routing at output 0.

To demonstrated simultaneous WDM multi-path data routing the wavelength
multiplexed data is split into four copies using broadband splitters and launched into
four input ports: 0, 1, 6 and 7 of the chip. Sixteen channels are routed within the 8x8
cross-connect to output port 0. All four input paths are sequentially enabled with a
round-robin scheduling and loaded with WDM input signals for dynamic multi-path
WDM reconfigurability studies. The color-select SOAs are enabled with fixed current
levels of order of 35 mA. The correspondent SOAs are biased with order of 60 mA
current and are driven by periodic 1us pulses with 60 ns guard-bands programmed via
the FPGA. Fig. 4a shows the time traces of the output WDM signals. Along the x-axis
the selected input port changes at each time slot as for the round-robin scheduling. The
four sets of wavelengths are selected using external optical filters and are displayed as
four separate graphs. Fig. 4b also shows fall and rise time for the output signal taken for
Ao when moving from one time slot to the next one: The switching occurs within 5 ns.

Conclusions

Simultaneous colourless multipath routing for sixteen 10Gb/s data channels is
demonstrated through the first integrated 8x8 broadcast and select WDM cross-connect,
with low excess power penalties and OSNR values higher than 27 dB/0.01nm.
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We propose to use silicon nitride (Si;Ny) based photonic waveguides in a lab-on-a-chip
context for Raman spectroscopy. The evanescent tail of the guided modes can efficiently
excite Raman active molecules located in the cladding of a waveguide. Similarly, a
significant fraction of the total emitted Stokes power is evanescently coupled to the
same mode. We calculate the spontaneous Raman scattering efficiency as a function of
SisNy strip waveguide dimensions and show that under typical conditions, the efficiency
is in the order of 10 Preliminary experimental results are reported, as the first
demonstration of waveguide assisted Raman spectroscopy (to the best of our

knowledge).

Introduction

Sensors based on integrated photonics have evolved as a very promising route for lab-
on-a-chip sensing applications [1]. One class of sensors is aimed at waveguide assisted
spectroscopic techniques, such as absorption spectroscopy, fluorescence spectroscopy
and Raman spectroscopy. These spectroscopic sensors are based on light-matter
interaction of the evanescent field of the waveguide and allow a direct measurement of
the specific spectrum of the molecules rather than other indirect methods using
evanescent fields, such as refractive index sensing. Further, compared to free-space
spectroscopy, the enhancement effects inherent to the waveguide, alongside with the
long interaction length, lead to an increased light-matter interaction, resulting in a
higher sensitivity as required by spectroscopic applications, especially in the context of
Raman spectroscopy. In this paper, we summarize the theoretical and experimental
results to realize Raman sensors based on Si3N4 photonic waveguides.

Silica

e cross-section discussed in this paper including

Fig. 1: SEM picture of the complete Si 4
underlying SiO, and silicon substrate.

Recently, we investigated the scattering efficiency of a particle located in the vicinity of
a channel waveguide for several geometries [2]. We theoretically determined the overall
efficiency () of (Raman) scattering from a guided mode and subsequent emission
coupled back to the fundamental mode (both TE and TM) of a rectangular channel
waveguide by uniformly distributed particles in its surrounding. We define n as the ratio
between the emitted power collected by the waveguide and the incident pump power in
the mode. It was shown that 1| is highly dependent on the mode area that further depends
on the waveguide index and geometry. The same methodology can be applied to more
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popular strip waveguide geometry (Fig. 1) for silicon nitride (Si3N4) waveguides [5]. In
this paper, we numerically evaluate n as a function of the waveguide width (w) for
several thickness (4) values for Si3Ny4 (n=2) waveguides in water (n=1.33) cladding. The
preliminary result of the on-going experimental investigation to verify the
aforementioned theoretical results is also reported.

Theoretical investigations for collection of Raman signal for silicon
nitride waveguides

Assuming that the Raman scattering mechanism can be modelled as the radiation of an
oscillating dipole, and neglecting the Stokes shift, in the weak coupling regime, it can
be shown that the efficiency of spontaneous Raman collection from molecules of
scattering cross section ¢ and density p lying in the surrounding of a waveguide into a

mode of a channel waveguide of length / is given by [2]:
2192

U )‘0 272
n=——>—n,I""l)o
(€,€)’°n ¢ P 1
Where, n, is the group index of the mode, n=\g is the refractive index of the
surrounding medium, and ¢ is the permittivity of the vacuum, « is a constant relating
the polarizability and the cross-section of the molecule, I' is a parameter dependent on

the overlap of the mode area and the sensing area, given by:
2
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Fig. 2: Efficiency of Raman signal collection for the fundamental TE and TM mode of SizNy strip
waveguides [5] as a function of waveguide widths for several heights (h) of the strip.
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We use the COMSOL finite element eigenmode solver to determine the field of the
waveguide modes for several waveguide geometries and solve Eq. (1). For simplicity,
we neglect material dispersion, pump depletion, and assume n, = n,; as this will have
negligible impact. As an example, we take 6=3x10"" m>Sr'molecule’, as a typical
cross-section of the dyes, p=1 mole/liter and calculate # for a 1 cm long waveguide. It is
emphasized that the parameter values we have chosen do not affect the generality of our
results because 1 scales in a simple way with these parameters as per Eq. (1).
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Fig. 2 shows the calculated n as a function of the waveguide width (w) and height (%)
for Si3N4 waveguides for bulk sensing for fundamental TE and TM polarized mode. The
maximal efficiency, Nmax iS approximately 1.5x10°, implying that under ideal
conditions, for | mW of pump power in the waveguide, 15 pW of scattered signal can
be collected by the guided mode. It is to be noted that the equivalent efficiency in a free-
space confocal microscope system using diffraction-limited beams would be in the
order of 107", The efficiency is maximal near the cutoff widths and decreases sharply
before becoming almost constant for wider widths.

Experimental observation of Raman peaks of Rhodamine 6G dye

The experimental setup is illustrated in Fig. 3. The setup is designed to measure the
spontaneous Raman signal in a back-reflection configuration to reduce the collection of
direct pump light by the spectrometer. A tuneable Ti-Sapphire CW laser (A=720-975
nm) was used as the pump source. For the experiments, a wavelength of 785 nm is
coupled to the waveguide by end-fire coupling using an aspheric lens of effective focal
length 2.75 mm (NA=0.64). In order to avoid collecting the pump light, it passes via a
dichroic beam splitter reflecting 785 nm and transmitting wavelengths longer than 790
nm. The counter-propagating Raman signal (Stokes) collected by the waveguide is then
collimated via the same lens towards the dichroic filter. The collimated light is filtered
using an edge filter, with the edge wavelength at 790 nm so as to block any stray pump
light leaking into the spectrometer. The Raman signal is then focused to a multimode
optical fibre of 50-microns core diameter using an aspheric lens of 11 mm effective
focal length (NA=0.2) and measured using a commercial spectrometer (Avantes
SensLine).

Laser MME
WG L2 to
Facet - Spect.

/ |

DBS EF

Fig. 3: (Right) The schematic of experimental setup. The pump laser at 785 nm is focused at the
waveguide (WG) facet using an aspheric lens (L1). The counter propagating spontaneous Raman signal
from the waveguide is coupled to the multimode fibre (MMF) using another aspheric lens (L2) via a
dichroic beam splitter (DBS) and long pass edge filter (EF). (Left) The spiral used for measurement tinted
with R6G dye used as Raman active molecules.

We take a silicon nitride waveguide (w= 500 nm, h= 220 nm) on top of a 2.4 um silica
cladding on a silicon substrate (Fig. 1). A spiral waveguide (1 cm in length) is used as
the sensing region for the experiment (Fig. 3). The laser power is set to 150 mW, but it
was sub-optimally coupled (coupling loss: ~15 dB) to the waveguide so as to avoid
pump hitting the substrate and under-cladding that would otherwise generate a
background that saturates the detector. A drop of 0.41 mM Rhodamine 6G (R4127,
Sigma Aldrich) dissolved in ethanol was dried on top of the waveguide spiral (Fig. 3).
During this procedure, special attention was taken not to stain the facet with the solution
that would make coupling of pump and signal difficult. The measured spectrum (60 s
integration time) before and after the application of the dye is shown in Fig. 4. A
noticeable feature of both spectra is that they have the strongest peak at 520 cm’
corresponding to the silicon substrate and a broad fluorescence background due to the
undercladding or the substrate of the waveguide. The small peaks due to the dye are
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clearly visible, but are embedded in a broad background. In order to extract the
spectrum, we take the spectrum in the range 1000-1700 cm™ and apply the I-polyfit
algorithm [3] to remove the background and compare the result (Fig. 4) with the Raman
spectra of the dye provided by the manufacturer [4]. An excellent match between the
spectra can clearly be seen after removing the fluorescence background.
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Fig. 4: (Top) Spectra measured before (red-dashed line) and after (blue-solid line) application of the dye.
The spectrum with dye is shifted up by 0.2 units, for clear visualization. The peak at 520 cm™ corresponds
to Raman emission of silicon. The broad fluorescence from the under cladding forms the background for
the emission from the dye, which are visible as small peaks. (Bottom) The spectra of dye extracted using
I-polyfit algorithm [3]. In the inset, the section of spectrum provided by the manufacturer is also
presented for comparison.
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Conclusion

The theory predicts Raman signals of 10 pW per cm of waveguide per molar
concentration of dyes for 1 mW pump. Initial experimental results suggest that photonic
waveguides provide a very promising route for miniature Raman spectroscopy. More
experiments are needed to confirm the numerical prediction of the theory.

The authors acknowledge ERC advanced grant InSpectra for the funding and imec,
Leuven for processing of the waveguide.
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A set of rate equations is presented describing the deterministic multi-mode dynamics of
a semiconductor laser. Mutual interactions among the lasing modes, induced by high
frequency modulations of the carrier distribution, are described by carrier-inversion
moments and lead to special spectral content of each spatial mode. The Bogatov effect
of asymmetric gain suppression in semiconductor lasers will be derived. We will
explicitly discuss the nontrivial relationship between the modes of the nonlinear cavity
and the optical spectrum of the laser output and illustrate this for a two and three-mode
laser.

[ ntroduction

Many phenomena in multi-mode semiconductor diode lasers have their origin in the
nonlinear dynamical evolution of the lasing modes and certain hole-burning (grating)
effects in the population inversion. The numerical analysis of the resulting, often
complicated, dynamics would benefit greatly from a set of coupled rate equations
capable of describing the full deterministic dynamics of the lasing modes as well as
their mutual interactions. Such description in terms of first-order ordinary differential
equations (ODEs) is thus perfectly suited for an efficient bifurcation analysis using
existing standard tools. Moreover, the inclusion of spontaneous-emission noise in the
modes and recombination noise in the carriers in such formalism is straightforward and
could easily be carried through.

In this paper we report on the derivation of multi-mode rate equations for a
semiconductor laser in terms of ODE’s for the complex modal field amplitudes, the
overall population inversion and the various lasing-induced population-inversion
gratings (spatial hole burning). This is a big advantage over existing theories, which are
based on complicated partial-differential and/or integral equations [1-3]. We take into
account two mode-mode interaction mechanisms: (i) carrier sharing and (i1) mutual
coherent optical injection. Different modes are identified by their spatial profiles in the
laser cavity and described by their complex amplitudes. The full electron-hole density in
the active medium is expanded in a complete set of base functions, which allow the
introduction of inversion moments describing not only the formation of gratings burned
by the modal fields, but also the mutual injection of modal fields. Thus, we reproduce
the Bogatov-effect on asymmetric side-mode suppression [4] as well as the peculiar
periodic multi-mode switching scenario reported and explained in [5] and [6]. The full
derivation of the multi-mode rate equations will be published elsewhere.

Multi-mode rate equations

The rate equations for a semiconductor laser operating in M longitudinal modes are
given by
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for j,k=1,...,M and m,n=0,1,2,... and where the meaning of the symbols is summarized
in Table 1. Using sine functions as the spatial profiles the longitudinal modes and
expanding the population inversion in cosine functions, the f-coefficients are given by:
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The formation of inversion gratings (described by the moments N ) is regulated by

the spatial diffusion of carriers in the semiconductor medium. For this reason, the
diffusion of carriers has to be considered in the dynamics of multimode semiconductor
lasers. The grating formation is responsible for such effects as the gain asymmetry
which favours longer wavelengths over shorter ones (in case of a positive alpha
parameter and the other way around for negative alpha).

Table. 1 Explanation and meaning of the various symbolsin (1) and (2)

Unit

E, 1

N, 1

N, 1

Kk, 1

mn 1

a, 1

T, /s
g, /s

& 1/s
fiyn 1
T 1

a)jk _a)j — Rad/s
), Rad/s
AJ, 1/s
Te S

Name Valuein Figs.land 2
Field amplitude (complex) for mode k

Overall population inversion w.r.t. lasing threshold

mkth population inversion moment

Mode number 1,2,3
Inversion-moment number 0,1,2

Linewidth parameter for mode k 3

Cavity loss rate for mode k lps™

Linear gain for mode k g, =0.9996ps™, g, = 0.9999 ps™, g, =1.0ps
Differential gain coefficient for mode k 5000s™

Coupling coefficient of modes K and j via n-th moment see (3)

Coupling coefficient of moments N and m via modes j and k see (3)

Angular mode-frequency difference Aw=27*12GHz
Optical angular frequency of mode k @, >0, >0,

k-th injection-current moment w.r.t. threshold current AJ, =10 107 7!
lifetime for moment m 1 ns

1

Numerical Results

An interesting consequence of mode-mode interaction through grating formation is
illustrated in Fig.1. Two modes are considered with mode spacing 80 GHz and equal
losses. In the absence of hole-burning, i.e. no induced carrier grating ( N, =0), the
system would be indifferent as to which mode will be excited: the total laser power will
be distributed over the two modes
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12 . l T FIG. 1: Transition of lasing mode due to
Mode I modal interaction: the frequency spacing
between the two modes is taken as 80GHz.
The system is prepared in the short
wavelength mode and gradually evolves to
the long-wavelength mode, because of the
Bogatov effect (see text below). The time is
measured in nanoseconds and the power is
given in number of photons. Parameters are

20 as in Table 1. The laser is pumped twice
Time [ns] above threshold.
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determined by initial conditions. When the carrier grating is taken into account ( N, =0),

the system becomes bi-stable, meaning that either one of the modes can be lasing, the
other being off. However, only one of the modes is stable and for positive alpha this
will be the long-wavelength mode. This effect, named Bogatov effect [4], is also
responsible for the asymmetric side-mode suppression observed in multi-mode
semiconductor lasers. It is also sometimes referred to as a four-wave mixing process.
The qualitative explanation for this phenomenon is that if two modes are lasing
simultaneously, their fields create an oscillating grating in the inversion ( N, ). This

grating causes the waves in each mode to be scattered into the other mode thus creating
additional gain or loss in that other mode.

Fig.2 shows the simulation result for a 3-mode laser with mode spacing 12 GHz. The
modes have slightly different linear gains as indicated in Table 1. Once there is power in
mode 3 (dashed line in Fig. 2), it automatically feeds the other modes through the
effective dynamical (Bogatov) gain effect (see the above-given discussion). The reddest
mode (1) takes the most advantage of this gain as it is most favored by the dynamical
gain and starts building up power. This decreases the amount of gain available for
operation in mode 3. While the power builds up in mode 1, mode 2 experiences two
effects, i.e. suppression by mode 1 and enhancement by mode 3. Apparently, mode 2
survives only during the short time interval, where mode 1 is decreasing under influence
of its higher loss and mode 3 is recovering. As soon mode 1 starts to grow, it effectively
suppresses mode 2. This cycle then repeats itself. We note in Fig.2 that the relaxation
oscillation (~3.8 GHz) plays an important intermingling role in the above-described
scenario and that the slow dynamics-induced oscillation corresponds to ~760MHz,
which seems to define a period-5 limit cycle.

Another interesting aspect of these dynamics becomes evident once we look at the
optical spectra in Fig.3 for the same case as Fig.2. Each mode contains spectral
components of itself and other modes. Interestingly, dynamics at the frequency of the
middle mode (mode 2) have been fully suppressed as can be concluded from the
absence of any substantial spectral content at ~12 GHz. Clearly, mode 2 is only driven
by the injection fields of the side modes and generates no frequency content at its “own”
frequency. Mode 2 is used rather as ‘stepping stone’ while the energy bounces between
mode 1 and mode 3. Although there are three active (spatial) modes inside the laser, a
diffraction-grating-resolved spectrum taken from the laser output would show only two
dominant frequencies separated by ~24 GHz (and higher harmonics).
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Amplitude [dB]

—4(T -20 B T - 772‘()7 4(;7 B 60

Time [ns] Frequency v [GHz]
Fig.2 Sequential on-off switching of modes in Fig.3 Optical spectra of the dynamics depicted in
the mode-resolved time series. (a) shows the Fig.2. Plot (a) shows the spectrum of the total
total photon number and (b) the power of the field S (t)eiwﬁ , plots (b), (c) and (d) show

individual modes. The parameters are as in the
table. The mode spacing is Aw=27*12 GHz.
Note the period-5 dynamics.

modes 1, 2 and 3, respectively. The relaxation
oscillation is ~3.6 GHz and the ~720 MHz peak
fine structure corresponds to the period-5
oscillation in Fig.2 and is caused by the system
dynamics and mode competition. Note that each
mode contains spectral components of itself and
other modes.

Conclusion

A new rate-equation model for a multi-mode semiconductor laser has been developed
and shown to be applicable to two and three-mode lasers. For a positive value of the a-
parameter, side modes with longer wavelengths compared to the dominant mode will be
amplified, whereas side modes with shorter wavelengths will be suppressed (Bogatov
effect).

The simulated spectrum shows that a straight correspondence between modes and
externally observed spectral peaks is not possible due to the parametric interactions. The
spectral contents belonging to one mode shows aspects of other modes as well. An
observation of the output field will not provide full information on each modal
amplitude inside the laser. This is clearly visible in the spectrum shown in Fig. 3.
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A unique epitaxy process has been developed to grow high quality InP nanowires on
(001) Si substrates. By optical pumping, room temperature lasing has been successfully
achieved and a large spontaneous emission factor is obtained, indicating strong
confinement of the optical mode in the cavity.

Introduction

As the microelectronics manufacturers keep shrinking transistor sizes and manage to
integrate more and more devices on a single chip, the bottleneck that limits the overall
system performance becomes the conventional copper based interconnects. In the
meantime, optical interconnect is attracting more and more attention, and the evolution
of the underlying technology strongly supports the anticipation that optical interconnects
will become a competitive solution for overcoming the intra- and inter chip
communication bottleneck [1, 2]. As the key component for an optical communication
system, however, a high performance on-chip laser source is still missing. Different
approaches are being actively explored across the world. For instance, extensive work is
being carried out nowadays to engineer silicon or germanium for optical gain generation
[3, 4]. Nevertheless, I1I-V materials are still the best option, considering their superior
performance and the technology that has been developed for decades. Wafer bonding
based integration techniques were proposed for I11-V on silicon integration and resulted
in considerable success over the last decade [5, 6]. On the other hand, although the more
appealing monolithic approach is challenging for implementation, considerable progress
has recently been made.

Among various solutions, localized epitaxial approaches, e.g. the growth of IlI-V
nanowires on silicon, have shown remarkable progress [7, 8]. However, most of the
demonstrated growth processes were carried out on a (111) silicon surface, making it
not compatible with the advanced complementary metal-oxide-semiconductor (CMOS)
infrastructure. In addition, due to the limited dislocation-free lateral dimensions of the
I11-V nanowires grown on silicon, the integration approach normally utilized is to grow
relatively wide 111-V nanowires on a IllI-V wafer as the first step, and then a complex
cleavage and transfer process is employed to integrate the Fabry-Perot nanowire cavity
on a silicon wafer [9, 10]. A more controllable growth scheme is needed to increase the
low yield and high cost associated with the approach mentioned above. In this work, a
new approach is proposed for growing relatively thick InP nanowires on a pre-defined
(001) silicon substrate. Without any complex post-processing, InP nano-lasers are
successfully integrated on silicon by using a metal-organic chemical vapor deposition
process (MOCVD). Under pulsed optical pumping, low threshold room-temperature
laser operation is successfully achieved.
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Experimental

Different from the recently demonstrated InGaAs laser on silicon, whereby the growth
was preceded by a surface roughening process [11], we start the epitaxy selectively
within 100 nm diameter sized circular openings that were defined in a 350 nm thick
SiO, mask on a (001) silicon substrate. The definition of these SiO, patterns was carried
out in a standard CMOS fab, using a modified shallow trench isolation process (STI)
[12]. A schematic of the process flow of the epitaxial growth can be found in Fig. 1(a).
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Figure 1. (a) Process flow for the InP MOCVD growth on the STI templates and (b) the growth thermal
cycle for InP growth.

After etching the silicon channels by HCI at high temperature (600°C) in a CVD
reactor, a thin Ge seed layer is deposited. The Ge layer is used to reduce the lattice
mismatch between silicon and InP, while after a subsequent high temperature (680 °C)
annealing in a H, flow, the Ge surface will form appropriate steps for better InP
nucleation, reducing the generation of anti phase boundaries (APBs)[13]. As presented
in Fig. 1(b), in the next step, the MOCVD reactor temperature is reduced to 380 °C and
low flow rates Tertiarybutyl phosphine (TBP) and Trimethylindium (TMI) are
introduced for the InP nucleation. After 10 minutes of InP growth, the reactant flow
rates are increased while the temperature is increased to 610 °C, and the main part of the
InP growth starts. By making the STI trenches narrow (aspect ratio > 2), all the
dislocations that propagate from the lattice mismatched interface will be annihilated at
the trench sidewalls, because dislocations normally glide along certain angles respect to
the (001) surface [13].
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Figure 2. (a) A tilted scanning electron microcopy (SEM) view of a typical nano-laser cavity and (b) a top
view of the nanowire array grown on (001) silicon substrate

In such a way, dislocation-free InP is obtained at the top part of the STI trenches, and
the subsequent growth is carried out on this virtual lattice matched substrate. In the later
epitaxial growth above the SiO, mask surface, nanowires with a diameter of about 400
nm are formed. A typical scanning electron microscopy (SEM) image of an InP
nanowire on silicon can be found in Fig. 2(a). Similar to most of the works reported in
literature, the obtained nanowire is oriented along the <111> axis, with a hexagonal
cross-section. In Fig. 2(b), we also present a SEM image of the sample surface in a
larger scale to show the yield of the epitaxial growth. Nanowires are found to be
oriented along four equivalent <111> directions. Due to the close distance between the
pre-defined SiO, holes, failure to grow a certain nanowire affects the surrounding
nanowires, resulting in different growth dimensions. This is mainly due to the loading
effect of the epitaxial growth and it provides a way to control the wavelength of the
nanowire laser, i.e. by controlling the nanowire dimensions through the careful design of
the surrounding mask.

Characterization Results
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Figure 3. (a) PL emission spectrums recorded below (blue) and above (red) the threshold. (b) Light in —
Light out curve of a nano-laser (open circles are measured results, and solid curve is the rate equation
fitting)

Using a micro-PL setup, room-temperature lasing behavior has been achieved from
these InP/Si nanowire cavities. A Nd:YAG nanosecond pulsed laser (Ekspla, 532 nm,
repetition rate 321 Hz) was used as the pump source, and the collected PL signal was
detected through a ¥+ m monochromator (MS257, Newport) by a TE-cooled silicon
detector. The signal-to-noise ratio was improved by using a lock-in amplifier.

A typical laser emission spectrum from a signal nanowire cavity can be found in Fig.
3(a). The PL spectrum below threshold (magnified by a factor of 25) is also plot as a
reference. As one can see, by increasing the pump intensity, a laser peak located around
880 nm can be clearly identified (see the red curve). The relatively wide linewidth,
which is routinely found in literature for micro-cavity based lasers, is mainly due to the
large spontaneous emission factor . The spontaneous emission and stimulated emission
rates are increased considerably so that the carrier distribution is largely distorted and
extra noise is introduced [14, 15]. In Fig. 3(b), the collected PL emission of the lasing
peak as a function of the input pump energy is presented on a logarithmic scale (red
open circles). The clear transition proves the laser exhibits threshold behavior. A low
threshold of 1.69 pJ is derived. By performing a standard rate equation fitting, a large
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of around 0.04 is extracted, which indicates that a large portion of the spontaneous
emission is coupled into the lasing mode. It supports the hypothesis for the large
linewidth discussed above.

Conclusion

In summary, a unique epitaxial scheme was developed and relatively thick InP
nanowires with good material quality were successfully integrated on pre-defined (001)
silicon substrates without any complex post-processing. Pulsed lasing from these
nanowires has been obtained at room temperature with a low threshold. The
demonstrated laser may find a role in the application field of on-chip optical
interconnects.
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The accurate characterization of photonic integrated circuits is time consuming and is
influenced by the alignment tolerance. To overcome these problems we decided to
characterize optical properties of the most important Basic Building Blocks (BBB) by
means of electrical signals.

I ntroduction

Important progress has been maddeveloping a generic foundry approdéh With this
approach a broad range of functionalities can be relditagting from a small set ofaBic
Building Blocks (BBBs). ABBB is a photonic component that implements a basic
functionality like: optical amplification, modulation, power detection etc.

The foundry process validatel by measuring a few test cetisntainng the BBBs. If
they perform according to specs the wafer is approved. To speed waftrevalidation

we propose onvafer probing of the BBBs by means of electrical signals. The use of
electrical signals to probe the integratel sources and detectorgases the aligning
requiremerg compared tahe classical opticameasurementThe most important BBBs
selected for otwafer characterizatioare: Straight Waveguides (SW), Phase Modulators
(PM) and Semiconductor Optical Amplifiers (SOA).

Basic Building Block characterization
On-wafer characterization of the BBBs is appliedvaidatethe Multi Project Wafer rum
(MPW) [1]. Test structures presented in this paper were first introduced in [2].

- Straight Waveguides (SW)

Propagation losss the main parameter thdéscribegshe SWperformanceTo measurat
several test structures are proposed. Here we report on the Ring RedRRatbaged test
structurewith a small footprint and promising in terms of accurasyshown irFigurel.

Integrated Bus waveguide Integrated

Integrated source 1 Ring Resonator |Int. detector
source detector i

Ring
Resonator

Figurel Schematic ofhetest structure for ewafer charactézation of propagation losspmposed of
integratedunable Distributed Bragg Reflector (DBR) laser at the input, a ring resaarad an integrated
full absorbing detector at the outf{ldft) anda microscope objective picture of the fabricated deisce

shown (right)
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The RR is very sensitive to waveguide loss therefore suitable for this purpose. Asgcoupl
element between the ring and the bus waveguige have chosen the Multimode
Interference (MMI) couplefor its toleranceo the fabrication process.

The power transmission at the output wavegisdebtained by a generalization thfe RR
equations in [Bthat takeinto account the MMI coupling log4]:

2,42
2 7°+1°—2rt cosd
|T| =aMMI2|: }

1+ 7%t — 2rt cod
Wheret?is the power coupler coefficient which in the MMI we assume equal te*14,
the total loss factor that includes the MMI imaging loss,>) and the total ring
propagation loss which includedsothe MMI propagation lossa?), 7° = a,,, ‘a’ as in
[4] and @ is the round trip phaseThe ratio between the maximum power transmission
(|T|2max) and the minimum power transmissioriuTKmin ), obtained forcosf =1 and
cosd = — 1respectivelyis calledthe Power Transmission Ratio (PTR)

— ITIzmax _ ety

|T| . (z+1)°(zt-1)

The typical RR transmissianeasured at the integrated detector as a function of the tuning
currentis shown inFigure 2

0 PD

- 4]
-2
-3 .
4
-5

2500 3000 3500 4000 45!

Phase currer(fiA)
Figure2 Measured (dotted black) and simulated (solid teaf)smissiorof a 5.2mm long ring resonator.
From the measured PTR the propagation loss is estinfdtechhase currersipplied at the phase section of
the DBR laseris used tdine tune its wavelength.

10Log,

As MMI imaging loss themeasuredvalue of 0.7dB is used in the simulatiofihe
propagation loss, estimated from tRé&R of thetransmissiorcurveand the MMI imaging
loss,is ~15.0dB/cmWe tested the structure on a waveguide with high losses and found
from comparison between different structures an accuracy in the order of 1@8é of
propagation loss. Based on simulations we expect an absolute measuremeny adcurac
about 0.5dB/cm for low loss values.
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-Phase Modulator (PM)
Phase modulation efficiendg the main parametdnat describethe PMperformanceTo

measurghase modulation owafer thetest struatre shown irFigure 3has been tested

Input waveguide! ~ MZ interferometer ! Integrated detectors
MZ interferometer

Integrated Integrated
source detectors

Figure3 Schematic of the test structure forwafer characterization @hase modulation efficiency,
composed of an integratéabersourceat the input, ¢Mach-Zehnder interferometemd?2 integrated full
absorbing detecteiat the output (left) atha microscope objective picture of the fabricated device is shown

(right).

The power splitter and combiner are a 1x2 and a 2x2 MMI coupkpetively. The
device uses an external laser source. In theduun an integrated source will peesent.

The PM in the MchZehnder (MZ)interferometer is 50@m long. The typical switching
curves of a MZinterferometer when in one of the arms is injected current or applied a
reverse biasre shown in th&igure 4and agree well with measurement on Hnategrated
structures.

[ FD1 =
g S _ 5 p,):!

S

10 35 :
0 15 20 ) 10

5 : 10 2 4 &
Injected current (mA) Applied reverse bias (V)

Figure4 Mach-Zehnder interferometer switching curves when in one of the arms igéjptiurrent (left)
and a reverse bias (righf)ue to the use of the 1x2MMI splitter at thput the switching curves maxima
and minima do not staat O applied current or voltage.

-Semiconductor Optical Amplifier (SOA):
Modal gain is a majoparameter that describes the SOA performamocemeasure the
SOA modal gain onwvafer theintegrated test structure iigure 5is proposed.

Integrated ' ! Integrated
broad band source | ~ AWG detector array

Integrated 0) Integrated
broad band = detector
< array

source

Figure5 Schematic of the test structure forwafer characterizatioof SOA gaincurves composed of a
multisectionSOA as a broad band source at the input, a large free spectral range arrayed egveting
and an array of integrated detectors at the output (left) and a microsceptivelpicture of the fabricated

device is showiright).
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Theintegrated broad band source consistSOAs of different length (560-100-200um)
The large FSR AWG (120nm) is used to spectrally resolve the emission of theil8®As
the output PDs. The FSR is chosen large enough to cover most of thegoitted by the
SOAs. By pumping a combination of these SOfh&e Amplified Spontaneous Emission
(ASE) spectra of 5000-200400um long SOAIs measuredaccording tothe Thomson
measurement methof]|

-20
-25
-30
-35

-40

Transmission (dB)

45

.

1.48 1.5 1.52 1.54 1.56 1.58 1.6 1.62
Wavelength(um)
Figure6 Simulated (dotted) vs. measured (solid) transmissiorspectraof the AWG used for omvafer gain
curves characterizatiohe output powersi collected at the integrated detector awhgreasat theinputan
external tunable sourdsusedtemporay.

The measured transmission of the large FSR AWG matches vertheredimulated one
There is ongoing work to determine the SOA modal gain curvegaber.

Conclusions

In this paper an electrical emafer characterization approach is applied to charactérze
fundamental BBs as alternative to the classical optical methogelmits a faster and
more accurate characterization of the BBBs thanks to the integratiorhbédigrces and
detectors.
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In optical interconnects, there is an increasingadépancy between current proposals
for optical backplanes, which strongly focus on timbdal waveguides, and those for
very high capacity transmitter and receiver modudesg realized in silicon photonics,
which focus on single mode transmission systemthisnpaper we present a board-
level single mode polymer optical waveguide teabgylwhich may merge these two
worlds. First, the refractive indices of selectammnercially available polymers have
been measured, and used as an input for the dedighe single-mode waveguides.
Simulations are performed using an FDTD (finitefeliénce time domain) method
(Lumerical). Depending on the core/cladding materi@mbination, point-to-point
square waveguide structures, with typical dimensibatween 1x1 (fmand 5x5 pm
have been fabricated by laser direct imaging (LDI).

I ntroduction

Optical interconnects are being used for shorter simorter distances, and the first
(near) commercial demonstrations of optical trassion over the back plane of
computing systems are starting to appear. Howekiere is an increasing discrepancy
between current proposals for optical backplandschvstrongly focus on multimodal
waveguides [1-2], and those for very high capatigysmitter and receiver modules
being realized in silicon photonics, which focus ingle mode transmission systems.
Fabrication of single mode polymer waveguides aandard printed circuit boards
(PCBs) is extremely challenging, as the waveguid#eming technology has to be
compatible with large panels, being mechanicalstahle. Amongst all reported single
mode waveguide technologies, laser direct imagiag 8elected as the most promising
approach. This technique is mask-less which alléagser prototyping in contrast to
conventional mask-based photolithographic appraaainevhich a mask first has to be
designed and fabricated before waveguides candukiped. Hence, the waveguide core
can be directly patterned according to the degpatern. Moreover, this technique is
capable of patterning high resolution features vithg and linear dimensions over
comparatively large planar areas.

The waveguide models were simulated based on &e fuifference time domain
(FDTD) method (Lumerical) to ensure the single maxeeration at the telecom
wavelengths. The graph in Figure 1 gives the m@habetween the maximum core size
and the relative index difference between the @oré cladding materials for single
mode operation at a 1550 nm wavelength. For thisilgition, the index of the cladding
material was assumed to be 1.553, in agreement twéhtypical polymer cladding
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materials being used. It is clear that for a cariadex contrast there is a corresponding
maximum core size for single mode operation andhilgger this index contrast, the
smaller the single-mode core size. In this worlghtliink™ (core) and DWL-Epo were
used as the waveguide core materials, in combimatiith respectively LightLink’
(cladding) and ormocer as cladding materials. Tdfeactive indices of the LightLink
core and cladding at 1550 nm are 1.506 and 1.44fecotively. But, the refractive index
of the DWL-Epo material is estimated to be 1.55%80 nm and the refractive index
of ormocore material is 1.5375 at the same wavéhedderefore, the maximum single-
mode core sizes for the DWL-Epo and LightLink waviegs are about 4 um and 3.8
pm respectively. The LDI design is developed basethe simulations results.

W
+

Maximum single-mode core size
L

) 0,5 1 1,5 2 2,5 3 3,5 a
Relative index difference (%)

Figure 1: The maximum single-mode core size vsrékaive index difference

Waveguide Fabrication

The waveguide process flow is illustrated in FigRréBefore depositing the waveguide
layers, the FR4 substrate is cleaned by rinsingcegtone, then in a mix of acetone &
IPA and then in DI water (2 minutes in each batig dried for 20 minutes on a hotplate
at 120°C. The optical materials are then deposited by mezfnspin coating and

subsequently soft baked on a hotplate. Table 1lsgaedetailed overview of the
waveguide processing parameters for the two diftezere materials.

Substrate Cleaning FR4 Substrats

Applving the
under-cladding FR4 Substrats

Applving the core

laver FR4 Substrate
. Pb
waveguide core by
LDI FR4 Substrats

10101010

Wet Development
FR4 Substrate

Applying the upper- ogooood
cladding FR4 Substrate

Figure 2: The process flow of the waveguide faltlarausing Laser direct Imaging (LDI)

66



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

Table 1: The waveguide processing parameters

Process Step LightLink LightLink DWL-Epo Ormocer
cladding core core (ormocore)
Soft bake 15 minutes 30 minutes 2 minutes @ 56C | 4 minutes
@ 90°C @ 90°C then 4 minutes @ | @ 80°C
90°C
UV exposure 2 minutes (flood | LDI processing LDI processing 2 minutes (flood
exposure) at 10 exposure) ) at 10
mwatt/cnt lamp mwatt/cnflamp
intensity intensity
Post exposure 10 minutes 10 minutes 3 minutes @ 56C | 2 minutes
bake (PEB) @ 90°C @ 90°C then 5 minutes @ | @ 80°C
90°C
Development 20 seconds in 1 minute in mr-
LightLink XP- Dev 600 then 1
3636 developer | minute in IPA
then DI rinse
Hard bake 90 minutes 90 minutes 15 minutes 90 minutes
@ 150°C @ 150°C @ 120°C @ 150°C

The laser imaging process was optimized by writiyeguides at different intensities
and defocusing values so that the parameters, iah\lie waveguide width matches the
design itself, can be determined. Figure 3 showseffect of the laser intensity on the
waveguide width for the two different materials. &ihthe nominally 5um-wide
waveguide in the design was taken as a referertcéhaniaser power equals 150 mWi, it
was found that the points, at which the intensityads 239 mJ/cfrand 537 mJ/cfare
the optimum doses that match the 5 um width for ligeatLink and the DWL-Epo
materials respectively.

7 /
‘ —
: —

/ —4—DWL-Epo

3 == LightLink

Waveguide width (um)
=

0 100 200 239 300 400 500 337 600 700 800 300

Intensity (mJ/cm?)

Figure 3: The relation between the laser interesity the waveguide width

Scanning electron microscope (SEM) images of DWb-Epatterned core of 3 pum
thickness and width ranging from 1 to 5 um are shawFigure 4. Furthermore, cross
section views of other waveguides arrays of thdilimk and the DWL-Epo on an FR4
substrate are shown in Figure 5. These waveguideswaitten using the laser
parameters determined in Figure 3 in order to pedgi match the waveguide
dimensions. Optical profiler measurements (usingk®/NT3300) show the surface
corrugation of the fabricated waveguides as intcedu in Figure 6. Cut-back
measurements are currently on-going in order terdehe the propagation losses.
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Figure 4: SEM images of the patterned DWL-Epo dayer

@)

(b)

Figure 5: Cross section view of waveguides array ightLink waveguides (b) DWL-Epo waveguides

X Profile
‘ ¢ I D A )
(a) (b)

Figure 6: Surface corrugation of waveguides arad\8D view of the fabricated waveguides (b) the 2D
view of waveguides array of 3 um thickness and lwrdhging from 3to 5 um

Conclusion

In this paper, we have presented board level simgide polymer waveguides

fabricated by the laser direct imaging (LDI) tecfue. This technique is cost-effective
and provides faster prototyping and fabrication high resolution structures. The

waveguides have been first simulated using an FBiEEhod. Then, square waveguides
with dimensions of about 1 to 5 um have been fakett using LDI.
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We have successfully designed and characterized compact three-port interferometers on
chip for accurate wavelength tracking. These interferometers are ideal candidates for
on-chip read-out of photonic sensors such as ring resonators. On-chip implementation
offers the advantage of low cost, high mechanical stability and accurate optical path
length difference. We have realized devices in both Slicon-On-Insulator (SOI) and
Indium Phosphide (InP) technol ogy.

Keywords: On-chip interrogator, photonic sensargniesonator, 3x3 interferometer, ePIXfab,
PARADIGM, multi-parameter sensing.

I ntroduction

Photonic multi-parameter sensing has attractedeasgd attention in recent years
[1][2][3]. In particular, ring resonator (RR) bassensors are promising for gas sensing
and bio sensing due to their high sensitivity toragtive index variations and their
potential for multiplexing. In these applicatiorBRs are coated with a gas-selective
coating or a layer of antibodies. The presenceheftarget gas or the bio-counterpart,
respectively, causes a detectable shift of thenaasme wavelengths. For bio sensing
applications, the sensor is a single-use devicelwts read out by means of a stand-
alone unit. For gas sensing, we propose to integta read-out unit with the sensor
itself to obtain a small, robust, low-cost and aateistand-alone system [1].

Sensor read-out concept

The concept is as shown in Figure 1. The waveleafthnarrow-band source is swept
in time. The optical signal passes through an fetemeter to enable time-to-

wavelength calibration for each wavelength sweeping) this calibration data, the

transmission of the sensor vs. time is then tréedléo the wavelength response, from
which the sensor read-out is obtained by means ofiaoprocessor. This concept
enables the use of a low-cost laser, such as ac¥le@avity Surface Emitting Laser

(VCSEL), the wavelength of which is swept by swegpthe drive current [4]. The

sweep-specific wavelength calibration providesgh¥accuracy sensor read-out.

source sensor — dets

~
*; 2* (1 TIAs|— A/D |—{ pp

interf.

Figure 1. Sensor and read-out unit. Sensor, intarfeter and detectors can be integrated on a si@le
chip, in InP technology also the source can begmated.
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3-Port interferometer
We propose to use a 3-port interferometer (Figyreltiich has three outputs at a 120°
mutual phase difference, for the following reasons:
1.At any input wavelength, at least one output hassiderable amplitude and
derivative with respect to wavelength.
2.The combined outputs enable unambiguous trackingwaeelength spans larger
than the Free Spectral Range (FSR). In compar&dhport interferometer has
two 180° out-of-phase outputs, and the sign of gbais unknown at the
boundaries of one FSR range, where the outputaterés to wavelength are zero.
3.It is insensitive to the modulation depth of theerfeérence.

OPD

in 1x2 — 3x2 3 x out

Figure 2. 3-port interferometer consisting of tvpditters/combiners and an Optical Path length Défee
(OPD). Note that one input of the 3x3 splitter/camalp is not used.

Interferometer in Silicon On Insulator

We realized the test circuit shown in Figure 3whs fabricated at IMEC using the
multi-project wafer run service of the Silicon Ptwits platform ePIXfab [5]. The laser
input (connected either from the top coupler, anfrthe left port on the bottom) is
distributed over 6 ring resonators and a 3-poerfetometer. The tested device has a
2um oxide cladding.

,_—___f— test input

'7 2x2 splitter

3-port ' 1x2 splitters
interferometer

IRR RR

1=t

Figure 3. Microscope image of a test circuit camsgsof a 3-port interferometer and 6 ring resomato
The grating couplers are arranged at a 250 pm pitenable standardized fiber array coupling. The 8
inputs connect to (from left to right) the circiripput, three interferometer outputs, and 4 ringotigh’
ports.

70



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

The top left graph of Figure 4 shows the normalimsponse of all three interferometer
ports. The expected 120° shift between the chammaglde observed. We notice some
amplitude variations which are not the same fohedmnnel, possibly caused by inter-
interferometer reflections. To correct for this wapplied the following procedure for
each channel individually:
1.Locate the local minima and maxima
2.0Dbtain the lower and higher amplitude envelopes$irt®ar interpolation between
all minima and maxima, respectively.
3.Correct the data by these envelopes (subtractiondansion) to obtain signals
between zero and unity.
From this corrected data (Figure 4, top right) akeglate the phase using [3]:

AL 1,-1
tan(271n —) = —+3 ——+—
( /1) I2[3—I3—Il
wherely is the output of channk| n4L is the optical path length difference, ahi the

wavelength. The result is nearly a straight lingyFe 4, lower left) with deviations less
than 1% of the interferometer FSR (Figure 4, lovigint).

normalized response
corrected response

0 : ;
1549 16495 1850 1850.5 1551
wavelength [nm]

0.005 |- hiHl-

phi [rad]

-0.005

phase error [rad/2pi|

-0.01

50 : : : ; : : : ;
1549 1549 5 1550 1550.5 1551 1549 1549 5 1550 1550.5 1551

wavelength [nm] wavelength [nm]

-0.018

Figure 4. Response of the SOI interferometer. Upgdernormalized data; upper right: corrected date
text); lower left: phase vs. wavelength and lovight: phase error.

It should be mentioned that for large wavelengthnspthe quadratic wavelength
dependence of the interferometer FSR must be takemccount.

Interferometer in Indium Phosphide

We have also realized similar interferometers i active passive technology. Devices
were fabricated at Oclaro in the framework of tRRRDIGM program [8] (Figure 5).

In spite of the high waveguide losses of this patér fabrication run, we obtained
again the characteristic 3-port interferometer oasps (Figure 6).
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Conclusions

We have demonstrated on-chip 3-port interferomdtarsvavelength tracking, realized
both in SOI and InP multi-project wafer servicebe3e interferometers are key building
blocks for low-cost on-chip read-out units, in parar for ring resonator based multi-
parameter environmental sensors and for biosen$bs concept is robust, yielding
120° phase difference in the three output porthef3x3 splitter for both concepts, in
spite of high fabrication-induced losses of the td¥ices. The measured phase error
was less than 1% of the free spectral range, wbarh be improved by suppressing
unwanted reflections.
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We propose a novel transmission-reflection analysis (TRA) method for detection and
localization of any type of single event occurring along an optical fiber. By analysing
the transmitted and reflected/backscattered power of continuous signals, it is possible to
monitor the event and to simultaneously quantify its induced insertion and return losses.
The proposed scheme utilizes two interrogating wavelengths, which allows the
supervision of both reflective and non-reflective events. Our analytical studies have
shown that for a 20 km-long single mode fiber, the accuracy of event localization is kept
in the range of +1.0m by applying the proposed approach.

Introduction

Nowadays, optical time domain reflectometry (OTDR) and optical frequency domain
reflectometry (OFDR) are widely used schemes for fiber monitoring. However, OTDR
and OFDR require either time- or frequency-modulated light sources, which makes the
methods not very cost-effective. Moreover, some breakthroughs are still required to
address certain limitations, e.g., to address limitations on long measurement time
(several minutes are normally needed for monitoring a fiber with a length in tens of
kilometers with OTDR [1]) and short measurement range (only a few hundred meters
for OFDR [2]). In [3], a transmission-reflection analysis (TRA) method is reported,
which is based on the measurement of transmitted and backscattered powers and using
an un-modulated light source. This method was proposed for the detection and
localization of a non-reflective optical event such as bending. However, most optical
events in a fiber are reflective such as discontinuities, misalignments, and breaks that
can be present in telecommunication networks. In sensing applications, some
transducing processes also results in the presence of a reflective event along the sensing
fiber [4].

In order to address the aforementioned problems, a novel solution is proposed to
localize both non-reflective and reflective optical events by using a two-wavelength
TRA (i.e., 2A-TRA) technique in a single mode fiber.

Operation Principle

The schematic diagram of the proposed 2A-TRA is shown in Figure 1. Continuous-wave
light emitted by a light emitting diode (LED around A4) is launched into a single mode
fiber through an optical circulator. An optical isolator is implemented to minimize the
back reflections from the fiber end. The transmitted signal (Pr1) is measured by the
powermeter located after the isolator. The integrated Rayleigh-backscattered/reflected
power (Pg1) is measured by the second powermeter connected to the third end of the
circulator. The same measurement is repeated a second time after changing the
wavelength of the LED source (A,) in order to get the corresponding transmission and
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backscattered powers (Pg2 and P, respectively). The localization process of a reflective
event is based on the unique relationship between the powers backscattered (Pg; and
Ps2) and transmitted (Py1 and P2) for a given event location (see Figure 1).

circulator Fiberundertest

O Power meter
(="

isolator

LED1

WDM
Coupler

Power meter \
1 {Psi i-1,2) Induced reflective event

LED2

Figure 1: Schematic of the proposed 2A-TRA technique

Let us consider a fiber with a total length L and an initial transmitted power of the
reference undisturbed system:

Pro1 = Poy - T1(L)

Proy = Py " T2 (L) 1)
in which Pgy(p) is the input power and T(L) is the transmission coefficient associated
with the attenuation coefficient o of the fiber, which can be expressed as: T(AL) =
e~ %L Since a changes with the wavelength, different interrogating wavelengths will
lead to different T(L). Taking into account the directivity of the circulator Ry, and the
reflection from the isolator R,g,, the total backscattered/reflected power of the reference
undisturbed system can be expressed as:

Pso1 = Po1 * [Rpir + Reay1 (1) + Ty*(L) * Riso]

Pgoz = Poz - [Rpr + Rpay2 (L) + T,%(L) * Riso] 2
in which R,q,12)(L) is the Rayleigh backscattered power coefficient that can be
expressed as: R4, (AL) = S (:—;) (1 — e~2*AL)[5]. a4 is the scattering coefficient of the

Rayleigh scattering and is proportional to 1/A* [5], AL is the length of the fiber segment
and S is a capture coefficient [5], which changes with the wavelength.

Let us consider that a reflective event with a return loss RL and insertion loss /L is
introduced into the fiber at a distance of | ({ < L), and here we suppose RL is not
changed with wavelength (referring non-reflective event, RL is usually higher than
75dB, e.g. bending). The transmitted power Pr; and the reflected power Pg; with

interrogating wavelength A; can be expressed as:
ILq

Pry = Proy - 10(_E) 3)
Ps1 = Py [Rpig + Rray1 (D) + T1*(D) - RL + [Rray1 (L) = Ryayn (D] - thy + T12(L) - 631 - Ry, | (4)

With the second interrogating wavelength A, P1, and Pg, can be expressed as:

(%)
Pry = Proz - 100 10 ®)
Ps2 = Po " [Rpig + Rraya (D) + T2 (1) * RL + [Rray2(L) = Ryaya(D] - thy + T2 (L) - thy * Ry, | (6)

With equation (1), (2) and (3), the normalized power reflection coefficient R,,; and

R, can be written as:
Ppy __ RDIR+Rray1(l)+T12(D'RL+[Rrayl(L)_Rrayl(l)]'t1211+T12(L)'t1211'RISO

R = ===
nL ™ Ppo Rpir+Rray1(L)+T1%(L)Riso

()
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Ppz _ RpIR*Rray2(D+T, 2(D-RL+ [Rray2(L)—Rray2(D]ta, +T,%(L)th,Riso

R =
"2 7 ppg Rpir+Rray2 (L)+T2%(L)Riso

(8)

where t,q(2) is the normalized power transmission coefficient, Pry,)/Pro1(2), Which is
only dependent on the insertion loss of the event.

Since Rpr, a, as, Rigp, and L are known parameters, and Pgy, Pg2 and P, Ptz can
be obtained by the measurements, the problem finally becomes solving a set of two
equations with only two unknown variables (i.e., [ and RL).

Localization Accuracy of the 2A-TRA Technique

In this section, analytical studies about the measurement accuracy of the proposed
solution with different wavelength combinations are carried on. We take four commonly
used wavelengths in our study, and made six different wavelength combinations.
Parameters related to the calculation model are listed in Table 1[5].

Table 1: Parameters of four interrogating wavelengths

Interrogating capture attenuation scattering
wavelength A coefficient S coefficient o coefficient as
(nm) (dB/km) (dB/km)
A1 850 0.0013 2 1.9157
Ao: 1310 0.001 0.35 0.33
A3: 1550 0.0012 0.2 0.1723
Aa: 1650 0.0012 0.23 0.135

The powermeter output uncertainty mainly affects the localization accuracy of the
proposed 2A-TRA technique. Consequently, we introduce two measurement uncertainty
coefficients {7 and {3, which are maximum measurement errors of the two powermeters,
respectively. According to our previous experiments, both {; and {; are equal to 0.001
(0.1 %, repeatability test). The measurements can be therefore positioned inside the
ranges Pg =Pg{; and Pt =P+{; (here Pt and Pg are the exact power values). Simulations
taking into account a uniform distribution of the measured powers within the above-
mentioned ranges were undertaken (1000 samples). The length of the fiber (L) in our
simulation is varied from 0 to 100 km to cover different applications (e.g. for sensing
applications L is usually less than a few hundreds of meters, while referring to the field
of telecommunication, such as the next generation PON system, a 100-km fiber length
is normally employed). Here we consider a reflective event with a 20 dB return loss,
and an event location | equal to L/4. We will discuss about the standard deviation below.

In Figure 2, the relationship between the localization error and the length of the fiber
link with different wavelength combinations are presented. According to this figure,
when the fiber length is less than 25km, three combinations (i.e. A1+ Ay, M+ Az and Mg+
\s) give very good localization accuracies (less than 1m, while for OTDR measurement
is usually around a few meters for a 10km-long fiber [1]). However, as the fiber length
approaches over 35km, their localization errors show a rapid increase. Regarding the
other three wavelength combinations (i.e. A+ A3, Apt A4 and Azt A4), the localization
error remains almost constant (e.g. around 15m for A+ As; more than 50 meters for
OTDR measurement in a 100 km-long fiber [1]) as the fiber length increase, which
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could be an acceptable performance in long reach applications (i.e. the fiber length is
longer than 20km). Figure 3 shows the relationship between the measured return loss
error and the fiber length. Compared with Figure 3, the return loss error shows a similar
trend. When the fiber length is less than 25 km, the return loss measurement error is
around 0.0005dB for the three wavelength combinations A;+ Ay, A1+ Az and A+ A4. FOr
the long reach cases, by using the wavelength combination of A,+ A3, a 0.01 dB error
can be reached. From the discussion above, one can expect that by choosing different
interrogating wavelengths, high measurement accuracy can be achieved for both short
range and long reach applications (i.e. for short range applications, one can use A1+ Ay as
the combination of interrogating wavelengths, while for the long reach cases, A+ A3 can
be utilized).
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Figure 2: Analytical localization error with
different interrogating wavelengths

Figure 3: Analytical RL measurement error with
different interrogating wavelengths

Conclusion

2A-TRA scheme is proposed to localize and quantify a single reflective event on a fiber
link. Analytical results show that by appropriately selecting two interrogating
wavelengths, the proposed solution is able to detect the location and value of the return
loss with sufficient measurement accuracy (i.e. 1m, 5x10°dB for a 20km-long fiber and
0.01dB, 15m for a 100-km long fiber). The whole system is characterized by a simple
structure and low cost, the monitoring of both short range (less than 1km) and long
range (100 km) systems can also be processed in a fast manner (a few seconds) thanks
to its simple measurement of power variations. Consequently, the proposed 2A-TRA
solution provides a novel and simple solution for future distributed monitoring.
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Polymeric materials have attracted much attention in photonics due to low material
costs and fabrication complexity. However, the low refractive index contrast in polymer
waveguides leads to high propagation losses in sharp bends. In large-scale photonic
integration, sharp bent waveguides-with radii of a few micrometers are essential to
decreasing the footprint of photonic circuitry. In this work, embodying a thin metallic
layer underneath the core of a sharp bent polymer waveguide is shown to considerably
reduce bend losses both in TE and TM polarizations. The physical model that permits
understanding these effects as well as early fabrication/characterization results will be
discussed.

Introduction

In the last years, significant amount of effort has been devoted to polymeric materials
for integrated optical devices due to several advantages including low cost, flexibility,
ease of fabrication and processability[1][2]. However, one of the drawbacks of polymer
based waveguides is the low refractive index contrast between core and cladding. This
is the reason why a large radius of curvature of typically tens of micrometers is required
for low-loss propagation in such waveguides. In this work, the introduction of a thin
metallic layer underneath the core of a polymer bent waveguide is shown to reduce the
calculated total losses (dB/90°) with respect to the equivalent pure dielectric counterpart
(i.e., the architecture in which the metal layer is omitted) for a large range of bend radii.
The amount of reduction is dependent on the polarization of the light in the waveguide
structure. For the quasi-transverse-electric (TE) mode, the loss reduction is significant
for radii below 35 pm. For this polarization, losses as low as ~0.02 dB/90° have been
calculated for a wide range of radii that can be tuned by properly optimizing the
structural parameters. In the case of the quasi-TM mode, the total losses of the metallic
structure are smaller than those of the dielectric structure for radii ranging from 3 to 10

um [3].

Investigated Structure

The schematic configurations of the waveguide geometries studied in this work are
shown in Fig. 1. The proposed structure corresponds to a dielectric-loaded hybrid
plasmonic waveguide consisting of a polymer ridge separated from the metal
underneath by a thin dielectric layer. The wavelength of interest in this study is
1.55 um. The material selected for the ridge is the negative tone epoxy resist, SU-8 (nsu-
g = 1.57+i*4.93x10°®), although similar results apply to a wide range of architectures
exhibiting low refractive index contrast between substrate and core. The material of the
thin buffer layer is SiO; (nsio, = 1.444). Gold (na, = 0.55+i*11.5 [4]) was selected for
the metallic layer. The substrate consists of silicon with a sufficiently thick layer of
thermal SiO,. Figure 1(b) shows the cross-section of the entirely dielectric structure
used as a benchmark. The dielectric-loaded hybrid plasmonic waveguide [Fig. 1(a)] will
be referred to as “metallic” in the subsequent sections, whereas the dielectric polymer
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waveguide [Fig. 1(b)] will be called “non-metallic”. The distance between the center of
curvature and the outer rim of the waveguide defines the bend radius, R, as depicted in
Fig. 1. Two-dimensional finite-difference (FD) calculations were carried out using the
FieldDesigner module of PhoeniX B.V. for bend mode analysis [5]. The fields were
calculated in a sufficiently large calculation window (10 pm x 10 pum) with extra mesh
grids for mitigating numerical errors in the calculations. The total bend loss in a 90
degree bend of radius R can be calculated from the imaginary part of the effective
refractive index of the mode as Total Loss (dB/90°) = 10 logio[Im(ner)KoR7], where neg
is the calculated complex effective refractive index of the mode of the bent waveguide,
Ko is the wavenumber in vacuum (ko = 2n/A) and R is the bend radius. The calculated
total loss includes both the propagation loss due to scattering and absorption in the
metal and SU-8 material and the radiation loss due to the waveguide curvature (i.e.,
bend losses).

(b)

Fig. 1. Considered waveguide architectures in this study: (a) dielectric-loaded hybrid plasmonic waveguide
(“metallic” structure) and (b) dielectric reference structure (“non-metallic” structure). Parameters of the structure:
Pridge = Wrigge = 2 UM, toyster = 100 NM, trerm = 100 nm. The silicon substrate was not taken into account in the
simulations, as the thickness of the SiO, undercladding was considered sufficiently thick for the mode not to be
influenced by the presence of the silicon substrate.

Simulation Results

Figure 2 depicts the real part of the dominant electric field component for the quasi-TE
(Ex) and quasi-TM (Ey) modes supported by non-metallic [Fig. 2 (a) and (b)] and
metallic [Fig. 2 (¢) and (d)] waveguide structures.
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Fig. 2. Calculated 2-D mode profiles (showing the real part of the dominant electrical field component, E, for TE and
E, for TM) at . = 1.55 um, R = 6 pm for the non-metallic structures (top) with the parameters of Wyigge = 2 UM, Niigge
= 2 um for the (a) quasi-TE and (b) quasi-TM modes and for the metallic structures (bottom) with the parameters of
Wridge = 2 MM, Nrigge = 2 UM, tpysrer = 100 NM and tre = 100 nm for the (c) quasi-TE and (d) quasi-TM modes.

The guided mode binds to the outer rim of the ridge, since the turning is in the direction
of the negative x-axis. In the non-metallic structure, the generated leaky waves can be
clearly observed and are due to the sharp bending of the waveguide. As the radius of
curvature is further decreased, leakage into the substrate increases with the consequent
increase in bend losses. Introduction of a thin metallic layer underneath the polymer
ridge blocks the radiation modes and pushes the quasi-TE mode towards the ridge in the
positive y-axis direction [Fig. 2 (c) and Fig. 3(a)].

quasi-TE quasi-TM
: Jo
Uppercladding Uppercladding

2 2
E Ridge E Ridge
30 20 =
: Substrate : / Substrate

2 -2

-4 -4

Field distribution Field distribution

Fig. 3. Cross-sectional field distributions for both non-metallic and metallic waveguide archictures for (a) quasi-TE
and (b) quasi-TM mode profile. The cross-section profiles are given at the points in x-axis where the field intesity
maximized (at x = -0.55 pm for quasi-TE and x = -0.35 pm for quasi-TM). As introduced in Table 1, uppercladding
and ridge correspond to air and SU-8 respectively for both metallic and non-metallic. Substrate refers to
buffer/metal/undercladding layers stack for metallic and only undercladding for non-metallic.

Figure 4 (a) shows the total losses per 90 degree bend for the metallic quasi-TE mode in
comparison with those of the quasi-TE mode of the non-metallic structure. For large
radii of curvature, the total losses per 90 degree bend of the metallic structure rise
linearly with increasing radius. In this radius range, the total losses are dominated by the
propagation losses and thus, they augment as the length of the 90 degree waveguide
segment increases. When the radius decreases below a critical radius, the total losses
rise again, this time due to the radiative losses introduced by the bend. It can be clearly
seen in Fig. 4 (a) that the introduction of the thin metal layer shifts the critical radius to
a much lower value (i.e., ~7 um) than in the non-metallic waveguide.
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—_ ! T AUBl ; e ; - 6 _ 2
2,1 goo e | §iq y
%a) 3 E
S 4 g u,; 4
9 =
8 1 3 5 R7 9 1
~ 27 (um)
Io
(@] n
— 0 0 <

0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 20100

R (um) R (um)

Fig. 4. Total loss (dB/90°) versus bend radius (R) for metallic and non-metallic structures for (a) quasi-TE and (b)
quasi-TM modes with the parameters of Wiigge = 2 UM, hrigge = 2 UM, toyrrer = 100 NM, and tree = 100 nm (only for
metallic structure). The insets are a zoom of the corresponding loss plots in the region of interest.

The thin metallic layer underneath the polymer ridge transforms the quasi-TM mode of
the non-metallic structure [Fig. 2 (b)] into a hybrid plasmonic-photonic mode. Such a
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mode is strongly coupled to the metal, thereby reducing leakage to the substrate and,
therefore, the bend losses for small radii of curvature [Fig. 2 (d) and Fig. 3]. However,
since the metal is highly absorptive at the wavelength of interest, high propagation
losses are expected. High propagation losses are dominant for increasing radii [Fig.
4 (b)]. A shift of the critical radius, below which the bend losses become dominant, to a
smaller value than in the non-metallic structure still occurs despite the large propagation
losses. For a narrow range of bend radii from 3 um to 10 um, the metallic structure
exhibits lower total losses compared to the non-metallic counterpart [inset of Fig. 4 (b)].

Fabrication

A two-step microfabrication process was followed to realize the proposed structures.
Due to the elevated propagation losses of the metallic structures, a lift-off process was
utilized to define the gold layer underneath the bends. The SU-8 bent waveguides are
patterned in the second fabrication step. Sets of bent waveguides with increasing
number of bends were fabricated in order to characterize the total losses per 90 degree
bend. The results of the fabrication process for a set of non-metallic structures are
depicted in Fig. 5. On the left side, Fig. 5 (a), a top view of set of SU-8 dielectric
waveguides is shown. In Fig. 5 (b), a Scanning Electron Microscope of one of such bent
waveguides is illustrated.

Fig. 5. Fabrication process results: (a) a set of SU-8 Wavegies on SiO, substrate.; (b) SEM picture of a
SU-8 bent waveguide.

Conclusion

In this work, we proposed and demonstrated numerically that introducing a thin metal
layer underneath the core of a polymer waveguide permits the realization of sharp bends
with calculated total losses (dB/90°) smaller than those of the equivalent dielectric
waveguide without the metallic layer, both for quasi-TE and quasi-TM modes. The
optical characterization for fabricated structures is still under way.

The authors acknowledge support from the FP7 Marie Curie Career Integration Grant
PCIG09-GA-2011-29389 and the University of Twente Aspasia fund.
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The importance of Photonic Integrated Circuits (PICs) operating at wavelengths
around 2 um is rapidly increasing. Applications are in the bio/chemo sensing domain,
e.g. gas detection in breath analysis. The COBRA research group at the University of
Eindhoven is developing a generic integration platform functioning at wavelengths up
to 2.1 um. The research in this platform covers integration of a number of active and
passive building blocks. Integration of active and passive waveguides is achieved with
excellent butt-joint quality, leading to the first COBRA laser emitting at 2 um. Research
on a library for passive components is underway.

Introduction

Generic photonic integration technology is an approach which offers monolithic
fabrication of miniaturized photonic devices with diverse functionalities at a reduced
price. This goal is achievable through development of a library of fully-characterized
basic building blocks including passive components, detectors, modulators, lasers and
optical amplifiers (SOAS). In this context, integrated circuits on Indium-phosphide (InP)
substrate are of particular interest since both active and passive components are
supported [1]. Since the launch of InP-based generic integration concept in 2007 by the
European Network of Excellence (eP1Xnet), the COBRA research group together with
some other leading partners have successfully demonstrated a number of milestones for
devices operating at 1.55 um. A next step is to extend the platform operation to
wavelengths around 2 um. The wavelength range around 2 um is of great interest since
strong absorption lines of various gas species (carbon dioxide (2.05 pum), nitrous oxide
(2.13 um) and carbon monoxide (2.33 um)) are located in this region and the absorption
of water is very low. This provides excellent opportunities for trace-gas monitoring
applications in environmental and medical diagnostics.

Since the existing platform for PICs at 1.55 um has become mature the targeted long-
wavelength platform will be based on the same principles but with some minor
adaptions. This comprises changes in the active and passive building blocks. The latter
is easily achievable since the fabrication technology is already in place for PICs at 1.55
um. Some redesigning is required to adjust the dimensions of the existing building
blocks at 1.55 um for operation at 2 um wavelength. In this paper, the focus of our study
is on the long wavelength active material and its integration with the passive
waveguides which resulted in the first COBRA laser emission at ~ 2 um. Moreover,
some simulations results on an important, but still missing building block in the
COBRA platform, i.e. a Spot-Size Convertors (SSCs) for adapting the small size of an
InP-based waveguide mode to that of a (lensed) fibre, will be discussed.
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Long-wavelength active material

The long wavelength active material is a multi-quantum well (MQW) structure
consisting of 4 periods of compressively-strained (2.12%), 5.5-nm-thick InGaAs(Sb)
wells, placed between the 22.5-nm-thick InGaAs barriers, lattice matched to InP. This
layer stack is sandwiched between InGaAsP separate confinement heterostructure (SCH)
layers (band gap=1.25 um), thus forming a ~ 500-nm-thick active core waveguide. The
peak photoluminescence (PL) of this material was measured to be at 2.06 um. The
antimony (Sb) plays the role of a surfactant in the active material growth. It enables
suppressing the very high compressive lattice strain originating from high
concentrations of Indium (In), which is required to achieve long-wavelength emission
[2]. The gain of this material was determined by the variable-stipe-length (VSL)
method. Through this technique, a modal peak gain of 7 cm™ was measured at a current
density of 3.5 kA/cm? [3].

Active-passive integration

Having the active material characterized, the next step is to integrate it with the passive
core material (InGaAsP, band gap of 1.25 um). The procedure includes definition of the
active regions via a lithography step followed by etching of the surrounding (unmasked)
material and do a passive regrowth followed by the top cladding layer growth. In the last
step, the contact layer will be grown on the top. Figure 1 shows a SEM image of the
realized active/passive butt-joint. Following this process, a very smooth transition
between the active and passive core was achieved.

L T ‘l .

Passive core Active film

Figure 1 - SEM image of the realized active/passive butt-joint. The dash/dot lines show the active region
sandwiched between the top and bottom InGaAsP layers (solid line). The perturbation in the middle is the
point where the passive core starts.

In order to have a qualitative evaluation of the butt-joint, shallowly-etched straight
waveguides were fabricated through the active regions. The chip was cleaved through
the passive waveguides at both ends to form Fabry-Pérot laser architecture. The active
region was pumped under continuous wave (CW) regime and the device temperature
was actively controlled using a thermo-electric cooler. The single-side edge emission
was collected by a lensed fibre and sent to an optical spectrum analyzer (YOKOGAWA
AQ6375). The results of the measurements for a typical device with active region length
of 750 um over a total device length of 4.6 mm are shown in the following graphs
(figure 2).
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Figure 2 - (left) typical lasing emission spectrum above threshold. (right) L-I-V curve of the device
under test. The filled circles are the power values measured by the optical spectrum analyzer.

For the device under test, a maximum output power close to 1 mW and a threshold
current density of 5.3 kA/cm? were measured. The lasing threshold is a few times higher
than the threshold current density of a similar structure at 1.55 pum, fabricated in
COBRA runs. This may be due to lower available gain of the active material at longer
wavelengths. Moreover, in the passive region, there are significant absorption losses at 2
pum wavelength caused by the p-dopants. Based on simulations, these losses increase by
a factor of 3 from 3dB/cm at 1.55 pm to around 10db/cm at 2 um wavelength [4]. This
source of loss can be eliminated if the p-dopants can be restricted to the active regions.
For this purpose, some tests will be done to examine local Zn (p-dopant) diffusion
limited to the surface area above the active regions.

Passive building block investigation: Spot-Size convertor

A component which is still missing from the list of available passive building blocks in
COBRA at 1.55 um wavelength is the SSC. An investigation has been carried out on
this module. In our approach, the design of SSCs is based on adiabatic lateral tapering.
The FIMMPROP simulation tool from Photon Design was used to model the behaviour
of the SSC. The simulated structure consists of a linear waveguide section with a length
of 5 um which is connected through a junction to a linearly tapered waveguide. The
taper width varies linearly from 2 um (optimized waveguide width for light propagation
at 2 um wavelength range) to 0.3 pum (the minimum width which we can be fabricated
with optical contact lithography in combination with underetching) over the taper
length. The taper length was varied from 0 to 2 mm. The fibre-matched waveguide
width was set to be 5 um with an etch depth of 6 um (200 nm below the core layer). The
simulation was carried out by using the FDM solver. The fundamental TE mode was
launched at the input and the power of the first five excited TE modes at the output was
monitored.

Based on the depicted graph in figure 3, it is predicted that for a taper length of 1000
um, 94% of the input TE power is coupled into the fundamental TE mode at the output,
and for a taper length of 1500 um more than 99%. In practice, taking into account the
propagation losses, we expect that more than 90 % of the power will be coupled to the
fundamental TE mode at the output. A further reduction of the taper length to 800 um
can be achieved through etching of the top cladding down to 200 nm above the passive
core.
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Figure 3 - Power evolution over the taper length for the first five TE modes. (inset) top and side view of
the simulated structure showing the mode transition from the upper waveguide to lower fiber-matched
waveguide.

Summary

We have successfully demonstrated Fabry-Pérot laser emission at 2 um wavelength in
an active-passive integrated structure. A maximum output power close to 1 mW and a
threshold current density of 5.3 kA/cm?2 were measured. Design results for an integrated
laterally-tapered SSC were presented. This has made the platform ready for a trial multi-
project wafer run which is currently underway.
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Wafer-level test approaches enabling a fast and low-cost quality assessment of the fabri-
cation process, in terms of uniformity and repeatability, are of fundamental importance to
any photonic integration foundries. In this work, we present a novel test-on-wafer tech-
nique based on a suitably engineered Point Reflector Optical Waveguide (PROW) span-
ning across the entire photonic wafer. The proposed technique exploits coherent optical
frequency domain interferometry (OFDR) for the optical read-out of the PROW, allowing
the estimation of key optical parameters of the waveguides on several points of the wafer
from a single frequency domain measurement.

Introduction

It is widely recognized that in the near feature the market breakthrough for integrated
optical circuits (PICs) will be closely related to the increasing of the complexity of the
circuits, with new applications and business opportunities [1]. The challenge of new
markets require the possibilities of high volume productions at lower costs to ensure the
necessary competitiveness. The yield of the production processes will therefore be one
of the key aspects for the photonic companies in the near future, as it happens in the
electronics market. In this framework, the measurement of the quality at the end of a
production process in term of compliance with the guaranteed specifications is a valuable
instrument for the foundries. These measurements have to be done directly on wafer,
before the dicing of the single cells, with a quick and cheap technique that allows eval-
uate few parameters descriptive of the quality of the completed process, its uniformity
and repeatability. The proposed solution is based on a Point Reflector Optical Waveg-
uide (PROW). It is a full-optical technique that allows the measurement of the optical
parameters of the waveguides directly at a wafer level. With a single test, it is possible to
retrieve information from several measuring points distributed across the wafer, allowing
a quick sampling of the whole area. In the next sections the concept of the test technique
is described and the design of the probe element is discussed.

Design and concept of optical probing

Figure 1(a) shows the proposed approach for the measurements of optical parameters
throughout the wafer. As already mentioned, it is based on a Point Reflector Optical
Waveguide (PROW) which consists of a long waveguide with several probe elements ex-
ploited to measure the required parameters along the waveguide. In this scheme the light
is coupled in the structure via butt-coupling and the wafer has to be prepared with two
cleaving (see figure 1(a)) in order to have straight facets and a good coupling coefficient
on both side of the PROW. Other solutions may rely on grating-assisted vertical coupling.
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Figure 1: (a) Sketch of a single PROW with several probe points distributed along the
waveguide. In the inset, a scheme of a single probe point. (b) An example of (simulated)
data collected from a PROW with a single probe element.

An arbitrary number of PROWs can be placed on the wafer to measure the parameter in
any required point but each structure has to be measured independently. Several parame-
ters can be used to monitor the compliance of a waveguide to the specifications, including
phase and group effective indices, losses, and the average backscatter generated by the
sidewall roughness [2]. The technique proposed in this work focuses on group effective
index and propagation losses whose values are strongly tied to the waveguide geometry.

The probe element is composed by three lumped reflective sections which form a sin-
gle sensing unit. A fundamental assumption for the application of this technique is that
the perturbation the reflectors produce on the parameters of propagating mode is negligi-
ble with respect to the sensitivity required to the measurement. The measurement of the
PROW is done by exploiting an Optical Frequency Domain Reflectometry (OFDR) tech-
nique [2], which allows an interferometric analysis of the light reflected along a waveg-
uide. Reflected power spectrum is collected in the spectral domain and then Fourier
transformed to retrieve the data in the spatial domain. Each reflective section contributing
to the total power reflected by the PROW is then identified and measured.

The main constraints to the design of a PROW are related to the total number of reflectors
placed on the waveguide. Larger amount of reflectors implies also larger losses along the
whole waveguide and then a reduced sensitivity for the farther elements. Depending on
the involved technology, good compromise between density of the probes and total losses
must be found to ensure reliably results.

An example of this kind of analysis is shown in figure 1(b), where a simulation of a
11.5mm-long PROW with a single probe element is reported. Propagation losses of
2dB/cm have been assumed. Each reflector generates a lumped loss of 0.5dB and a re-
flection coefficient of —40dB. The physical lengths of the waveguides between the three
reflectors are respectively L; = 80um and L, = 79um. The graph shows the power re-
flected at each section of the long waveguide: the input/output facets are clearly visible as
well as the three reflectors which form the sensing element (in the inset the area close to
the probe). The distance of each section from the input facet is reported as group length.

Parameters extraction

In this section the extraction the group index and the propagation loss through the data
collected from the PROW is shown. This processing is applied to each probe element,
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resulting in a mapping of the values in the chosen points of the PROW.

The group effective index is directly calculated from the phase of each reflection measured
with the OFDR technique described in the previous section. The basic assumption is that
the value of the index is constant on the entire waveguide section occupied by the probe.
The three reflections U; (with i = 1,2, 3) generated inside a single probe element posses a
phase that can be defined as

LU; = 0;+¢; = 0; + P02z + P1 (0 — mp)2z; (1)

where 0; is the phase of the reflector and @; the propagation contribution for a section
placed at distance z; inside the structure. A linear expansion of the propagation constant
around the central frequency 0 in the form B(®) = won.rr/c + (0B/0W)|w, has been
used. The physical lengths z; must be doubled because of the double passage inside
the structure required by the measurement. We can then compute the phase difference
between two adjacent reflectors inside a single triplet, which is only dependent on the
two physical lengths L; and L, of the waveguide sections inside the probe unit, assuming
the two reflectors add the same contribution 6;. With a linear interpolation of the two
differences we can finally estimate the linear term 3, which is related to the group index
in the section on the sensing unit by the relation B; = df/dw = ng/c.
The reflections generated by the crossings inside each probe elements can be used also
to measure the distribution of the attenuation coefficient along the waveguide. The am-
plitude of each reflection |U;| can be extracted from the temporal trace generated by the
OFDR measurement. We can now reasonably assume that all the crossings placed in
a PROW produce the same reflection and attenuation coefficients and hence we can ex-
tract the propagation losses comparing two couples of adjacent reflections |U;| and |U;_1|.
Amplitudes in the same couple differ only for the extra losses experienced by the light
reflected farther from the input facet (e.g. red peak in figure 1(b)) induced by the first
crossing (the blue peak) and longer propagation distance inside the probe element. Their
ratio results
|Ui]
|Ui-1]

where /L, is the insertion loss of a single crossing and o the attenuation coefficient. If
the two considered couples of reflections have a different distance L; between the reflec-
tors than we can extract o with a simple linear interpolation (because /L. is constant),
effectively exploiting a cutt-back technique. This linear regression can be particularly
critical if the involved lengths L; are too small. On the other hand larger distances mean
a degradation of the spatial resolution.

— [12e%0Li (2)

Experimental results

Temporal distribution of the reflections in a 6-cm long PROW are shown in Fig.2(a) while
results of the extraction of the propagation losses and group index for both TE and TM po-
larized light from these data can be seen in Fig.2(b) and (c). The waveguide exploited for
the characterization is the InP-based deeply-etched rib structure described in [3]. For the
group index (Fig.2(a)) the behaviour is similar for both polarization, with a slight increas-
ing of its value moving from the external area towards the centre of the wafer, in the order
of 5-1073. A simulation of the expected waveguide group index variation as function
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Figure 2: (a) Measured space distribution of the reflections in a PROW. Based on these
data, measurements of (b) group index and (c) losses distribution are performed.

of an uncertainty in the thickness of the core layer (supposed to have the nominal value
of the refractive index) reveals that this number is compatible with a variation comprised
between 50 nm and 100 nm, in accordance with the specifications of the foundry.

Measurements of the propagation losses are shown in Fig.2(b). In this case a clear trend
along the PROW cannot be easily recognized which suggests that the dispersion of the
measured data is higher than the possible variations of .. The standard deviation of the
data is about 0.5 dB for both TE and TM results, which is a good results related to the
fact that the length of the involved waveguides is smaller than 0.5 cm (and hence the total
insertion losses that has to be estimated are rather small and noise-affected). The average
value of a for the TM mode is about 1 dB/cm higher than the TE polarized light, which
is in accordance with previous measurements conducted on the same type of waveguides.
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In this paper results of measurements on monolithic extended cavity ring passively
mode-locked semiconductor lasers (PMMLS) are presented. We have designed PMMLs
in various geometries in order to use them for theoretical model verification and
subsequent development of a library of short-pulsed lasers within an active-passive
integration platform. The different dynamic regimes depending on the voltage applied to
the saturable absorber and current injected into the amplifier are characterized in both
time and frequency domains. At the mode-locking operational conditions the output
signal features an optical comb centered at 1.55 um and a 3dB bandwidth of 8.5 nm.

I ntroduction

A large number of applications in areas as {sgeed communications [1], optical
recovery [2], and higispeed gas spectroscopy [3] require short stable optitses or
coherent optical frequencies which can be generated by-lockied lasers (MMLS).
However, such systems can be quite bulky, cormg@ad vulnerable. In order to
overcome these issues photonic integration approacis used. In this technology
passiveMLL s (PMLLS) can be realizeds aphotonic integrated circuit () on which
these lasersan becombined with other optical devices on the single monolithic chip.
The aim of this work is to study PMkLin the framework of activpassive integration
technology which enables the combination of passive and active waveguide devices
Through theuse of theactivepassive integratigrthe performance of a semiconductor
modelocked laser can be significantly improvdde to several reasari§irst, active-
passive integration allows for a decoupling of amplifier lengths and the resdeagth
which determines the repetitiorate. This helps to reduce the issue of amplitude
modulations [4] and selphase modulation as observed in-aitive twoesection
devices. Another advantage of this technology is that the relative positioe $Atand
SOA and output coupler in caviban be optimized But also other optical devices can
be included which can be freely located.

In integratedphotonics, as in mro-electronics, the broad rangeawfmplex circuitan

be realized usinga set of small standard components, so called building blocks.
Building blocks (BB) are organized in librari€ghis approach enaldeoneto designa
large variety of complex optt devicesrelatively fast by combining building blocks
from various libraries. Since there is large variety of complex opticate®which
require shorpulsediaser as aoptical source th&brary approach can be also applied to
the PMLLs.

In this wak we investigate PMLLs performance for various designs and operating
conditions in order to use them in shpuised laser development in actpassive
integration platform.The paperis organized as follow: in the first section we will
introduce thecorcept of the library of shoypulsed lasers and main steps that have to be
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made. In the next two sections we present the PMLLs geometry and main expdrimen
results that have been achieved. The conclusions are given in the last section.

Theidea of library of short-pulsed lasers

Depending on the circuitinctionality and applicatiorthe requirementsroaPMML can

vary over awide range. For examplé&r high speed gaspectroscopy applications the
pulses repetition rateshould not exceedd GHz and fora waveéngth division
multiplexing sourceit has to be in the order of tens of GHz. Thus, the BBs have to be
developed i way that designer in principle could chartge characteristics of output
signal without spending additional time on the BBs propertieslation. However,in
order to link the characteristics of output sigrashd BB layout the performance of
modelocked lasersneeds to be properly investigated using both experimental and
simulationapproachedn spiteof the fact that semiconductor melteked lasers have
been studied fomore than twodecades theoreticglredictionof their propertiesstill
remains challenging. A systematicstudy of theoretical preadictions andexperimental
resultsundera range obperating conditionsf a series of diffrent devices is required

to a) achieve high level of understandingtb& nondinear processes taking place in the
laser cavityand b) todeterminewhich theoretical modeis the most suitable tbe used

in laser library developmenior this purpose seka ring PMLLs of different geometry
were fabricated. In the next section we will detail the device design used irotkis w

Symmetrical ring mode-locked laser

Passive modéocking can be achieved by combining two elements a semiconductor
optical amplifie (SOA) which provides gain that saturates at high intensisied a
saturable absorber (SAyhich introduces losses that are relatively large for low
intensities but which become significantly smatlee to the saturation of absorption for

a pulse with gh intensity.In this work we present theng symmetricaldesign of
PMLL which includes not only SOA and SA sectidmgt also passe waveguides
(shallow and deepand a5 multi-interference coupler (MMIlputput coupler A
schematic sketch of the lasmvity is presented on Fig. 1.

soA |l soa ]—\
Passive PES_SW/El

=

Fig. 1.Sketd of symmetrical ring PMML.

The use of passive waveguidesarPMLL allows to overcomeor reduceissuesin
standard twosections all activ®MLLs, in particular seHphase modulations effects [4].

The symmetrical ring cavity enalleperating in aelfcolliding regime which provides
more stable modecking anda moredeeply saturated absorb&ue to the fact than

the ring cavitythere is no needf cleaved facets the repetition rate can be controlled
more accurately than that ofF@bry-Perot type structureith cleaved facets

In order to minimize back reflections into the device the output waveguidesteae
under an angle of 7 degre@fie SOA and SA section contariayer structure with four
InGaAs quantumwells. The SOA and SA sections were electrically independent by
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introducing electrical isolation sectionBne device results presented here are BiCa
fabricated within a multiproject wafer run available throagi©claro foundry service.
Three 16 GHz ring modelocked lasers with different lengtlof SOAs (1300 pum
1500pum and 1700 pjnand 50 pm long S&were fabricated. In the next section the
experimental results of the laser wah 700 umSOA are presented.

M easurementsresults

The device was mounted on a copper chuck and the temperature was stabilized at 12° C.
The output light wasollected usindensed fibers with antireflection coating. Optical
isolators were used to prevent baekections into the cavity. The PMLL laser was
operaedwith a total injection currer(lsog to the SOAsections andreverse voltage

(Vs9 applied to the SAThe mode-locking was confirmed by observation of RF spectra,
optical spectra and autocorrelation trace. The RF spectra were reasiigds0 GHz
electrical spectrum analyser connected to the fast photodiode. The optical speetra wer
characterizedising aropticalspectrum analys¢©SA) with aresolution of 0.16 pm. In
order to obtain autocorrelation traces the optical signal from PMML went thtbagh
polarization controller andias amplified by therbium doped fiber amplifieEDFA)

with a10 m long fibe.
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Fig. 2. a) Evolution of RF spectra, autocorrelation trace and optical spectra with injected current at Usa =
-2.1 V.b) RF spectrum, autocorrelation trace and optical spectrum a2l and Isoa = 44 m&) A
map of the RF peak heighs a function biasing conditions applied to the SOA and)Smap of the
spectral bandwidth (FWHM) measured at the same set of operating conditinr{g)as i

The device has been measured under various operating conditions. ThéafFghdvs

RF spectra, AC traces and optical spectra at the range of injected cuggntsl(
50mA). The maxinum injected current was determined by the maximal powehef
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optical signal which can be absorbedthg SA without causing damage. The lasing
threshold of the PMLL at 2\ applied reverse voltage wagal= 27 mA. The signal
recorded by th©SA shows continuous wave lasing at the currents above threstibld un
soa= 33 MA. At the injected currents aboyg, £ 33 mA thedevice operates iamode-
locking regime. At these conditioniset electrical spectrum showslear peak at 16.02
GHz which corresponds to the roundtrip timdealysis of autocorrelation showslpe
duration of 3.8 ps.

By further increasinghe injected currentthe beat tone between modes sttt lower
values. As described i®] the repetition frequency is led bychange of detuning due to
the gain/absorbesaturation effectsin our case weperate at low inje@n currents,
where most ofthe gain sectionsn’t saturated According to [5] at unsaturated gain
conditions the repetition frequency decreases with increasing pulse energy.
Increasing of the current leads to the optical spectrufhtehshorterwavelengths, this

Is caused by the blue shift of the gain spectra at higheecdensitiesExamples of the
RF spectrum, AC trace and optical spectrum at the fixed injected cutkgrt4# mA)

are presented on Fig. 2 (blrig. 2 €) shows a map of height of RF peak (in dB) at the
fundamental frequency over the low frequency nase function ofsp; and \ia The
main gray area indicates the presence of RF peak. Since the injected currents were
relatively low the signal to noise rataf the RF analyzer plays a role and therefore RF
peak heights don't exceed 40 dBhe maxinum observed RF height over the noise
floor is 41 dB. Fig.2(d) shows a map of the full width at half maximum (FWHM) of
the optical spectral width. The maxiam observed FWHM is 8.5 nm.

Summary

The ring geometry passively motieked laser realized as a PIC fabricated withia
OclaroInP generic technologhas been demonstrated. The méming regime over
range of the operating conditions was observed. The outmal $eatures a FWHM of
8.5 nm and a minimum pulse width of 3.8 ps.

Acknowledgement.

The research leading to these results has received funding from European Community
Seventh Framework Program FP7/2EDA3 under grant agreement 257210
PARADIGM

References

[1] H. Takara “High speed optical timdivision multiplexed signal generatidnOptical and Quantum
Electronicsvol. 32, 795810, 2001

[2] T. Ohno, K. Sato, R. Iga, Y. Kondo, T. Ito, T. Furuta, K. Yoshino, ldndto, “Recovery of 160
GHz optical clock fron 160 gbits data streamsing modelocked laser diode,” Electronics letters
vol. 40, no. 41-2,2004

[3] J.Mandon, Spectroscopyrequency comb benefits”, Nature Photonics, 3, p. 82, 2009

[4] Y. Barbarin, E.A.J.M. Bente, M.J.R. Heck, J. Pozo, J.M. Roria6S. Oei, R. N6tzel and M.K.
Smit, “18GHz FabryPérot integrated extended cavity passively modelocked lasers,” European

Conference on Integrated Optics, April -23, 2007, Copenhagen, Denmark: Conference
Proceedings ThGO07

[5] S. Arahira and Y. Ogawa, “Rej@in-frequency Tuning of monolithic passively meldeked
semiconductor lasers with integrated extended cavitiE&E Journal of Quantum Electronics, vol.
33, no. 2, 1997

92



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

Tunable two color emission in a compact semiconductor
ring laser with filtered optical feedback
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We report on an integrated approach to obtain two color emission from a semiconductor
ring laser with filtered optical feedback. This feedback is realized on-chip by employing
two arrayed waveguide gratings to split/recombine light into different wavelength chan-
nels. Semiconductor optical amplifiers are used in the feedback loop to control the feed-
back strength of each wavelength channel independently. Results show that the effective
gain of the different modes is the key parameter which has to be balanced to obtain two
color emission. This can be achieved by tuning the injection current in each amplifier.

Introduction and Device description

For numerous scientific and industrial applications, it is of interest to have tunable, two
color emission (TCE) lasers. Such applications include wavelength-division multiplexing
in optical communications systems, optical sensing and THz generation [1]. Several ap-
proaches have been proposed to achieve TCE using different laser systems, such as fiber
lasers, solid-state lasers and external cavity laser diodes. Although these systems show a
good performance, they tend to be bulky and expensive. Therefore, there is a profound
interest in achieving TCE in single-chip laser diodes, with devices being potentially small
in size, low-cost and integrable with other photonic components.

In this paper we propose an approach to achieve TCE in a monolithic laser diode struc-
ture. Semiconductor ring lasers (SRLs) with on-chip filtered optical feedback have been
proposed in [2] to obtain tunable single color emission (SCE). Here, we will show that
the same scheme can also support the simultaneous emission of two longitudinal modes
(LMs) by balancing the effective gain of selected LMs. This scheme has several ad-
vantages: Firstly, the SRL does not require distributed feedback or DBR mirrors, it is
easily integrable with other photonic components. Secondly, The competition between

S S @
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Directional — 7 =
couplers Lensed fiber AWG channels 1.336 nm
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kA A Wavelength
SRL modes 0.3 nm

Feedback section

Figure 1: (a) Layout of the integrated ring laser with on-chip filtered optical feedback.
(b) The alignment of the AWG channels .
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the clockwise/counterclockwise propagating modes of a SRL cavity leads to interesting
dynamical regimes. Thirdly, we can select different pairs of wavelengths under TCE in a
non-thermal fashion by changing the current injected in the different SOA gates. Finally,
we can easily switch between TCE and single-mode operation by changing one of the
gate currents.

The device consists of a SRL, two arrayed waveguide gratings (AWG) which are used
to split/recombine light into 4 different wavelength channels, four semiconductor optical
amplifier (SOAs) gates and passive and active waveguides to connect these components.
The AWG channel spacing is 1.336 nm and the AWG free spectral range is 5.65 nm,
whereas the mode spacing is 0.305 nm. Therefore, each AWG channel supports 4 modes.
The scheme of the device is shown in Fig. 1(a). The channels alignment of the AWGs is
shown in figure 1(b). Each SOA gate can be independently pumped electrically. When
a gate is biased, the feedback strength and phase of the LMs in the corresponding AWG
channel will change. When a gate is not biased, or when it is reverse biased, light is
absorbed and therefore there is no feedback effect.

Experimental study

We use electrical probes to pump the SRL and the gates which are chosen to provide
feedback. We measure the output in the clockwise (CW) and counter clockwise (CCW)
directions using lensed optical fibers. The threshold current of this device is 64.5 mA.
We pump the SRL well above the threshold at 85 mA. Without filtered feedback, the laser
emits multiple longitudinal modes. By pumping one gate with sufficient current we obtain
a SCE in agreement with [2]. Next when two gates are pumped simultaneously, ( for ex-
ample we choose to bias gates 2 and gate 3 ), TCE can be observed in the CCW direction
for a gate 3 current of 8.63 mA and a gate 2 current of 20.6 mA as shown in figure 2(a).
The two dominant peaks are located at A3=1582.296 nm , and A,=1583.210 nm (which
corresponds to the wavelength channels of gate 3 and gate 2, respectively). Similar TCE
is noticed in the CW direction. We can also tune the emission wavelengths under TCE op-
eration electrically by changing the gates that are forwardly biased. Although we cannot
tune the wavelengths continuously, a discrete set of simultaneously emitted wavelengths
can be selected.

To investigate the influence of the gate currents on the TCE, we fix the laser current at 85
mA and the gate 3 current at 8.63 mA. We gradually increase the gate 2 current from 0

730 | ?II\

= -40} () = 20} (b)
(an] (aa]

=.-50 =.

5 o4 0

S =

o Q-0

1580 1582 1584 1586 -405 Z0 40 60

Wavelength [nm] Gate 2 current [mA]

Figure 2: (a) Optical spectrum in CCW direction for a SRL current of 85 mA, a gate 3 current
of 8.63 mA, and a gate 2 current of 20.6 mA. (b) Optical power difference between the two peak
wavelengths in the spectrum as a function of gate 2 current. SRL current fixed to 85 mA, gate 3
current fixed to 8,63 mA. Solid line is to guide the eye
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mA to 60 mA. For each value of the gate 2 current, we measure the optical spectrum and
we extract the optical power at the peak wavelengths shown in figure2(a). The difference
between the power P1 at the wavelength A3 and the power P2 at the wavelength A; is
plotted in figure2(b) as a function of the current applied to gate 2. When this difference
is equal to 0, both wavelength modes are emitted with the same power and we achieve
TCE. When the power difference is larger than 30 dBm, the laser emits only the LM at
As. Likewise, when the power difference is smaller than -30 dBm, the laser emits only the
LM at A,. From figure2(b) it can be seen that there is TCE in a relatively narrow range
of gate 2 currents (from 19 mA to 21 mA). If the gate 2 current is tuned away from this
value, there is a continuous transition region where the power in one of the LMs decreases
(accompanied by a similar increase in the other LM). A similar transition region can be
observed when gate 2 is fixed at 20.6 mA and the gate 3 current is changed. Performing
the measurement shown in figure 2 both for increasing and decreasing the current injected
in gate 2, yields the same results. This shows that there is no hysteresis in the transition
from SCE behavior to TCE. More details about this work can be found in [3]

Numerical study

We use a two-directional mode rate-equation model of the SRL extended with Lang-
Kobayashi terms to take into account the effect of optical feedback. In terms of the
mean-field slowly varying complex amplitudes of the electric field associated with the
two propagating modes E¢" and E.", and the carrier number N, these equations are

ES = x(1+i0) [NGS — 1ESY — (kg + ki) E&Y +MuEQ (1 — 1) (1)
ES = x(14i0) [NGE” — 1] ES — (ka+ kS ESY +MuES™ (1 —1)e® (2)

n
N = y|lu—=N-NY (GESP+ G ES" ) 3)
m=1

where “m” refers to different longitudinal modes. In these equations o =3.5 is the linewidth
enhancement factor, ¥ =200 ns~! is the field decay rate , y= 0.4 ns—! is the carrier in-
version decay rate, 4 =1.2 is the normalized injection current, 1,, and 6,, represent the
feedback strength and phase, respectively, T =76 ps is the delay time which corresponds to
the propagation time in the filtered feedback section, k; = 0.2 ns~! represents the dissipa-
tive backscattering and is taken equal for the two directional modes. A small asymmetry
between the two directional modes is introduced via the conservative backscattering coef-
ficients: k<" =0.88 ns~! whereas k¢ =1.144 ns~!. This asymmetry is needed in order to
reproduce the experimentally observed asymmetry in the power output when the gates in
the filtered-feedback section are unpumped [8]. The differential gain functions are given
by G'=(1—s|ES"|> — c|ES?), G5=(1—s|ES™|* — c|ESY|?), where s=0.005 is the
self saturation and ¢ = 0.01 is the cross-saturation between the two directions of the same
LM. We have limited the number of LMs to two (n=2) as it corresponds to the minimum
number of equations needed to describe TCE.

We consider the case for which LM is initially selected by introducing a finite amount of
feedback m;=15 ns~! in the corresponding filter channel. We then change the feedback
strength 1, experienced by LM, while the feedback phases are fixed to 8; = 6; = 0.57.
As long as 13 is much smaller than 1y, LM will be lasing while LM, remains switched
off. When the feedback strength 1, becomes comparable to 1, the intensity in LM
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Figure 3: (a) Intensities of both modes when the feedback strength M, was increased while 1
was fixed to 15 ns~! and 8; = 6, = 0.57. (b) Intensities of both modes when feedback strengths
MN1,M2 are equal and increased equally at the same time.

gradually grows and it becomes equal to the intensity in LM when 13 is equal to 1. For
still higher values of 1, LM will gradually be switched off, as can be seen in figure 3(a).
This indicates that the TCE is actually due to a precise balancing of the total gain (i.e.
including gain, losses and feedback) in the SRL. We also checked in the simulations that
there is no hysteresis in the transition between LM and LM, plotted in figure 3(a). We
obtain the same results by increasing or decreasing 1, similarly as in the experiments.
The simulations shown in figure 3(a) indicate that TCE is obtained when the feedback
strengths in the two selected wavelength channels are equal. This is further elaborated
on in figure 3(b) where we plot the simulated intensities when keeping M equal to M3
and changing both feedback strengths simultaneously. In that case we obtain TCE for all
values of the feedback strength. This clarifies why TCE can be observed experimentally
for several different values of the gate currents.

Conclusions

In this contribution, we have experimentally and numerically demonstrated that TCE can
be achieved in a SRL with filtered optical feedback. The wavelengths can be tuned dis-
cretely by selecting different wavelength channels. This can be done by changing the
currents injected in the SOA gates to balance the effective gains of the two modes. We
have supported these experimental results by numerical simulations which have shown
qualitative agreement with the experimental observations.
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A ring geometry laser with a wavelength tunable intracavity filter is demonstrated. The
device is realized as a photonic integrated circuit and fabricated within COBRA InP
active-passive multi project wafer run. The device under test features a three stage
asymmetric Mach-Zehnder interferometer filtering scheme allowing for a single mode
operation with the side mode suppression and contrast ratios of 43 dB and 60 dB
respectively when the laser is DC biased at 2.5 times of the threshold current.

Introduction

An extended ring laser with an intracavity wavelength filter for gas sensing applications
is proposed. The wavelength discrimination mechanism is based on a sequence of
asymmetric Mach-Zehnder interferometers (AMZI) and has potential for a wide
wavelength tuning range. The device is designed and fabricated as a Photonic Integrated
Circuit (PIC) which is realized in a multi project wafer (MPW) run within the COBRA
active-passive integration platform. Preliminary characterizations of the fabricated
device reveal a single-mode (longitudinal) operation, showing a good agreement with
initial simulations and design objectives [1].

Laser geometry

The laser under investigation has a geometry as schematically depicted in Fig. 1. It
consists of semiconductor optical amplifier (SOA) providing optical gain, the AMZI
based wavelength selective filter and a multimode interference coupler (MMI) for
coupling out the optical signal. All elements are connected with straight and curved
passive waveguides forming an extended ring cavity.

AR
AR

Fig. 1. Schematic diagram of extended cavity ring laser with AMZI based intracavity wavelength
selection filter. The ring cavity consists of a three stage wavelength filter (dashed box), semiconductor
optical amplifier (SOA), and two 2x1 MMI couplers used for coupling out the optical signal. All
components are connected with passive waveguides (in blue).

In the presented configuration, the wavelength filter consists of three AMZIs in series.
A transmission of an individual AMZI is periodic with respect to the frequency
(wavelength) with a free spectral range FSR=c/AL, with ¢ being the speed of light in
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vacuum and ALy an optical path length unbalance. The unbalanced interferometric
configuration enables a tuning mechanism in which a change of the respective optical
phase by 2 between the arms tunes the filter over one full FSR regardless of its value.
Provided that the length of optical waveguides can be defined on a micrometer scale and
efficient phase shifters are available within the integration platform used, AMZI based
filters with a tuning range in the order of tens of nanometers (a few terahertz) can be
realized [2], [3]. A single AMZI features a finesse of 2 (sinusoidal profile) which in
many cases does not suffice when combined with the fundamental mode structure of the
laser cavity and a gain profile of semiconductor material to achieve a single mode
operation. The mode selection principle of a single AZMI filter combined with resulting
longitudinal cavity mode selection is depicted in Fig. 2(a).
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Fig. 2. The transmission profiles of a filter (shown in red color) consisting of (a) a single AMZI and (b) a
series of three unbalanced interferometers; longitudinal cavity modes are indicated in bluewith the
separation frequency scaled up for clarity (¢) Examples of filter’s transmission envelope for several
phase shifter settings, with the control signals Sy applied within Sy;.

A combination of several AMZI in series can improve the finesse of the filter, or using a
sequence of AMZIs with e.g. decreasing optical unbalances (AL;<AL,<ALj3) allows one
to select the required longitudinal mode of the ring laser cavity. A transmission profile
of a three stage serial filter is shown in Fig. 2(b). A relatively simple and predictable
tuning scheme can be used when phase shifters ¢ (¢=1,2,3 ) of equal lengths are used in
the AMZIs, as shown in Fig. 1. The equal lengths means the phase shifters require the
same control signal S,, for a phase delay of 2n. Furthermore, as the unbalances AL, 3
are fixed, a simple linear relationship between the change in control signals AS; ;3 and
the frequency detuning Af of the series of three AMZIs exists. The required control
signals can be calculated from the required detuning Afas follows:

A
AS, =—S, AL, Eq. 1
g
with v, being a group velocity. With the relationship given by Eq. 1 a set of Sy, control
signals within S, can be calculated to allow for continues frequency tuning of the filter
over its full FSR, as depicted in Fig. 2(c).

Photonic Integrated Circuit

In the COBRA active-passive integration platform a set of basic building blocks (BB)
which can be combined in the form of complex photonic integrated circuits is available.
All of these BB are allocated on either active or passive layers stacks grown on InP
substrate. The extended cavity ring laser as depicted in Fig. 1. was designed and
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fabricated within this technology. The ring cavity consists of a three stage wavelength
filter (dashed box in the Fig. 1.), a 1 mm long semiconductor optical amplifier, and two
2x1 MMI couplers used for coupling out the optical signal, all components are
connected with passive waveguides. The ring cavity features an overall average length
of Lg=18 mm with corresponding fundamental free spectral range of 5 GHz (~5 nm).
The three individual AMZIs are formed by 2x1 MMIs, passive waveguides, and a
1.8 mm phase shifter (¢) in each branch to allow for wavelength tuning and calibration.
The optical unbalances AL;, AL, and AL3, were selected to be 15 um, 200 pm, 1529 um
respectively. Such a combination of the AMZIs allows for tuning range of ~40 nm
while maintaining a single-mode operation. The optical output is angled with respect to
the cleaved edge of the chip and antireflection coated in order to reduce impact of
potential back-reflections.

Modeling of this ring laser with the PICwave™ circuit simulator shows that side-
mode suppression ratios in the excess of 30 dB can be achieved at any operation point
within the 3 dB bandwidth of the SOA as depicted in Fig. 3(a).
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Fig. 3. Spectral output provided by a photonic circuit simulator from a designed PIC based ring laser, for
various sets of biasing signals applied to three phase shifters, showing a tunablity potential across whole
bandwidth of an amplifier (a). Spectral features of a selected operation point showing a single mode
operation with SMSR of ~43 dB. Inset: Close scale view of the lasing mode and neighboring cavity
modes at FSR =0.05 nm (5 GHz) (b).

Experimental results

The fabricated PIC chip is mounted on aluminum block and electrical contacts of phase
shifters and SOA are wire bonded to electrical signal distribution PCBs for an ease of
control and characterization. The aluminum sub-mount is temperature stabilized with a
passive water cooling system. Optical signal is collected with an antireflection coated
lensed fiber and fed with a standard single mode fiber to the measurement equipment
being an optical power meter and high resolution (20 MHz) optical spectrum analyzer.
At the temperature of 15.5 'C, the threshold current has been measured at Iy= 48mA as
shown in Fig. 4(a). The slope resistance is Ry=5.5 Q2. A single-mode operation with the
SMSR of 43 dB at the bias current Ispa=134 mA has been achieved as depicted in
Fig. 4(b). Spectral properties are in good agreement with the values targeted during the
design process.
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Fig. 4. Characteristics of the device fabricated in COBRA MPW run: optical power and SOA voltage
versus bias current characteristics of tested device indicate threshold current 1;,;=48mA and a slope
resistance Ry=5.5 Q; (a) a high resolution optical spectrum recorded with SOA section DC biased at
Isoa=134 mA (~2.5 of I,) and temperature set at 15.5 'C. Inset: Detailed view of the lasing mode with
neighboring cavity side modes, FSR=0.05 nm (5 GHz). (b)

Summary

A tunable ring geometry laser with an intracavity wavelength filters based on AMZI
was designed and fabricated on the COBRA photonic integration platform at 1.5pm.
The measurement results obtained show a good performance in terms of single mode
operation and an optical power of several mW assuming 5 dB coupling efficiency to the
fiber, which is also in good agreement with the simulations.
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N.Mehta, E. Tangdiongga, and A.M.J. Koonen

COBRA Research Institute, Dept. of Electrical Engineering, Eindhoven University of Technology, Den
Dolech 2, PT 11.06, P.O. Box 513, NL 5600MB, Eindhoven, The Netherlands

After fiber to the home’, fiber has reached in the room. To make such fiber based
indoor networks cost and energy efficient, reflective modulators (like R-SOA and R-
EAM) are core components which are also wavelength agile. They remove the need of
laser sources at antenna access points for upstream signal. The baseband version of
OFDM (i.e. DMT) along with bit-and power-loading algorithm can overcome the
bandwidth limitation of R-SOA. In this paper, we have shown experimental results of
multi-gb/s communication for upstream signal in indoor optical networks. DMT
modulation scheme has been used to obtain throughput of 9 Gb/s with a 750MHz R-
SOA.

Introduction

Recent years have seen growing demand for multi-media services such as high
definition video streaming in hospitals, sharing of large data files in office building etc.
To fulfill this ever increasing bandwidth demand from the users, fiber-to-the-home
networks is not sufficient [1]; the fiber needs to be extended till the room. The indoor
network architecture we propose is outlined in Fig. 1. For downstream path, we use
pencil beams to connect mobile devices in a room. For upstream path, 60GHz radio
connection is used for high speed wireless connection [2]. Within each room, there are
antenna access points (AAP) which consist of 1) pencil-beam radiating antennas
(PRAS): to direct pencil beams 2) receiving antenna and mixer: to capture 60 GHz
upstream signal and down-convert it 3) reflective modulators: to re-modulate upstream
signal on CW light at a room specific wavelength and send back to central
communication controller (CCC). The solution for directive beam steering through PRA
iIs ongoing topic of research. The CCC hosts all the intelligence for routing of
wavelengths channels in each room.

AAP: Antenna Access Point
CCC: Central Communication Controller

To Access
Network

Phone [ Tablet

Fig.1. Indoor network infrastructure
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The implementation of centrally controlled dynamic wavelength management in
CCC allows the reflected upstream signal transmission from the AAP in a wavelength
agnostic manner.

Numerous attempts have been made to use colorless reflective modulators at
remote end such as reflective-semiconductor optical amplifiers (R-SOA), ASE injected
febry-perot laser diodes (FP-LDs) and reflective-electro absorption modulator (R-EAM)
etc [3,4,5]. R-SOA seems to be very attractive because of its dual properties of
modulation and amplification for broad range of wavelengths (~40 nm). However the
bandwidth limitation of R-SOA is not suitable for next generation optical networks. To
overcome the bandwidth limitation we use discrete multi-tone (DMT) modulation
scheme. DMT is the base band version of orthogonal frequency division multiplexing
(OFDM) which is a multi-carrier transmission technique, where a high data rate stream
is split into many lower rate sub-streams and allowing low cost implementation.

In this paper, we experimentally demonstrate the use of DMT for remote
modulation of upstream signal by using low bandwidth R-SOA at AAP in indoor optical
networks.

Experimental Set-up

Fig 2 presents the experimental set-up. For downstream, we use simple NRZ. For
upstream path, DMT is being used to fully exploit the narrow bandwidth of R-SOA. In
the experiment, we multiplex NRZ signal (directly modulated at A;=1550.16 nm) and
CW signal (at A,=1555.84 nm) and send through 200 m SMF fiber. At AAP, both
signals are de-multiplexed. Modulated signal for downstream is sent to PRA for correct
directing of a beam to mobile unit and CW light signal is sent to R-SOA (operated at
25°) for re-modulating upstream signal. After re-modulation signal is sent back to CCC
through the same fiber. For short distance, Rayleigh scattering is not significant and
hence not considered. In this paper, we discuss only upstream performance.

4 ~ -~ \
RF in
- X
- )\1
PRBS L «(O
3 Fiber Length
b, MUX (L)
cwW 2
e *4
DPO =
& Y, \_ )
CCC Antenna Access
Point

Fig.2. Experimental Set-up
In the experiment, the baseband electrical DMT signal is generated by Tektronix
AWG using offline signal processing. Offline signal processing at transmitter side
consist of serial to parallel conversion of data, QAM symbol mapping, inverse fast
fourier transform, parallel to serial conversion, cyclic prefix (CP) insertion and digital to
analog conversion (DAC). For receiving optical signal, we use a photo detector with 7
GHz bandwidth. The received DMT signal is captured with Tektronix 50GHz real time
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oscilloscope for demodulation. The demodulation process consists of synchronization,
de-mapping of QAM signal, FFT, CP removal, and analog to digital conversion. After
demodulation, offline signal processing is done in Matlab for obtaining net throughput.

Experimental Results and Discussion

Fig 3 shows static characterization of R-SOA. Fig. 3 (a) shows the frequency
response of R-SOA and fig. 3 (b) shows the throughput versus bias current for different
input powers. Higher input power increases the relaxation oscillation frequency and
hence the modulation speed of R-SOA [6]. The further analysis is done at 30mA bias
(highest throughput point).

Fig 4(a) shows bits allocated to different subcarrier indices after bit loading
algorithm. For 2 GHz transmitted bandwidth, 64-QAM is used for subcarriers having
higher signal to noise ratio (SNR) whereas for 5 GHz, 16-QAM is used. Corresponding
constellation diagram @ BER<10" is shown in fig 4(b).

Fig 5 shows throughput versus transmitted bandwidth for two different subcarrier
indices. The highest throughput obtained is ~9 Gbit/s.
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Fig.3. (a) Frequency response of R-SOA; (b) Throughput versus bias current for
different input power
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Fig.4. (a) Bit-loading per subcarrier @ BER<10%; (b) Constellation for BW=2GHz (64-
QAM) and BW=5GHz (16-QAM)
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Fig.5. Throughput versus transmitted bandwidth

Conclusion

We have demonstrated the feasibility of operating an R-SOA based indoor optical
network architecture by using DMT. Although R-SOA is bandwidth limited by
750MHz, maximum throughput of 9Ghit/s is achieved at BER<10™ by using 7GHz
DMT with 128 sub-carriers. The maximum throughput can further be improved by
using reflective-electro absorption modulator (R-EAM) as a reflective modulator.
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Optomechanically actuated slot cantilever
for mass sensing.
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NEMS cantilever systems have been pushing the sensitivity of mass, force and pressure
sensing over the last decades. However conventional electrical designs for transduction
and readout are lacking in bandwidth and free space optical methods are difficult to inte-
grate because of diffraction limits. We demonstrate a broadband, all optically transduced
cantilever for mass sensing using end coupled slot waveguides in the silicon platform.
Simulations show a displacement responsivity of 1.4 um ~' and many times greater forces
at lower effective mass for similar designs.

Introduction

NEMS cantilevers are rapidly becoming more attractive as mass sensors in biological
and chemical sensing. They are compatible with CMOS fabrication methods allowing
dense arrays to be fabricated with small footprint and at low cost. For mass sensing ap-
plications the sensitivity of the resonance frequency to changes in mass is utilized as a
sensor. Most electrical transduction methods have a limited bandwidth, a problem not
found for optical methods. We suggest using end-coupled cantilevers. These have been
successfully investigated before [2] [1] and to expand upon this work we suggest utilizing
optomechanically transduced slot waveguides. They are an attractive choice because the
sharp contrast at the air-silicon boundary enhances both optomechanical forces as well as
sensitivity to displacement. Unlike cantilevers which must be bent in post processing to
optimize the displacement sensitivity, slot waveguides vibrate in the plane of the substrate
can be aligned for optimal sensitivity lithographically. This improves yield and repeata-
bility. By relying on near field effects for transduction and detection we bypass diffraction
limits and by not relying on interferometric schemes of detection we get a broadband de-
vice that does not need a coherent light source. Another benefit of integrated photonics is
that difficulties in alignment are avoided.

Results

Three ways to improve the mass sensitivity of the cantilever has been suggested [3] [4] ;
reducing the resting mass of the cantilever, reducing the modal effective mass fraction
and increasing the mechanical quality factor. Reducing the dimensions of the cantilever
reduces the resting mass but how far this can be taken is limited by practical factors such
as retaining a guided optical mode, fabrication limits and the sensitivity of the detection
setup. For cantilevers the mass is reduced quite significantly with higher order modes,
sadly the force that excites the vibrations is homogenous along the cantilever and thus
only the fundamental mode will be efficiently pumped. The quality factor can be in-
creased foremost by reducing the effects of air damping either through increasing the
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resonance frequency to the GHz range or throughoperating the device in vacuum, sec-
ondly through reducing clamping losses.
A first order approximation of the frequency response to added mass can be written as

(3],

Af 1 1
Am 2 nmeffﬂ

)

where f,, is the resonance frequency of the mechanical mode n and m, s, is the effective
mass of the same mode n.

The mechanical actuation of the slot beams is achieved through the optical gradient force.
The attractive force generated between the two beams in the slot by the optical field can
be calculated using the response theory for optical forces [5].

_ LPyy Nesy

Fq(qu) c aq

2)
where Fj, is the force for a given slot width, g, and optical frequency, ®. L is the interaction
length, P,, the optical power, ¢ the speed of light and N,y the effective refractive index.
The force increases inversely with the slot width so a slot as small as possible would be
desirable but we are limited by fabrication to a slot width of 110 nm. From this and the
shape of the first vibrational mode it is possible to write down the expected displacement
noise at resonance,

27 - Ppump “€moden 'Fq . Qmech ~L3 -
Br-E-I

where €,,04¢,, 1S the mean normalized displacement of the vibrational mode n , Py, the
amplitude of the modulated optical power, m,. is the resting mass of the cantilever, 3,
the eigenvalue corresponding to the vibrational mode, E the Young’s modulus and / the
area moment of inertia. The displacement is then transduced to optical power as the slot
misaligns. The displacement sensitivity,

3)

Ddisp =

oT
Sdisp — % (4)

is calculated using FDTD simulations. The results, shown in Fig. 2b, show that the sensi-
tivity grows with the width of the opposite slot. Because a slot on oxide, when compaired
to a suspended slot, have a significantly smaller cut off width for the optical mode the slot
must be tapered down to a width that can support the mode, see Fig. 3b. We fabricated the
cantilevers using the IMEC’s standard passives line. It uses DUV-lithography on SOI, the
result can be seen in Fig. 3a. The effective mass of the fundamental mechanical mode
for a 3um long cantilever is 263 fg resulting in a frequency shift of 56 Hz/ag. The setup
used for detection is shown in Fig. 4. By letting the pump and the probe laser propagate
in different directions beat noise is avoided. Ultimately the phase of the signal relative
to the pump must be measured and compared to the expected phase difference for forced
oscillations to exclude other potential signal sources.
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Signal and Force Dependance on Slot Width
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Figure 1: (a) The mode of the electric field in an under etched slot waveguide. The outline
of the waveguide is drawn in black. (b) The graph shows how force and responsivity
depends on slot width.
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Figure 2: (a) How eigenfrequency and signal strengh of the 1st mechanical mode depends
on length of the suspended slot. The beams of the slot are 280nm wide and the slot 110nm.
Oy 1s assumed to be 4000 and Py, is 1 mW. (b) FDTD simulations of the transmission
of end-coupled slot waveguides as dependent on the width of the two slots.
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Figure 3: (a) SEM image of the fabricated cantilevers before underetching. (b) An illus-
trative sketch of the cantilever design as seen with a top view. The red arrow marks the
direction of the optomechanical force.
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Figure 4: The pump laser is modulated
A.F.G. Pump Laser

] Pol. Rot. through direct current modulation and
$° excites the vibrations of the cantilever.

The probe laser, passing through the
Circulator cantilever in the opposite direction, is
then detected by a photo diode and ana-
lyzed by the electric spectrum analyzer.
To filter out any reflections of the pump
beam a band pass filter is introduced be-
tween the circulator and the photodiode.

Probe Laser -

Conclusion

We have demonstrated a broadband, all optically transduced cantilever for mass sensing
using end coupled slot waveguides in the silicon platform. Simulations show a displace-
ment responsivity of 1.4 um ! and many times greater forces at lower effective mass
compaired to previously reported optically transduced devices [2]. As for further im-
provements the displacement responsivity can be effectively doubled by introducing a
broadband bragg reflector after the cantilevers. Simulations show a displacement sensi-
tivity of 40 fm/rtHz. Measurements are to follow.
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What is the fundamental nature of the quantum state? Is it mntepistemic? Or, in
other words: does it correspond to a real property of the jtaissystem or does it rep-
resent our knowledge about the system? These long-askstiansehave seen recent
theoretical breakthroughs: no-go theorems show that epit models reproducing the
results of quantum theory are highly contrived — e.g., dgicmous. We present a simple
optical experiment — based on modulated weak coherentsta#owing the experimen-
tal verification of one of these no-go theorems, therefdigireg a large class of quantum
epistemic models.

I ntroduction

Quantum theory assigns to every physical system a gipgmtum stateg). Such a
procedure has been well known for decades. However, thestdlino definite answer
to the following question: what is the fundamental natur¢hef quantum state? Let us
indeed suppose that our present description of Nature enptete: theeal stateA of a
physical system is not known. Then, we have two alternatives

First, theontic (from Greek "ontos”, real) alternative: the quantum state real property
of the system. In this case, there is a one-to-one corregpoedbetwee and |):
reality corresponds to the quantum stapé possibly complemented by some "hidden
variables” that are still not known. Different quantum e&th;) # |W2) correspond to
different real state’; # A».

Second, thepistemigfrom Greek "episteme”, knowledge) alternative: the quamstate

is not a real property of the system and reflects only our incompetavledge of the
system — like statistical distributions in classical plegsiThere are indeed some reasons
to doubt of the reality of the quantum state: this mathemahtibject cannot be measured
directly and exhibits counter-intuitive phenomena, sustttee measurement postulate
and wave-function collapse, which would find a convincinglaration in such a model.
With this hypothesis, different quantum states) +# |W2) can correspond to the same
underlying realityA1 = Ao.

The above alternatives, illustrated in figure 1, have beanditated with precision in [1].
In [2], Pusey, Barrett, and Rudolph (PBR) have theoreyciown that these alternatives
can be tested experimentally: epistemic models cannobdeige all the predictions of
quantum theory if they satisfy the property, terngdparation independengcéhat in-
dependently prepared pure quantum states corresponddogimistributions over ontic
states. An experiment based on the PBR theorem has beeedcamriwith trapped ions
and reported in [3].
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ontic model epistemic model

(02} U
s (o))
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Figure 1: lllustrative distinction between ontic and epmstc models. Depicted are the
support of probability distributioi®(A|Qy) for preparationQy of a physical system as-
sociated with distinct pure quantum statlgg k = 1,2, 3, in the spacé\ of real states
A of the system. In an ontic model (left) distinct quantumestagive rise to probability
distributions with no overlap, while in an epistemic mod@l{t) distinct quantum states
may correspond to the same realityyasandy, in the figure.

The PBR paper has generated a certain "buzz”: several stinispired by this result

have flourished, and we will not list them here. We will focustbe result demonstrated
by Patra, Pironio, and Massar (PPM) in [4]. They have shovah éipistemic models

cannot reproduce all the predictions of quantum theoryay tbatisfy another constraint,
a natural property of continuity. The advantage of this ndggorem is that it allows an
experimental test already at the level of a single systemtrary to the PBR argument.
We have carried on such an experimental test, reported jiyajising modulated weak
coherent states of light.

In the following, we first present the PPM no-go theorem anttiraiits demonstration,

since it is used for the experimental test. Then, we desthi&uantum optics experi-
ment allowing to test the predictions of quantum mecharfiosally, we summarize the
experimental results we have obtained, and conclude oretligyrof the quantum state.

Theorem

We start with the definition of what we callcontinuous epistemic models. Lét> 0
and Ieth’Lj be the ball of radiud centered o), i.e., BSJ is the set of statelgp) such that
[{@|P)| > 1—d. We consider the preparation proced@ref a physical system, associated
with the probability distributiorP(A|Q) over real stated. We say that a model i8
continuous if for any preparatid@, there exists a stafesuch that for all preparatior@
corresponding to quantum statgg in the baIIBfl_’JQ centered on the stat#g), we have
P(A|Q) > 0.

The PPM no-go theorem states that if an epistemic model weareproduce the predic-
tions of quantum mechanics, then there is a fundamentatreamson itsd continuity.
The theorem is as followsd-continuous epistemic models with> 1— ,/(d—1)/d
cannot reproduce all the measurement statistics of quastatas in a Hilbert space of
dimensiond.

To prove the theorem, we considérpreparationg, k = 1,...,d, corresponding to
distinct quantum stateig)) all contained in a ball of radiug, and a measuremeMm
that yields one ofd possible outcomes=1,...,d. If preparationQ is followed by
measuremeri¥l, we denote byP(r|M, Qk) the probability of outcome.
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By definition of ad-continuous epistemic model, it makes the prediction

ZP(k\M,Qk) = ZZ P(K|M,A)P(A|Qk) > kainP(MQk) =e>0. (2)
A A

However, this is in contradiction with quantum theory. Iedelet{] j):j=1,...,d} be
a basis of the Hilbert space. Thedistinct statesy) = \/_ 7 > j2| 1) are all at mutual

distanced = 1 — |(W|Ww)| = 1— /(d—1)/d from the statey) = fzj |j). If M is the
measurement in the badi§) }, thenP(k|M,Qk) = 0 for all k, in contradiction with (1).

Experiment
(o] - - - - [} P [@D
STOP
CH1
gen START daq

1600 1600 1600
counts counts counts
(/10mns) (/10mns) (/10mns)

delay (us) delay (us) delay (us)

Figure 2: Quantum optics experiment allowing to test thémts predictions of quantum
theory and-continuous epistemic models. The light of a long-cohesaimoe continu-
ous laser (las) in the telecommunication C-band is cutdntd3, 10, 30, 50 or 80 pulses of
100 ns width, with one missing, by an acousto-optic modulg@om) driven by a pattern
generator (gen). The produced coherent stiatgs with mean photon number® = 0.2
after a strong attenuation (att) brings them to the singletqn level, are good approxima-
tions of the statesby) = \/_ Y i+k|i), where{]j)} denotes atime basis. These states are
stored during a time in a fiber loop before detection by a superconducting sipéieton
detector (det). A data acquisition system (daq) registachk @etection time relative to
the time at which the state preparation began. It thus altbegexperimental evaluation
of € = T P(kIM, Q). In the bottom of the figure are shown the measurement rasults
the casal = 10 fork =1,5,10.

Our experimental setup is depicted and commented in figuréh2. proof of the PPM
no-go theorem is at the heart of the experiment, which aimsréduct statesyy) =
\/%Zj#k\j% j,k=1,...,d, in a Hilbert space of dimensiomh, measure them in the
basis{|j)}, and evaluate the quantity= 3, P(k|M, Q). This is realized with modulated
weak coherent states of light cut into time bins.

Results

Our experimental results are summarized in table 1.
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d 3 10 30 50 80

) 0.184 0.051 0.017 0.010 0.006
enx10° | 026 045 127 162 166
Agm x 10° | £0.05 +0.07 +0.18 +0.23 +0.28
epx10° | 024 041 099 158 246
Ngp x 10° | £0.09 +0.15 +0.37 +0.58 =+0.88

Table 1: Experimental results. Parameigere the investigated dimensions of the quan-
tum state space, with the corresponding values-efl — \/(d — 1)/d. Measured values
&m are given with their statistical uncertainigny,. Valuesep correspond to quantum the-
ory predictions when taking into account experimental irfgzions, with approximate
uncertaintyAg, arising from uncertainty on instrument parameters.

Experimentally, the measured valueseoére non-zero and seem therefore in conflict
with quantum theory prediction= 0. Nevertheless, our experiment suffers from known
imperfections, namely loss, limited detection efficiendgtector dark counts and finite
extinction ratio of the modulator. When taking into accotimtse imperfections, our
measurements are in agreement with quantum theory preascsee table 1.

Though because of experimental imperfections all contisugpistemic models cannot
be ruled out by our experiment, we can refute a large claspistaamic models, the ones
for whiche > g (0), with € describing how epistemic the model is, anldow continuous
itis. It shows that, in order to reproduce the predictiongudntum theory, an epistemic
model has to be highly discontinuous.

Finally, we note that such a claim can be made only by drawargfal assumptions
on the experiment and its interpretation. A more complesewdision and a somewhat
tempered conclusion are realized in [5].

Conclusion

In summary, building on recent theoretical breakthrougleshave experimentally tested
the fundamental nature of the quantum state. Our results agreement with the pre-
dictions of quantum mechanics, and therefore demonstrateler certain assumptions —
the reality of the quantum state.

This research was supported by the European Union undeed®1QICS, by the FRS-
FNRS under Project DIQIP, and by the Brussels-Capital Retiimugh a BB2B Grant.
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Optical microresonator biosensors have proven to be a valid tool for binding and affinity
analysis of a biological binding event. However, when these microresonators are ex-
cited with a single optical mode they can not distinguish between a thin dense layer of
biomolecules or a thick sparse layer. We succeeded in exciting a Silicon-on-Insulator
(SOI) microring with both TE and TM polarisations simultaneously by using an asym-
metrical directional coupler. A theoretical model is provided to solve the shifts of these
modes to the thickness and refractive index of the biolayer. During a Bovine Serum Albu-
min (BSA) adsorption experiment, both shifts were tracked, showing the potential of the
sensor for conformational analysis.

Introduction

The current crisis in the drug development industry can be hardly overlooked, with an
increase in failure rate and a 50 % drop from 1996 to 2010 in number of applications to
the U.S. Food and Drug Administration (FDA) as the main results. Connelly stated in
a 2011 Nature Chemistry Insight [1] that the reason for this decline can be found in the
lack of appropriate high-throughput tools to study molecular behaviour at an analytical
and biophysical level of the drug candidates we produce.

To accommodate this, we propose an optical sensor system that can detect conformational
changes of proteins. The preferred technology for this is based on microring resonators,
designed for the Silicon-on-Insulator (SOI) platform. In a microring, specific optical
modes can resonate at specific resonant wavelengths. Current microring resonators ex-
ploit this mainly by tracking the resonance wavelength of one optical mode and as such,
they are able to measure the surface-bound mass as a function of time. In the past, biosen-
sor arrays with each microring selective to a certain molecule have been reported [2].
Detection limits of this platform are ranging from 0.3 pg/ mm? - 3pg / mm?, comparable
to surface plasmon resonance sensors [3].

However, single-mode optical sensors can’t detect a conformational change of bound pro-
teins, since this will not induce a direct change in the amount of bound mass. By simul-
taneously determining the thickness(#) and the refractive index(n) (which is linked to the

Nputt
(tbmv nblo)
Si ‘ H
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Figure 1: Cross section of the waveguide of which the microring consists.
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density) of a biolayer, we can obtain information on the size and shape of biomolecules
during binding with ligands. To track both # and n, we propose to excite the microring
sensor with two optical modes simultaneously.

Methods & design of sensor
Working principle

The cross section of the microring consists of a 220 nm high silicon rectangle with air
cladding, on top of a silicondioxide box. This vertical asymmetry causes the microring
to be highly birefringent. The two optical modes that are used for the dual polarisation
sensing technique are the fundamental quasi-TE and fundamental quasi-TM modes. In the
remainder of this text, we shall call these modes TE and TM modes for ease of notation.
The resonance wavelength of these two modes in the microring cavity is determined by:

Ln
}\'res = ey ( 1 )

When biomolecules are streamed over the sensor, they can adsorb to the microring surface
and form a biolayer with a certain thickness and refractive index, as illustrated in figure 1.
The two optical modes interrogate the biolayer at the surface by means of their evanescent
tail, that penetrates into the cladding of the waveguide. The capturing of biomolecules on
the microring surface is reflected by a perturbation in n. ¢ and thus implies a shift in the
resonance wavelength, which is governed by the following equation:

_ Al’leff<l’l,t) * xres

Alres(n,t) "
8

2)

Extraction of (¢,n) of the biolayer

The measurement setup tracks Ao 7£ and A, 7y during the experiment. In order to
extract (¢,n) of the biolayer, we propose a set of 2 equations linking the resonance wave-
length shifts with (¢,n). The shifts are relative to the resonance wavelength when the
cladding of the microring is the buffer solution. To find these equations, simulations have
been done with the eigenmode solver Fimmwave. For a wire waveguide as depicted on
Fig. 1, with dimensions W and H, the n, ¢ and ng of the TE and TM modes are simulated.
Using equation 2, A, 7£ and A5 7y can be calculated from these indices. We propose
a model with two different constants of decay per mode, due to a non-identical effective
cladding index at the top and at the side of the waveguide:

_ 1 1 B i

Ahrg(n,t) = (1+eXp(—aTEt)+eXp(—bTEt) 3) [erE(n—npuys) +dre(n—ri, )]
3)

Mam(nt) = ( 1 ) et =g+ draa(n— )]
I T exp(—arut) +exp(—brygr) 37 MV AT g g
4)

By using a nonlinear regression algorithm, we can fit the 8 parameters (with the proper
constraints) of these equations using a least-square metric, obtaining a R> goodness-of-fit
of 0.9998 over a range of 200 nm for # and of 0.2 R.I.U for An, confirming the validity of
this model.
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Sensor design

In order to excite both polarisations simultaneously we use an asymmetrical directional
coupler, which can couple the TE mode to the TM mode in an adjacent waveguide by
using two waveguides with different widths, such that n.fr 7 = nerfrpy. A microring
with an asymmetrical coupling section has been examined in [4], where it is shown that a
TE mode in the access waveguide can successfully excite a TM mode in the ring waveg-
uide. However, if the gap in the coupling section is sufficiently small, the TE mode in the
access waveguide can also excite the TE mode in the ring waveguide even though they
have a substantial phase mismatch An.sr. Due to the proximity of the waveguides, the
modal overlap can be large enough as to compensate for the phase mismatch.

The waveguide of the microring was designed to have a width of 480 nm, such that with
an access waveguide of 280 nm, a small phase mismatch was achieved between the TE
mode of the access waveguide and the TM mode of the ring waveguide of An = 0.0516.
On Fig. 2(a), this phase matching is illustrated. Once the sensor was fabricated by imec,
fiber to fiber measurements were performed with water as air cladding. The measured
spectrum is shown in Fig. 2(b), where we can clearly see two sets of polarisations with a
different free spectral range (FSR).

BSA experiment

To show the potential of this sensor, the wavelength shifts of the TE and TM mode were
recorded during an adsorption experiment with BSA molecules. A 2mM phosphate buffer
saline (PBS) solution was prepared with pH 3 and 5, to which BSA molecules were added
until a concentration of 0.1 mg/ml was attained. Some PBS with pH 3 was left as running
buffer. The fluids were cycled from BSA in PBS at pH 3 to BSA in PBS at pH 5 and
back to BSA in PBS at pH 3, before returning to the running buffer and eventually back
to water. The recorded wavelength shifts for both TE and TM mode are shown on fig. 3.
There is an increase in wavelength shift for both modes when the fluid is switched from
pH 3 to pH 5. This suggests that the adsorbed mass is increased, which is confirmed in
[5]. Throughout the experiment, the different behaviour of the TE mode with respect to
the TM mode is clearly visible. The TM mode is less confined to the waveguide core and
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Figure 2: (a) Effective index of the first three guided modes for a rectangular waveguide
with a height of 220 nm and water cladding. The black lines show how to phase match
the fundamental TE mode with the TM mode. (b) Measured fiber to fiber spectrum of the
microring with water cladding. Both the TE and the TM modes are visible
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thus more sensitive to variations in the cladding. It is crucial that the TE mode and TM
mode behave non-equally in order to make the solving to (¢,n) feasible. This first test is a
good indication that this biosensor can be used to measure the thickness and the refractive
index of a bound biolayer.

Conclusion

We have succeeded in designing a microring which can excite both the fundamental quasi-
TE mode and the fundamental quasi-TM mode simultaneously. By means of a BSA ad-
sorption experiment we have shown that we can track the shift of both modes at the same
time. A theoretical model has been presented which makes it possible to solve the ob-
tained shifts to the the thickness and the refractive index of a bound biolayer, confirming
the potential of this sensor for conformational analysis.

Al [nm]

0.1+ BSAinPBS BSAinPBS BSAinPBS PBS H,
. pH3 pH5 pH3 pH3

80 100 120 140 160 180 200
time [min]

Figure 3: Resonance wavelength shift of the fundamental TE mode and the fundamental
TM mode for a BSA adsorption experiment, when cycling through different pH values of
the buffer .
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Sudy of etched polymer optical fiber
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For the first time to the best of our knowledge, we report an ethanol vapor sensor based
on etched fiber Braggratings (FBGs) written into stepdex polymer optical fibers
(POFs). The end of POF with grating was etched by immersion in a mixture of acetone
and methanol (ratio 2:1). The etching rate was computed equal to 3.44 pm/minute.
Then, the etched FBG was espd to ethanol vapors mixed with dry air in different
concentrations at room temperature. The sensitivity of this sensor was tedted wit
different grating lengths and diameters.

I ntroduction

Fiber Bragg gratings (FBGs) written in polymer optical fiber®KB) present several
attractive features, especially for sensing purposes. In comparison to FBGanwimitt
silica fibers, they are more sensitive to temperature and pressure, becauseargfethe |
thermoeoptic coefficient and smaller Young’'s modulus oflymoer materials[1-3].
Although different polymer materials can be used to manufacture POF, the most often
encountered one is poly (methyl methacrylate) (PMMA). Unlike silica,MRAM
demonstrates absorption of moisture up to 2%,tsothatPMMA FBGs can b used as
humidity sensof4], biochemical concentration seng&] and water detection ssor
[6]. Besides water, PMMA can swell and vary its refractive index with roelealar
weight alcoholg7]. Ethanol sensing has been tested in silica fiber Bragfingrcoated
with PMMA [8].

In this paper we demonstrate etched PMMA fiber Bragg gratings etliapot sensor

in the telecommunation window around 1550 nm. The fiber contains trdns
stilbenemethanol in the core, as a photosensitive material, which makes imscripti
available with laser wadength ranging around 310 nf8,10]. FBGs were produced
through the use of a phase mask and a HeQaamium laser emitting at 325 nm.
Using cylindrical lenses, the beam width was adjusted to the core of the dgsitied)

in a single exposition. POF with grating was etched in a mixture solutionitheas
exposed to ethanol vapors mixed with dry air in different concentrations

Experimental setup for FBGsfabrication

Figure 1 depicts a sketch of the experimergatup that was used to manufacture FBGs

in POFs. Figre 2 shows the real devices in the experiment. The fiber was supplied by
The Hong Kong Polytechnic University has a core diameter of 8.2 pym and adiiag
diameter of 150 um. The core is made of PMNbped with Diphenyl stide (5 mol%)

and Trangid-stilbenemethanol (1 w.t. %) while the cladding is in pure PMMA. The
refractive indices are computed equal to 1.5086 and 1.4904 for the core and the
cladding, respectively, at the waength of 589 nm. The laser used in this work is a He
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Cd laser (Kmmon IK5751}G) with an output power of 30 mW at 325 nm. The output
beam diameter of the laser is 1.2 mm. The inscription was made from the top, and a
uniform phase mask (Cotent) with a period of 1044 nm wasapkd above the fiber as
closely as possible. Two plamonvex cylindrical lenses were incorporated in the
inscription setup. One of the aytlrical lenses with 10 cm focus length was just in front

of the phase mask, which was used to increase the powstydamthe core. The other

lens was used to expand the laser beam diameter in the crat®mlirdere, 10 mm

long FBGs were photoscribedin the setup. The inscription time was 45 minutes.

The grating was located at the end of a short section of(BfiEally 5 cm) that was
glued (using Norland omtal adhesive 78) to a standard silica optical fiber pigtail.

Q* { M'Irr'gr

V4 ‘_' ] Mirrors |
| Cylindrical lens l
—
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A
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Figure 1: Sketch of the experimental sgi used for grating  Figure2: Realopto-mechanicatlevices
inscription in POF. in the periment.

Etching process

The POF was etched by immersion ir
mixture of acetone and methanol (ra
2:1). Figure 3 shows the evolution of POl
diameter when being etched@he etching
rate was computed equal to 3.4
pm/minute, so that, after 30 minuteke
remaining fiber diameter was estimated
47 um. Figured shows the evolution of the
FBG reflected spectrum. A blue sh
occurs during the etching process, which 507
attributed to the release of wal o 5 10 15 20 25 30
molecules.At the end of etching proces Etching time (min)

the fiberwas broken in the center of FBG

So the remaining length of FBG is Figure3: Evolution of the FBG reflected spectrun
estimatedaround 1 mmFigure 5 shows during etching preess.

the final FBG spetrum, which was use:

after drying in air during 2.5 hours.
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during etching process

Experimental setup for ethanol vapor test

The performances of the sensors were measured in a glass chamber whidedsedon
with dry air and ethanol vapoat room temperaturd he ethanol vapors were generated

in bubbler when dry air was going through. The ethanol vapor concentration was
controled by adjusting two volume flow rateSigure 6 shows that the total Bragg
wavelength shift for the peak around 1546 neouored within 2 minutes of exposure
while the recovery in dry air lasts for ~15 minutes. Finally,uFeg7 shows that the
sengtivity of this sensor is equal to 56 pm/% of ethanol vapor concentration. Similar
experiments were conducted on non-etched FBG and no responsdaimsdb
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Figure6: Wavelength shift of the etched FBG fo Figure 7: Sensitivity of ethanol vapor sensor.
different ethanol concentrations as a function of
time.

Discussions

We have tesd different fiber thicknesses ranging from 40 to 80 um and different
grating lengths varying between 1 mm and 4 mm. The results presented inG~ayere
the best obtained until now. We are currently investigating the combined effelogiof fi
thickness ad grating length on the sensitivity of the device. Although a full control is
difficult to achieve, our observations are the following: order to geta higher
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sensitivity and faster response, thinner fiber with FiB@eededShort length of FBG
can dramatically decrease the drift during sensing test.

Conclusions

In this paper, we have reported an ethanol vapor sensor based on etched fiber Bragg
gratings (FBGs) written into stepdex POFs. The end of POF with grating was etched

by immersion in a mixturef acetone and methanol (ratio 2:1). The etching rate was
computed equal to 3.44 um/minute. Then, the etched FBG was exposed to ethanol
vapors mixed with dry air in different concentrations at room temperature. The
sensitivity of this sensor is equal t6 pm/% of ethanol vapor concentration.
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The shortage of available radio spectrum, catering to the ever increasing bandwidth
demand, has impelled many initiatives to look for alternative measures. In the advent of
optical wireless systems, high speed networks with vast amount of bandwidth can be
realized. Multiple links can be provided to one or more users simultaneously by using
efficient beam steering methods. An investigation for indoor optical communication
system using diffractive optics has been carried out. This paper demonstrates that up to
at least five simultaneous 1.5 Gbps NRZ-OOK links, with BER less than 10°, can be
deployed.

1. Introduction

Many might still recall the arrival of portable devices, especially cell phones and
personal digitalassistant§PDAs), with embedded Infrared Da#esociation fDA)
transceiversn the 905, for oneto-one short range communicatiorhen the first cell
phone withBluetooth arrived in the year200Q which featureda better coveragef
approximately 10fi]. At about the same tim&PRSwas introducef®]. GPRSIs an
extension of the GSM netwarkvhere users can have access to the inteflries is
followed byother technologiethat offerbetter data rates. The Wirelesslélity (WiFi)
technology, which also uses radio signalsijnsilar toBluetooth, but constitutes a much
greater area. W is by far the fastest and most stable mobile protatdhis point of
time[3]. One thing all these technologies have in commsrthe reliance on radio
waves, but is there enough room in the radio spectrum forCali¥sider alsahat
Cisco’s Inernet Busines Solutions Groupredicts some 50 billion devices that will be
connected by 202@ince year 2008, alreadyone devices are connecting to the internet
than peoplpl]. Theradio spectrum is getting congested and devices are interfering with
each other. Wit the explosion of wireless traffic ovére next few yearssolutions to
enablesupportfor the forecastedoomingcommunicatioriraffic are necessary] 6].
Foreseeing the broad and unregulated bandwidth in the THz frequency, the optical
spectrum has muh to offer. A considerable amount atsearchon the visible light
spectrum hsbeen carried out. The visible light communication systems (VLC) have a
basic system limitation on the bandwidth, i.e. a few 100s of mlppH 9], up to the
state of art of 22 Gbpswherewavelength division multiplexingly DM), carrierless
amplitude and phaseCAP) modulation,and RGBIlight emitting diods (LEDs) are
employedl10]. The infraredcommunication systems, on the other hand, emlalsgr
diodes,where high bandwidth is achievable doaenarrow spectral linewidth. da rates
can goup toterabits per secondrurthermore, ambient light, which is the dominant
noise inVLC systens, is eliminatedSince theemergencef fiber-to-the-home ETTH)
technologyin 2004 infrared wirelessommunications seen as a promising solutitm
bridge wirelessly the gap to the end [&&}.
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In this paper, we propose an infraffeasedindoor optical wireless solution,
employing passive diffractive optics foeam steering?Ve demonstte the feasibility
of using a passive grating as theam steering mediufior shortrange indoor optical
wireless communicationTherefore, v have compack the performance ofthe
diffracted beamso the performance dd free space begmandto the perfomance ofa
backto-back (BtB) measurement with @m long single mode fibéSMF).
Subsequently, a multilink free space transmission of 1.5 Gbps, steered over 35cm, with
bit error rate BER) less than 18, is demonstrated.

2. Indoor Optical Wireless System

Indoor qotical wireless systemcan be implemented as lhoé-sight (LOS) or nonline-
of-sight (NLOS) system|d.2][13]. LOS systemsare typically suitedfor pointto-point
communication via highly directionapower efficientbeams and therefore,require
precise alignmentNLOS systers, on the other handare appropriatefor pointto-
multipoint sysems via wide angle transmission, and thagquireless critical alignment.

In addition, the implementation of a wireless network could be a hybrid of optidal a
radio links. As uplinks typically do not require as much bandwidth, radio wireless
systems could be an optioimtelligence can be added to these systems to enable user
localization, andto have a power efficient
system for example transmission can be

UL el = il e turned off when there are no users and only
transmits to a particular user whaacessary

Fig. 1 shows a typical wirelessequipped
building with fibers, such asSMF fiber,
multimode fiberor plastic opticafiber[14], as

the in-building backbone network The

P building is equipped with a central
o 3 [] Q@’-{Qﬁm communication controllgfCCC), whereit will

receive traffic from the access network and

o e o Controler route it to all the access nodes) our case,
Fig. 1 Wired-Wireless-equipped home beam steering modules (BSM) idifferent
with beam steering modules rooms.

3. 1D Diffraction for Beam Steering

The novelty ofour method for beam steeringads from lie principle of diffraction
Diffraction stems from the ability of waves to bend, leading to a divergent prgfile a
propagates away from its source. At the same time, waves coincide constructively an
destructively with neighbaing waves to give rise to interference. This phenomenon
results inan array of bright and dark intensity patterns on the sciBesgse bight
pattens are the spots whelght beams ardormed,as seen in Fig2c, which we can
use as the medium of transmission in the optical wireless domain. Theusbv
advantage is that we gaifrom having multiple spots These spotstranslate
meaningfullyinto instantaneoumultiple linkswith the capability of each link to carry
the same amount @apacity. This is a wHwin powercapacitysharing systemwith a
gradualpower loss as the light intensity falld edwardshigher anglaiffracted bears.

Yet, the same amount of data capacity can be transmitted in eaclkdirduch, this
solution is scalable depending on the available power budget of the system.
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4. Experiment Setup and Results

The experimets were carried out with @on+eturnto-zero onroff-keying direct
modulated 1558.98nm laser diode, with pseudorandom binary sequenz®-lof
elements The first experimenis carried outas shown in Fig. 2a. A beam of 3.3mm in
diameteris launchedthrough an SMF pigtailed coupler with a lens of 18mm itafo
length for a distance of 25cnpwards a near Littrommounted echelle gratin@he free
space transmission is received by another SMF pigtailed filaeed at a horizontal
distance of 35cm from the gratingttenuatedand finally, evaluated with BER tester
and eyediagram In the second experimenhé grating igeplaced with ailver coated
mirror mounted at 45° from the incident beam, while maintaining the rest of the setup
as shown irFig. 2b. For the BtB measurement, the Tx and Rx couplerseplaced
with a 2m long SMF fiber.

Experimental Setups Observation and results
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Fig. 2a) Experimental setup for free space transmission with grating b) Experimental setup for free
space transmission with mirror ¢) Bright spotsformed after diffraction grating with 657nm laser d)
Resultant BER plot for BtB SMF with length of 2m, free space transmission with mirror and
transmission of 1% and 5™ diffracted orders of an echelle grating.

Clean opereye diagrams are observed indicating negligible dispersibe. BER
performance of the transmitted links, against the received power inidipresentedn
Fig. 2d Thegood overlap of the plot fdBtB, free spacel®™ orderand & order links
showthat the grating induceakegligible power penaltyVe observe< 1dB, for up to the
5™ order diffractioncompared to BtBThe distance of measurement and thenber of
links arescalable depending on the available power budget; therefessurements for
a longer distance as well are links can beneasured if there is enough spacethe
testbed.
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5. Conclusion

We have demonstratetbr the first time,a simultaneous multilink carrying 1.5 Gbps
each,with afree space transmissiaf over 60 cm, by which 35 cm between grating and
receiver plane are diffracted kis. Additionally, a BER of <18 has been achieveth
short, these results are promising for the deployment of gratings as the beamy stee
medium for indoor optical wireless systeiihe system complies with the egafety
regulations)ormulated in theANZI Z-136 in the US and the international IEC 60825
specifications.

Thiswork is part of the Beam-steered Reconfigurable Optical-Wireless System for
Energy-efficient communication (BROWSE) project, funded by the European Research
Council within the FP7 program.

7. References

[1]  “History of Bluetoth Special Interest GrquBluetooth®[Online]. Available:
http://www.bluetooth.com/Pages/Histeoy-Bluetooth.aspx2013[Oct. 14, 2018

[2] R. Keller,"Geneal Packet Radio Service (GPR$Pnline]. Availabk:
http://misnt.indstate.edu/harper/Students/GPRS/GPRS[Girhl 14, 2018

[3] “Mobile Marketing 101: Chapter 4: Mobile Technologies: SMS, MMS, USSD &
Bluetooth/Wirelessfifrared,” Quirk eMarketingOnline]. Available:
http://www.quirk.biz/cms/3188.dtk_emarketing_mobile_marketing101_ch4.pdf [Oct. 14, 2013

[4] “The internet of things,Cisco[Online]. Available:http://share.cisco.com/internef-things.htm|
2011 Oct. 14, 2018

[5] G. Parodi‘Radio spectrum shortage prompts a growing numberitidtiwes,” LAtelier [Online].
Available: http://www.atelier.net/en/trends/articles/ragiectrursshortagepromptsgrowing
numberinitiatives_422770July 15, 2013O0ct. 14, 2018

[6] E. Savitz, “The solution to the wireless spectrum shortage: moes,ikiorbeqOnline].

Available: http://lwww.forbes.com/sites/ciocentral/2012/03/23#bletionto-the-wireless
spectrumshortagemorewires/, March 23, 20120ct. 14, 201B

[71 Y.Wang, Y. Shao, H. Shang, X. Lu, Y. Wang, J. Yu, and N. Chi,-BY sAsynchronous Bi
directional 64QAMOFDM SCMWDM Transmission over RGBED-based Visible Light
Communication SystemProceedings of the Optical Fiber Communication Conference and
Exposition (OFC) National fiber optic engineers conference (NFOEESR0, 2013.

[8] G. Cossu, A. M. Khalid, R. Corsini, and E. Ciaramella, “NRirected Lineof-Sight Visible Light
System providing Higtfspeed and Robustness to Ambient LigRt,dceedings of the Optical Fiber
Communication Conference and Exposition (OFC) Natidfiber optic engineers conference
(NFOEC) 24, 2013.

[91 W. Joachim and C. Technology, “Light LEOs OSC Colour FIlleD lamp,” vol. 1, no. 13-4.

[10] F.Wu, C. Lin, C. Wei, C. Gn, Z. Chen, and H. Huang, 22-Gb / s WDM Visible Light
Communicatdn of a Single RGB LED Employing Carrieess Amplitude and Phase Modulation,”
Proceedings of the Optical Fiber Communication Conference and Expo€i#@) (National fiber
optic engineers conference (NFOEZ)-24, 2013.

[11] T. Koonen,“Fiber to the bmef/fiber to the premises: What, where, and wlidafbceedings of the
IEEE, vol. 94. No.5, 911934, 2006.

[12] J. M. Kahn and J. R. Barry, “Wireless Infrared Communications,” Proceedfrtge IEEE, vol.
85, No. 2,265-298,1997.

[13] H. Elgala, R. Mssleh, and H. Haas, “Indoor optical wireless communication: potentiatated’
the-art,” IEEE CommunicationMagazine, vol. 49, no. 86-62, 2011.

[14] A. M. J. Koonen, H. P. a van den Boom, E. Ortego Martinez, a Pizzinat, P. GLiBn&aannoo,
C. M. Okonkwo, and E. Tangdiongga, “Cost optimization of optichluidding networks.,” Optics
express, voll9, no. 26399405, 2011.

124



Part lli

Poster contributions

125






Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

Integrated dual-wavelength AWG laser for sub-
terahertz wave generation

A. Corradi*, G. Carpintero®, M. K. Smit* and E.A.J.M. Bente'

! COBRA Research Institute, Eindhoven University of Technology, Phl Group, Eindhoven, The
Netherlands
2 UC3M, Universidad Carlos 111 de Madrid, Spain

We present a monolithically integrated ring dual-wavelength semiconductor laser in
which both wavelengths (A, and J,) are generated and amplified by the same
semiconductor optical amplifier (SOA). An arrayed waveguide grating (AWG) is used
as intra-cavity filter to combine the two wavelengths. The use of a Mach-Zehnder
construction allows equalizing actively the power of A, and J, and tuning their
frequencies. An analytical model is exploited to investigate the influence of crosstalk on
the functioning of the device and to identify a calibration strategy. The device has been
fabricated using active/passive integration technology on a standardized photonic
integration platform.

Introduction

The development of new applications of millimeter waves (mmWs) and terahertz (THz)
radiation faces a lack of sources: this frequency range is known in literature as the
“terahertz gap” [1]. In this paper we report on research into the development of an
integrated dual wavelength laser that can be part of a millimeter wave transmitter. The
design and fabrication of the device are done using existing standardized optical
semiconductor device design platform and fabrication process based on InP [2].

Photonic-based millimeter wave generation

Several techniques based on photonics to generate millimeter waves have been reported
in literature [3]. These methods are all based on generating an optical carrier wave with
an amplitude modulation at the required millimeter wave frequency. In most systems
this light is then modulated with the data to be transmitted and directed towards a high
speed photodiode (Fig. 1). The photodiode rectifies the optical signal and the resulting
millimeter wave signal can then be amplified electronically and coupled to a
transmitting antenna [1].

MLL or Antenna The main techniques for
dual-wavelength laser ~ Photodiods generating the modulated optical
I __D—F'—be-r—- ‘ carrier are based on mode-
~ Datamodulator locked lasers or optical mixing

of two single frequency laser
Fig. 1. Block scheme of an optical millimeter wave generator. sources. The basic idea behind

the work presented here is to
investigate photonic integrated dual-wavelength lasers based on optical mixing in which
the frequency fluctuations of the two wavelengths A, and A, are correlated. This can be
obtained using a dual-wavelength laser in which both wavelengths are generated and
amplified by one common semiconductor optical amplifier (SOA). Being amplified by
the same SOA, A, and A, share the same variations caused by changes in refractive

127



Integrated dual-wavelength AWG lasers for sub-terahertz wave generation

index due to changes in temperature and variations in carrier concentration. As a
consequence, the instantaneous deviations in frequency of A; and A, can be close to
identical if the laser cavity length for both laser modes is similar.

Ring dual-wavelength AWG-based laser

The schematic of the presented ring dual-wavelength laser is depicted in Fig. 2. In order
to achieve lasing action simultaneously on two different wavelengths supported by a
single SOA, accurate control of the roundtrip loss in the cavity is required to balance
the power of A, and A,. As a consequence, part of the cavity of A; must be separated
from the cavity of A,. A control system must be added to the parts of the cavities which
are not shared in order to be able to control independently the losses. The requirement
on the power ratio between the two wavelengths is not particularly strict though. A
power ratio of 2 for P,; / P,, leads to a reduction in difference frequency modulation
depth to 0.94 compared the ideal power ratio of 1. Balanced Mach-Zehnder
interferometers (MZIs) provided with voltage controlled electro-optic phase modulators
(PHMs) are used to adjust the losses in each individual channel.

An AWG is used as intra-cavity filter to combine the two channels and consequently i,
and A,. The advantages of using an AWG for this purpose and more details about the
design parameters are presented in [4].

primary output AWG,
A1

y

2x2MMI SOA

secondary output
Fig. 2. Schematic of the ring dual-wavelength laser. An SOA provides gain for both wavelengths. An
AWG is used as intracavity filter to combine A; and A,. MZIs are used to compensate losses in the
individual channels. A 2x2 multimode interferometer (MMI) couples the light out of the ring cavity.

In order to monitor the power balance between A; and A,, photodiodes (PDs) are
integrated and connected to the higher order outputs of the AWG. A 2x2 multi-mode
interferometer (MMI) couples the light out from the ring cavity. The first output
waveguides reaches the edge of the chip with a 7-degree angle in order to reduce back-
reflections inside the cavity. The second output of the 2x2 MMI, instead, is connected
through a straight waveguide to the edge of the chip in order to provide a considerable
feedback inside the cavity and force the laser to work in clockwise direction. The
reason for this design choice is to increase the signal power received by the PDs.

Calibration method and influence of crosstalk

In the ideal situation in which the AWG has no crosstalk between adjacent channels, the
MZI are perfectly balanced and the PHMs have exactly the same length (and as a
consequence the same voltage-to-phase relation), the control of the different signals
applied to the device would be rather simple. The MZI configuration would simply
allow setting a transmission loss for each channel. Furthermore an offset applied to both
PHMs of the same channel would simply shift the cavity modes.
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In reality, there is an optical length difference between the different PHMs and as a
consequence they have different efficiency. Furthermore, a small imbalance between
the two arms of the same MZI makes it is necessary to apply a difference between the
two PHM s in order to achieve the maximum in the transmission function of the MZI.
The crosstalk between the two adjacent channels of the AWG also plays an important
role in the functioning of the device. The crosstalk complicates the control of the laser
because the two channels are not independent from each other. While adjusting losses
and tuning of A4, also the transmission of 2, is affected.
Fig. 3 shows simulations of the transmission function of the filter composed of the
AWG and the MZI construction (power transmission from point x to point y in Fig. 2).
Two corner cases are compared. The red line refers to the following settings:
Via=V1g=Voa=Vop= 0 V. The blue line Corresponds to Via=Vig = oV, Voa=Voe = V,.
The dash lines indicate the center
of the channels of the AWG. The
simulation does not take into
03F /AN / . account any imbalance among
/A / A\ PHMs and between MZI arms.
oof Jf i\ / ¢+ W 1  Fig. 3 demonstrates that the
g\ [\ settings applied to PHMs affect
/ § \ 4 § \ the transmission of the filter and
4 : E in particular change the difference
1.55%10™ ¢ 1550510 ¢ in frequency between the maxima
Wavelength (m) of the two channels. Being the

Fig. 3. Transmission function of the filter composed of the channel spacing of _the AW_G
AWG and the MZI construction. The two lines represent two  equal to 70 GHz, the difference in
different voltage settings applied to PHMS. frequency between the maxima of

the transmission function is 73
GHz while V1A=V18=V2A=V2B= OV.If V1A=VlB =0 V, V2A=VZB = Vm the difference in
frequency becomes 67 GHz. Above threshold, the wavelength selection of the lasing
modes results from the combination between the transmission of the filter and the
cavity modes.
In order to calibrate the different components of the device and be able to control the
laser, the following strategy is proposed. The idea is to maximize the transmission of
the two channels, one at a time, and record the settings of the PHMs. Operating sub-
threshold, while three PHMs are grounded, the voltage applied to Vi, for example, is
scanned. Once that a maximum in the transmission of channel 1 has been found, V4 is
kept fixed and Vg is scanned. Afterwards, also the settings of PHM 2A and 2B are
controlled and the transmission through channel 1 is optimized. The same procedure
has to be applied to channel 2.
This method allows finding possible imbalances in the MZIs, differences in the
efficiency of the PHMs and the value of V, for each PHM.

04

Normalized transmitted power

Preliminary results

All the results reported in this section have been obtained at a temperature of 14°C of
the actively cooled aluminum chuck on which the chip is mounted. The SOA, the PHMs
and the PDs on the chip are wire bonded to a simple circuit board from which
connections to the current and voltage suppliers are made. The threshold current of the
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laser is 130 mA. As expected, while biasing the common SOA without balancing the
losses in the different channels using the MZIs, the device lases in a single mode; the
modes in the other channel are suppressed. The mode spacing matches the expected
value of 6.0 GHz being the cavity length 14 mm long.
The output power collected from the actual output waveguides is considerably higher
than the output power collected from the secondary output (power difference higher
than 30dB while biasing at 180 mA), demonstrating that the asymmetric output
configuration successfully forces the laser to work in clockwise direction.
Fig. 4a shows that, adjusting the voltage values applied to the PHMs, the losses in the
two channels can be balanced and dual-mode operation can be achieved. However, a
power difference of 5 dB is still present between A, and A, meaning that the settings are
not optimized. The frequency difference between the two lasing wavelengths is 61.8
GHz, considerably smaller than the designed channel spacing of the AWG. This is due
to the influence of the crosstalk as explained in the previous paragraph but also to the
fact that the actual channel spacing of the AWG is smaller than the designed value (65
GHz instead of 70 GHz).
Fig. 4b shows the power at a specific wavelength (1532.9 nm) as a function of the Vi
when the device is biased sub-threshold at | = 125 mA. This explains how the voltage
applied to the PHM influences the transmission through the channels. A value of V,
equal to 3.9 V is measured.
-15 T
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Fig. 4. a) Output spectra of the ring laser while operating in dual-mode. b) Power at A=1532.9 nm as a
function of V14 while biasing at | = 125 mA.
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In this paper we numerically investigate the coupling of dipole radiation into an
integrated silicon nitride strip waveguide functionalized with a nanoplasmonic bowtie
antenna. We show that the antenna can enhance Raman signals by a factor of 101°
and enables efficient coupling of these signals into the fundamental TE-mode of the
waveguide. Furthermore the impact of several antenna parameters on the enhancement
factor is investigated. Finally we discuss the potential advantages of these structures for
on-chip biosensing applications.

Introduction

Lab-on-a-chip devices, enabling parallel study of multiple analytes, provide an alternative
to the existing bulky technologies for spectroscopy and sensing. However, these
technologies rely on labeling methods that are intrusive in nature. Either the particles
are labeled by means of e.g. fluorescent dyes or the detection surface is functionalized
to provide an increased affinity with the particles under study [1, 2]. In this regard,
an integrated spectroscopic Raman sensor would enable label-free, high specificity and
low-cost sensing platforms. However, Raman signals are inherently very weak and
therefore require an additional enhancement mechanism for efficient detection. Surface
Enhanced Raman Spectroscopy (SERS) is one such method and is based on the resonant
plasmonic behavior of metallic nanoparticles or rough metallic surfaces to enhance
Raman signals. Photonic integrated circuits offer the additional advantage of using single
mode waveguides for both excitation and collection of Raman signals in a more controlled
way. CMOS-compatible photonic integration technologies are particularly relevant in this
context since they hold the promise of low cost lab-on-a-chip devices. One can choose
between silicon and silicon nitride (Si3N4) waveguides depending on the targeted spectral
range. It is known that an emission enhancement of dipole radiation can be achieved by
means of high-index-contrast (HIC) waveguides and free-space nanoplasmonic antennas
[3, 4]. Here we propose a combined approach where a HIC Si3Ny strip waveguide
is patterned with a nanoplasmonic antenna to achieve enhanced Raman sensing. We
consider a dipole located in the vicinity of the nano-antenna, which lies on top of the
waveguide, and is excited by the fundamental TE-mode. We restrict ourselves to the TE-
case since the TM polarization cannot efficiently excite the configuration under study.
It is shown that our combined platform enables a transmission enhancement up to 100
compared to SizNy4 waveguides with no nano-antenna on top. The high transmission
enhancement combined with the simple excitation and collection approach makes this
platform a valuable candidate for single to few molecule SERS.
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Numerical Investigation of the Emission Enhancement

In this study we consider a single mode HIC Si3Ny strip waveguide (n = 2.02, width=600
nm, height=220 nm and Ap=900 nm) on a SiO; substrate (n = 1.45) and water cladding
(n = 1.33) with a gold bowtie antenna on top (Fig. 1(a)). We use the commercial
finite element solver COMSOL to study the interaction between the guided mode of the
waveguide and a dipole emitter for two cases: a dipole in the gap of the bowtie antenna
and a dipole on the same waveguide but without the antenna (Fig. 1(a)). The dipole power
coupled to the waveguide mode is denoted by P,,,;, and P, for the cases with and without
the gold, respectively. The enhancement factor EF is defined as P, /Py. In order to test
the meshing quality and the different numerical parameters, the total radiated power for a
dipole parallel and perpendicular to the core region of a slab waveguide is calculated. An
excellent correspondence (average error ~2%) was found between our numerical results
and the exact analytical results [5]. The EF's discussed hereafter are therefore expected
to have a high accuracy. Since the fundamental TE-mode (polarized along e,) is used
as the excitation field, the dominant and relevant part of the Raman dipole moment is
given by p,(rg) = o Ey(rg); 0y is the (1,1) component of the polarizability tensor given
by the Kramers-Heisenberg-Dirac formula [6]. Since the highest EF's are expected in
the gap of the antenna we only consider dipole positions in this region. Contributions
from dipoles that are located outside of the gap region will be much smaller since the EF
decays rapidly (the field enhancement region extends only over a few tens of nanometers)
In Fig. 1(b) we plot the ratio P,,;/Py as a function of the ratio B = |E,,;(ro)|/ |Eo(ro)]
(each dot corresponds to a different position ry of the dipole); E,,(ro) is the enhanced
excitation field due to the plasmon resonance and Eo(rp) is the evanescent field of the
regular waveguide. The simulation results (red dots) match the fitted B* curve (fit based
on the B4 rule of SERS [7]). Since the excitation enhancement scales with Bz (because the
respective dipole moments scale with ), it follows from this figure that the transmitted
power by the dipole also scales with B2. This result shows that there is an efficient
coupling of the enhanced emitted power into the fundamental TE-mode of the waveguide
(which can be confirmed by a modematching of the TE-mode with the emitted dipole
radiation).

The above observations allow us to extract three distinct advantages of using integrated
waveguides with a nanoplasmonic structure. Firstly, the plasmons are always excited with
the proper polarization to ensure optimal excitation enhancement (a plasmon resonance
strongly depends on the orientation of the excitation polarization). Secondly, the
nanoplasmonic structure has no detrimental impact on the output power but enables a
significant emission enhancement compared to a regular HIC Si3N4 waveguide (see Fig.
1(b)). Finally, the emitted signal is coupled efficiently to the fundamental mode of the
waveguide. This creates an ideal condition for on-chip spectral analysis of the signal.
It is important to note that an absolute value of P,,;, depends on both the excitation and
emission wavelength. For small Stokes shifts, the excitation and emission enhancement
factors will be practically equal as the resonance of the combined waveguide-plasmonics
system is quite broadband, but for larger shifts the emission enhancement of P,,; (and
thus the actual output power) will decrease.
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Figure 1: (a) HIC Si3Ny strip waveguide with a bowtie antenna; the polarization (green
double arrow) and propagation (red arrow) direction of the modal field and the orientation
of the radiating dipole are also marked. (b) EF of the Raman power coupled into the
guided mode as a function of the field enhancement. (c) Bowtie antenna with dimensions
(H,A,a). (d) Electric field distribution at the top surface of the gold for o = 60° and
A=10 nm.

Analysis of the on-chip bowtie antenna

In this section we investigate the impact of the parameters (H, A, ) of the bowtie antenna
(defined in Fig. 1(c)) to study how we can optimize the excitation and emission of a
dipole. The EFs for different geometry parameters are calculated via B* since Fig. 1(b)
shows that EF scales with B*. Figure 2(a) gives an example of the field distribution in
the gap of the antenna. The strong enhancement at the tips and the steep decay of the EF
away from the tips is clearly visible.
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Figure 2: (a) EF at the top surface of the gold; the two inset figures mark the (y,z)-
position where the slice (red line) is taken. (b) EF at the center of the bowtie for different
(H,A,0) parameter combinations.

The simulation results are summarized in Fig. 2(b) where we plot the EF in the center
of the gap for different parameter combinations (H,A, ). Generally, the optimal height
for a given angle is dependent on the gap and for a given gap the optimal height depends
on the angle. In the center of the gap, there is a 10° order difference for A=10 nm and
A=40 nm and changing H by only 20 nm from the optimal H reduces the EF by 10.
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Furthermore, we found that depending on the position of the dipole the EF is maximized
for specific values of the (H,A,a) triplet. Our study shows that for oo = 30° and A=10
nm it is possible to obtain transmission enhancements EF up to 10! in a 1 nm region
near the tip (the mesh-size near the tip is 1 nm). As such it is clear that adding a properly
designed nanoplasmonic structure gives an additional gain up to 10'°. This controllable
high EF opens the possibility of doing single molecule SERS with our investigated
structure. Furthermore our structure can also serve for nanoparticle detection but will be
less efficient in the study of larger particles since the E'F is large only in a tightly confined
(nanosize) region around the metallic nano-antenna. To fabricate these nano-antennas we
have explored the Focused Ion Beam (FIB) method but found that the process is not
uniform and reproducible for the optimal dimensions from our simulation (see Fig. 2(b)).
Therefore an e-beam lithography is currently being explored to produce these structures.
The first results show great uniformity and the ability to produce bowties with the desired
gap and angle.

Conclusion

In this paper, it is shown that the radiation originating from TE-excited dipoles is
efficiently coupled into the fundamental TE-mode of a Si3Ny strip waveguide. We also
showed that adding a single, well-designed, nanoplasmonic structure has no negative
impact on the transmission of the coupled dipole radiation, but is capable of producing
Raman scattering enhancements of 10! compared to a simple Si3Ny strip waveguide.
Furthermore, we investigated the impact of several antenna parameters on the overall
performance of the structure and thereby showed that the obtained enhancement can be
optimized by tuning the antenna.
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A novel parallel optical delay detector for angle-of-arrival measurement is proposed

and the measurement errors are experimentally studied and analyzed. Moreover, the
measurement accuracy monitoring is investigated.

I Introduction

Determining location of a microwave signal is of great importance for retrieving the
position of objects. The parameter angle-of-arrival (AOA) or equivalently the time
difference of arrival (TDOA) is required to accurately identify the position. An optical
approach to measure AOA can offer many benefits due to its intrinsic features like
ultra-low loss and huge bandwidth, which allows high accuracy, and immunity to
electromagnetic interference. Moreover, with the rapid development of ultra-low drive
voltage electro-optical modulators (EOMs) [1] and high speed photo-diodes [2], barriers
between electrical domain and optical domain are gradually eliminated. Recently some
photonic approaches are proposed to measure AOAs of microwave signals [3-5]. In
Ref.[5], a scheme with two electro-optical modulators (EOMs) and one optical delay
line is proposed for AOA measurement. It is in principle an optical delay detector for
microwave signals with serial configuration. In this paper, a novel parallel configuration
optical delay detector (PODD) with accuracy monitored is proposed based on a dual
parallel Mach-Zehnder modulator (P-MZM). Using one P-MZM, the parallel structure
can reduce the perturbations. Moreover, the DC-drift induced measurement accuracy
degradation can be monitored.

Thereafter, on the same page, follows the paper. The paper should consist of 4 pages.
Please do not number the pages. The section headings should be 14 point Times (New)
Roman Bold and the body text 12 point Times (New) Roman. Lettering in tables and
figures should be 10 point Times (New) Roman. In order to conserve space, references
should be given in 10 point. It is recommended that references conform to the IEEE
conventions as shown in the example below.

II Operation Principle

The principle of AOA (or TDOA) measurement is schematically depicted in Fig.1. The
distance between two antennas (Ante-1 and Ante-2) is denoted as d. The AOA is
denoted as y and the corresponding TDOA can be expressed by t=dxcos(y)/c, where ¢
is the light velocity in air. MZ-a and MZ-b are the sub-MZMs inside P-MZM, MZ-c is
the tunable phase shift combining MZ-a and MZ-b. The electrical paths (including
connections and necessary components like amplifiers) between Ante-1 and MZ-a,
Ante-2 and MZ-b will introduce phase differences for different frequencies. Such phase
difference can be easily compensated using a look-up table. The delay Tt will introduce
the phase shift ¢ between Ante-1 and Ante-2 with the expression @=1X27f, Where fow
is the frequency of the microwave signal. Therefore the task of proposed PODD scheme
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is to measure the phase shift ¢ in optical domain. The PODD includes a CW laser, a P-
MZM, an optical notch filter, and two power meters. MZ-a and MZ-b are connected to
Ante-1 and Ante-2 and the phase shift ¢ caused by spatial delay t will be translated to
the phase difference of optical sidebands. The following task is to measure the phase
difference of optical sidebands by using optical power meters. Both MZ-a and MZ-b are
biased to suppress the optical carrier while MZ-c is biased at the maximum point to
fully combine optical power from MZ-a and MZ-b. The lightwave from the CW laser is
modulated by two replicas of microwave signal at MZ-a and MZ-b with spectrum
shown in Fig.1 (a) and (b), respectively. The output optical signals from both MZ-a and
MZ-b with phase shift ¢ are then combined at MZ-c without any additional phase shift.
We assumed that the optical carriers are well rejected. The total output power is related
to the phase shift ¢ with expression P=(EoJ.(m))*(1+cos(¢)), where Ej is the amplitude
of the optical carrier. J.;(m) is the Bessel function of first kind with regard to
modulation index (m). It indicates that amplitudes of sidebands relate to the modulation
index. The high order sidebands are negligible for low driving power, which is the case
of AOA measurement. The value required for AOA estimation is the normalized power,
thus the value of Ey and J,;(m) are less relevant. We can obtain the expression for AOA
and TODA as:

@ =arccos(P, —1),7 =arccos(P, —1)(2z f,, )",y =arccos(zc/d),P, =P,/ F, 0

According to Eq.1, to get the values of T and v, the required parameters are P, and fiw.
The P, can be obtained by measuring Py, and Py. Py is measured with zero phase shift
but Py, is measured with unknown phase shift. If £, is unknown, an additional photonic
scheme can be utilized to perform frequency measurement before AOA measurement.
Thus the measurement of AOA (or TODA) is then translated into measurement of Pp,.
In the above discussion, we assume that the optical carriers are well suppressed, and
thus the power and phase shift can be fully modeled according to Eq.1. However, both
limited extinction ratio (LER) and DC-drift will introduce imperfect suppression (IS) of
optical carriers. As shown in Fig.1(I), the DC-drift will introduce the phase shift to the
optical carrier and thus to the sidebands. The phase shift in optical carrier leads to IS
and the phase shift in sidebands will disturb the final measurement results. Both DC-
drifts in MZ-a and MZ-b will introduce similar effect. For the IS induced by LER, since
no additional phase shift in sidebands is added, it can be removed via an optical notch
filter (ONF). Thus it is of interest to monitor the DC-drift during the measurement.
Since the DC-drift is related to the IS, the power measurement of optical carrier can be
used to monitor DC-drift. As shown in Fig.1, an ONF (ONF-1 shown in Fig.1) is
employed to deeply separate the optical carrier and sidebands. The DC-drift during the
measurement can be well monitored. Moreover the IS induced by LER can be
eliminated after this process.

IIT Experimental Setup and Results

Fig. 2 shows the proof-of-concept experimental setup of AOA measurement based on
PODD. The optical carrier is generated from a DFB laser at 1550.016nm with 1dBm
optical output power. It is fed into a P-MZM after a polarization controller (PC). MZ-a
and MZ-b are both biased at their minimum points of power transfer curves. Two
commercial microwave sources (LO-1 and LO-2) are synchronized and are employed to
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drive MZ-a and MZ-b at frequency of 12.5GHz. A 10MHz sine signal generated from
LO-1 is sent to LO-2 for synchronization. MZ-c is biased at the maximum point of its
power transfer curve and the optical spectrum of combined signal is shown in Fig.2 (a).
The phase difference between LO-1 and LO-2 induced by different electrical paths is
calibrated by a commercial sampling oscilloscope (digital communication analyzer).
The output optical signal is then separated by an array waveguide grating (AWG) which
acts as an optical notch filter. The channel space of the AWG is 12.5GHz and the signal
is then separated into three channels. The optical carrier is in the middle channel (noted
as CH-2) and two sidebands are in two neighbor channels (noted as CH-1,3). The signal
from CH-2 is used for DC-drift monitoring (measured at Power-1) and its spectrum is
shown in Fig.2 (b). Optical signals from CH-1,3 are then coupled again via a 3-dB
coupler (OC) for power measurement (at Power-2). Its spectrum is shown in Fig.2 (c).
The measured spectrums from CH-1,3 with different phase shifts are shown in Fig.3.
We can clearly observe that the power of sidebands degrades when the phase shift
increases. In Fig.3 (a) - (¢), the optical carrier is not completely suppressed mainly due
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to LER, because the DC-drift is mostly eliminated by optimizing biases at the initial
stage. The power of filtered optical carrier (Pm0) is -47.6dBm at the beginning with
biases optimized. And then we measure the phase shift ¢ and corresponding
measurement errors. After a few tens of minutes, the PmO0 increased to -41.7dBm, the
measurement errors are evaluated again for comparison. The measured powers versus
different phase shifts (circles) are shown in Fig. 4(a). The theoretical power distribution
(red curve) versus phase shift is also shown in Fig. 4(a). An accepted agreement is
obtained. The measured phase shifts with their measurement errors are shown in Fig.
4(b) and (c). The measurement errors are less than 0.2 radian within the range from 0 to
2.8 (0° to 160°) when the filtered power is -47.6dBm. It is clear that the measurement
errors increase when the phase shift goes to m (the measured power decreases). This is
partially because of imperfect destruction of sidebands induced by LER. Comparing
Fig.4 (b) and (c), it is obvious that the measurement errors increase when PmO drifts to -
41.7dBm. It shows that the measurement accuracy caused by DC-drift can be well
monitored in this scheme. Note that the zero phase shift is used for normalization and
thus its measurement error is not applicable.

IV Conclusion

We have proposed a parallel optical delay detector for angle-of-arrival measurement
with accuracy monitored. The spatial delay measurement is translated into the phase
shift between two replicas of a microwave signal. The phase shifts from 0 radian to 2.8
radian are measured with 0.2 radian measurement error. Moreover, the measurement
accuracy monitoring is investigated.
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Fast Phase Shifted asymmetrical DFB laser for all-
optical flip-flop operation
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A DFB laser with an asymmetric coupling coefficient is proposed for flip-flop
operation. It has been demonstrated in simulation that a high confinement factor of the
active region and use of an asymmetric configuration result in very short rise and fall
times. In our simulation, nearly 10ps fall time and 5ps rise time have been observed.

1. Introduction

All-optical signal-processing devices are playing an essential role in the future of
optical-data networks [1]. In order to increase the network efficiency and raise the
bandwidth, all optical switching networks are desirable, because they can reduce the
switching energy as well as increase speed by avoiding optical-to-electrical or electrical-
to-optical signal conversion. Bistable optical devices can be used as the basis of all-
optical flip-flops, in which switching happens by set and reset optical short pulses [2-4].
Our approach for the all optical flip flop switching is based on a A/4-shifted DFB laser,
which becomes bistable by injecting a master laser light, with a wavelength is outside
the DFB laser stop-band. This bistability is observed in the lasing light as well as in the
amplification of the external light and is due to non-linear effects having their origins in
the carrier distribution (i.e. longitudinal spatial hole burning).

2. Flip flop operation

When a cw light is injected inside the DFB laser, it will result in the bistable condition
for certain input power levels, (i.e. for the same input power, two different output states
are recognizable). Both states are stable and the way to reach each of them can be
explained by introducing the carrier density profile. When the DFB laser is on, because
of the gain clamping effect, the injected signal will not amplify efficiently, so the carrier
density is almost uniform, the threshold gain is low for lasing and the laser will remain
in the on state.

On the contrary, the DFB laser is off for the second state, so the carrier inversion is
large, the high amplification of the injected light makes the carrier density non-uniform
as can be seen in Figure 1. While the system is off, the threshold gain is high and the
DFB laser could not reach the lasing threshold, so the state is stable.
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Figure 1: Longitudinal distribution profile of the carrier density in the DFB-laser.

Flip flop operation can be demonstrated by introducing the set and the reset pulses. The
role of these pulses is to provide the temporary carrier density redistribution. If the reset
pulse is injected from the same side as the cw light, it can pass through the laser cavity
and make the longitudinal carrier density non-uniform, thus the laser is switched off.
The set pulses can be injected from the other side to restore the uniformity and switch
the laser on. The Optical spectra for the on and off states are shown in Figure 2. The
laser is lasing at a wavelength of 1.57 um and cw light is injected with a wavelength of
1.557 pm to simulate the hysteresis curve.
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Figure 2: The output spectrum of the flip flop system (a) when the DFB laser is switched on and (b) when
it is switched off.
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3. Asymmetric design and Results

A fast performance for the processing application is desirable. Here we will discuss the
influence of the grating structure and of the confinement factor of the active region on
the flip flop operation speed.

We use a commercial software package, [5] based on a transmission line laser model
(TLLM).

Our proposed structure has been depicted schematically in Figure 3. This is the two
section DFB laser with two different coupling coefficients. For our simulation, the «y is
3000 m™, K, is 2550 m™ and the length of the laser cavity is 400 um. For the uniform
laser k=3000 m™.

Region 1 Region 2
Ky 2
2=0 L, “2p, 7=L

Figure 3: Schematic diagram of the phased-shifted DFB laser with two non-identical regions. Ky ), Li()
are coupling coefficients and L) is the cavity length for each region, respectively.

The influence of the asymmetric design and the confinement factor is shown in Figure 4,
where it is clear that the asymmetric configuration is faster than the symmetric one.
Another fact that can be extracted from results is that the high confinement factor will
result in faster devices.
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Figure 4: The simulated switching times for a DFB laser with length L=400um and I',,,=0.07 and
T'high=0.25. Rectangular pulses have durations of 100 ps. (S: symmetric cavity, A: asymmetric cavity)
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4. Conclusion

It was shown that under injection of a holding beam, we can obtain a hysteresis in the
output of a distributed feedback (DFB) laser diode. The asymmetric structure can reduce
the switching time dramatically. From the fabrication point of view, making a DFB laser
with a high confinement factor is challenging, while the design and fabrication of a DFB
laser with asymmetric coupling coefficients are rather easy. In this work, switching
times as low as 10 ps have been achieved by set and reset pulses with the duration of
100 ps. The broadband operation and fast switching makes the DFB flip-flop an ideal
candidate to apply in all-optical packet switched networks.
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Shaping sub-wavelength plasmonic funnels
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We numerically study transmission through a silver grating with structured sub-wavelength
slits. We examine a wide range of rectangular-type geometries, expanding upon previous
results which considered basic triangular geometries. We identify the relevant parameters
of the structure to get a narrow resonance or a broad transmission plateau in the visible
or IR range. On the one hand, allowing resonances improves the maximal transmission
through the grating, reminiscent of extraordinary transmission. On the other hand, when
resonances are avoided very broadband, quasi-static behavior is observed in the mid-IR,
which is governed by a limited number of parameters.

Introduction

Metallic gratings and apertures at the nanoscale have already been theoretically [1] and
experimentally studied. Extraordinary transmission through rectangular holes or slits for
example allows for very interesting transmission spectra. However, shaping of the slits
gives us new features to explore. A funnel shape amongst others can improve the trans-
mission in the visible or infrared range [2, 3]. Controlling the transmission in this way
can be very useful for filters or transparent electrodes. Moreover this kind of structures
can squeeze light in a very small space, which is often a desirable feature.

To understand the main phenomena in these shaped slits, we study simple rectangular
geometries in order to find the relevant parameters that play a role in the transmission.
We can often distinguish between resonant or quasi-static, broadband behavior. Our work
is numerical in nature (finite element method, COMSOL), however some shapes should
be attainable for experiments.

Infrared range

In the infrared range, we are in a quasi-static regime. There are no Fabry-Perot type
resonances, so the transmission behavior is relatively easy to understand. Obviously, for
straight slits, larger slits lead to higher transmission, and vice versa for the total film thick-
ness. However, for more specific geometries (Fig. 1), there are new parameters that play
arole.

For the geometries with ‘teeth’ we find that the number of teeth decreases the transmis-

sion, even when the total teeth thickness remains the same. Consequently for Fig. 1 the
right structure has a lower transmission than the left one.
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! d

Figure 1: One period of gratings with ‘teeth’: one tooth on the left, two on the right. The
yellow arrow represents the incident light.

Increasing the total thickness of all teeth also decreases the transmission (Figure 2). This
behavior is valid for a wide range of wavelengths (3.5 - 10 nm) so we have a weak evolu-
tion in function of the wavelength.

Transmission vs number of teeth and
their total thickness (wavelength = 7um)

total thickness of the teeth

3

number of teeth

Figure 2: Transmission versus the number and total thickness of the teeth. The total
thickness is the ratio of the sum of the teeth thicknesses over the total grating thickness.

Visible or near-infrared range

In the visible or near-infrared range, some resonances will occur if the structure has the
necessary parameters, such as size.
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Due to the different geometries, the one tooth structure has a qualitatively different be-
havior compared to two or more teeth. For one tooth, a resonance appears if the tooth
thickness reaches a certain value. Thus, by increasing this quantity we can switch from
a broadband (small) transmission to a resonance which allows higher transmission, but
around a specific wavelength. This evolution if shown in Fig. 3.
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Figure 3: Magnetic field for the one tooth structure with different tooth thickness. A
small thickness does not allow a resonance (A), but a bigger one can accommodate one
(D). Thk is the ratio of the tooth thickness over the total thickness.

For the multiple teeth structure there is always a resonance that appear in the cavities
formed by the teeth. The sum of the teeth thicknesses does not affect the resonance
shape, see Fig. 4. The mode is just squeezed in a smaller space when the teeth thickness
increases. The wavelength is not affected either. An origin of this phenomenon is found
via the effective index. If we have more metal, the effective index of the guided slit mode
increases, so the effective wavelength decreases. As a consequence, the cavity mode
needs less space and can be squeezed.
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Figure 4: Magnetic field for the triple tooth structure with different total teeth thickness.
This parameter does not affect the apparition of a resonance, but only squeezes the mode
in a smaller space and thus increases the magnetic field.

In addition, a second order mode is allowed by the three and four teeth structures. This
mode is understood via the middle teeth which make a boundary between the two maxima
of the second order mode. This is not possible for a two teeth structure.

Conclusion

With rigorous simulations we have analyzed the behavior of metallic gratings with shaped
slits.

In the infrared range, the properties are quasi-static and we identify the limited number of
main parameters. These are mainly the parameters that characterize the aperture size(s).
In the visible range, the resonances induce a more complicated behavior. We find that
some sizes need to be big enough to allow for a resonance to develop, and to create a
larger, but narrow-band, transmission.
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Light extraction efficiency in SSL with conformal phosphor-converted LEDs can be
enhanced with remote phosphor LED technology which allows the extraction of
backscattered light and lowers the thermal operation point of the phosphor. In this
study, a remote phosphor module was simulated using ray tracing software. The BRDF
of the reflective material in the cavity was determined, a ray file was obtained for the
blue pump LEDs, and the remote phosphor component was modeled with
experimentally obtained bi-spectral BSDF data. Simulation and experimental results
match in the near and far field behaviour.

1. Introduction

In order to optimize a phosphor converted white LED (pcLED) system, different
simulation models have been proposed for the phosphor element. In [1] and [2] a YAG
phosphor is simulated within a pcLED by defining the reflected and transmitted flux of
blue and yellow light measured with two integrating spheres. In [3] a model based on
Mie theory using the microscopic parameters of the phosphor and the embedding matrix
was defined. These models either do not consider the angular dependence in the
scattering process, or they require plenty of microscopic parameters to be set in the
simulation, whose acquisition is rather difficult. In [4] , the interaction of the light with
the phosphor is characterized by measuring the bi-directional scattering distribution
function (BSDF) of a phosphor on a PET substrate and simulating the forward mode for
a conformal pc LED.

A simulation model for a remote phosphor plate is proposed in this work, based on the
bi-spectral BSDF, for both: backwards and forwards emission. The remote phosphor
plate manufactured by Intematix consists of a diffuse polycarbonate plate coated on one
side with a silicate phosphor doped with Eu. The proposed simulation model allows to
analyse the influence of the incident angle on the phosphor extraction efficiency, that in
turn can be used in the analysis of the recycling process due to the presence of the
mixing chamber.

2. BSDF of the phosphor plate

The phosphor plate will be modelled based on the macroscopic scattering behaviour.
The scattering of radiation can be described by the BSDF q.(6;, ¢;, 6;, ¢), according to
[5], defined as:

Le,l,s(gi' ¢, 05, 5) [ 1 Eq.1
6 (B0 o B ) = =2 B =] ;
With L, ,(6;, ¢:, 65, ¢,) de radiance of the sample at a particular viewing angle (8;, ¢,),and
E, ,; the irradiance on the sample from a particular incident solid angle (6;, ¢;).

When elastic scattering occurs, i.e. there is no wavelength conversion, this expression
quantifies properly the impulse response of the material to the incident light at different
angles. For inelastic scattering, i.e. when wavelength conversion takes place, this
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expression is not valid anymore. To extend the Nicodemus’ derivation to the cross-
wavelength energy transfer, the contribution of each discrete incident wavelength within
the excitation range to each scattered wavelength by the fluorescent material at a certain
direction (6, ¢5) has to be considered [6]. This is called the bi-spectral BSDF,
expressing the fact that scattering at one wavelength is caused by several incident
wavelengths. Mathematically expressed the bi-spectral BSDF g, ;(6;, ¢;, 05, ¢s, A, A5)
can be defined as the derivative of the BSDF q.(8;, ¢;, 6, ¢s) With respect to the incident
wavelength da;:

dq. _ dLe,A,s(Hi' b1, 05, Ps, As) [ 1 ] Eq. 2

Sr-nm

Qe,A(eir ®u, 05, s, A1, As) = d_/h - Ee,l,i(ei' @i ) - dA;

In order to know the contribution of an incident wavelength range A; to the spectral
scattered flux at the scattered wavelength A, it is necessary to integrate Eq. 2 with
respect to dA; over a particular range. The integration range is between 450 and 470 nm
for incident blue light, mimicking the emission of blue LEDs. From this result an
average value < q, 4, > can be calculated for any scattered wavelength A as a function
of the scattered angle (6;)

L,l, (9"¢':95¢11) 1 Eq'3
(9o 00 b1, Oy, 1)) = e B Bo e |~ |
f,ll.=450 Eepi(0y, i A) - dA;

Simulation of the detailed bi-spectral BSDF is extremely cumbersome, therefore it is
simplified by simulating only two wavelengths, yet properly reproducing the conversion
and scattering behaviour of the phosphor plate. Each wavelength takes an average value
resulting from the integration of < g, ,, > over the scattered wavelengths, for both the
BRDF and the BTDF.

3. Experiments and Simulation

This plate is meant to be excited by pump-LEDs whose emission peak is about 450 nm,
resulting in white light with a CCT of 3000 K. The BSDF for the phosphor plate was
characterized with the setup described in [7], consisting of a goniometer with a fixed
position light source and a mobile detector, with a position and inclination adjustable
sample holder in between the light source and the detector. For every incident polar
angle (6; =5°, 45°, 56°) the scattered spectral flux @, ; ¢ was measured for the scattered
polar angles 0°<8; <90° in the incident plane in increments of 5° for both the reflection
(backwards) and transmission (forwards) hemispheres. Two incident spectra have been
applied: “blue light” within the excitation spectrum (Figure 1-right) of the fluorescent
material mimicking the pump-LED and “yellow light”. The BSDF measurement when
“yellow light” impinges is required in order to characterize the interaction between the
phosphor plate and the emission spectrum of the phosphor after being reflected in the
mixing cavity.

In total three different BSDFs are defined, corresponding to the elastic and inelastic
scattering in response to the blue incident light, and to the elastic scattering in response
to the yellow incident light. These functions are converted into tables that define the
scattering simulation model in the ray tracing program. Each of this functions are
assigned as a surface property to the geometrical representation of the phosphor plate.
The mixing chamber consists of a cylindrical cavity with radius 35 mm and height 43
mm, whose inner surface has the BRDF characteristic of an MPET material. The light
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source is represented by a ray-file of four blue LEDs located at the base of the mixing
chamber and equidistantly distributed along a radius of 18 mm (Figure 1 -left). The ray-
file was measured by a near-field goniometer equipped with a luminance camera
(TechnoTeam Rigo 801).
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Figure 1 Whole module simulation in ray tracing (left); Excitation and emission spectrum for the phosphor
plate (right)

4. Results and Discussion

From the phosphor characterization one incident angle is chosen (6; = 45°) to illustrate
the response of the phosphor plate to the blue and yellow light.
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Figure 2 Responses of the phosphor plate to excitation at an incident angle of 45°. Bi-directional transmittance
distribution function (Left); Bi-directional reflectance distribution function (Right)

From Figure 2 the transmittance distribution function presents a rather lambertian
behaviour for the three responses due to the effect of the diffuse (polycarbonate) plate
along with the phosphor coating. On the other hand, the reflectance distribution
functions present higher values around the specular angle for the elastic scattering, and
lambertian for the inelastic scattering.

To validate the simulation model of the whole module it has been compared: (1) the
spatial distribution of the exitance at the outer surface of the phosphor plate, and (2) the
intensity distribution in the far-field region. The spatial distribution of the exitance was
calculated for each concentric ring equally distributed over the phosphor plate.

A good agreement exists between the experimental and simulation results as showed in
Figure 3. From the simulation it is possible to determine the increment in light
extraction due to the light recycled by the mixing chamber. Simulations performed
when attributing a reflectance of zero to the mixing chamber are compared to the
simulation results when the MPET characteristics have been used. The light extraction
with the mixing chamber is 1.7 times the amount of light extracted when the mixing
chamber is totally absorbing. These results are confirmed with integrating sphere
spectral radiant flux measurements of the whole module, equipped with reflecting and
absorbing walls of the mixing chamber respectively.
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Figure 3 Validation of the simulation model for the whole module. The exitance over concentric rings
characterized by the distance to the centre (left) and the normalized intensity distribution (right).

5. Conclusions

The simulation model of a cylindrical mixing chamber covered by a remote phosphor
plate (a phosphor coating in combination with a diffuse polycarbonate plate) has been
developed. This model allows to predict the response of the phosphor plate to different
mixing chamber designs. Future work will be focused towards the use of the model in
optimizing the geometry and form factor of the mixing chamber.
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Theoretical analysis and numerical simulations on the microwave properties of a IlI-V
integrated phase shifter are presented and compared with experimental results. A 3D-
electro-magnetic model of the phase shifter is used to study the effect of geometrical and
material parameter changes on the modulator’s transmission line parameters including
its bias voltage dependency. The model predictions match well with measurements on
phase shifter structures fabricated in a generic integration process and can be used to an-
alyze electrical crosstalk between modulators in high-capacity WDM transmitter chips.

Introduction

Monolithically integrated high capacity multichannel transmitters are becoming more and
more attractive, e.g. in optical interconnect or access network applications. Fabrication
of such transmitters through a generic foundry approach stands to reason due to reduced
development time and cost [1]. A steady demand for higher capacity, channel count and
smaller chip size gives rise to many design and fabrication challenges. One such chal-
lenge lies in the design of electro-optical phase shifters for high speed modulation and
in the electrical crosstalk between them due to small separation distances on chip. High
frequency losses and reflections in phase shifters affect the electrical signal propagation
and degrade their performance whereas crosstalk introduces noise and distortions. There-
fore, careful analysis of their microwave characteristics is required. This paper studies
those based on a 3D solver approach, similar to [2], and extends the model to account for
crosstalk effects.

Phase Shifter Model and Simulation

The phase shifter structure is shown in figure 1(a) and consists of a shallow optical waveg-
uide with a top metal electrode and trenches on each side with dielectric filling for pas-
sivation. Propagation of the microwave signal along the top electrode is described by
transmission line theory and defined through the propagation constant Y= o+ jf, where
o is the attenuation and 3 the phase constant, and the characteristic impedance Z¢ [2].
The full-wave solver CST MWS is used here to model the phase shifter cross section and
determine the microwave parameters. Its electric field solution is shown in figure 1(b)
and corresponds to a microstrip mode with a quasi-TEM behaviour, centered around the
depletion area between the intrinsic layer and the p-doped cladding. Bias dependency is
incorporated through variation of the depletion thickness.

Electrical scattering parameters have been calculated for three different phase shifter
lengths and are presented in figure 1(c). The 1500pum long phase shifter shows an elec-
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Figure 1: (a) Phase shifter cross section; (b) its quasi-TEM field solution; (c) simulated
scattering parameters for three different lengths (20 wm width).

trical -6dB bandwidth of 7GHz allowing for 10GBit/s operation. The bandwidth can be
improved by decreasing the length in exchange for less phase shift per applied voltage.

Microwave Properties and Crosstalk

In this section, the dependence of the phase shifter’s properties on the electrode width, the
substrate conductivity and applied reverse bias are analyzed. Figure 2(a) and 2(b) show
the influence of changing electrode width on its characteristic impedance, attenuation
and scattering parameters at 10 GHz. The attenuation is lowest for 20 pum and increases
towards smaller and higher widths. For small widths, the electric field is located more
at the lossy p-doped cladding area and the metal cross section is smaller, increasing the
dielectric and conductor losses. For high width values, the metal extends over the trench
area and lies on a thin dielectric on top of the p-i-n layers, increasing the conductor loss
again. Best transmission is obtained for widths between 10 um and 20 um.

Depending on the substrate conductivity, different kinds of mode propagation (skin-
effect, slow-wave and dielectric) can occur in a microstrip line [3]. This can be observed
in figure 2(c) and 2(d), where the influence of substrate conductivity on the microwave
properties are shown. At high conductivities, the substrate behaves like a lossy conductor
resulting in higher attenuation and impedance (skin-effect mode) and at very low con-
ductivities, the substrate acts as a dielectric with very low losses. Inbetween lies the
slow-wave region. Transitions between those three propagation regions typically show
attenuation peaks [3] which are observed also here. For the n-doped substrate used in the
COBRA generic integration process (G ~ 10°), propagation occurs in the transition region
between slow-wave mode and skin-effect mode. The transmission is low because of low
impedance and high attenuation in the slow-wave region. Therefore, a highly conductive
or a semi-insulating substrate would result in better microwave performance.

The effect of applied reverse bias on the phase shifter is shown in figure 2(e) and
2(f). As the reverse bias increases, the depletion area gets thicker, increasing the effective
thickness of the microstrip and therefore Z¢, and allowing for more field to penetrate
dielectric instead of conductive material, reducing the attenuation. However, large bias
voltages are not preferred in general as the optical waveguide loss and electrical power
consumption is also increased.
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Figure 2: Influence of electrode width (a), substrate conductivity (c) and reverse bias
(e) on the characteristic Impendance Z¢, microwave attenuation o , and their influence
on scattering parameters (b), (d), (f) of a 1500 um long phase shifter (values are from
simulations at 10 GHz). (h) Configuration of two coupled phase shifters; (g) their NEXT
and FEXT for different coupling lengths.

Near end and far end crosstalk from two coupled phase shifters (see figure 2(h)) at
a distance of 25 pm have been analyzed for three coupling lengths by extending the
simulation approach to the coupled structure and are shown in figure 2(g). Crosstalk
is higher for longer coupling lengths and reaches -30 dB at 10 GHz for the 2000 pm
structure. FEXT is more dominant at higher frequencies but starts to roll off due to high
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Figure 3: (a) [llustration of phase shifter with de-embedding configuration. S-parameters
(b) and transmission line characteristics (c) of a 2000 um long, 20 wm wide phase shifter.

frequency attenuation whereas NEXT shows periodic minima at resonance frequencies.

Experimental Results

Phase shifter test structures have been fabricated in the generic process and characterized
using a 2-port vector network analyzer for model verification. De-embedding of the probe
pad and feeding lines from the RF measurements has been performed using a cascade
network approach as indicated in figure 3(a). The characteristics of the phase shifter
section Spyr can be extracted from the measurement when the feed line network Sgeeq 1S
known. The measured scattering parameters of a 2000 pm long phase shifter are shown
in figure 3(b) and match well with the simulated values. Extracted microwave parameters
in figure 3(c) show an impedance around 25 Q and attenuation of 1.5 dB/mm at 10GHz.

Conclusion

Microwave characteristics of an optical phase shifter have been analyzed for different
electrode widths, substrate conductivities and reverse bias voltages and the model pre-
dictions have been verified by measurements on fabricated phase shifters. The 3D-EM
model has been used to analyze crosstalk between two coupled phase shifters. Suitable
testing structures need to be designed and measured in future work for further comparison
with the crosstalk results.
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Abstract: In this paper we numerically investigate the thermal crosstalk reduction that
can be obtained by etching deep trenches in Indium Phosphide based photonic
integrated circuits. We show how deep trenches between adjacent components modify
the heat transfer path. The current injected in active components and the geometry of
the trenches are the parameters considered in our analysis. We demonstrate how the
geometry of the trenches play a role in the reduction of the thermal crosstalk. The
numerical results show a reduction of the distance between components up to 50%.

Introduction

Since the introduction of the Arrayed Waveguide Grating (AWG) in 1988 [1] the
complexity of Indium Phosphide (InP) based Photonic Integrated Circuits (PIC) has
increased exponentially from a few to a few hundreds components. Significant progress
in the development of PICs were reported with the introduction of WDM receivers [2]
and transmitters [3]. The most severe limitations to further chip complexity
development are: i) the unavoidable losses in passive components that restrict the total
number of components that can be cascaded, ii) in active PICs the number of
Semiconductor Optical Amplifier (SOA) is typically restricted up to a maximum of a
few hundreds, because of heat sinking limitations and iii) the optical, electrical and
thermal interaction between components, commonly identified with the term crosstalk.
The most problematic crosstalk contributions in PICs are: the radiofrequency crosstalk,
mostly related to the inductive and capacitive coupling; the optical crosstalk, related to
unwanted phenomena as scattering, coupling and reflection of light; and the thermal
crosstalk, due to the heat transfer from active components, i.e. SOA to passive
components i.e. waveguides, phase modulators, AWG.

This paper focuses on the thermal crosstalk between components. Here we investigate
how the thermal crosstalk affects the performance of a generic PIC and moreover we
investigate the thermal crosstalk reduction that can be obtained by defining rectangular-
shaped deep trenches between active and passive components.

Electro - Thermal model

By using a 3D finite elements method, we model the electro—thermal interaction in
active components and the heat transfer from them to the rest of the PIC. Our model
works as follows: a) A current | is injected in the active components, such as SOAs, and
the Joule’s heating is calculated, b) The heat transfer from the SOAs to the rest of the
PIC is evaluated by solving the heat transfer equation, c) The local temperature in every
interesting point of the PIC is evaluated. We simplify the heat transfer equation by
considering the steady state regime, so that the equation governing the pure conductive
heat transfer in a solid become:
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C p%+V-(—kVT):Q 1)

p

where k [W/(m'K)] is the thermal conductivity, p [kg/m®] is the material density, C,
[J/(kg'K)] is the specific heat capacity at constant pressure, T [°K] is the absolute
temperature. Q [W/m®] contains the heat sources and it is related to the Joule’s effect.

Thermal crosstalk simulations

In Figure 1 (left), we consider a simple photonic circuit based on one SOA and one
Mach-Zehnder (MZ) modulator. The SOA is part of a more complex section of the PIC
but it is not related to the MZ.

300 302 304 306 308 310 312 314 316

350 [pum]

I

Figure 1: (left) Photonic integrated circuit considered in our model and (right) Temperature distribution
when a current density of 10000 [A/cm?] is injected in the SOA (200 mA for a SOA length of 1 mm).

To reduce the number of geometrical variables we consider the same length, I, for the
SOA and for MZ arms. Moreover we consider the distance between the arms of the
modulator fixed: f = 30 um. The thickness of the InP substrate is t = 350 um. d is a
variable in our analysis. The temperature of 300 [°K] is imposed at the bottom side of
the chip by a copper heat sink (not shown in Figures 1) whose thermal conductivity is
high enough to ensure a fixed temperature. Figure 2 (left) shows the SOA peak
temperature, versus the injected current density. The quadratic behavior is due to the
Joule’s effect. Figure 2 (Right) shows the temperature distribution along the x-
coordinate (with y = 0) as a function of the current density injected in the SOA. The left
and right arms of the MZ are, respectively, at distance d and d+f, from the SOA and
then, from Figure 2 (Right), the arms of the MZ are at different temperature. The
mismatch in temperature, and then the mismatch in the refractive index, leads to a
variation of the output optical power, with respect to the ground state (i.e. J =0). The
optical output power Pout, can be expressed as:

* Ei, _jZTH"LL +j27ﬂ”R" —a
Pout = Eo : EO where EO = 7 e +e -e (2)
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Figure 2: (Left) Peak temperature in a single SOA vs injected current density and (Right) Temperature
distribution along the x-coordinate of the InP chip, with y = 0.

For the arms of the MZ we assume as optical loss « = 2 [dB/cm] and we neglect its
dependence with the temperature, because it does not change significantly for small
temperature variations. Ej, in equation (3) is the unitary field considered as MZ optical
input, while n_ and ng are, respectively, the effective refractive index for the left and
right arm of the MZ modulator. Both n. and nr depend on the temperature:
Nry=No+n4T. Ng=3.25 is the effective refractive index considered for each arm of the
MZ at T=300 [°K], while AT\, is the temperature variation in the arm. The coefficient
n=2.5-10" [1/°K] is the thermo-optical coefficient considered for InP.
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Figure 3: (Left) temperature difference between the left and right arm of the MZ and
(Right) Pout vs position of the MZ for two length and two values of injected current.

Figure 3 (left) reports the difference in temperature between the two arms of the
modulator as a funcion of the distance between modulator and SOA for two values of
current density injected in the SOA. Figure 3 (Right) shows the effect of the thermal
crosstalk to the optical output power for two different MZ lenghts and for two values of
injected current. For high values of d, Po is only limited by the waveguide losses.

Up to I=1 mm, we consider the SOA and the MZ “isolated”, when Py, > 0.9Pj, for a
current density value up to 10000 A/cm?. For instance, the minimum values of d (dyin)
to avoid the crosstalk effects for J = 10000 [A/cm?] and | = 1000 pm, is dy ~ 240 pm.
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Trench effects

The trenches are intended as deep apertures between components with the purpose to
modify the heat transfer path. They do not modify the optical properties of the
waveguides because they are far from the guiding structures. We consider the trench
positioned in the middle between the SOA and the MZ. To evaluate the performances of
the trenches we consider the case of J = 10000 [A/cm?] for a length | = 1000 um. In this
case dwn is 240 um if no trenches are considered between the SOA and MZ.

240

220
s SOA 7 200
=
. 180
m Waveguide § — W =10 [pm]
160 — W=20 [um]
—— [nP Substrate — W=30 [um]
1401 — =40 [um]
120
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Figure 4: (left) Trench geometrical definition and (right) Reduction of the minimum distance between
components due to the trenches.

Figure 4 (Right) shows the effect of the trench in relation to its geometry. Both
parameters w and h play a role in the modification of the heat transfer path. The depth of
the trenches is not critical for the mechanical integrity of the InP wafer since it is, in the
most severe case reported in our simulation, less than 20% of the total thickness of the
wafer. Moreover the trenches are localized around the active components and they do
not cover the whole chip. From our simulation the trench with w = 40 um and h = 50
um allows the reduction of the distance between SOA and MZ up to 135 um: more
than 40% if compared with the case without trenches, where dyy is 240 pm.

Conclusions

We have developed a model to investigate the thermal crosstalk effect in photonic
integrated circuits including both active and passive components. The model is applied
to investigate the thermal crosstalk reduction that can be obtained by etching deep
trenches between active and passive components. We demonstrate how the geometries
of the trenches play a role in the reduction of the thermal crosstalk. The numerical
results show that the distance between components can be reduced up to about 50%.
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A widely-tunable mid-infrared vertical-cavity surface-emitting laser (VCSEL) structure
based on Si-electronics-compatible processes and adhesive wafer bonding technology is
suggested and numerically investigated. This hybrid laser consists of a silicon-on-
insulator high-index contrast grating (HCG), a I1l-V active region and a distributed
Bragg reflector (DBR). The HCG works as a highly-reflective mirror to replace the
conventional bottom DBR. In this paper, an overview of the HCG design, VCSEL cavity
design and the simulated device tunability is presented. In this context, the angle
dependence of the reflectivity of the HCG is analyzed and a tuning range of about 100
nm and a wavelength tuning efficiency of 0.205um/ um are predicted for the device.

Introduction

Laser sources emitting in the near- and mid-infrared region has been attracting a lot of
attention recently for security and environmental applications, since several important
gases, like CO, CH4, N;O, etc. can be detected using this wavelength range [1]. For
example, the wavelength range around 2.3 um offers the first water absorption free
spectral window for CO detection. Vertical-cavity surface-emitting laser (VCSELS) are
good candidates for sources in this wavelength range, since it can provide valuable
characteristics such as low power consumption, small beam divergence, wide tunability
and cost-effective packaging. Among the I[lI-V material systems, GaSh-based
heterostructures are a perfectly suited semiconductor material for covering the 2 — 3 um
range. Recently, GaSb-VCSELs emitting at wavelengths around 2.3 um have been
demonstrated based on a monolithic [2] or hybrid [3] configuration, both containing
thick and lossy semiconductor distributed Bragg reflectors (DBRs) which could be
replaced by high-index contrast grating (HCG) reflectors. GaAs and InP-based VCSELs
have been reported at respectively 0.85 and 1.55 um using one or two HCGs as mirrors
[4-6], however such a configuration has not yet been demonstrated in the GaSh system
[7].

In this paper, we propose a widely-tunable mid-infrared electrically-pumped VCSEL
structure based on a CMOS-compatible HCG mirror and adhesive wafer bonding
technology. The silicon-on-insulator (SOI)-based HCG is analyzed by the rigorous
coupled-wave analysis (RCWA) method. Furthermore, a two-dimensional finite-
difference time-domain (FDTD) method is used to study the lasing properties.

VCSEL Integration Design

The suggested GaSbh HCG VCSEL structure is shown in Figure 1, it consists of a ll1-V
die bonded on a SOI-HCG. In this design the I11-V contains an active region as well as a
semiconductor DBR. The resonant cavity is formed between the DBR and the free-
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standing HCG. The fabrication of the designed SOI-HCG structures is based on a
CMOS compatible process: 193 nm deep UV lithography is used to pattern SOl with a
220 nm thick silicon layer. Then the SOI die is etched in buffered HF solution to
fabricate freestanding HCG. The integration of the 111-V die on the freestanding HCG is
realized by adhesive bonding using an ultra-thin Benzocyclobutene (DVS-BCB) layer as
an adhesive bonding agent. After bonding, the GaSb substrate is removed and the
VCSEL is processed. Specifically, good electro-optical confinement is achieved by
selectively etching the 20 nm-thin InAsSb layer of the tunnel junction [8]. The VCSEL
is then electrically contacted and the HCG can be electro-statically actuated using the

intra-cavity contacts.
b LULOCE JUDCUHOIN  — Tuning Contact
i)

Adr
. & 1 | J ‘—Silicon

SiOx —>

BCB —

Figure 1: Schematic drawing of the tunable GaSb VCSEL integrated on SOI.

HCG Design

The SOI-HCG mirror structure is composed of a 220 nm thick sub-wavelength grating
mirror on top of a silicon substrate as shown in Figure 2(a). Because some parameters
such as the silicon layer thickness (220nm) and buried oxide thickness (2 um) are fixed
by the standard SOI technology, by playing with the grating period and duty cycle we
can change the optical properties of the grating [9]. Figure 2(b) shows the reflectivity
spectra simulated by the RCWA method of a SOI-HCG and typical 20-pair
semiconductor DBR made of GaSb/AlAsSb. The HCG parameters used in this
simulation are: period = 1.5 um, duty cycle = 50%, the refractive index of the silicon is
3.48, air is 1 and the incident angle a is zero degree. No losses are considered in this
simulation. Both the HCG and DBR exhibit high reflection in the range around 2.3 pm.
For the HCG, a very broadband mirror with reflectivity >99% is obtained over the range
2.25 pm-2.38 pm as shown in the inset image of Figure 2(b). From this simulation it is

clear that the HCG has a strong polarization dependence.
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Figure 2: (a) Schematic drawing of the SOI-HCG structure, (b) reflectivity spectra of the
SOI-HCG and the 20-pair GaSh-AlAsSbh DBR.

Numerical simulations based on RCWA method were carried out to study the

fabrication tolerance of different parameters in the HCG structure. The contour plot in

Figure 3(a) shows the reflectivity of the HCG as a function of the period and duty-cycle

e
=]
L
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for a fixed wavelength of 2.3 um. We can see the duty cycle has around 30% fabrication
tolerance while still keeping 99% reflectivity. Because the beam profile in VCSELs
usually carries high incident angle components that are defined by the optical aperture,
the design of the HCG dimensions should also consider the angle dependence of the
reflectivity. As shown in Figure 3(b), the reflectivity and its incident angle dependence
are plotted for varying duty cycles at a fixed HCG-period of 1.5 um. The regions
between DC= 25-30% and 50-55% shows a better angular dependence and a higher
reflectivity (>99.9%) than the region around DC=40%. Since the high-order modes in a
VCSEL have an angle divergence larger than 10°, HCGs are particularly interesting to
enhance single-mode emission of VCSELS [4].
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Figure 3: (a) RCWA simulated SOI-HCG reflectivity as a function of grating period and
duty cycle for fixed A = 2.3 um, (b) contour plot of reflectivity versus duty cycle and

incident angle.
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Simulated Lasing Properties

The quality factor and the field distribution of the laser mode were investigated using
the FDTD method. In this simulation, a Gaussian pulse is used to excite the cavity
mode. The FDTD simulated resonant spectra shown in Figure 4(a) indicate a cavity
resonance at 2.31 pm, and the estimated quality factor of this cavity mode is about 1600.
The mode profile of this laser structure, shown in Figure 4(b), clearly shows that a
strong vertical resonance occurs between the bottom HCG and top DBR.
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Figure 4: (a) FDTD simulated resonant spectra of the HCG GaSb VCSEL, (b) field
profile of the resonant mode of the structure.

The vertical displacement of the HCG can change the optical cavity length, thus results
in a change in the lasing wavelength [6]. So we can electro-statically actuate the HCG to
tune the VCSEL emission wavelength. In order to increase the tuning efficiency, we can
deposit a 200 nm SiNx antiflection layer (AR) layer on the n-GaSb layer. Figure 5
shows the resonant spectra and quality factor of the tunable VCSEL with AR layer as a
function of the displacement of the HCG: by displacing the HCG 500nm, a wavelength
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tuning from 2.31 pm to 2.41 um can be obtained. Therefore this structure has great
potential for the realization of a widely tunable VCSEL. Over the whole wavelength
range, the Q-factor of the cavity is calculated to be above 1300.

1200

——0nm
—— 100 nm
200 nm
—300 nm
1294 ——400nm
I ——500n0m

1000 1682

®
=1
S

=600 nm

600 | ” 969
1

E Intensity
-
S

¥
=]
S

N o

lambda(pm)
Figure 5: Resonant spectra of the tunable VCSEL versus movement of HCG.

Conclusion

In conclusion, we have suggested a hybrid laser structure for mid-infrared silicon
photonics by integrating a GaSb VCSEL on an SOI grating. RCWA and FDTD
simulation results show that the SOI-HCG can work as a highly-reflective mirror to
replace conventional GaSb-based DBRs. This hybrid structure exhibits promising
tunability and Q-factor characteristics suitable for a widely tunable VCSEL.
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Investigation of Carbon Doped Amorphous Silicon, an
Alternative Material for All-Optical Signal Processing
for On-Chip SOI PICs

P. K. Pal, G. Morthier

Ghent University, Department of Information Technology, Sint-Pietersnieuwstraat 41, Ghent, Belgium

We investigate the properties of carbon-doped hydrogenated amorphous silicon (a-
SixC1x:H) thin-films produced by radio frequency plasma enhanced chemical vapour
deposition (rf-PECVD) under low temperature condition, and compare them with those
of non-carbon-doped amorphous silicon. Spectroscopic ellipsometry (SE) analysis has
been used to characterise the deposited thin-films. During deposition argon gas has
been used for passivation with different dilution ratio. The deposition temperature,
dilution ratio and rf-power are important parameters that influence both the hydrogen
content and the optical band gap. Optical multimode waveguides have been fabricated
with this material on an SOl wafer and have been characterised.

Introduction

Silicon based photonic devices have great potential for applications in optical
communications. They are small in dimensions, need low power consumption and are
compatible with present CMOS technology. Many optical signal-processing applications
like optical signal regeneration, wavelength conversion [1, 2], multiplexing and optical
logic use non-linear effects. In the communication wavelength range, silicon on
insulator (SOI) photonic integrated circuits (PICs) are ideal for those operations having
low loss, high power confinement and high power density. Amorphous silicon (a-Si) on
SOI has many advantages over crystalline silicon (c-Si) such as high Kerr-effect and low
non-linear absorption. Non-linear effects [1, 3] based on the Kerr effect such as Self-
Phase Modulation (SPM) and Cross-Phase Modulation (XPM) are useful for all optical
signal regeneration, multiplexing, wavelength conversion [4, 5].

In spite of many advantages though, hydrogenated amorphous silicon (a-Si:H) exhibits a
degradation when exposed to high intensity of light for a long time. This effect is called
the Staebler-Wronski effect. By slightly increasing the band gap value by doping carbon
in a-Si:H, it could be possible to reduce this effect to a large extent.

Experimental

We prepared various carbon doped a-Si:H and non-doped a-Si:H thin-layers on glass
and silicon wafer by a high frequency rf plasma-enhanced chemical vapour deposition
(PECVD) using different rf powers and different substrate temperatures. The substrate
temperature was kept between 180°C and 200°C. The rf power was varied from 20 to
150W. Silane (SiH4) and methane (CH,) flow-ratio control the percentage of carbon-
doping during deposition. Argon gas was used for passivation. Both the carbon doped a-
Si:H and a-Si:H thin-films were characterized by ultraviolet-visible-infrared (UV-VIS-
IR) spectroscopic ellipsometry (SE). The SE data are analyzed to obtain structural and

163



Investigation of Carbon Doped Amorphous Silicon, an Alternative Material for All- ...

optical properties of the carbon doped a-Si:H and a-Si:H thin-films. In order to calculate
the desired values (e.g. films thickness, optical constants) from the measured data, a
suitable optical model has been applied.

First, 220 nm of a-Si:H was deposited using PECVD process on top of 2000 nm buried
oxide. Waveguides of varying width (2um to 8um) were fabricated using optical
lithography and dry etching [6]. The waveguides were cleaved at both facets with
different lengths and interfaced to optical lensed fibers for input and output coupling of
light.

Carbon doped a-Si:H and a-Si:H thin-films were exposed to high power radiation
(15mW cw laser at 1550nm) for 30 and 50 hours to estimate the degradation.

Results

The deposition rate increases with increasing r.f. power (Fig.1 (a)). From SE data
analysis of optical constants, it is evaluated that the band gap value decreases with
increasing r.f. power (Fig.1 (b)). It is observed that the Ar gas flow has strong influence
on the deposition rate. It is found that the deposition rate varies from 38nm/min to
50nm/min for a substrate temperature at 180°C. Also the band gap value decreases with
increasing dilution ratio for Ar gas (Fig.2).

280 4 220
11.5% Ar1 #— 11.5% 180C
— o Ar 5
L
270 ® - 11.5% Ar2 28] @ 573.00/0 :80(:
9.0% Ar1 5% 180C
260 o ¥ 9.0% Ar2 v— 7.5% 200C
7.5% Ar1 4 2.16 4 g o
250 4 < 7.5% Ar2 e ’
£ ) < 2144
£ 2404 = i
ﬁ “ % 2124 v ©
2 230 . S
c ¥ g
e ] £ ]
F 2204 @ 210+ ¥
. —u =
210 — 2.08 4
¢
200 4
= 2.06 4
190 T T T T T T T T T T T T
40 45 50 55 60 20 25 30 35 40 45 50
RF power (W) RF power (W)
(@) (b)

Fig.1: (a) Variation of deposition thickness and (b) band gap value with the r.f. power for different SiH,-
CH, mixtures and different temperatures.
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doped a-Si:H waveguide.

Fig.3 shows the degradation of a-Si:H due to exposure with high intensity of light for 30
and 50 hours. Syntune tuneable cw laser has been used for exposure at 12dBm output
power and with central wavelength tuned at 1550nm. It is found from the figure that we
have around 10% and 20% increased in k-value for the exposed duration of 30 and 50
hours respectively. Fig.4 shows a relative comparison for k-values between aSi:H and
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carbon-doped aSi:H. Fig.5.(a) and Fig.5.(b) represents the change in k-values for a-Si:H
and carbon-doped a-Si:H thin-films deposited on SOI with exposure of high intensity of
light for 30 hours. It is found that the carbon-doped a-Si:H thin-film has less
degradation for the central wavelength around 1550nm.

Fig.6 represents the measured linear loss of carbon-doped a-Si:H waveguides with
cross-sectional dimensions as 6um X 0.220um. The linear loss for the multimode
waveguides have been calculated as 9.9dB/cm. Fig.7 shows the sidewall roughness of
such multimode waveguides.

Conclusions

Thin film thickness, structural and optical properties of carbon doped a-Si:H and a-Si:H
thin films deposited using PECVD system have been measured by UV-VIS-IR SE. It
has been found that carbon doped a-Si:H material has low degradation compared to a-
Si:H in the wavelength regime around 1550nm. Carbon-doped a-Si:H waveguides have
been successfully fabricated and measured for linear loss. The sidewall roughness of
those waveguides needs to be minimized by optimizing the etching process to have low
linear loss waveguides.
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Ceo-assisted electron-beam lithography for loss
reduction in InP membrane waveguides

Y. Jiao, J. Pello, E. Smalbrugge, E.J. Geluk, M.K. Smit, and J.J.G.M. van der Tol
COBRA, Eindhoven University of Technology, The Netherlands

In this contribution we present a method to prepare a mixed material composed of a
positive electron-beam resist (ZEP520A) and Cg fullerene. The addition of Cg to the
ZEP resist changes the material properties under electron beam exposure significantly.
This mixed material has shown an increased clearance dose as well as an increased
reflow temperature. An improvement of the mixed material on the thermal resistance
has been demonstrated by fabricating multimode interference couplers and coupling
regions of micro-ring resonators. This shows improvement with respect to the same
structures fabricated with normal ZEP resist. An improvement on the propagation loss
of the InP membrane waveguides from 6 to 3 dB/cm using this mixed material is shown.

Introduction

The ever-growing demand for high-speed chip-scale data transport in computers has
inspired the development of on-chip optical interconnects [1], among which the InP
membrane on Si (IMOS) technology [2] is a novel concept for realizing such a photonic
interconnect layer on top of a conventional complementary metal oxide semiconductor
(CMOS) circuit. Compared to other concepts such as I1I-V bonded on silicon-on-
insulator (SOI) or Si/Ge, the major advantage of the IMOS technology is the potential to
realize monolithic I11-V active-passive integration with both compact passive photonic
devices and high-performance active devices.

The IMOS passive waveguides and devices can be fabricated using electron-beam
lithography (EBL) with ZEP520A resist. During the characterization of those devices
we have observed a relatively high propagation loss of the InP membrane waveguides.
The average propagation loss is around 10-15 dB/cm with a best result of 6 dB/cm. It is
suspected to be mostly caused by the sidewall roughness on the ZEP resist pattern after
exposure and development. Furthermore the erosion on the resist pattern when using it
as plasma etching mask increases the roughness. Such high propagation loss will
significantly limit the performance of both active and passive InP membrane devices.
Therefore it is crucial to develop an improved electron-beam resist with reduced
roughness.

One of the practical approaches to loss reduction is to use the so-called fullerene-
assisted resist system [3]. The incorporation of fullerene in a resist system can improve
the material strength during physical etching (e.g., reactive ion etching (RIE)) as well as
wet chemical etching (e.g., developer solution) [3]. As a result a reduced sidewall
roughness of the resist pattern can be obtained. The reduction of waveguide propagation
loss has been experimentally demonstrated for Si wire waveguides [4] and InGaAsP
wire waveguides [5] by incorporating Ceo (one of the fullerene types) into ZEP resist.

In this contribution we will present the preparation of such Cgg-assisted ZEP resist and
use it in the EBL process for realizing InP waveguides. We will show the change of the
resist properties due to the Cgo material. Finally we will demonstrate the reduction of
waveguide propagation loss using this mixed resist.
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Resist preparation

The preparation procedure of the Cg/ZEP mixed resist is similar to what has been
described in [3]. The Cgo powder is first dissolved in anisole (solubility is about 5.6 g
per liter [6]) and then mixed with ZEP520A resist solution by magnetic stirring. The
mass ratio between Cgo and ZEP material is 1:9. The final mixed solution will appear
black due to the presence of Cg, instead of transparent as for normal ZEP resist.

Since additional amount of anisole is added as solvent into the mixed resist solution, the
concentration of ZEP material will decrease. As a result the thickness of the mixed
resist after spin-coating will be less than that of the normal ZEP resist. For instance, the
thickness of the mixed resist at a spin speed of 2000 rpm is about 100 nm, while the
thickness of the normal ZEP resist at 4000 rpm is 300 nm.

Resist properties

The addition of Cgy material in the ZEP resist changes significantly the properties of the
resist system regarding the clearance dose during EBL and the thermal behaviour. It is
found that in the Raith 150-2 EBL system with 20 kV voltage and 10 pm aperture
settings, the clearance dose of the mixed resist has increased to 48 pC/cm? while the
normal ZEP resist has a clearance dose of 38 pC/cm?.

A post-exposure bake is crucial for obtaining a smooth resist sidewall. The bake
temperature is chosen close to the reflow temperature, so that the roughness on the
sidewalls can be smoothened during controlled reflow. After mixing with Cg, the
reflow temperature of the mixed resist has increased from 154 <C for normal ZEP to
170 <C. This is due to the increased thermal strength provided by the Cgy material.
Furthermore, the mixed resist also shows much less deformation after 170 <C baking
compared to the normal ZEP resist after 154 <C baking. As can be seen from Fig. 1(a),
the corners in the MMI coupler structure are all rounded due to the reflow of the normal
ZEP resist at 154 <C. This might increase fabrication errors of the devices. On the other
hand after 170 <C baking, the mixed resist still shows relatively sharp, as designed
corners (see Fig.1(b)).

The improved thermal resistance of the mixed resist also helps to realize structures with

Fig. 1 (a) The MMI coupler structure fabricated by using nornal ZEP resist. (b) The MMI
coupler structure fabricated by using the mixed resist.

()

Fig. 2 (a) The coupling region of MRRs fabricated by using nornal ZEP resist. (b) The
coupling region of MRRs fabricated by using the mixed resist.
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narrow gaps. For instance the coupling regions of micro-ring resonators (MRRs) are
fabricated using both mixed resist and normal ZEP, and baked at 170<C and 154 <C,
respectively. It can be clearly seen from Fig. 2(a) and (b) that the gap in the coupling
region fabricated with normal ZEP resist has already closed due to the deformation of
the material. On the other hand, the gap fabricated with the mixed resist survivs after
baking. Thus it is obvious that the IMOS photonic devices can benefit more fabrication
accuracy from this enhancement of the thermal resistance in the mixed resist.

Loss reduction

Straight IMOS passive waveguides of different lengths are fabricated using the mixed
resist for loss measurement. The fabrication starts by depositing a 1850 nm thick SiO,
layer on top of a Si wafer and a 50 nm SiO, layer on top of an InP wafer by using
plasma enhanced chemical vapor deposition (PECVD). The InP wafer contains a 250
nm-thick InP membrane layer as the future waveguiding layer and a 300 nm-thick
InGaAs sacrificial layer between the membrane layer and the substrate. The Si wafer
and the InP wafer are adhesively bonded using 50 nm-thick DVS-BCB
(divinylsiloxane-bisbenzocyclobutene) material [7]. After wet-chemically removing the
InP substrate and the InGaAs sacrificial layer, the 250 nm-thick InP membrane is tightly
bonded on top of the SiO,/Si carrier wafer. The fabrication requires two steps of EBL.
Both steps utilize a 50 nm-thick PECVD-deposited SiNy layer on top of the InP
membrane as the hard mask. The 100 nm-thick mixed resist material is spin-coated on
top of this SiNy layer, and the designed patterns are written on the resist layer by EBL
with 20 kV voltage and 10 pm aperture settings. After development, the patterns on the
resist layer are transferred to the SiNy layer by means of CHF3/O;, RIE. Finally the
patterns are formed in the InP membrane layer using CH4/H, InP RIE. The first EBL
step prints all the waveguide designs as well as the local markers for alignment of the
next EBL. The final InP waveguide will have a width of 400 nm and an etch depth of
220 nm. The second EBL step prints the grating couplers for coupling light between
optical fibers and the waveguides. The gratings will have a etch depth of 100 nm. The
processing procedure is the same as for the standard IMOS passive processing [2], [8],
except for the change of the resist material from normal ZEP to the mixed resist. The
fabricated membrane waveguides have five different lengths from 140 pm to 940 pm,
with 200 pm increment.

The measurement of the waveguide loss is performed by using a commercial laser with
the wavelength of 1550 nm with an output power in fiber of 12 dBm. The laser light is
coupled to the input grating coupler by means of a single-mode fiber with a cleaved
facet. The transmitted light from the output grating coupler is collected by another fiber.
Both fibers are placed at 10 degrees from surface normal of the chip. The output optical
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Fig. 3 The measured insertion loss of the IMOS passive waveguides as a function of
waveguide length.
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power is measured with a power meter. The measurement result of the insertion loss
(including both propagation loss and grating coupling loss) of the five waveguides, as a
function of the waveguide length, is shown in Fig. 3. The measured data is fitted with a
linear function from which a propagation loss of 3 dB/cm and a fiber-grating coupling
loss of 6.4 dB/coupling are extracted. Compared to the propagation loss of more than 10
dB/cm in average by using the normal ZEP resist, the measured 3 dB/cm propagation
loss by using the mixed resist proves that a significant loss improvement is achieved by
the assistance of Cgo material.

Conclusion

In this contribution we have presented a method to prepare a mixed material composed
of ZEP520A resist and Cg fullerene. Compared to the normal ZEP resist, the mixed
resist has shown an increased clearance dose and an enhanced thermal resistance. The
IMOS MMI couplers and the coupling regions of MRRs are fabricated using both
mixed resist and normal ZEP. The comparison between two resists has indicated an
improvement on the fabrication accuracy by using the mixed resist. Loss measurement
on the IMOS passive waveguides also demonstrated a significantly reduced propagation
loss (3 dB/cm) with the mixed resist.
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A new principle for flattening AWG responses is demonstrated. The approach works in
reflection, where the spectrum of the reflected light shows a box like shape, with only a
small passband ripple. The method is in principle lossless. The main part of the device
is formed by a general multimode interference reflector. This MIR works as a retro-
reflector that not only preserves the field shape, but also the position of the field. A pure
propagation direction reversal is obtained in this way. The theory behind the principle is
explained, and we present simulation results and initial measurement results.

Introduction

Various methods for flattening the response of Arrayed Waveguide Gratings (AWGs) have
been proposed. The most prominent are using multimode output waveguide [1], parabolic
input tapers [2], dual focal point arrays [3], and synchronized designs [4]. The first three
methods increase the insertion loss of the AWG. The last method is in principle lossless,
but is quite complex to realize. We propose to use a special multimode interference
reflector (MIR) [5], which is inserted in the output free propagation region (FPR) of an
AWG. Light within the MIR aperture is reflected back while light outside the aperture
is not. This leads to a flat reflection band. When using a platform suitable for active-
passive integration, the reflector itself can be made active. This would enable the reflected
light to be modulated by a data signal. An application for such a device would be as an
optical network unit (ONU) in a passive optical network [6]. Such an ONU should be
wavelength-independent and cost-competitive [6]. The device presented here could fulfill
both requirements.

Theory

MIRs are on-chip reflectors that are based on MMIs [5]. Such a reflector consists of
two 45° mirrors and a multimode section, as shown in Fig. 1a. By choosing the length
of the reflector equal to Lyr = 1.5 - Ly, a so called general interference 1-port reflector
is obtained [5]. Here Ly is the familiar beat length from MMI theory, between the fun-
damental and first order mode in the multimode section of the device [7]. Though this
device is markedly longer than a 1-port reflector based on symmetric interference, it of-
fers some interesting properties. The most significant of which is its ability to reflect an
arbitrary shaped input field. What this means is that the location of the input waveguide is
not restricted to a single position. In other words, the value of x’ in Fig. 1a can be chosen
freely along the MIR input aperture.

The field at the input of the MIR does not have to be guided there by a waveguide. It can
also be imaged through a free propagation region, like the one found in an AWG. Due
to the dispersive properties of AWGs, the spot at the output side moves as a function of
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Fig. 1: (a) Generic MIR layout. An input field is launched from position x = x/, and is
imaged back to the same position. This accomplishes a pure propagation reversal which
has only a small dependence on the position x’. (b) Schematic representation of the output
FPR. The array waveguides are shown on the left, and the regular output waveguides on
the right. Light is focused onto a position that depends on the wavelength A of the input
signal, as indicated by the arrow.

wavelength. This is shown schematically in Fig. 1b. The spot will be reflected back as
long as it is within the aperture of the MIR.

Simulation

The fundamental mode of a 2 um wide waveguide is launched at the input side of an AWG.
The coupling through the AWG to the modes of order v in a multimode waveguide was
calculated using an analytical model [8]. This model calculates the coupling 7y by taking
the overlap between the AWG output field and each of the modes. The multiple modes are
then propagated by multiplying them by a phase factor exp(—j[2ByLmir + TtV]), wWhere
By is the mode dependent propagation constant. The factor v causes all odd modes to
be flipped, which models the effect of the 45° mirrors. Finally, all modes are propagated
through the same AWG again, and the overlap with the input mode is taken. The total
reflection is thus modeled as

R =Y Tyexp(—j[2BvLmr + 7)) Ty (1)

Fig.2 shows the simulated reflection using (1) for an AWG designed for the COBRA
InP layer stack. An 8 um wide MIR is connected to the output FPR. The central wave-
length of the AWG is 1550 nm, the dispersion is 50 GHz/um, and the free spectral range
is 1800 GHz. The input waveguide is 2 um wide. The simulation results clearly show
a flattened response. A difference in passband ripple can be seen between TE and TM.
This is caused by the birefringence of the layer stack, and a resulting different optimal
wavelength for TM. The passband is slightly slanted with the short wavelength side being
0.6 dB lower than the long wavelength side, because the MIR is connected to the FPR
with an angle of —4.0°. The 3 dB bandwidth is 2.59 nm (332 GHz). This is much larger
than the non-flattened bandwidth of 0.72 nm (90 GHz).

Measurement

After fabrication at NanoLab@TU/e the chips were anti-reflection coated and character-
ized. Light from a tunable laser source was coupled into the chip by using a microscope
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Fig. 2: Simulation of the reflective bandpass filter response for TE and TM. (a) Three
FSRs of the flattened AWG response. (b) Close-up of the passband closest to the central
wavelength. The ripple in the TM polarized passband signal is due to a different optimal
wavelength for this polarization.

objective, which focused a collimated beam from a fiber launch stage onto the chip facet.
A circulator allowed the back reflected signal to be recorded. A polarizing beam splitter
was inserted in the collimated beam, and set to pass TE polarized light.

Figure 3 shows the measured back-reflected signal. The residual reflection of the coating,
estimated to be between —20dB and —30dB, together with the strong reflection of the
MIR, gave rise to significant fringes within the passband. Outside the passband the fringes
are caused by interference between the residual facet reflection and the crosstalk of the
circulator. The difference in reflectivity in-band and out-of-band was measured to be
14 dB. By improving the anti-reflection coating and the circulator isolation, this difference
can be increased to 24 dB, which is the measured AWG crosstalk level. There is a strong
dip in the middle of the passband. At this point it is unclear what causes this, but it
is known that a deviation of the design width of the MIR causes ripples in the passband.
Another possibility is a distortion of the phase front along the aperture of the MIR because
of a slight oblique incidence. Also polarization rotation effects inside the AWG could play
arole. When we ignore the dip, the 3 dB passband width is 2.6 nm. This is extremely close
to the design width of 2.59 nm.

Conclusion

A new method of flattening the passband of an AWG was introduced, which works in
reflection mode. Devices using this new principle were fabricated and characterized.
Measurements showed that a strong dip is present in the passband. The 3 dB passband
width is 2.6 nm in the measured device, which is extremely close to the design width of
2.59 nm. More measurements and modeling are necessary to understand the cause of the
dip. If this effect can be mitigated, the presented device could be used, for example, as a
reflective optical network unit in passive optical networks.
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Fig. 3: Measured response of passband flattened AWG. The passband shows an unex-
pected dip in the center. Ignoring this dip, the 3 dB passband width is 2.6 nm. The reflec-
tion level was normalized to the maximum in the passband.
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The tunability of semiconductor quantum dots offers many opportunities for
development of on-chip integrated light sources. Therefore we want to develop a high
index contrast waveguide platform compatible with colloidal quantum dots (CQDs)
integration. Silicon nitride (SisN4) is promising because of its high index contrast with
air and compatibility with the emitting wavelengths of CQDs. We have developed
recipes for low temperature SisN4 deposition (helps us to retain the quantum yield of
CQDs) and etching. With these optimized recipes, we demonstrated waveguide loss at
900 nm of 0.95dB/cm @ 2um width (without CQDs and 4dB/cm @ 2um width (with
CdSe/CdS CQDs having a band gap transition at 610 nm embedded), while the CQDs
keep quite good quantum efficiency and couple efficiently into the waveguide.

Introduction

A full integrated photonics platform requires an efficient light emitter. On the silicon
integrated photonics platform, researchers have managed to use bonding techniques to
combine I11-V materials (which exhibit excellent light properties as light emitters) with
the silicon photonics platform. Using these bonding techniques efficient on chip
integrated light sources were demonstrated. However, it is difficult to scale up this
technology to full wafer scale and alternatives are still being searched for.

Colloidal quantum dots (CQDs) are nanometer-sized semiconductor particles
synthesized and suspended in the solution phase using chemical methods. In the past
several decades, they have attracted considerable attention as an important new class of
materials because their high quantum yield and wide-ranging spectral tunability afforded
by the quantum size effect make them perfect candidates for realizing an on chip light
source. Since CQDs are synthesized using wet chemistry, they are mostly investigated
while still in solution or as stand alone films. For further intergration, there is a need of
developing methods to embed CQDs in a solid matrix, guaranteeing both stability and
functionality. [1]

A high index contrast waveguide platform is particular interesting for integrated
photonics as it allows small bending radii and hence compact devices. The traditional
silica waveguide platform provides a very large transparent window, ranging from the
visible to the infrared. However, its low index contrast results in large devices. The
silicon waveguide platform provides a very high index contrast but it can not support
shorter wavelengths. SisN4, which is also widely used in the CMOS industry as a
dielectric, has proven to be a very good optical waveguide material and has a transparent
window covering both the visible and the infrared wavelength ranges. Moreover, its
relatively high index (~2) offers a small bending radius and a high mode confinement.
All these features make this material very suitable for integration with CQDs.

In this work, we developed a SisN4 waveguide platform for integration of CQDs. First,
we demonstrated low loss SisN4 waveguides consisting of just a single layer of SisNg
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and double layers of different types of SizN4 films. Next we demonstrated low loss
SizN4 waveguides with a monolayer of CdSe/CdS CQDs in the middle. We pumped this
waveguide and observed the luminescence from the CQDs. However, due to the thin
layer of CQDs and re-absorption from the layer, the output power is not yet very high.

[2]

SizN, Waveguide Platform

Our aim is to develop a SizsN, platform with integrated CQDs, maintaining CQDs
luminescence while having a low waveguide loss at the same time. We would like to
position the CQDs layer in the area where they have high overlap with the
electromagnetic field inside the waveguide. Previous experiments show that a high
temperature PECVD environment damages the CQDs and lower their
photoluminescence. So we proposed a sandwich waveguide structure as shown in Figure
1, consisting of a standard SizN4 layer (deposited using PECVD at 270°C), the CQD
layer and then a second SizN4 layer deposited at low temperature (120°C). The CQD
layer can be deposited using the Langmuir-Blodgett (L-B) method or using spin coating.
Reducing the temperature of the second SizN,4 to 120°C reduces its optical quality
somewhat but helps preserving the luminescence of the CQD-layer. [3] [4] A single etch
step then determines the waveguide structure.

<« CQD

SiO,

Figure 1. CQD integrated sandwich waveguide structure

We have fabricated spiral waveguides with different length and widths and measured
the waveguide transmission for different wavelengths. From these we determined the
waveguide loss at 900, 1310 and 1550 nm. The spiral waveguide lengths are 1, 2, 4 and
8 cm, and the spiral waveguide widths are 0.8, 0.9, 1, 1.1, 1.2, 1.5, and 2 um,
respectively. Figure 2 shows the waveguide loss at 900 nm with just one layer of 200
nm high temperature SigN4. As we can see the waveguide loss goes down as the
waveguide width is increased. This indicates that for the narrow waveguide, the loss
mainly comes from the sidewall roughness. As the waveguide becomes wider, overlap
of the sidewall with the modal field decreases, thereby resulting in a reduced scattering
loss. Also from Figure 2 we notice a dramatic increase of loss for waveguides narrower
than 1um. This indicates our lithography system cannot guarantee a good pattern
transfer when the feature size gets below 1um and the defects introduced result in
additional loss.

We also fabricated double layer stack SisN4 waveguides, initially without CQDs layer.
As shown in Figure 1, these waveguides have one layer of high temperature SisN4on the
bottom and one layer of low temperature SisN4 on the top, both layers’ thickness is
200nm. Figure 3 shows the result of the waveguide loss measurement. Compared to the
waveguide loss of
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Figure 2. SizN4 waveguide loss at 900nm. Waveguide has one 200nm layer of high
temperature SigNy.

Waveguide Loss (dB/cm)

increases considerably. The extra loss mainly comes from the additional sidewall
scattering. Because here two different layers are used, the etching process reduces in
quality and additional sidewall roughness is introduced. There is also some loss caused
by the low quality of low temperature SisN, and the defects from the interface.
However, as above, the waveguide loss decreases for wider waveguides. The waveguide
loss measured at 1550 nm is very large and originates from the OH" absorption peak
around 1520 nm. This loss can be reduced by high temperature annealing, but this will
damage the CQDs if we want to have CQDs embedded in the waveguide.
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Figure 3. SizN4 waveguide loss at 900nm and 1310nm. The waveguide consists of a
200nm layer of high temperature SizN4 and a 200nm layer of low temperature SizNa.

2

We also fabricated CQDs embedded SizsN, waveguides and measured the waveguide
transmission. The embedded CQDs have an emission peak at 610 nm when they are in
the solution phase. The peak will slightly shift when embedded in the solid matrix. [3]
The embedded CQDs layer is deposited using the Langmuir-Blodgett method,
guaranteeing a perfect monolayer of CQDs.

From Figure 4(a), we can see that with one monolayer of CQDs embedded in the
waveguide, the waveguide loss did not dramatically increase. With transmitted 900 nm
light having a lower photon energy than the CdSe/CdS CQDs’ bandgap, the CQDs
layer shows very low absorption and scaterring.
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Figure 4 (a) SisN4waveguide loss at 900nm with monolayer of CQDs inside
(b) Camera picture of SizN4 waveguide with monolayer of CQDs inside pumped with
side coupled blue light

transmitted 900nm light. We also tried to pump the waveguide with a 445 nm laser, as
shown in Figure 4(b). We can clearly see the luminescent red light being scattered along
the waveguide and decaying as the light propagates along the waveguide. Thus far we
have not yet successfully collected the luminescence because the signal is very weak
when reaching the end of the waveguide. We assume this is because of CQDs’ re-
absorption, which we will verify by further experiments.

Conclusion

We have experimentally demonstrated a colloidal quantum dot silicon nitride platform.
By improving the deposition and etching processes, we have developed the technique to
retain the photoluminescence from CQDs and obtain low waveguide loss at the same
time. We demonstrated the emission from CQDs couples very well into the waveguide .
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In this work we describe the fabrication and characterization of couplers realized with
a wet etching process that is compatible with the standard COBRA active-passive
process. The implementation of this broadband structure allows for wafer-scale
waveguide-loss and absolute-wavelength measurements.

Introduction

Recent developments in large-scale production of photonic integrated circuits (PICs)
require the use of process control modules (PCMs) that allow the foundries to monitor
and guarantee the quality of their fabrication process and increase the production yield
[1]. One particularly interesting component is a vertical input/output coupler for optical
signals. The realization of this type of structure would allow on-wafer characterization
of the properties of individual building blocks, before cleaving and separating each
individual PIC from the wafer. In particular it would allow the study of the spectral
performance of the devices. One approach to achieve vertical coupling is through
grating couplers which are widely used in Si membrane technologies [2]. However, in
standard InP technology, this approach cannot be used because the transversal index
contrast is not large enough for making efficient couplers. In previous works, efficient
vertical couplers have been successfully realized by us in a standard InP layer stack
using a Focused Ion Beam milling technique. However, this method has the drawback
of not being well-suited for large-scale wafer processing [3].

In this work we report on the fabrication and characterization of a new type of vertical
coupler. To realize this coupler, a wet-etching process alongside with etched-facet
waveguides was developed. This process is compatible with the full-wafer standard
active-passive integration that is used by COBRA. However, fabrication of the
structures may be compatible with other processes, such as the ones of Oclaro and the
Heinrich-Hertz institute.

Device fabrication

Typically, waveguide endings in InP technology are at the cleaved facets of a chip. Here
we take a different approach, where the end of the waveguides is etched with a vertical
etch. This has a number of advantages. Firstly it is now possible to end the waveguide at
an angle to reduce the backreflections, while at the same time this ending can be
designed such that the light exits the chip perpendicular to the edge of the chip, thus
enabling coupling, for example, to a fiber array. The second advantage is that the
waveguide end is on the wafer and thus accessible for characterization before cleaving
or dicing out the individual chips. To improve the (vertical) in and out-coupling, these
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waveguides were fabricated in a spot-size converter layer-stack for achieving larger
alignment tolerance and better mode profile matching between the waveguide and the
optical fiber. The fundamental mode in such a waveguide has a diameter around 3um.
InP has a crystallographic plane at an angle of 55° with respect to the (001) surface [4].
By anisotropic etching the InP in this plane a mirror will be formed that allows the light
coming from a waveguide to be reflected into the vertical direction. This mirror should
be positioned in front of the waveguide. The reflectivity of this mirror is calculated to be
around 32% for TE and 21 % for TM polarization. That is sufficient for accurate on-
wafer measurements. A high-reflection coating can be applied to the angled mirror,
should a higher reflectivity be required.

B
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Fig. 1 — SEM picture showing the etched facet indicating the special structure for preventing
diffraction rounding.

The fabrication process has two main steps, the first one is the etching of both the
waveguides and the waveguide endings (“etched facets”) and second, the processing of
the angled mirrors for vertical out-coupling. It is important to have a very high quality
of the etched facet, to prevent scattering and to ensure a proper beam shape. For this
reason the end of the waveguide was widened over a short distance, in order to avoid
rounding of the waveguide due to diffraction effects during the lithography of the
waveguides. The widened waveguide end consists of a 2 um long, 25 pm wide bar is
included at the end of the waveguide so that possible rounding of the corners of this
structure do not affect the central part of the waveguide where the light exits (Fig. 1).
These waveguides and facets were processed using a chlorine-based ICP etching.

A resume of the process flow for the fabrication of the angled mirrors is schematized in
Fig. 2. First, SiNy is deposited using PECVD over the SSC waveguides with etched
facets (Fig 2 (a)). The thin SiNy is used as hard mask for the wet-etching process (Fig 2
(b)). Then, after the lithography using AZ-4533 photoresist due to the profile of the
device, the SiNy hard-mask is opened. Once the hard mask is opened, the realization of
the mirrors was done by wet-etching using Br,:methanol (Fig 2 (¢)). This wet-etching
process forms a V-groove shape at the edge of the facet. When the chips are cleaved out
of the wafer, these V-grooves will also allow for precision cleaving of the PIC devices,
leaving the etched facets as the normal out-coupling waveguides.

After fabrication of the waveguides and the angled mirrors, a scanning electron
microscopy inspection was made of the coupler structure (Fig. 3).
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PECVD SiN, deposition Lithography and hard-mask opening

(@) (b)
Br2:CH;OH wet-etch

(c)

Fig. 2 Schematic of the process flow used to fabricate the vertical couplers: (a) PECVD depositions
of SiN,; (b) Lithography and hard-mask opening and (c) wet-etch for the mirror processing.

As can be seen in this figure, the surface of the mirror is smooth. For this particular
device, the waveguides have a separation pitch of 25 pm and the mirror is separated 10
um from the etched facets.

10pm NanoLab 17-10-2013
X 2,500 5.0kV LET SEM WD 16.6mm 15:53:34

Fig. 3 — SEM picture of the vertical out coupling mirrors. The arrows indicate the light path out of
the device.

Experimental characterization

To characterize the performance of vertical coupler, first we measured the propagation
losses of the waveguides. For that we used the Fabry-Perot method which has the
advantage to be independent from the input and output coupling to the waveguide [4].
The losses can be determined with the following expression:

1 1 \/C_R—ll

a=—-=In

L | \JRRy\JCr + 1

Where L is the length of the waveguides, R; and R, are the reflectivities for each one of

the facets and Cp is the amplitude of the measured fringes. The facet reflectivity for this

waveguide geometry is calculated to be 0.25. From the measurement over a set of 1.1
cm long waveguides, the losses were found to be 2.0 dB/cm.

To measure the coupling loss between the fiber and the vertical structure, the setup

scheme described in figure 4 was used. The input light enters thru the etched facet and

the output is collected by a fiber positioned vertically. As shown in Fig. 4 (a), the angle

(1)
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at which the fiber is positioned has not been optimized yet, due to experimental setup
constrains, and could deviate by as much as 20°. Under these conditions, the coupling
efficiency was measured to be approximately -20 dB. However, this non-optimized
coupling, still allowed us to determine the reflectivity of the etched facets. By using the
same method as described by equation (1) and using the measured propagation loss of
the waveguides, the reflectivity of the etched facet was measured to be 0.25, equal to the
calculated value for a perfect mirror. This indicates that the etched facets were smooth
and vertical.

Fiber

(@)

Fig. 4 — (a) Schematic of the measurement setup used to characterize the vertical coupler and (b)
photograph of the setup.

Conclusions

In this work, we report on the successful fabrication and characterization of a vertical
outcoupling structure. The structure was realized by wet-etching an angled mirror in
front of an expanded-beam waveguide with etched facets. From the measurements we
were able to determine the reflectivity of the etched facets using the vertical coupler
structure.
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We present a magnetic field sensor based on a micromachined cantilever (with a N45
Neodynium magnet fixed on the upper end) carved on top of a ferruled fiber by means
of a cost-effective picosecond-laser ablation. The interferometric readout of the ferrule-
top (FT) sensor is based on a 1544 nm laser diode and an infrared photodetector. The
FT calibration was obtained by moving the sensor along the principal axis of a stack
of permanent toroidal magnets with a maximum magnetic field of 0.24T. The developed
sensor has no hysteresis and presents a proportional relationship between the magnetic
field and the interferometric cavity size.

Introduction

Ferrule-top cantilevers are a new generation of monolithic micromechanical sensors ob-
tained by carving microstructures on the top of ferrule fibers. The movement of the struc-
ture can be monitored by means of laser light coupled into the fiber from the opposite end.
They offer all the advantages of fiber optic sensors (e.g. small dimensions, remote sens-
ing, insensitivity to electromagnetic noise, harsh environments resistance). Ferrule-top
sensors can work in two modes. The static mode is based on recording elastic deflection
of the cantilever and the dynamic mode relies on tracking changes in its mechanical prop-
erties (resonance frequency, quality factor). In this paper we present experimental results
of the magnetic field measurement using a FT monitored in static mode.

Fabrication of ferrule-top sensors

The main idea is to use ferruled fibers as the building block of the ferrule-top device. The
outer diameter of the ferrule is typically 1.8 mm. A standard single-mode optical fiber is
inserted and glued into a pierced cylindrical ferrule made out of glass. The diameter of
the piercing hole that passes through the ferrule along the axis of the cylinder is 127 um.
The single-mode fiber is glued into the ferrule so robustly that it is possible to carve a mi-
cromachined cantilever on top of the ferruled fiber by means of a cost-effective technique,
namely picosecond-laser ablation. The different manufacturing steps are exhaustively de-
scribed in [1] and illustrated in figure 1. The geometry of the sensor can be changed
depending on the application. Nevertheless, in most of the cases the micromechanical
element is a simple beam clamped on one side. To create from ferrule-top devices trans-
ducers to measure changes in the magnetic field, we have adhered to the upper end of the
ferrule a thin slice of 200 um of a N45 Neodynium magnet (alloy of neodymium, iron, and
boron Nd>Fe14B) cut with a diamond wire-cutter according to the magnetic north-south
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axis. The pico second laser from Optec makes it possible through a graphical interface to
control a linear translation table and define the regions subjected to laser ablation (Fig.2).

(b) laser head (0

f ferrule with
%\ glued ﬁber\\
N ablation
~ region
glue ferrule with
T glued fiber 1
Single mode optical fiber

(diameter = 125 ym) l SMF-28 .J undercut
optical fiber g~
[ new fenuler] -( putting fiber J ‘[ applying } i |

without fibe inside the ferrule glue

RIDGE RELEASING
FABRICATION CANTILEVER

Figure 1: (a) Schematic view of a ferruled optical fiber; (b) and (c) milling steps in the fabrication
of a ferrule-top cantilever [1]

Interferometric readout

The interferometric readout for the ferrule-top cantilever is based on a 1.544 um laser
diode and an infrared photodetector. The light of the laser beam, coupled to the cantilever
through an optical circulator, is partially reflected at the fiber-to-air, air-to-cantilever and
cantilever-to-air interfaces. The three backward propagating components interfere with
each other, creating an interference pattern. The interference signal is then coupled to
the photodiode through the circulator (Fig.3). As outlined by lannuzzi et al. [2] and by
Gruca et al. [1], the interference signal depends on the distance d between the fiber-to-
air interface and the bottom surface of the cantilever. If multiple reflections from the
cantilever are neglected, the output of the readout system may be described according to
the following equation [2]:

W(d) = [1 +V.cos <% —l—(po)] (1)

where ¢ is a constant phase shift that only depends on the geometry of the cantilever, A
the wavelength of the laser (1.544 um) and V' the fringe visibility. The midpoint interfer-
ence signal Wy and V' are related to the output signals corresponding to maximum (W_)
and minimum (W,.) interference according to:

Wi W W

Vv

Wo 2)

2 WL+ W

Figure 2: (left) XY linear translation and Z Axis rotation stage controlled by the ps-ablation laser.
(right) Top of the ferrule during the ablation process.
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Figure 3: Schematic view of the readout setup. Dashed
arrows represent the light reflected at the fiber-to-air,
air-to-cantilever, and cantilever-to-metal interfaces.
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Figure 5: Magnet with a magnetic moment 772 on top
of a cantilever submitted to a magnetic field B. The
magnet and the beam undergo a torque that changes
the size of the cavity between the end of the optical
fiber and the bottom of the cantilever.
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Figure 6: Output voltage measured by
the interferometric readout when the sen-
sor moved along the axis of a stack of per-
manent toroidal magnets.

The set-up consists in a ferrule-top sensor mounted on the end of a non-metallic arm that
can move inside a stack of permanent toroidal magnets with a maximum magnetic field
of 0.24T with a position measured to the hundredth of a millimeter (Fig.4). When the
sensor is moved along the axis of the magnet, the interaction between the magnetic mo-
ment 77 and the magnetic field B gives rise to a torque that changes the size of the cavity
between the end of the optical fiber and the bottom of the cantilever (Fig.5). Based on
Eq.1, we deduce that the interferometric output changes from minimum to maximum and
vice versa when d undergoes a change of A/4 = 387.5nm. The evolution of the interfer-
ometer readout (Fig.6) gives approximately a modification of the cavity size d of 2712nm

for a magnetic field B € [-0.06T 0.24T].

If we represent the interferometer output according to the magnetic field (combination
of Fig.4 and Fig.6 ) for the areas where the magnetic field is respectively monotically
increasing (red curve on Fig.4) and decreasing (green curve on Fig.4), we obtained two
similar calibration curves for [-0.06T 0.24T] (Fig.7) showing that our sensor is not sub-
jected to any hysteresis. Assuming that the magnetic field applied to the sensor is low
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enough to generate a linear deformation of the cantilever, Eq.1 shows that the evolution
of the interferometer as a function of the magnetic field should follow a sinusoid. The
assumption of proportionality between the magnetic field and the length of the sensor
cavity is verified for B € [-0.06T 0.24T] since we observe a good matching between the
output of the interferometer and the sine function that best fits in the least-squares sense
(Fig.8).

3)

B—0.
y= 1.36+1.29*sin( 008)

0.048
Conclusion

In this paper we use a ferrule top sensor with a small neodymium magnet glued on top
of the ferrule in conjunction with an interferometer system to measure the magnetic field.
To prevent the overheating of the sensor inherent with an electromagnet, we use a stack
of toroidal permanent magnets to generate a stable magnetic field. The sensor was moved
along the principal axis of the magnet and we recorded via the output of the interferome-
ter the static bending of the cantilever. Experimental results demonstrate on one hand that
the sensor has no hysteresis in the range [-0.06T 0.24T]. On the other hand, the size mod-
ification of the interferometric cavity d is proportional to the amplitude of the magnetic
field, meaning that the evolution of the interferometric output as a function of magnetic
field is sinusoidal.
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Semiconductor optical amplifiers are essential building blocks in photonic integration
technology. Assessment of their properties is indicative of the quality of fabrication pro-
cess and detailed knowledge is important for designing complex active circuits and de-
vices. We investigate methods and test-structures for measuring gain and absorption of
active materials that are suitable for integrated electrical on-wafer testing. We report
measurement results for the Oclaro InP integration platform.

Introduction

In recent years progress was made in the development of an InP generic integration plat-
form [1]. This platform provides the possibility to design complex circuits and man-
ufacture them using a standard fabrication process. Designs of different users may be
combined in so-called multi-project wafer runs (MPW). With such an approach designers
can benefit from a well-developed semiconductor technology without having to go into
the details of the production. The foundry is responsible to guarantee the performance
of the basic building blocks (BBB) which are used by the designers. For the purpose of
qualification of the production process, test cells containing specific test circuits are used.
These circuits are designed to measure one or a few BBB parameters, such as waveguide
loss for passive waveguides, phase modulation efficiency for phase modulators, gain for
active material, etc. The main requirements to the test circuits and measurement meth-
ods are simplicity, speed and footprint on the cell. There is progress in development of
electrical testing methods [2], making use of integrated light sources and detectors. They
reduce the testing to measuring electrical performance of test circuits and deriving opti-
cal characteristics from the values obtained. Another methodology is to couple light into
and/or out of test circuits and subsequently analyse it with external equipment. The latter
method benefits from the functionality present in external equipment which is at the mo-
ment not available in integrated circuits. Using this method for on-wafer testing requires
access to on-chip circuits through vertical couplers, which are currently being developed
[3].

In the present work we concentrate on the development of test structures with optical out-
puts meant for measuring gain and absorption spectra of semiconductor optical amplifiers
(SOA), which are of particular importance for building on-chip lasers and amplifiers.

Structures for gain measurements

Methods for measuring gain have been intensively studied. There is family of methods
which derivers the gain spectrum from the modulation of amplified spontaneous emission
spectrum by the Fabry—Pérot modes of an on-chip laser cavity [4, 5]. These methods
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require a high spectrometer resolution and are applicable below threshold current density
only. A method based on the measurement of the amplified spontaneous emission (ASE)
spectrum as a function of the SOA length was proposed by Oster [6]. It makes use of the
relation between output intensity I,y and the length SOA length L

Iout(}\f) — Igp()\.) (eG()b)L _ 1), (1)

where Ip, is the intensity of the spontaneous emission per unit length, and G is modal gain.
The difficulty for this method is to ensure the same collection efficiency for all waveg-
uides. As a modification of this method Thomson [7] proposed to use a multisectional
SOA. The design of this type of test structure should guarantee absence of any reflections
so that light passes through the amplifier only once. Several measurements are taken at
the same current density.

ASE measurements using a multisectional SOA

In our measurements we used a multisection SOA test structure (fig. 1). The structure con-
sists of several SOA sections of various length with separate electrical contacts. Sections
are separated with short L;s5) ~ 30 um isolation sections. In order to prevent reflections
from the facet, angled output waveguides which approach the facet at a 7° angle and/or
an antireflection coating on the facet can be used. Active-passive butt-joints are angled
for the same purpose.

facet

Figure 1: Example of a 5-section SOA test structure. (a) Mask design. Angled outputs are visible
on the left side. (b) The fabricated chip (COBRA platform). The lengths of the sections are 200,
200, 400, 200, 200 um.

Pumping and reverse biasing for spectra recording

The ASE spectra from SOAs of various length can be obtained by pumping different
combinations of SOA sections with the same current density Joump. Thus, by pumping
first sections we obtain the spectrum for a SOA of length L, pumping first two sections
gives the ASE for a SOA of length L + L,, etc. The resulting measured output spectra are
shown in fig. 2a. The location of the peak for all three curves is at the same wavelength,
which confirms that the current density for all devices is the same. In order to calculate
SOA absorption spectrum (SOA is reverse biased), we apply reverse biases to the first
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closest to the output SOA and continue pumping one or few following SOA sections.
Spectra measured in this way are displayed on the fig. 2b.
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Figure 2: ASE from a multisection SOA on the Oclaro platform for gain and absorption measure-
ments. (a) ASE from SOA of various length. Current density Jpymp = 3.2 kA/cm?. (b) Emission
spectra from 300 um SOA after passing through a reverse-biased absorber. For comparison, the
ASE spectrum of a 400 um SOA (top curve) is shown.

Gain calculation

A specific selection of the lengths of the SOA sections (i.e. Ly =2L; = 2L, and L3 =
2L, = 4L) leads to straightforward way of calculating the gain using [7]:

where [}, and Iy are the ASE intensities at particular wavelengths for SOAs of length L
and 2L, respectively. Therefore the measured values of the emission intensities I, Iy,
and Iy, at each wavelength are used to calculate modal gain in three different ways:

1. using (2) for a pair I, Iy ;

2. using (2) for a pair Iy, I41;

3. using non-linear least square fit with (1) for all three intensities.
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Figure 3: Modal gain for the Oclaro platform. (a) Modal gain calculated with various methods.
Current density Jyump = 3.2 kA/cm?. (b) Modal gain calculated by fit to (1). Current densities:
Jpump = 1.1; 1.6;2.1;2.6;3.2;3.7:4.2:4.7;5.3,6.3;7.4: 8.4 kA/cm?

The comparison of the results is shown in fig. 3a. The values from the three methods
agree with each other. The advantage of the fitting method is that it provides means to
recognize measurement faults such as the bias during the intensity measurements, which
becomes clear in fitting quality. The results for the shortest pair, L = 100 um, are more
sensitive to the intensity variations and noise, which are larger for the relatively weak
emission from the short SOA.

The fitted modal gain spectra in the range of pump current densities is displayed in fig. 3b.
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Absorption calculation

In order to calculate the absorption we as-
sume it complies to the Beer-Lambert law

-1

IOllt(}\’) = Iin(}\:)e_a(hVRB)LSOA’ (3)

Absorption, cm

where (A, Vrp) is the absorption coeffi-
cient which is dependent on the applied
reverse voltage, and Lgopa is the length of . N e
reverse biased SOA. Measuring the output 0 0 A e o0 158016001620
spectrum Iy (A) (fig. 2b) and calculating

the incoming power fj,(A) from (1) with
the previously obtained gain G and sponta-
neous emission spectrum Isp, we can eval-
uate the absorption (fig. 4).

Figure 4: Calculated SOA absorption spectra for
Oclaro platform for different reverse voltages.
Current density 18 Jpump = 2.6 kA/cm?

Conclusions

We discussed various types of test structures for measurement of gain and absorption of
SOAs. Experimental results on the Oclaro platform show that multisection SOAs can be
successfully used for these measurements. Further quantitative analysis of the measure-
ment accuracy is to be done.
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During the past years, we have shown that radio-frequen@s@hmodulation of fre-
quency entangled photons leads to a high-dimensional tvadem interference pattern
in the frequency domain. By using periodic frequency filigih®tons can be grouped into
"even” and "odd” frequencies, thereby reducing the highaaiensional photon state to a
two-dimensional photon state. We show that a new interéerpattern arises when these
qubits are made to interfere in the frequency domain, and tthia interference pattern
exhibits a high visibility and violates the standard tworéinsional Bell inequality, the
CHSH inequality. This is realized with components adaptefibier quantum communi-
cation at telecommunication wavelengths.

| ntroduction

Entangled photon pairs are an essential resource to aafuevgéum communication pro-
tocols, such as quantum key distribution or quantum tetegon. [1] Photons entangled
in energy and time have been extensively studied becaugatheonveniently produced
— possibly at telecommunication wavelengths — by pumpingrdimear crystal or waveg-
uide. They can also be efficiently manipulated in varioussy&yr example aime bins
[2] or asfrequency bing3, 4]. Hereafter, we focus on this last method.

As shown in [3, 4], radio-frequency phase modulation of phsetbelonging to a high-
dimensional frequency entangled state leads to a highfdiroeal two-photon interfer-
ence pattern in the frequency domain. While this high dingevadity could be benefi-
cially used, it is sometimes desirable to work with well-limotwo-dimensional quantum
states — qubits — for which most standard quantum informatrotocols are designed.
Here we first recall the principles behind frequency-bin-pbmton experiments, and we
show how we can manipulate frequency bins as effective sjuldie then briefly present
the experimental setup allowing such a manipulation, amaesof our results, including
two-dimensional two-photon interference and Bell inegyaiiolation.

Method

An illustrative scheme of frequency-bin two-photon expesnts is depicted in figure 1. A
continuous laser at frequenay pumping a nonlinear waveguide generates the frequency
entangled state

W) = [ deof (6 o+ @)a o0~ 0 ®

with wp = wp/2 for parametric down-conversion ir)(é?) material, andoy = wp for four-
wave mixing in ax(® material. The functiorf (w) characterizes the source bandwidth.
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Figure 1: Principle of frequency-bin two-photon experinsenA laser (las) pumps a
nonlinear medium (nl), generating frequency entangledq@is Each photon is sent
to a different protagonist. It is subject to radio-frequepbase modulation (mod) and
passes through a frequency filtep (k) before detection by a single-photon detector (det).
Correlations between detections are analyzed with a hestogf coincident events: when
photons are generated simultaneously, a coincidence peadoerge at a delayg — ta
fixed by the experimenter. When filters are transparent tp @specific frequencya g
and modulation is inactive, a coincidence peak appearsvaménwa + wg = 20y.

The photons are entangled in frequency: the sum of theiuéedes is well defined,

while their individual frequency is not.

Signal and idler photons are separated, one being sentde fd) and the other to Bob

(B). If A and B measure the frequency of their photon, theguits are random, the
probability of each result being governed by the functfdgm). On the other hand, the
results are perfectly correlated: if A obtaing+ w, B obtainswy — w with certainty.

In order to obtain non-trivial correlations, A and B can npatate their photon before
measuring its frequency. This is realized by modulatingaha&se of each photon with a
radio-frequency signal of the form(t) = Vresin(Qret — drF). Subject to such a signal,
a photon state is transformed according to

’(0> — z Upl(O—l— pQRF> , with Up = Jp (T[VRF/VT[) EXF(i p(I)RF), (2)
pEZ

whereJp is the pth-order Bessel function of the first kind aig characterizes the re-
sponse of the electro-optic phase modulator. The photarftire ends up in a high-
dimensional coherent superposition of different frequencApplying transformation (2)
to state (1), wittVa (t) = Va Sin(Qret — pa) andVg(t) = Ve sin(Qret — ¢ ), we obtain

W)=+ [ded S [+ ), o~ o + 8Qme)gCs (VadaVo.be) . (3
1/

so that the probability? (wa + ws = 2w+ 0QRrE) = |Cs (vA,q;A,vB,q)B)yz iS non-zero
for different values ofd: a two-photon interference pattern emerges in the frequenc
domain, and it can be precisely controlled with the parars&fe da, Vs, ds. [3, 4]

In practice, in order to detect such an interference patt&rand B must measure the
frequency of their photon with a precision better tHagr. This is realized by using

192



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

filters transparent to only a frequency ran@g g — Qr/2, wa g + Qr /2], with QF < Qgr.
Photons selected by a filter of bandwiddg with center frequencyy + nQgrr are said

to belong to thdrequency bin n

This way to proceed causes, however, a practical problesrsithultaneous measurement
of all possible result® and ng would require a large number of cascaded frequency
filters, causing high cost and losses. In [3, 4], only two dietes were used, such that the
different results could not be measured simultaneouslys fiéis negative consequences
for applications. For example, one has to make additiorsuraptions to demonstrate
experimentally Bell inequality violation. [5]

Here, we introduce another way to measure frequency ctime$aof frequency-bin en-
tangled photons: by usinfgequency interleaversThese periodic filters give access to
two outputs corresponding to orthogosealtsof frequencies, which we cadiven(E) and
odd(O) frequencies. We therefore reduce the high-dimensioagliency entangled state
to an effective two-dimensional frequency entangled stse figure 2.

The advantage of such a procedure is that all measuremaritsrase accessible with
only four detectors — two for each protagonist. Manipulgtefifective qubits, we can
apply standard procedures for two-dimensional states.ekample, simultaneous mea-
surement of all results allows violation — with no furthesasption — of the standard
two-dimensional Bell inequality, the CHSH inequality. [6]

[ A Y A Y Y S T [ N O I Y I :dl—L
[lef L T LT L JT1ef] [lef L T T 1L M [1
odd odd odd even

Figure 2: Frequency correlations between signal and idietgns when modulation is
inactive. Depicted are the idealized orthogonal outputs fséquency interleaver: pho-
tons with even (continuous dark line) and odd (dotted greg)lifrequencies end up in
different outputs of the filter. Depending on the positiornte degeneracy frequenay,
one will observe only EE and OO (left) or EO and OE (right) cdences.

Experiment

Our experimental setup follows the scheme of figure 1. A coaus laser with power
P~ 0.7mW and stabilized waveleng#p = 776.1617nm pumps a periodically poled
lithium niobate waveguide, generating entangled photatiswg /2= 193125 THz lo-
cated on the International Telecommunication Union DWDN gn the C-band.

The photons then pass through a 12.5-25 GHz frequencyaaten from which only one
output is collected; this ensures a good orthogonality betwE and O subspaces. The
photons are separated with a programmable filter which atstslthe bandwidth to only
a few frequency bins; this guarantees that dispersion isgieig.

The polarization of each photon is controlled with a fibergpoaation controller followed
by a polarizer, before modulation by a 25-GHz radio-freaquyesinusoidal signal with
adjustable amplitude and phase. Finally, on each side, &0A5Hz interleaver allows
collection of E and O results by two avalanche photodiodeslata acquisition system
acquires simultaneously all possible results, i.e. EE,@Pand OO coincidences.
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Results

Some of our results are presented in figure 3. When modul&ioractive, we obtain,

as expected, only EE and OO (for the case shown) coincideatasrate~ 1.5Hz and
with a coincidence-to-accidental ratti®@2. These low values are due to high losses and
to detector inefficiency. When modulation is active, we obséwo-photon interference.
The experimental measurements, plotted with statistical @ars and noise subtracted,
are in good agreement with the theoretical predictionscivivie do not demonstrate here.
The interference visibility is about 90%. Colllecting coidences for some specific set-
tings, we have demonstrated the violation of CHSH inequaltmore than 40 standard
deviations, therefore demonstrating the presence of émguentanglement.
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Figure 3: Experimental results. Top: coincidences whenutadmbn is inactive. Bottom:
probability of coincidence versus radio-frequency phasg ¢ — ¢p.

Conclusion

In summary, we have demonstrated the manipulation of éfeeciptical qubits in the
frequency domain by using frequency interleavers.

This research was supported by the Interuniversity AtivadPoles program of the Bel-
gian Science Policy Office, under grant IAP P7-35 photonics@
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Electro-optical modulators are considered to be a key devices for optical interconnects.
In order to implement this device in the new InP membrane On Silicon platform (IMOS),
a slot-waveguide configuration with a high nonlinear polymer is studied. Simulations
and electrical calculations show good performance and fabrication tolerance using
n-doped InP as the slot-waveguide material. The small dimensions of the structure and
the high electro-optical coefficient of the polymer allow devices with a small footprint
(hundreds of ,uz ), high bandwidth (> 100GHz) and low Vy X L value (~ 0.7Vmm). This
solution is suitable for integration with passive devices already developed for this
platform, and with active devices that are under development.

Introduction

It has become clear in the last years that optical interconnects are replacing more and
more electrical wires in shorter distance links. Some of the reasons for this technological
migration are the demand for faster speed communications and lower energy consump-
tion inside computer chips [1]. These requirements cannot be supported by electronics
interconnects alone, therefore, a new technology has to emerge. One of the proposed
solution is the use of a thin optical layer bonded with BCB on top of the electronic chips
(InP Membranes On Silicon (IMOS)) [2]. This configuration allows the total integra-
tion of electronics chips with photonic counterparts. The signal processing is done in the
electric layer (Si), while most of the communications is done optically in the InP layer.

EO - Polymer
n=1.71

Figure 1: Cross section of the InP slot waveguide with the field strength of the TE mode
indicated in the slot.
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In order to create a working platform, several devices are needed. From the optical ele-
ments that need to be developed, an optical modulator has a key importance for communi-
cations applications. The configuration we select has to deal with two main problems: it
has to be small to be attractive for on-chip/on-board interconnects, and it needs to able to
integrate with other devices (e.g. laser and detectors). Considering the aspects presented
above, a Mach-Zehnder (MZ) interferometer structure as a phase modulator based on a
slot waveguide and an electro-optical polymer could fullfill the two main requirements.
Moreover, this configuration is able to show high performance in terms of bandwidth,
extinction ratio, half wave voltage and energy consumption.

The slot waveguide enhance and confine the TE mode in the low index refractive material
due to the boundary conditions for a large discontinuity of the electric field at high index-
contrast interfaces. This conditions force the mode to be confined in the slot obtaining a
high overlap with the electro-optical polymer. Figure 1 shows a cross section of the slot
waveguide with the field of the TE mode in a structure based on n doped InP material.
The waveguide is placed on an insulator layer of SiO, and the two layers are bonded on a
Silicon wafer. The insulator layer, due to its high refractive index contrast interface with
InP, and lower refractive index than the electro-optical polymer (n = 1.71), will maintain
the optical mode inside the slot in the vertical direction. The n-doped InP-layer next
to the slot waveguide is necessary to apply a voltage to the slot. Due to this electrical
connection, the applied electric field inside the slot is strong, besides it is highly coupled
to the optical mode, allowing an efficient phase modulation effect on the optical mode.

Optimization of the Slot Waveguide

In order to optimize the structure, we set the thickness of the membrane to be H = 300nm.
One reason for this decision is that previous passive IMOS devices were already opti-
mized for this thickness [3]. In terms of slot waveguide properties, the confinement factor
of the optical mode in the slot increase if the thickness of the membrane increase, how-
ever, if the thickness is too large, higher order modes can propagate as well. Taking these
elements in account, H = 300nm presents a good trade-off. Another consideration is to
use a thickness of t+ = 50nm for the connection layer next to the slot waveguide. This
value is a trade-off between the resistance of this layer (which increase when we shrink
its thickness) and the confinement factor of the TE mode in the slot (which is maximum
when the thickness is zero). Furthermore, this layer works as a protector layer of the
insulator layer (Si0,) during processing.

To determine the width of the ridges (W) and the size of the slot (W,), a study was carried
out with an eigenmode solver (Lumerical "™MMODE solver). Figure 2 (a) display how
the the confinement factor (I') changes for these two parameters. The maximum of the
confinement ( 30%) is found of ridge width of W = 240nm. One issue consist that in
the lower left part of the plot, the paramenters are close to the cut-off condition of the
TE mode. In order to have fabrication tolerance, we consider that a gap from W, =
120nm to Wy = 150nm provides a stable optical mode with a good confinement factor and
fabrication tolerances.

In the fabrication process, the waveguides are made with not perfectly vertical sidewalls.
In the slot-waveguide, the optical field is strong confined at the interface of the InP mate-
rial and the EO polymer. This condition lets small angles have a huge effect on the optical
mode. In figure 2 (b) we analyze the behavior of the confinement factor with variation in
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Figure 2: (a) Confinement factor I" versus the width of the ridges (W) and the gap of the
slot (W), with H = 300nm and t = 50nm; (a) I" versus the gap of the slot (W) and the
sidewalls angle, with with H = 300nm and t = 50nm and W = 240nm.

the sidewall angle and the gap width (W) of the slot. According to previous experience,
a sidewall angle between 2 and 5 [°] can be obtained. In the plot 2 (b), considering the
range 120nm < W, < 150nm, the slot gap of W, = 130nm presents the maximum con-
finement factor, nevertheless, we select a gap of W, = 140nm to gain some tolerance for
fabrication process moving far from the cut-off conditions.

Performance analysis

For the slot waveguide modulator we contemplate to use an electro-optical (EO) polymer
material from Soluxra ™. The electro-optical coefficient is up to 110pm/V if a good
poling technique is developed. We can determine the half wave voltage by the equation
1.

Ad
V=—r—FF——
2no3r33L

with wavelength A = 1.55um, refractive index of the EO polymer ny = 1.71, and desire
length of L = 300um. Due to the high EO coefficient and a strong electric effect originated
by the slot waveguide, we obtain a half wave voltage Vy = 2.34V. The V x L product is
around ~ 0.7Vmm, much lower than typical values in LiNbO3 modulators (= 10V mm)
[4]. The MZ modulator we consider is a push-pull configuration. This scheme allows
to halve the length of the MZ since the same voltage is applied to both MZ arms with
opposite polarity.

For bandwidth analysis, with the help of a semiconductor device simulator (Silvaco
the resistance of the structure as a function of the doping level is found (figure 3). At
low levels of doping, the resistance increases dramatically, so high doped material has to
be use. In order to limit the losses, a value of lel8cm ! was selected which correspond
to losses in the InP material of L ~ 13db/cm [5]. This value allows some tolerance for
the doping levels without sacrificing so much the resistance properties of the material. A
resistance < 10€2 is predicted for our device with a connection layer of 2um length.

In the case of capacitance, we calculate it to be C = 15fF. The theoretical bandwidth
based on the RC time constant is around 1.37'Hz. The limitation in the bandwidth will be

(1

TM)
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Resistance [Q)]

10'® 10
N doping [1/cm3]

Figure 3: Resistance of the slot waveguide versus the doping concentration.

mostly due to the walk-off effect between the microwave signal in the electrodes and the
optical mode. If we consider the effective refractive index of the slot waveguide ~ 2 and
a typical effective microwave refractive index of ~ 4.6 [6]. The bandwidth for a 300um
long modulator is fo = 170GHz.

Conclusions

The design of using a slot waveguide phase modulator based on electro-optical polymer
has been presented. Optimization of the slot waveguide structure leads to for a high op-
tical confinement ( 30%) and good fabrication tolerances. A Mach-Zehnder modulator
using this configuration can be achieved with 0.7Vmm, and a theoretical bandwidth limit
around 170GHz. These parameters will allow the use of simplified electrode configura-
tions for our devices.
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Compact integrated receiver modules are key building blocks for high bandwidth
density interconnection links. Previously, a 3D stacked receiver module was fabricated
by utilizing an ultra-thick photoresist ramp to form a wafer level package strategy. In
this paper, we will demonstrate another integrated approach based on the same
technology. Instead of stacking the photodiode array on the TIA/LA chip, we placed
them side-by-side on a silicon carrier in very close proximity. The metallic connections
between the photodiode pads and TIA/LA pads were realized using electrical plating
after a photoresist bridge is created between the two components. Visual inspection
using a SEM show that connecting metal stripes are uniform and of good quality.

Introduction

The performance of today’s computer systems is limited by signal transport (data
communication), rather than by the logic operation speed or memory capacity [1-4].
Although, traditional copper wires are improving their performance by exploiting
advanced techniques, such as active copper cables [5], these advances will not satisfy
future interconnect requirements of bandwidth density and bandwidth distance product,
due to the inherent limitation of the electrical wires [2].

Optics has 1mproved bandwidth distance product and bandwidth density and if
implemented in a cost effective-manner, optics may bring substantial system
performance improvements [2]. Parallel optical links are already widely used in today’s
supercomputers for chassis-to-chassis and rack-to-rack communications [4]. These
optical interconnects continue support higher speed, smaller package size, lower energy
per bit and lower cost. Especially for cost-sensitive data center application, one of the
critical figure of merits has decreased from $100/Gbps in 2004 (VCSEL is around $10
per each die) [3] to today’s $1/Gbps [2], and it needs to go below 10’s of cents/Gbps [4]
to support further penetration of this technology. In this paper, we will demonstrate a
new zero-level package approach. This approach can allow for placing devices close to
each other, without the need to accommodate requirements which normally exists in
wire bonding technology [6]. It also processed at modest temperature, which is not the
case for the flip chip [7]. Finally we show that with the same technology steps we can
also improve coupling to fibers by making micro lenses on top of the O/E and E/O dies.

Fabrication

Previously, we have proposed a novel 3D stacking solution [8]. It can be used as an
efficient way to connect any fix paths of two quite different height surfaces on a wafer
scale process, such as integration of VCSEL array, photodiode array with its counterpart
CMOS IC to form a 3D stacked transmitter and receiver array[9]. Recently, we explored
a new package approach, which offers an effective way to connect devices on the same
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carrier. The key step is to use the good topology cover ability and reflow character of
ultra-thick photoresist, to form the photoresist bridge for plating process. This PR bridge
can be deposited on all the metal connections between all the pads at once.

In the experiment, a 2-inch silicon quarter is utilized as a carrier since silicon has high
thermal conductivity, which matches the thermal expansion of the CMOS IC chip and it
is cheap. A 12-channel PD array and TIA/LA chip will be placed side by side on the
carrier to form the receiver module. To speed up the pick and place process, S0nm
silicon nitride are firstly deposited on silicon quarters, then using lithography and dry
etching the placement spots of photodiode array and TIA array are defined. In this way,
automatic pick and place machine can be used to put devices on the carrier through
image recognition software. The photodiode array and TIA/LA array are successively
placed on a dummy silicon quarter. After removing the redundant PR bonding layer, the
sample is shown in Figure 1, the photodiode array is juxtaposed to a TIA/LA chip.
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& Fig. 1: 3D stacking model demonstra 1 after placement

The photoresist pattern is obtained in the similar way as reported in [8]. After
lithography, the chip is shown in Figure 2(a). You can see, the PR pattern covered the
edge of TIA/LA chip as well as the edge of the photodiode array very well. In this
process, we also introduced a cylinder pattern which fulfills two purposes. Firstly it
provides protection to the sensitive area on the aperture of the photodiode array, shown
in the Figure 2(b). Secondly it can be used as micro-lenses to help improve the coupling
efficiency [9].

0000000000

lmm  NanoLab 14-08-2013
X 25 0.50kV LEI LM WD 15.8mm 15:31:29

Fig. 2: (a) the sample outlook after lithography; (b) the zoom-in picture to show the photoresist cylinder
pattern on the active area of photodiode array
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The next step is to reflow the PR. As shown in the Figure 3, the photoresist ramp is
smoothly formed between CMOS IC and photodiode array after the reflow step. The
cylinder photoresist patterns turn under these conditions into semi-spheres due to the
surface tension.

- 100pm NanoLab 15-08-2013
0.50kV LEI M WD 15.8mm 17:23:57

Fig. 3: the sample after reflow

After sputtering of a seed layer, we use lithography to define the plating area. Since the
PD and the TIA/LA chip are placed side by side, the height between photodiode array
surface and TIA/LA surface is decreased, so less overdevelop is needed in the process
compared with previous approach [8], and much denser pitch can be realized in this
way. As shown in the Figure 4, the opening rectangular pattern is formed on the seed
layer, which will be plated with gold in the next step.

L 100pm NanoLab 27-08-2013
2.00kV LEI M WD 15.8mm 16:51:53

Fig. 4: the sample after lithography to define the plating area

The plating process determines the thickness of the metal paths. After plating, the
photoresist and the seed layer are removed one by one. The chip looks like in Figure
5(a) after the process is complete. All 24 plated gold paths show good connections
between photodiode pads and TIA/LA pads, and all the lenses are strongly attached onto
the aperture of the photodiode array, as shown in the Figure 5(b). The resistance of each
metal trace is negligible, the dark current and I-V curve of each photodiode remains the
same as those for the original dies, and the photocurrent of each photodiode channels is
double the number of the original photocurrent per each die at the same intensity flood
light testing environment, thanks to the focusing of the lenses. In addition, you can also
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see the metal paths are quite short, less than 200 um when we pushed the photodiode
array to almost touch the TIA/LA chip. Together with possibility to design the metal
stripes to be impedance matched, this technique is very promising for higher data rate
transmitter and receiver modules. Furthermore, the process itself is simpler due to the
small height difference between each device on the carrier.

—

— 100pm NanoLab 30-08-2013
5.0kvV LEI M WD 15.8mm 14:23:18

I 100pm NanoLab ED
5.0kv LEI M WD 15.8m

Fig. 5: (a) final shape of the side-by-side placed receiver chip, (b) the picture of micro-lenses and the
plating metal paths

Conclusions

In this paper, a new integrated approach is demonstrated. Instead of stacking the
photodiode array on the TIA/LA chip, we placed them side-by-side on a silicon carrier
in close proximity. The primary test results show robust performance is achieved
together and that the micro-lenses included in the fabrication process improve coupling.
This new method can also be used for other high-speed, pressure-sensitive and
temperature-sensitive devices interconnections and packaging challanges.
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Optical data links are employed at ever shorter distances, most recently with a few
meters length in between cabinets in warehouse sized computer systems. A continuation
of this trend to optical chip-to-chip and on-chip communication will require highly
efficient and densely integrated optical devices. We will discuss general requirements to
achieve such targets in nano- and micro- scale lasers integrated with a photonic
membrane platform, where we focus on the optical cavity design and the electrical
properties. Additionally, we will compare the advantages of laser concepts based on
metallic-dielectric confinement, photonic crystal cavities and distributed feedback using
sidewall gratings.

Introduction

Optically active devices on the micro and nano scale have been of great interest in
recent years. The ultimate objective is on-chip communication using densely integrated
directly modulated lasers at room temperature. Such devices have been demonstrated
[1]; however, output powers in the hundred micro watt regime remain challenging as
efficient cooling is needed. Currently, high density deployment in an on-chip scheme is
not limited by the device footprint but rather by the high serial resistance of nano lasers
and the associated heat generation. As an example, in a nano laser with an output power
of 100 uW, a wall plug efficiency of 0.1, and a high performance water cooling
mechanism, the device density is limited 1000/mm? [4]. High wall plug efficiency, low
threshold currents and low serial resistance are, therefore, mandatory for densely
integrated devices. Moreover, methods to couple the light source to a waveguide with a
high efficiency have been proposed [1, 2], but not demonstrated to our knowledge.

In the first part of this paper, we discuss the requirements for an efficient electrically
pumped micrometer laser in general terms of optical and electrical properties
independently of a specific implementation.

In the second part, we describe three design approaches and compare their suitability to
the requirements derived in the first part: sidewall grating, metallic-dielectric optical
confinement [3] and 1D photonic crystal (PC). We also consider the fabrication
complexity for each concept, and assess the potential to integrate it with a photonic
membrane platform, InP Membrane On Silicon (IMOS), that would allow integration of
photonic circuits with electronics.
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Requirements for micro-nano scale lasers design

Miniaturization is essential for lasers in high density integrated photonic circuits (PICs).
While it brings advantages as low device footprint and threshold current, it raises
challenges due to the shortening of the gain section, which in turn, requires very
efficient mirrors. This can be illustrated by considering a Fabry Perot cavity with mirror
reflectivity Rnirror, length | and a modal gain gmoegar. FOr a better understanding, we plotl-
Rmirror ON @ logarithmic scale of such a cavity as a function of length for a range of
modal gains between 10/cm and 500/cm. Values up to 1800/cm and 3000/cm are
typically reached for QWs and bulk gain media respectively. As the length of a laser is
reduced more perfect mirrors are required, for example Rpirror=0.98 is needed for lasers
shorter than a micron (at gmodar 500/cm) which is very challenging to achieve. In the
following we consider a five micrometer length laser and a modal gain of 500/cm. As
shown in Figure 1a) a facet reflection of 90% is needed in this case.

To get an estimate of the threshold current as a function of device length we calculate
the carrier recombination current in a 200 nm thick InGaAs active region. Here, we
consider the Auger, radiative recombination and surface recombination (velocity) at
threshold charge carrier density py. We can deduce the threshold carrier density from
the differential gain using a logarithmic gain model for bulk InGaAs (go=3000, Ny=1.1,
Ns=5[5]). In Figure 1b) the threshold current is plotted as a function of device length for
different mirror reflectivities. At higher reflectivities the minimal threshold current is
found for shorter cavity lengths. However, a minimum threshold current does not
guarantee efficient laser operation, since one of the mirrors need to allow out-coupling
of the laser light. A better figure of merit is the wall plug efficiency as discussed in the
following.

active region: 200nm - InGaAs

14 < 100, Gamma 0.4 wg losses 10/cm
£ 104
0.14 =
. s 1
D:E 0.01; Modal gain /cm % — R=0.5
g —10 0.14 —R=0.9
& 1E-3] ——50 3 ——R=0.99

100 <€ 0.01] —— R=0.999

1E-44 — 200 é ' —R=1.0
‘ ‘ : 500 ZE1p3l : : ‘
0.1 1 10 100 1E-7 1E-6 1E-5 1E-4
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Figure: a) threshold current in mA versus device length in m b) facet reflectivity versus device length in
pm.

The wall plug efficiency is the ratio of the optical output power over the total electrical
power used by the device. A high WPE reduces the power consumption and reduces the
amount of heat generated by the device leading to higher integration densities. In a
simple model the WPE depends on the series resistance Rey, differential efficiency ng,
threshold current Iy, current-independent series voltage Vs, and the ideal diode voltage
V.

Py Ta (= In) (> 1)

WPE = > =
P, I?Rygr + IVy + 1V,
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Figure 2 illustrates the dependence of the WPE on these parameters. In Figure 2a) the
parameters are set to typical values for nano lasers (n=0.5, Ii»=100 pA and Rge=1KQ),
and the WPE is plotted as a function of the output power (black line). The WPE is
maximal with a value of 0.2 at an output power of 100 uW. For lower powers the WPE
is limited by the threshold current as illustrated by the green line, where the series
resistance is set to 0. For higher output power the threshold current is negligible
compared to the current feeding the stimulated emission, and the WPE is limited by the
series resistance of the device (red line). The maximum WPE is limited by the
differential efficiency, as illustrated by the blue line in fig 2a), where both Iy, and Rger
are equal to zero. An improvement of the WPE can be achieved by increasing the
differential efficiency (i.e. n=0.7 in figure 2b), reducing the threshold current (In:=5uA
in 2c) or reducing the series resistance (Rge= 100 Q in 2d). Note that the maximum
efficiency shifts when changing these parameters, making the ideal optimization
dependent on the desired power output range. In each case a high differential efficiency
is desired.
——WPE ——WFPE for |, =0 WPE for R_, =0 ——WPE for I,=0, R_, =0

A 06, b)
8 0.5] R,,=1kOhM, 1=0.5, I, = 100 pA 0.61
g e 0.5 Rsevzlm
E U] 0.41n=0.7
5 .
o 0.3] Y 0.3]1,= 100 pA
E 0.2 0.2]
g 0.14 0.14
0.0+ - v - v 0.0+ v v " -
1E-3 001 01 1 10 1E-3 001 01 1 10
9 0.6, 90.64
g 0.5]Ree=1 kOhm, 1=0.5, 1, = 5 pA 0.5/R.,,=100 Ohm, 1=0.5, I, = 100 pA
g 0.4 — 0.4 —
Y 0.3 0.3
>
T 02{ 4 0.21
g 0.14 0.11
0.0+ e SN 4 0.0 b= S .
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Figure: WPE vs. Output power in mW for a) Rg= 1KQ, n=0.5 and ;=100 pA b) Ree= 1KQ, 1=0.7 and
;=100 pA c) Rg= 1KQ, n=0.5 and [;;=5 pA and d) Rg= 100 Q, n=0.5 and [;,=100 pA.

Conclusion: laser concepts summary

Table 1 summarizes the results obtained by 3D FDTD simulations. It shows the general
layer stack in a cross sectional cut and the longitudinal view of each design. Some of the
critical parameters that define advantages and drawbacks for each schematic are also
shown.

Table 1. Summary of the main required parameters for different laser concepts

Layer stack SiNx |
cross section p-inP N
n-InP [ |
p-contact O
n-contact [
InGaAs ®
Q125 m
BCB |
Si 0
Ag |
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Laser concept DFB PhC-x
Longitudinal

Cross section

Metal wrapped

Differential 9% 20 % Up to 40%
efficiency

Facets 70% at 20 periods 99 % 83% at 5 periods
reflectivity

Q factor ~240 ~750 ~650

Length ~15 pum Spm Sum

The first concept considered in Table 1 is the side wall grating laser. At least 20 grating
periods are needed to reach reflections compatible with achievable material gains. This
results in a large device length exceeding 15 um. Furthermore, the ng is around 9%,
which severely limits the achievable WPE of the device. However, a DFB laser has the
advantage of an accurate wavelength control, and is less complex to fabricate than the
other schemes.

The main advantage of the metal wrapped cavity presented in column two is a high Q
factor of 700 due to the 99% of reflection on a silver/silicon nitride (Ag/SiNx) facet.
Furthermore, the length of the cavity can be squeezed to a Sum length. Due to the metal
mirrors, this design cannot be butt coupled to an output waveguide. Symmetric
evanescent coupling to a parallel output waveguide results in a ng up to 20%.
Additionally, the design relies critically on low material losses achieved with high
quality silver. Although the fabrication is at some extent challenging, there are currently
techniques that tackles the critical fabrication steps of metallic-dielectric cavities [1, 6].
Finally, our most promising design is a photonic crystal nano-beam with a cavity length
as short as 5Sum and a Q factor of 650. Five periods are sufficient to achieve more than
83% of reflection. This concept shows good wavelength control and low threshold
currents. Moreover, in this design it is possible to reduce the losses in the cavity by
placing the ohmic contact to the side of the structure, leading to high ng from 40% up to
60%, which would allow high WPE. This concept is challenging to fabricate. Due to the
large surface to volume ratio it is critical to reduce surface recombination and avoid
erosion of the conducting layers.
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Optical domain-walls can be formed at the boundary separating two distinguishable ad-
jacent laser beams. They constitute the fundamental soliton associated with Berkhoer and
Zakharov modulational instability. These solitons exist in defocusing Kerr-type materi-
als providing that cross-phase modulation is higher than self-phase modulation. To date,
these solitons have only been experimentally observed in the temporal domain. In this
work, we investigate the formation of spatial domain-walls in colloidal semiconductor
nanocrystals by numerical simulations.

I ntroduction

In anomalous nonlinear Kerr media, it is well known that htigolitons are related to
modulational instability. In the same way, Haeltermaral. predicted the existence
of a new kind of soliton related to the Berkhoer and Zakhar@dufational instability
that occurs in the normal dispersion regime of propagatidn $uch structures can be
formed when cross-phase modulation is higher than selg@h@dulation. They consist
in the transition between two domains of opposite circutdapzations, and were there-
fore named “polarisation domain wall solitons” (PDW) [2]h& existence of PDW has
experimentally been demonstrated in the temporal domaiea9 [3].

Up to now, the domain-wall soliton has not yet been observethé spatial domain,
probably because its observation requires the propagafidight beam in a medium
exhibiting a strong negative instantaneous nonlineaac#fre index £). In this work,
we propose to make use of colloidal semiconductor quantus (@5QD), as they can
present the required strong negatigd4]. Although the crystalline structure of semicon-
ductors is not isotropic, the use of CSQD ensures isotropymacroscopic scale, which
in turns implies that cross-phase modulation effects acetimves higher than self-phase
modulation.

The geometry of our system is as follows: two orthogonalllapped beams are coprop-
agating side by side so that the soliton is formed at theindaty. Below we report on
the numerical simulations that were performed in order tiemeine the experimental
conditions enabling the observation of the spatial PDWnoli

Propagation Equations

The propagation of two orthogonal circularly polarizediogt beams in an isotropic
medium with nonresonant electronic instantaneous deflogu€err nonlinearity can be
described by the normalized coupled nonlinear schrodiageations:
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. 1
|62A++§ALA+—(|A+|2+2|A_]2)A+ = 0
. 1
|62A_+§ALA_—(|A_|2+2|A+]2)A_ = 0,

whereA, (A_) is the slowly varying beam envelope of the right (left) haddircularly
polarized electric field, normalized with respect\{@yLp, with y = % < 0, the non-
linear coefficient and.p = ka? with k the wave number in the materidl; = 92, + af,y

denotes the transverse Laplacian wheamdy are normalized with respect & andzis

the longitudinal coordinate normalized with respect o

Numerical results

The two beams were propagated using the well-known s@g-Bburier method. Since

PDW corresponds to the transition between two beams of aohamplitude, we have

first analyzed how the PDW formation is affected by the finize @ind the shape of the
beam profile modulating the PDW. The initial condition catsbf two half-supergaussian
beams, right- and left-handed polarized, while the traosits an hyperbolic tangent of

variable widthwg:

29 29
1+tanh<wlo) — (%) — (yl>
Ao = | — e e \Yo/ |

29 29
1+tanh<—wlo> — (%) — <l)
A = 5 e e \Yo/

whereg is the order of the supergaussian.

Figure 1a shows clearly that using a PDW inscribed onto admosquare-shaped & 1)
beam, the carrier beam broadens as a result of diffractibilewthe domain-wall propa-
gates without distortion as a result of the interaction leetwdiffraction and nonlinear-
ity [5].

In a practical experiment, it would be desirable to simplifg beam shaping as much as
possible. Therefore, we investigate the case were theecdreiam is Gaussiag & 1).
Figure 1b shows that with Gaussian beams, since the domaim®tpseudo-infinite, the
diffraction of the Gaussian beam induces a change of pealeipthat in turn alters the
domain-wall,i.e. the change in peak power lowers the magnitude of the nomleféesct,
which results in the broadening of the domain-wall.

As the broadening of the PDW inscribed on a Gaussian beanemiews to identify
the PDW as a structure that propagates undistorted, we &fithela parameter V, called
“visibility”, allowing for the comparison between the liaeand the nonlinear propagation
regimes. This parameter is defined as the rﬁ&ipbetween the width of the domain wall
(at an intensity value df= 0.5) after propagation in the linedc)and the nonlineamNL)

regime:
WL
V=—

WL
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(b)

Figure 1: Evolution of the beam component intensities althegpropagation: (ix =0,
(i) z= 16, (iii) z= 32, with two different input beams: (a) supergaussgs @); and (b)
Gaussiang = 1), withwy = 3 andxg = 40.

In Figure 2a, the visibility/ is plotted as a function of the PDW widtip, atz= 10 and
for xo = 30 andyp = 40. We observe a maximum aroung = 3, which is the optimum
value when the domains are not pseudo-infinite. Moreovesdlresults suggest that
the formation of a PDW should be observed even for step-likdilps vg — 0). As
can be seen in Figure 2b fap = 3, the visibility monotonically increases with the input
Gaussian beam widtty = yp. However, at a value of = yp ~ 30 we already have a good
visibility. By taking into account the Kerr coefficient of BtQdots i, ~ 10~ lcm?/W) a
power of 80 kW is needed to form the spatial DW. Given thiseathigh value despite the
large nonlinear coefficient,, we are considering the propagation in planar waveguide to
decrease the spatial width of the beam in trairection. We expect the formation of a
PDW providing that the beating length between TE and TM masleafficiently long in
comparison with the propagation length.

2

> 1 > 1.5
0.5 1+
0 - : : 0.8 . . L L
0 5 Vlvo 15 20 20 40 60 80 100
0 Waist

(@) (b)

Figure 2: Visibility as a function of the parameters of thpuhbeams : (a) visibility with
respect to PDW widthwg; (b) visibility with respect tag = Yo.
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Experimental set-up

The experimental setup currently built for the observatibthe spatial PDW is depicted
in Fig. 3. The beam at the output of a pulsed laser source tssfitg in two linearly
polarized components, andEy.The vertically polarized beam passes throughhase-
step plate in such a way that after the recombination of tleeli@ams, we end up with
opposite circularly polarized adjacent compondats= S The recombined beam
in then focused on the colloidal nanocrystals cell and atotltput the profile of both
polarized components are recorded.

PBS1 PBS2 O Ll cell L2
I I Detection

Source : Delay line =

J
\T@ +7T

Figure 3. Experimental principle set-up

Conclusion

PDW solitons have been predicted two decades ago but arerdl experimentally
demonstrated in the temporal domain. In this work, we hawsvehthat the formation
of spatial PDW is possible even with initial condition faomn ideal, i.e. with a sharp
initial transition between the two polarization comporseahd Gaussian shape for the
beam the domain wall is inscribe on. Since PDWs are tramsifo@tween pseudo-infinite
domains, the overall extend of the beam should be suffigi¢auttje with respect to the
width of the DW. This result in required beam peak powers efdlder of 80 kW to ob-
serve spatial PDW in CSQD, despite their large nonlinear Beefficient in comparison
with other conventional nonlinear defocusing Kerr medigo&sible solution to decrease
the required power is to resort to planar waveguide made @56iD.
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InP Membrane on Silicon (IMOS) technology provides a new platform for integrating a
full set of photonic components on top of CMOS chips. In this paper, a design of a uni-
traveling-carrier photodetector in this platform is presented. Optical simulations have
been performed to determine both the coupling loss and the metal loss. Electrical
simulations have also been performed to optimize the RC constant and the transit time.
The simulation shows that a bandwidth beyond 100 GHz with a responsivity of 0.8 A/W
can be achieved. This provides promising integrated solutions for ultrafast optical
interconnects and microwave applications.

Introduction

InP Membrane on Silicon (IMOS) technology promises the integration of ultra-small
active and passive photonic devices in a single layer. This photonic membrane layer is
bonded on a silicon wafer with polymer benzocycolbutene (BCB). By combining the
best features of InP related material and Si based chips, IMOS opens up a wide range of
applications with potential improvements in speed, integration density and energy
consumption. Recently, a variety of passive components have been realized in this
platform [1] and an electrically pumped membrane laser at 1.55 um is being developed
[2]. In this paper, a design of a photodetector (PD) in the IMOS platform is reported.

The uni-traveling-carrier (UTC) structure is chosen due to its superiority in bandwidth
and power handling capability. The carrier transport in UTC-PDs is dominated by
electrons due to the utilization of a p-type doped absorption layer [3]. The higher
velocity of electrons than that of holes results in a higher bandwidth compared to
conventional PIN-PDs. Furthermore, the space charge effect is also reduced, leading to
a higher saturation current. These features of UTC-PDs provide new integration
solutions for applications in coherent photonics and microwave photonics [4].

Structure design

The structure of our UTC-PD is shown in Fig. 1. The width of the mesa is designed as 3
um. A 300 nm thick undoped InP layer is used both as the passive waveguide and as the
electron collector (depleted) in the UTC region. A 150 nm thick p-type (Zn) doped
InGaAs layer is used both as the absorber and the p-contact. In this way the
photodetector can achieve a high responsivity while maintaining a simple layer stack
which is desired for active/passive integration in the membrane platform. The doping
concentration in the InGaAs layer is graded from 10'® cm™ at the collector-absorber
interface to 10*° cm™ at the contact surface. A quasi-field formed by this graded doping
profile defines the diffusion direction of electrons (toward the collector) and reduces
their transit time in this absorber [3]. Hence, the graded doping design is crucial for high
collection efficiency and high bandwidth. To further enhance the performance a novel
double-side processing technology will be developed: p-metals (Ti/Pt/Au) are firstly
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evaporated on one side; after bonding this InP sample onto a silicon substrate, the
remaining processing steps are performed from the other side.

Ni/Ge/Au
n-InP

i-InP WG

JRR— - -1 1] € -1~ Y- S
Ti/Pt/Au

BCB

Silicon
Fig. 1. Cross-section of the UTC-PD (not to scale)

Responsivity

In order to determine the responsivity of the UTC-PD, optical simulations are
performed by using a fully vectorial mode solver and a 3D optical propagation tool
based on eigenmode expansion (Fig. 2) [5]. The modal absorption coefficient is
calculated to be 3600 cm™ at 1.55 um, which implies that over 97% of the input light
will be absorbed within a length of 10 um. The metal loss is estimated by setting the
absorption coefficient of InGaAs to be zero and only taking into account the absorption
in the metal contacts. This approximation gives a number of 340 cm™, indicating that
the loss due to the metal contacts is limited. The coupling of the input signal from the
waveguide to the photodetector region is also simulated. The coupling coefficient from
the fundamental mode in the waveguide to the one in the photodetector is 75% from this
simulation; the rest are coupled to higher order modes which suffer more from the metal
loss. Other factors that may influence the efficiency are also taken into account. The
free carrier absorption is negligible compared to the material absorption of InGaAs. The
minority diffusion length in the Zn doped InGaAs with a doping concentration between
10" cm™ to 10" cm™ is one order of magnitude larger than the InGaAs layer thickness
[6], implying that the collection efficiency will not be affected by the doping level.
Overall, the coupling is the limiting factor of the device efficiency and a responsivity of
0.8 A/W is predicted for a 10 um long photodetector.

iO 1|,0 2|,0 3|,0 4i0 5i0 6‘,0 7‘,0 SI,O QI,O 1CI|,0 11|,0 II»_'.."un‘lI

vertical/um

harizantal /pm

Fig. 2. Optical simulation results showing the fundamental mode profile (left) and the coupling from the
waveguide to the photodetector (right)
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Bandwidth

The bandwidth of a photodetector is limited by the RC time constant and the carrier
transit time. The junction capacitance of a UTC-PD with 10 pum length, 3 um width and
a 0.3 um thick depletion layer is as low as 10 fF. The parasitic capacitance can be
neglected by planarizing thick BCB as isolation from the silicon substrate. The
relatively high sheet resistance of a thin membrane device is the major limiting factor
for the bandwidth. In this structure, however, the series resistance can be reduced
dramatically by putting the p-metals close to the mesa, which is the major advantage of
the double-side processing technology. The contact resistance on both p and n sides are
currently being optimized to the target value of 3x10° Qcm?®. A stationary electrical
simulation is performed with COMSOL to determine the total resistance (Fig. 3). It is
assumed that the illumination results in a uniform carrier distribution in the depletion
region. A resistance below 50 Q is obtained from the simulation with the dimensions
and the contact resistivity mentioned above. By using the equation

faab,rc = ST RC

The bandwidth limited by the RC constant is calculated to be as high as 150 GHz in a
50 Q load environment.

Surface: Normal current density (mA/um?) g Surface: Normal current density (mA/um?)

A 4973

V¥ -9.5218 V¥ -9.5218
Fig. 3. Electrical simulation results showing the surface normal current density at -5 V bias

The transit time of UTC-PDs consists of two terms: the electron diffusion time in the
undepleted InGaAs absorber, and the electron drift time in the depleted InP collector.
The first term is studied in detail in [3] by considering the electron diffusion transport,
thermionic emission process and the effect of the quasi-field. Based on this study, the
diffusion time is estimated to be below 1 ps for a 150 nm thick InGaAs absorber with a
graded doping from 10" cm™ to 10" cm™. In terms of the electron drift time, UTC-PDs
are usually set with an optimal bias voltage so that electrons travel at the velocity
overshoot (above 2x107 cm/s, 5 times higher than the velocity of holes). At this optimal
bias, the electron drift time through the 300 nm collector is only 1.5 ps. The bandwidth
limited by a total transit time of 2.5 ps is calculated to be 150 GHz by the following
equation:

2.4
2T " Tyy
Taking into account the RC constant limited bandwidth of 150 GHz, the final bandwidth
of such a UTC-PD is expected to be beyond 100 GHz according to the equation:

deb,tr =
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Other considerations

The power handling capability of a photodetector is very important particularly in
coherent photonics and microwave applications. The saturation output of a
photodetector is mainly limited by space charge effects and thermal failure. UTC-PDs
show much reduced space charge effects due to the high electron velocity in the
depletion layer. In terms of thermal effects, it becomes more severe in a membrane
device with materials of low thermal conductivity (SiO, and BCB) blocking the heat
dissipation to the substrate. In this design with double-side processing, the metals on
both sides of the UTC-PD are expected to help to dissipate the heat to large-area metal
pads on top. Followed by top cooling approaches, the thermal management of this
design can be very effective.

The IMOS platform aims at providing a technology for photonic integrated circuits
(PICs). By developing the double-side processing technology, we expect to integrate
this UTC-PD with other components like lasers, by just adding layer stacks and a few
processing steps from one of the two sides. In addition, the relatively simple layer stack
allows selective-area regrowth as an alternative approach for the integration.

Conclusions

A high performance UTC photodetector in InP membrane on Silicon is designed. A
bandwidth beyond 100 GHz and a responsivity of 0.8 A/W are shown by simulations.
Moreover, it has the potential for fully integrated, high power applications.

References

[1] JJ.G.M.van der Tol, et. al., “Photonic integration in indium-phosphide membranes on silicon,” IET
Optoelectronics, vol. 5, 218-225, 2011.

[2] S.P. Bhat, et. al., “Design of InP Membrane Laser in a Photonic Integrated Circuit,” in Proceedings
of the 17" Annual Symposium of the IEEE Photonics Society Benelux Chapter, 2012.

[3] T. Ishibashi, et. al., “InP/InGaAs Uni-Traveling-Carrier Photodiodes,” IEICE Transactions on
Electronics, Vol.E83-C, 938-949, 2000.

[4] C.C. Renaud, “Ultra-high-speed uni-traveling carrier photodiodes and their applications,” in
Proceedings of the Conference OFC/NFOEC, 2013.

[5] Photon Design, FIMMPROP, http://www.photond.com.

[6] D. Cui, et. al., “Impact of doping and MOCVD conditions on minority carrier lifetime of zinc-and
carbon-doped InGaAs and its applications to zinc-and carbon-doped InP/InGaAs heterostructure
bipolar transistors.” Semiconductor science and technology, vol. 17, 503-509, 2002.

214



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

Optimization of fiber Bragg grating physical
parameters for polarization-assisted transverse
strain measurements

F. Descamps!, S. Bette ! and C. Caucheteur !

1 Université de Mons - Faculté Polytechnique, Service d’Electromagnétisme et de
Télécommunications, 31, Boulevard Dolez, 7000 Mons, Belgium.

In fiber Bragg grating (FBG) sensors, the evolution of the wavelength maximum
polarization dependent loss (PDL) amplitude is used to determine the birefrin-
gence of the fiber. For low birefringence value, the relation between the wavelength
mazimum PDL amplitude and the birefringence is nearly linear and so it can be
approximated by a straight line with a slope that depends on the physical parame-
ters of the FBG. An analytical formula for this slope is derived. The comparison of
the analytical approximation with simulations values for weak gratings gives errors
below 0.05 dB for a birefringence up to 1.5107°.

Introduction

Fiber Bragg grating sensors have become very common and recently new sensors
that take advantage of the polarization properties of the fiber Bragg grating re-
sponse have been developed [1, 2]. The polarization-assisted sensors use the value
of the maximum polarization dependent loss (PDL) to determine the birefrin-
gence created in the fiber by the physical parameter (load,magnetic field) to be
determined. The relationship between the maximum value of the PDL and the
birefringence is nearly linear for small values of the birefringence. The sensor will
be used in this range. The value of the slope of the maximum PDL versus birefrin-
gence depends on the parameters of the FBG and it determines the accuracy and
the operating range of the sensor. The value of the slope is therefore crucial in the
design of polarization-assisted sensors. In this work, we determine an approximate
analytical formula for this slope that helps designing such sensors.

Birefringence and polarization dependent loss (PDL)

The response of a uniform FBG in transmission was analyzed in details in [3]. The
grating parameters én, L, A and the coefficients «, , & used in the following come
from [3]. When the fiber is not perfectly symmetric due to intrinsic dissymmetry
or external factors such as strain, it exhibits birefringence and the response of
the FBG then depends on the state of polarization of light that is launched into
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the fiber Bragg grating (FBG). The response of the FBG can be determined by
separating all polarizations at the entrance in the basis of the two FBG eigenstates
(labelled x and y). The eigenstates x and y have respectively an effective refractive

index of the core given by neg and neg + An with An the birefringence of the fiber.
The PDL is given by [4]:

(1)

where T, and T}, are the transmission intensities spectrum for the 2 eigenstates.

T,
PDL = ‘1010g10 ==
Ty

Determination of an approximate analytical formula for the
slope between the PDL maximum and the birefringence

To find an approximate formula for the slope, we proceed in 3 steps. First, we
define an approximate wavelength position for the maximum of the PDL when
the birefringence is small. Then, we compute the slope for each wavelength by

calculating d d(fADn L)) evaluated for An = 0. Finally, we combine the two former

points and simplify the formula obtained. In general, to find a maximum we equal
the derivative to 0 but in the case of the PDL the equation to be solved contains
hyperbolic functions and the analytical solution cannot be found easily. Instead of
finding an exact solution, we approximate the wavelength of the maximum to be
such that oL =iw/2. This hypothesis is justified by the following considerations:

1. The PDL maximum is between 2 well defined points. The first one is the
band edge characterized by alL =0 and the second one is the first zero of
the reflection that corresponds to aL = im. The point such that oL = im/2
is then a good estimation of the wavelength of PDL. maximum. The band
edge and the first zero of reflection of an FBG are shown in Figure 1a.

2. We see on Figure la that the value of the PDL varies smoothly near its
maximum value so a small error in the position of the PDL maximum does
not strongly affect the slope. This is not the case for strong gratings (reflec-
tivity > 98%) in which a small error in the wavelength position of the PDL
maximum will result in a strong error in the slope.

3. For usefulness, the expression of the slope is reduced by taking oL =im/2 so
as to suppress the hyperbolic function.
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Figure 1: (a) Transmission spectrum versus wavelength and PDL versus wavelength with
the band edge and the fist zero also plotted (b) Wavelength difference between the max PDL
wavelength and the oL = iw/2 wavelength

For FBGS, the mean modulation index is small compared to the effective refractive
index of the core dn << neg and also the period of the grating is small compare
to the FBG length A << L. When determining the wavelength (Aapp) such that
aL =in/2, we only keep the first order terms in én and A. We obtain for Aapp:

A - 4LAneﬁr(25n+neff) (2)
PP 9 L(neg + 0n) 4 (L20n202 + 4A2ng2)1/2

. . . d(PDL) : .
Inserting equation (2) in = an) ‘An:O yields the slope S :

=10 47(6%+a?) 10 16L%k? )
C In(10) a2Xappd In(10) Thappd

with a? = —72/4L2.
Equation (3) can be further simplified by developing x and replacing A by 2An. s
everywhere except in & (because & = 0 if we replace A by 2An.¢y) :

~ 10 16L*mv*0n?
In(10) (2Aneg)’s

(4)

Developing and comparing the remaining terms allow additional simplifications :

g_ 40 L36n?v? -
T In(10) A2neg2(L26n202 + A2ng2) /2

Results

In this section, we compare the maximum value of the PDL with the value given by
the linear approximation. The absolute errors between the linear approximation
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and the real value are shown in Figure 2b and stay below 0.05 dB for a birefringence
up to 1.51075.

——dn=04e4 |]
——on=04e4

on=0.8¢e-4
201 —0on=12e4

251

value of the PDL maximum (dB)
>
Error on the PDL maximum (dB)

) : : : -0.05k.

- s A . . . .
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Birefringence (Dn) Birefringence (Dn) ’

(a) (b)
Figure 2: (a) Evolution of the maximum PDL with birefringence for 3 different values of 4,
(b) Absolute error for different values of dn

Conclusion

We presented an analytical formula that links the parameters of an FBG with the
value of the slope between the birefringence and the maximum value of the PDL.
The difference between the linear approximation and simulation value gives errors
below 0.05 dB for a birefringence up to 1.5 107°. The formula is simple enough to
be helpful for designing polarization-assisted FBG sensors.

Acknowledgments

This research has been conducted in the frame of the ERC (European Research
Council) Starting Independent Researcher Grant PROSPER (grant agreement N°
280161 - http://www.umons.ac.be/erc-prosper). C. Caucheteur is supported by
the F.R.S.-FNRS.

References
[1] C. Caucheteur et aL., "Transverse Strain Measurements Using the Birefringence Effect in
Fiber Bragg Gratings”, IEEE Photonics Technology Letters, vol. 19, pp. 966-968, 2007.

[2] Y. Su et. al., "Use of the polarization properties of magneto-optic fiber Bragg gratings for
magnetic field sensing purposes”, Optical Fiber Technology, vol. 17, pp. 196-200, 2011.

[3] T. Erdogan, "Fiber Grating Spectra”, Journal of Lightwave Technology, vol. 15, pp. 1277-
1294, 1997.

[4] C. Caucheteur et al.,”Influence of the Grating Parameters on the Polarization Properties
of Fiber Bragg Gratings”’,Journal of Lightwave Technology, vol. 27, pp. 1000-1010, 2009.

218



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

Uniform planarization technique for the realization of
a twin-guide membrane laser

S. P. Bhat', L. Fernandez?, J.J.G.M. van der Tol*, G. Roelkens'*, H.P.M.M.
Ambrosius?, and M.K. Smit?

! Photonic Integration Group (Phl), Dept. of Electrical Engineering, Technische Universiteit Eindhoven,
Den Dolech 2, 5612 AZ Eindhoven, The Netherlands
2 Engineering school, ENSICAEN, 6 Boulevard Maréchal Juin, CS 45053, 14050 Cedex 04, France
% Photonics Research Group (INTEC), Dept. of Information Technology, Universiteit Gent, Sint-
Pietersnieuwstraat 41, 9000 Gent, Belgium

Abstract: The InP Membrane on Silicon (IMOS) generic technology promises high
index contrast photonic integrated circuits. To make this a reality fabrication of an
electrically pumped twin-guide laser is pursued. In this paper, one of the bottle-necks
for the processing is discussed, the planarization step and subsequent etch-back.
Benzocyclobutene (BCB) is used to planarize SOA structures before contacting.
Complete curing of BCB at 280°C creates uniformity issues during etch-back. To
mitigate this, a partial cure at 180°C before the etch-back and a complete cure
afterwards is performed. Experiments show repeatability and reproducibility. Good
uniformity after etch-back is found.

Introduction

InP Membrane on Silicon (IMOS) is a novel technology to realize high index contrast
photonic integrated circuits. Passive components such as single mode waveguides, 1x2
MMI couplers, ring resonators and polarization converters have already been fabricated
and characterized [1]. The next step in the development of this technology is to make
active components such as electrically pumped lasers. Feasibility studies of such lasers
on the IMOS platform have been reported in [2]. Furthermore, different configurations
for such a laser integrated with other components have been designed [3].

As part of the process flow, one of the fabrication steps involves planarization of the

SOA structures for p-metal
definition. The schematic Pastemed sample s e

for this is shown in Fig.1.

Divinylsiloxane-bis-benzo- —

cyclobutene (DVS-BCB, in

short BCB) is the obvious

candidate of choice for this

purpose, based on its l

physical properties, such as P-Contact metallization Etch-back in RIE system
the  high  degree  of

planarization, low moisture
absorption, low  curing D
temperature, excellent
chemical resistance, low

dielectric constant, rapid Fig.1: Schematic of the planarization and metallization
curing, low viscosity and Process.
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dry-etch compatibility [4].

The procedure involves spinning BCB on top of the patterned sample, curing, and
etching back the cured BCB in a reactive-ion etching (RIE) system to expose the
semiconductor surface for contacting. However, complete curing at 280°C followed by
etch-back in the RIE system creates non-uniformities in the etch-depth at different
positions on the sample. Possible cause could be solidification of BCB after complete
curing at 280°C (see Fig.2) leading to larger thermal non-uniformities affecting the
reaction rates at different positions. With the step height on the patterned sample being
only 400 nm, a non-uniformity of 300 nm is not tolerable. This could result in the p-
contact metal reaching the n-doped side of the diode, giving a short circuit. To alleviate
this problem and to have better uniformity over the entire sample, a new recipe is
developed. This involves a partial cure at 180°C, followed by etch back in a RIE system.
Because of the partial preservation of fluidity, a reflow and a better thermal conductivity
is obtained, creating a better uniformity. Finally, a complete cure at 280°C is performed.
The detailed procedure is described in the next section.

Planarization technique

As described in the previous section, a new recipe is developed to mitigate uniformity
issues during etch-back. A thin layer (70-80 nm) of PECVD SiOy is deposited on the
patterned sample to improve the adhesion of BCB to the surface. BCB is spin-coated at
3000 rpm and the sample is placed inside a baking oven for curing. Partial curing at
180°C is performed for one hour. For these conditions, as is evident from Fig.2, the
extent of cross-linking in the polymer is around 50%.

After the spin coating and the partial cure, the step-height in the patterned substrate is
reduced from 400 nm to ~ 40 nm clearly showing the planarization property of BCB.
The total thickness of the BCB layer itself is ~ 1.3 um. This has to be reduced to 400 nm
or a little less, to expose the semiconductor surface for further processing. For this, an
350
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Fig.2: Extent of BCB cure (cross-linking fraction) as a function of temperature and time
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etch-back is performed in a RIE system for polymers with a combination of CHF; — O,
gases. The RF power, the chamber pressure and the flow rates of both these gases are
optimized for BCB etching. The reaction is dependent on the temperature and the
chemical reaction itself is exothermic. These factors, combined with the low thermal
conductivity of BCB, could result in localized points with higher etch rates. To avoid
non-uniformities from such effects, the etch-back is done in short cycles (1 minute),
allowing a cooling down phase in-between. After every step, height variations are
measured at nine different positions on the sample.

After sufficient etch-back, SiOx layer on the semiconductor surface is exposed. The
sample is subjected to another curing step at 280°C for one hour. In this step, BCB is
almost completely cured and solidifies into a harder, uniform layer (Fig.2). As a final
step, the SiOx is etched in a RIE system. This exposes the semiconductor surface for
further processing: p-contact definition and metallization. A uniformity of within 50 nm
between the nine different measurement positions is obtained. The test is repeated
several times to check for reproducibility.

During the test runs, FIB cuts are performed at all the intermediate steps to check the
BCB and SiOy layers (Fig.3). Platinum is evaporated locally before the cut to avoid
deformation of the top surface during the cut. While planarity and uniformity are
apparent from these images, sometimes as seen in Fig. 3 (a) and (b), voids are observed
at the edges of the SOA structures. An explanation could be that during the curing steps
there is shrinkage in the BCB, and the adhesive force of the SiOx on the semiconductor

surface is not large enough to resist this.
MR ERR

e Ut s _=Enan e S e ]

e

SiOx  Void

Fig.3: FIB images of the etch-back process after (a) Partial BCB etch, (b) Complete BCB etch,
and (c) Complete SiO, etch.

Conclusions

BCB is used to planarize SOA structures before contacting. To mitigate uniformity
issues with complete curing at 280°C, a new recipe involving partial cure at 180°C,
followed by etch-back and complete cure, is developed. After every process step, step-
height measurements at nine different positions all over the sample are performed. A
uniformity of within 50 nm between different positions is obtained by this technique.
The process is found to be reproducible.

221



Uniform planarization technique for the realization of a twin-guide membrane laser

Acknowledgements

The authors thank STW-IMOS project for financial support. S.P. Bhat thanks J. Bolk for
help with RIE systems, B. Barcones Campo for help with FIB imaging, and S.
Keyvaninia and M. Muneeb for useful discussions.

References

[1] JJ.G.M.van der Tol, R. Zhang, J. Pello, F. Bordas, G. Roelkens, H. Ambrosius, P. Thijs, F. Karouta
and M.K. Smit, “Photonic Integration in Indium-Phosphide Membranes on Silicon”, IET
optoelectronics, Volume 5, Issue 5, pp. 218-225, October, 2011.

[2] S.P.Bhat, J.J.G.M. van der Tol, G. Roelkens and M.K. Smit, “Feasibility study of an InP Membrane
On Silicon (IMOS) laser,” in Proceedings of the 16th European Conference on Integrated Optics
(EC102012), Sitges, Spain, April 18-20, 2012.

[3] S.P. Bhat, G. Roelkens, J.J.G.M. van der Tol and M.K. Smit, “Design of InP Membrane Laser in a
Photonic Integrated Circuit,” in Proceedings of the 17th Annual Symposium of the IEEE Photonics
Benelux Chapter, Mons, Belgium, pp-203-206, November 29-30, 2012,

[4] Y. H. So, P. Garrou, J. H. Im, D. M. Scheck, “Benzocyclobutene-based polymers for

microelectronics” in Chemical innovation, ACS publication, Volume 31, No.12, pp. 40-47,
December, 2001.

222



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

SOI Lattice Filters Design Framework:
from Functional Parameters to Layout

A. Ruocco,! D. Van Thourhout,! and W. Bogaerts'

! Photonic Research Group (INTEC), Ghent University - imec
Sint-Pieternieuwstraat 41, B-9000 Ghent, Belgium

In this paper we demonstrate a lattice filter based WDM framework on SOI platform.
Finite Impulse Response filter synthesis routines are used to calculate the design specifi-
cations. The inputs are functional parameters: normalized cut-off frequency, free spectral
range, filter order and windowing function. The obtained specifications are passed to the
Caphe circuit simulator. Then we convert the design parameters to physical parameters
in IPKISS for layout and mask design. The measured results prove the validity, but also
the limitations of the framework. The latter, more pronounced in high order filters, are
mainly attributed to errors in the weak coupling sections.

Introduction

SOI (Silicon on Insulator) photonics offers a way to reduce the footprint of passive pho-
tonic devices. Moreover the SOI processing is compatible with CMOS technology, poten-
tially enabling mass production. Networking applications based on wavelength division
multiplexing require wavelength filters for the routing and multiplexing operations: these
can be based on ring resonators , AWG (Arrayed Waveguide Grating) , Echelle, MZI
(Mach-Zehnder Interferometers) based filters, or a combination of them [1], [2]. We will
discuss cascaded MZI filters, as shown in Figure 1. Cascaded MZIs are optical FIR (Fi-
nite Impulse Response) filters. A FIR filter is composed of n 2 x 2 power splitting devices
and n — 1 delay stages. Increasing the order of such device, better performance in terms
of extinction ratio and roll-off can be achieved. On the other hands, increasing the order
the contribution of every single stage nonidealities arise. These two requirements are the
main element in the designing trade-off condition.

Figure 1: A Mach-Zehnder based lattice filter
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Figure 2: description of the framework

Theoretical Background

The multi-stage lattice filter can be modeled as a cascade of blocks. Neglecting any
reflections back into the input ports, the initial 4 x 4 T-matrix can be reduced to a 2 X 2
transmission matrix for each elementary block. With these conditions, representative
matrix are the (1) and (2) respectively for directional coupler section and delay lines
section.

i T —JKi
Scou—[_jKi T 1 (D)

— iBAL
e P 0} )

Siiel = |: 0 1

In the eq.(1) the relation in between the variables is T = /1 — k2. In the eq.(2) the variable
B is the propagation constant of the waveguides and AL is the physical length difference
between the two arms. We assume the same type of waveguides in both arms, but the
formulas can be extended for different waveguide cross sections. The final analysis for-
mula of a n'" order lattice filters is represented in (3). It the product of the T-matrix of the
cascaded building blocks. The (4) gives the relation to be used for the calculation of the
delay length between the arms.

n
S= Sg—H HSiielSé'nu (3)
i=1
C
= 4
g;FSR @

Framework description

The developed framework is described in the Figure 2. The input consists of the spectral
filter requirements such as central wavelength, FSR . After these basic parameters, we
can set additional design specifications such as the main filter windowing function and
its associated variables. We typically use a Chebyshev window, where we specify the
normalized cut-off frequency and the stop band attenuation. The design values are fed in
to the FIR filter design routines which calculate the required coupling ratios. The delay
in the arms is calculated using analytical formulas. The FIR design tool then converts
the functional specifics to design parameters. Once all the design specifics are obtained,

224



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

[dBI

m i 2

— 4th order sim -30f] — 4th order sim

—— 4th order
—— 8th order —— 8th order sim — 8th order sim

-45 — 35 - 35 SO
0.0 0.2 0.4 0.6 0.8 1. 1530 1540 1550 1560 1530 1540 1550 1560
normalized wavelength wavelength [nm] wavelength [nm]

(a) Normalized simulation (b) CAPHE simulation (c) Measurements

Figure 3: Simulation and measurements

they are passed in parallel to the CAPHE photonic circuit simulations and IPKISS layout
designer. CAPHE simulates the entire PIC (Photonic Integrated Circuit) as an optical
circuit, linking the elementary building blocks together: waveguides combined together to
obtain 2 x 2 delay sections and directional couplers. The IPKISS mask design is then used
to convert functional specifications into layout specifications with physical dimensions for
the directional couplers and the waveguides.

Filter Synthesis

The unknown quantities in eq.(1) and eq.(2) are T and AL. The value K in the directional
couplers is related to T. The AL path difference of the arms determines the FSR of the
transfer function associated to the filter. The delay time between the arms is obtained
form both physical path difference and group index of the waveguide used. The other
parameter required is the power coupling ratios in each of the coupling sections. To
calculate those, we use the FIR (Finite Impulse Response) filter synthesis tools available
in scientific python. The inputs for such tools are the type of filtering window and its
parameters: for the purpose of this work we mainly used Chebyshev windowing, which
require at least three parameters: the order of the filter (the number of stages), the cut-off
frequency and the attenuation in the stop band. Figure 3a shows the response of lattice
filter in the case of 0.250 cut-off normalized frequency.

Filter Simulation

The PIC software used is CAPHE [3]. Basic n-port blocks are connected together to
obtain complex photonic circuits. Each elementary block is represented by its T-matrix.
Directional couplers are photonic integrated devices with a rather strong wavelength de-
pendence. We define n directional couplers with power splitting ratios obtained by the
FIR design tool. The directional couplers are chained together with the n — 1 delay sec-
tions. The relative delay of the arms is defined according to the (4). The output of such
a simulation is a replica of the Figure 3a, but shifted to the center wavelength, and with
wavelength periodicity equal to the FSR. Figure 3b show the simulation of the devices
chosen for testing of the framework. The FSR, at 1600GHz, is the same for both. The
simulated devices act as single channel drop filters. The same design approach can be ex-
tended to a full WDM mux/demux. By choosing the order of the filter, the response can
be tailored: the plot Figure 3b correspond to a 4" order and an 8" design, respectively.
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IL [dB] | ER [dB] | 1 dB/10dB BW | area[um?]
4™ order  4X400GHz | -0.66 15.7 0.33 4280
8X200GHz | -1.08 14.6 0.33 4200
8" order  4X400GHz | -0.40 | 17.9 0.33 7744
8X200GHz | -0.55 12.1 0.32 7808
12" order 4X400GHz | -0.77 | 5.8 0.57 11172
8X200GHz | -2.72 | 8.9 0.38 11336

Table 1: Measurement results

Layout and experimental results

The parameters obtained by the FIR tool are handed over to IPKISS [4] for the layout
generation. This step includes the translation of the functional parameters to physical
parameters. This conversion requires good knowledge of the elementary building block
characteristics. First of all the n.rs and the n, of the guiding structures has to be known.
The n, sy is used for the designing of the proper AL associated to the required delay. The
coupling coefficients of the directional couplers can be split up in two parts: the first
is the k¥ associated to the straight section, and proportional to the length of the coupler,
and the K¢ associated to the bent section. In general, the former dominates the latter,
but when weak coupling is required (i.e. rings, lattice filters) the coupling associated to
the bent section assumes a predominant rule. The coupling strengths can be extracted
from physical simulations or measurements. Figure 3¢ shows the measurements relative
to the simulated devices. The table 1 tabulates the measurement results for the different
fabricated filters, in particular: IL (Insertion Loss), ER (Extinction Ratio), 1dB/10dB
bandwidth ration and dimensions.

Conclusion

We present a design procedure for MZI lattice filters starting from filter synthesis tech-
niques down to the physical circuit layout, and we show the correspondence between
measured and simulated devices.
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Illuminating organic solar cell active materials with infrared light, ranging from 0.3 to
1.25 eV, has shown to be a potential way of enhancing solar cell efficiency due to
enhanced charge-transfer state recovery. This paper focuses on the fabrication and
application of plasmonic nanostructures in organic solar cells to give local field
enhancement within these wavelengths.

Aluminum gratings and nanorods are investigated to give local field enhancement at
0.58 eV to enhance charge-transfer state recovery and improve photovoltaic cell
performance. This work encompasses a first practical application combining
plasmonics and sub-bandgap light to enhance charge-transfer state recovery.

Introduction

In view of the global need for clean energy, using solar energy to generate electricity is
one of the more promising solutions [1]. However, the efficiency of photovoltaic
devices is low in general and even lower for the less expensive ones such as organic
photovoltaic devices (OPVs). Furthermore, not all wavelengths are equally absorbed and
parts of the solar spectrum (mainly the lower energies) are not even utilized. Different
strategies to trap light within the cell to improve its absorption have been proposed, such
as stacking multiple active layers absorbing at different spectral bands [2], placing
concentrators or lenses in front of the devices [2] and introducing small particles which
either produce local field enhancement or increase scattering within the active layer of
the device [3]. Such strategies benefit most the intrinsically thin photovoltaic cells such
as OPVs [4].

Organic solar cells have an active layer wherein two different materials (the donor and
the acceptor) form an interface where excitons (electron-hole pairs generated by a
photon with energy above the bandgap of the donor material) can dissociate into weakly
interacting charge-transfer states (CT-states). After dissociation of the CT-state the
electron and hole (charge separated (CS) states) travel towards their respective electrode
to generate current. The selection of materials together with the interface morphology
has huge impact on the performance of OPVs. The efficiency of these devices is still
low. The highest reported efficiency for a tandem organic solar cell is 12% [11] whereas
the highest reported efficiency for an inorganic solar cell (triple junction of
InGaP/GaAs/InGaAs) is 44.4 + 2.6% [5].

The lower efficiency of OPVs can be mainly attributed to trapped states. At the interface
of donor and acceptor, CT-states occur, increasing the recombination rate. Sufficient
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energy is needed to overcome the trap and let charges diffuse towards their respective
electrode.

Enhanced dissociation of CT-states into separate charges has been investigated by using
“pump-probe” mechanics [6]. Typically, the lowest unoccupied molecular orbit
(LUMO) levels of the donor and acceptor should be chosen such that sufficient excess
energy permits dissociation of the CT-states [7]. This choice in LUMO levels limits the

open-circuit output voltage of the OPV with the subsequent loss of efficiency.
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Figure 1. a) Band diagram showing the trapped states and how excess energy is used for separation of the
charges. Taken from [6]. b) ASTM G173-03 reference spectra showing the amount of photons per nm per
second per square meter. The red marked area shows the range of solar radiation targeted by this work to
enhance dissociation of the CT-states.

In [6] an infrared laser (3um) is used as probe to push electrons or holes from their
trapped state and help them diffuse from the interface. Infrared excitation between 0.3 —
1 eV has been claimed to repopulate “hot” CT-states, increasing the chance to evolve to
separated charges (SC-states) [6].

In this work we propose to utilize plasmonic nanostructures to enhance the absorption of
infrared photons with energies in the 0.3 — 1 eV range [present in the solar spectrum as
shown in Fig. 1 (b)] to help the dissociation of CT-states into CS-states, increasing
current output and allowing for smaller LUMO-offset choices, thereby increasing open-
circuit output voltage [8], [9]. This paper will focus on the design, fabrication and
preliminary results of fabrication of such plasmonic structures.

Finite difference time domain (FDTD) simulations

Given the wavelength range targeted in this work (2.0 — 2.4 um), aluminium exhibits a
good performance. Since aluminium is relatively low cost and it is already sometimes
present as back electrode in the fabrication of OPVs [10], it was selected in this study as
the material for the nanostructures.

Figure 2(a) shows the layer structure of the device considered in this work. It consists of
a 180 nm thick layer of indium tin oxide (ITO), a 60 nm thick layer of PEDOT:PSS, a
200 nm layer of P3HT:PCBM and a 360 nm aluminium layer that acts as back electrode.
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Figure 2. (a) Layout as seen in Lumerical FDTD Solutions. The different layers and the area where the
electric field is monitored are shown. (b) SEM picture of fabricated Al nanoparticle on ITO. SEM
settings: magnification: 100 000x, 5.00 kV, 45° tilt. Particle size is estimated to be 505.2 nm wide with a
height of 72.5 nm.

Square aluminium particles were placed in contact below the ITO. Both the dimensions
and periodicity of the particles were investigated to obtain maximum enhancement at
the wavelength of 2135 nm (0.58 eV).
In the simulations, a plane wave source was placed 260 nm above the ITO and periodic
symmetric and anti-symmetric boundary conditions were utilised to reduce computation
time. Non-uniform mesh setting with additional mesh regions in the ITO layer (20 nm),
the P3HT:PCBM layer (20 nm) and around the aluminium particle (10 nm) were
implemented. Sweeps of the particle parameters: height (10 — 80 nm), width (50 — 600
nm), length (400 — 800 nm) and periodicity (both in x and y direction (1.5 — 2.5 pum)
were performed.
Enhancement was calculated as the power [measured with the monitor shown in Fig.
2 (a)] inside the active material on a device with aluminium particle divided by the
power on a structure without particle. This ratio is shown in Fig. 3. It was found that a
square particle of 560 nm wide and 60 nm high performed best in an array of 2x2 um.
Enhancement up to a factor of 2.82 in the infrared region (peak at 2135 nm) is found. A
decrease in the amount of light absorbed in the visible range (an average decrease of
0.926) is also observed. This is undesirable but can be expected due to the shadowing
effect of the aluminium particles.
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Figure 3. Simulated enhancement of the electric field intensity versus wavelength.

Fabrication

The fabrication process based on electron-beam lithography followed by lift-off is
currently being developed to experimentally realize the designed nanostructures. Figure
2 (b) shows a scanning electron microscope (SEM) picture of a fabricated structure. As
it can be clearly seen, further optimization is needed to produce nanostructures with the
targeted dimensions.
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Conclusion

Preliminary simulation results show modest enhancement of the amount of light coupled
into the active material at around 2135 nm. It was shown that fabrication is possible.
However, optimization is needed to reach the right particle size. Other lower-cost
fabrication methods are also being evaluated, such as direct-laser writing and nano-
imprint lithography.
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We propose a novel design for a dielectric subwavelength grating for the integration of
a GaAs Vertical Cavity Surface Emitting Laser (VCSEL) operating in the near-infrared
(A=700-1000nm). The design uses a Si3N4/Air high-contrast grating (HCG), that can
be fabricated using standard CMOS technology to replace the conventional DBR as
bottom mirror. The optimized mirror reflects strongly (>99%) over a fractional optical
bandwidth AMA of about 9% with a strong polarization selectivity and reasonable
tolerance on the grating dimensions. A continuous wavelength tuning can be achieved
by implementing these single-layer free standing HCGs as the VCSEL bottom mirror
when it is electrostatically actuated.

Introduction

Silicon nitride (SiN) is a promising platform for integrated photonics applications in the
visible and near IR spectrum due to its transparency in the near-infrared and visible
spectrum and full compatibility with the standard complementary metal-oxide
semiconductor (CMOS) technology, which can significantly lower costs of the devices
in high volume manufacturing [1]. The realization of CMOS compatible light sources is
considered to be the biggest challenge of silicon photonics. Hybrid integration
approaches, which can keep the advantages of I11-V devices grown in a homoepitaxial
process before the film is transferred on silicon, is considered to be an attractive route in
the development of silicon lasers because of its potential for high efficiency [2]. Such
sources integrated on the silicon platform have important applications in datalinks and
in spectroscopy. GaAs-based VCSELs are close to being the “perfect” laser: they are
very compact, have very low power consumption, single mode behaviour, are very
cheap and are realized with very mature production technology. These lasers are the
perfect choice for laser emission in the visible-Near IR (covering 0.65-1.3 pum) range
[3]. Recently a high-reflectivity broadband mirror using a high-index-contrast
subwavelength grating (HCG) has been proposed to replace the traditional DBR
structure in VCSELSs [4,5]. These HCG mirrors can provide several advantages over
DBRs such as a reflectivity equivalent to many pairs of DBR resulting in substantial
thickness reduction of the device, high polarization sensitivity, large fabrication
tolerance and the suppression of higher order transverse modes [4,5]. Here, we propose
a CMOS-compatible SiN HCG mirror which can be integrated with a half GaAs
VCSEL using adhesive wafer bonding technology.

HCG design

The HCG design has been optimized by the Rigorous Coupled-Wave Analysis (RCWA)
software RODIS for the Air/SiN grating as shown in figure 1 (a). Parameters for
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optimization of this structure are the period of the grating (a), the duty cycle (DC) and
the thickness of the nitride layer. We optimize these parameters of the grating to get a
broadband high reflection with high fabrication tolerance. Our optimized grating
structure consists of 300nm thick Silicon nitride on Silicon substrate using Silicon
dioxide as sacrificial layer in order to achieve a free standing HCG. With a grating
period of 800nm and a duty cycle of 40% the HCG shows a reflection bandwidth of 75
nm with reflection coefficient >0.99 centered at 850nm, hence giving a fractional
optical bandwidth AMA of about 9%. The high reflection band arising in our grating
design is supported by the presence of two leaky modes shown as two transmission dips
inside the high reflection band in figure 1(b). These transmission dips correspond to a
guided mode resonance at which transmittance approaches zero [6].
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Figure 1: (a) Schematic drawing of the SiN HCG structure, (b) Reflectivity (black curve) and
transmission on a logarithmic (blue curve) scale as a function of wavelength for the following grating
parameters: Period 800nm, DC=40%, SiN thickness 300nm

The fabrication tolerance for this grating parameter also has been calculated using the
RCWA method by varying two parameters at a time while fixing other parameters.
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Fig 1(a) Reflectivity as function of DC and wavelength when the Silicon Nitride thickness and period of
grating is 300 nm and 800 nm respectively.(b)Reflectivity as function of Silicon Nitride thickness and
wavelength when the DC and period of grating is 40% nm and 800 nm respectively.
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The contour plot in Figure 2(a) shows the reflectivity of the HCG as a function of the
wavelength and duty cycle for a fixed grating thickness of 300nm. It shows that this
grating has £9% fabrication tolerance while keeping > 99% reflectivity. Other
parameters like the thickness of the SiN layer also gives a tolerance of £15nm for >99%
reflectivity as shown in the contour plot in figure 2(b).

Integrated VCSEL design and fabrication

We can also take advantage of the SiN HCG as a highly reflecting broadband movable
mirror. This mirror can be easily deflected by electrostatic actuation. By applying a
voltage, between the grating and the VCSEL, the mirror will be displaced leading to a
change in the cavity length resulting in a change in the emission wavelength. Hence
continuous tuning can be achieved by electromechanical movement of these mirrors.
Fig 3 shows the schematic of a GaAs VCSEL integrated with a SIN HCG mirror.

Laser Contact <—

HaF Wi SEL
~, Oxide aperture
hia

Figure 3: Schematic drawing of the integrated tunable GaAs VCSEL.

The free standing SiN HCG mirrors can be fabricated by selective wet etching by under
etching the sacrificial oxide layer below the grating in a Buffered Hydrofluoric (BHF)
solution. The half GaAs VCSEL die consist of a GaAs substrate, an AlAs etch stop
layer, top DBRs, a multiple Quantum Well active region and a current spreading layer.
The half VCSEL die can then be bonded to the free standing grating using ultra-thin
adhesive polymer BCB (CycloteneTM) bonding. The GaAs substrate is then completely
removed by mechanical grinding followed by a selective wet etching process. In this
way we get a thin film of epitaxial 111-V structure on the Si wafer. The oxide aperture
can then be fabricated by lateral oxidation of the AlGaAs layer to achieve transverse
optical and current confinement.

Conclusion

In conclusion, we propose a design for a broadband SiN HCG mirror to replace
conventional DBRs. These mirrors can be integrated with GaAs half VCSELs to
achieve a tunable laser structure in the near-IR.
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The mitigation of cross-talk effects between photonic devices integrated onto the same
chip is of primary importance in order to respond to the pressing demand of high compo-
nent density and circuit area reduction. In this work, we present an extensive experimental
investigation on the radiative optical cross-talk in InP integrated circuits. Results demon-
strate that waveguide sidewall roughness generates an interference signal between pas-
sive devices that decreases quadratically with the distance. The phase coherence between
exciting and coupled modes is investigated as well, revealing a gradual decorrelation for
increasing gap between the waveguides.

Introduction

In the last decades integrated photonics observed an increasing demand of circuit com-
plexity with a trend that is destined to continue in the near future [1]. Larger scale of
integration implies device footprint reduction and more relevant issues related to cross-
talk interaction. Investigation and characterization of these phenomena is then of primary
importance for a proper development and design of highly integrated photonic circuits.
A significant fraction of the waveguide propagation loss is generated by imperfections of
the guiding structure, and in particular by sidewall roughness [2]. Radiation mode excited
in one waveguide can partially reach another device placed nearby and be coupled back
to a guided mode of the second structure, thereby acting as an optical cross-talk vehicle.
Models and experimental investigation have been proposed in literature for radiation me-
diated coupling in both waveguides [3] and integrated components as directional couplers
[4]. However, to the best of our knowledge, information is still missing on the dependence
of optical cross-talk power on the waveguides distance as well as on the phase properties
of the coupled light.

In this work an experimental investigation of the radiative cross-talk between adjacent
passive waveguides is presented. The dependence of the coupled power on the distance
between the waveguides is studied and compared to the results obtained with electromag-
netic simulations to confirm the absence of any effect related to the evanescent field. The
phase correlation characteristics of the coupled modes is investigated as well.

Cross-talk power dependence on the waveguide gap

Experimental analyses were carried out on the test structure of Fig. 1, which was realized
with the weakly-etched InP-based rib waveguide described in [5] and reported in the
inset of the figure, with a width of 2 um. This waveguide is particularly adapted for
this analysis, because the lateral slab provides a vertical confinement to radiation modes,
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emphasizing cross-talk effects between neighbour structures. The device is composed by
two waveguides. The first one ( “direct waveguide”, beginning at port A) is a s-bend with
three straight sections and two bent waveguides and a very smooth aspect ratio of 6 mm X
100 um. The second waveguide (“coupled waveguide”) begins few hundreds of microns
after the beginning of the long central straight section of the first one to avoid coupling
due to field radiated at the first bend. The distance between the two waveguide varies on
different devices from g = 2 um to g =30 um while the straight coupling section is kept
fixed at 3 mm. The distance between the output ports (ports B and C) is 30 um for all
the devices. The shape of the device reduces the straight-light coupling between the input
fibre (at port A) and the coupled waveguide.
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Figure 1: Test structure designed for the cross-talk characterization. The waveguide struc-
ture is reported in the inset.

In the experimental characterization, the input light is coupled at port A and the output
power at ports B and C is measured, for different gap distances, by an Optical Spectrum
Analyser. The measurements of P53 and P are shown in Fig. 2 for the TE mode when
ng‘l = 0 dBm. Similar results were obtained for TM state of polarization. Blue marks
represents P2, namely the power that remains in the direct waveguide. The power level
is substantially constant around -12 dBm at any gaps, indicating that the light coupled
in the other waveguide is a small fraction of the total. Since the coupled power PS (red
circles) falls from a values of about -15 dBm at g =2 um to less than -50 dBm at g =30um,
the ratio between P2, and P drops from 0 dB to -35 dB. The experimental data suggests
a dependence on the gap in the form g™* with 1 < x < 2 (red dashed line, for x = 2) if the
point at g = 2 um (where evanescent coupling is dominant) is excluded from the fitting.
To correctly interpret these results, the pure evanescent coupling contribution to the total
coupled power was simulated. Evanescent coupling (blue and black lines in Fig. 2 for
port B and C, respectively) is the dominant mechanism for g < 2 um, where a strong
power exchange oscillation between the two waveguide can be observed. For g = 3 um
and g = 5 um the device works in an intermediate situation, where there is a residual
contribution of the evanescent coupling but the radiative cross-talk becomes a significant
fraction of the total power exchange. This can be argued from the difference between the
predicted power at port C from pure evanescent coupling and the higher power actually
measured. Finally for g > 10 um only the coupling via radiative modes exists.

The major limit to the dynamic range of the measurement is represented by the presence
of light in the thin slab region around the rib waveguide structure. This feature can be
seen in Fig. 2 where the gray marks represent the power measured moving the output
fibre by about 100 um far from port B (Py,;,). Reasonably, this power does not depend on
the value of the gap since is related directly to the input fibre excitation. It is clear how
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Figure 2: Output power at the direct (P2, blue mark) and coupled (PS, red marks) waveg-
uides and in the slab/substrate region (gray dots) as function of the gap. Simulation of the
evanescent coupling regime are superposed for comparison (blue and black solid lines).

the power level in the slab results to be a real limit to the measurements of the cross-talk
efficiency, that between 20 pm and 30 um can be hardly distinguished from this noise
floor.

Phase decorrelation of coupled modes

In order to characterize the properties of the phase of the mode excited by radiated power,
the test structures used in the previous section have been reversed in order to injected
light at port C. In this way it is possible to exploit the two strong reflection generated by
the abrupt termination of both waveguides (in the middle of the chip and at chip facet)
as phase measurement points. The experiment was conducted with an Optical Frequency
Domain Reflectometry (OFDR) technique [6], which allows an interferometric analysis
of the light reflected along a waveguide. An example of the measured space-domain trace
is reported in Fig. 3 (a), which represents the reflected power as function of the optical
distance with respect to the input facet. The first highlighted peak refers to the reflection
generated by the termination of the input waveguide. The second is due to the light that
crosses the coupler, is reflected by the chip facet and crosses the coupling region a second
time, reaching again port C.

The phase spectra of this reflections can be measured and the relative difference com-
puted at each wavelength. Figure 3(b) represents this quantity, compensated for the phase
contribution related to propagation, for the devices with g = 2,5,10 um. In Fig. 3(c) the
probability density functions (PDFs) of the previous data are reported. In the evanescent
coupling regime (black solid line) this difference is substantially zero for the entire con-
sidered bandwidth, consistently with this type coupling which is coherent and preserve
the phase relation between exciting and coupled mode. The PDF is a narrow peak around
zero (black squares), confirming that the phase difference is almost zero at each wave-
length. For g =5 um (blue solid line) some noise appears in the spectral data and the PDF
radically changes its shape, spreading around zero (blue squares), and indicating that the
light is affected by radiation mode coupling. This is confirmed by the device with g = 10
um (red solid curve) where the coupling is due exclusively to radiative modes and strong
spectral oscillations appears and the PDF.
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Figure 3: (a) Example of space-domain trace measured for the reversed devices (light
input form port C). Two strong reflections are recognisable. (b) Spectra of the phase
difference between the reference and the coupled signal for different gaps and (c) corre-
sponding PDF.

We can then conclude that the coupling mediated by radiative modes (unlike evanescent
coupling) is an incoherent mechanism, which does not preserve the phase relation be-
tween the coupled modes in the adjacent waveguides and hence causes a decorrelation
of the coupled power from the modes of the original waveguides that excite the radiation
modes. This decorrelation becomes stronger when the waveguide distance increases.

Acknowledgement

The research leading to these results has received funding from the European Commu-
nity’s Seventh Framework Program FP7/2007-2013 under grant agreement ICT 257210
PARADIGM.

References

[1] P. Lo Guo-Qiang S. Danziger D. Prather M. Hochberg T. Baehr-Jones, T. Pinguet. Myths and rumours
of silicon photonics. Nature Photonics, 6, 2012.

[2] EP. Payne and J.P.R. Lacey. A theoretical analysis of scattering loss from planar optical waveguides.
Optical and Quantum Electronics, 26(10):977-986, 1994.

[3] D. Marcuse. Crosstalk Caused by Scattering in Slab Waveguides. Bell System Technical Journal,
50(6):181741831, 1971.

[4] J.C. Powelson, Wei Feng, Sihan Lin, Robert J. Feuerstein, and D. Tomic. Crosstalk of passive direc-
tional couplers. Lightwave Technology, Journal of, 16(11):2020-2027, 1998.

[5] D. Melati, F. Morichetti, A. Canciamilla, D. Roncelli, FM. Soares, A. Bakker, and A. Melloni. Valida-
tion of the Building-Block-Based Approach for the Design of Photonic Integrated Circuits. Lightwave
Technology, Journal of, 30(23):3610-3616, 2012.

[6] F. Morichetti, A. Canciamilla, C. Ferrari, M. Torregiani, A. Melloni, and M. Martinelli. Roughness
Induced Backscattering in Optical Silicon Waveguides. Phys. Rev. Lett., 104:033902, Jan 2010.

238



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

Guided waves in hyperbolic media

N. J. Schilder,"? and H. P. Urbach'

! Optics Research Group, Faculty of Applied Sciences, Delft University of Technology,
Lorentzweg 1, 2628 CJ Delft, The Netherlands.
2 Laboratoire Charles Fabry, Institut d’Optique, CNRS, Univ. Paris-Sud, 2 Avenue Augustin
Fresnel, 91127 Palaiseau Cedex, France.

Nowadays there is a lot of scientific interest in optical hyperbolic media. This class
of media supports propagating waves which are not restricted in spatial frequency by
the diffraction limit. Furthermore, in waveguides consisting of hyperbolic media there
can be infinitely many guided modes. This is interesting for both optical communication
and optical sensing. In this research we discuss the properties of the guided waves in
hyperbolic media and explain transmission properties of hyperbolic media in terms of the
guided modes.

Introduction

The propagation of electromagnetic waves through matter is a topic that is very important
to understand. In normal media, whether isotropic or anisotropic, the diffraction spot size
is limited by the diffraction limit. Surpassing this diffraction limit is a very hot topic. The
diffraction limited resolution is proportional to the wavelength and inversely proportional
to the Numerical Aperture of the optical system (%), which in turn depends linearly on
the index of refraction of the medium in which the spot is focussed. An example from
industry where the diffraction limit is extremely important is in optical lithography for
fabricating chips. To be able to make small chips, they keep trying to reduce the smallest
feature size of the structures. For this, the wavelength is reduced and/or the numerical
aperture is enhanced. A prototype lithographic machine which uses light of wavelength
13.5 nm has been realized recently. Another way to get a better resolution is by changing
the index of refraction, hence the effective wavelength in a medium (A = Ay/n, with Ay
being the vacuum wavelength). By increasing the (effective) index of refraction of the
medium, we could also improve the resolution. This is the principle behind hyperbolic
media. We will show in this Letter that the effective index of refraction of a hyperbolic
medium is higher than the index of refraction of the individual layers it consists of.

Not only imaging is a nice application of hyperbolic media, but optical waveguiding is as
well. Optical waveguiding is getting more and more important. One field of interest is in
Photonic Integrated Circuits (PIC). In order to be able to continue Moore’s law [3], which
states that every year the optical components density on a chip gets doubled, we need to
switch from electronics to optics, as there is less heat produced and dimensions can be
reduced. For optical communication, we need to guide the light by optical waveguides.
Optical waveguides are known to guide a discrete and finite number of modes. This limits
the amount of information which can be transported. It turns out that waveguides made
of lossless hyperbolic media are able to support an infinite amount of discrete modes.
In this Letter we will propose an explanation of transmission properties of hyperbolic
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media in terms of guided modes and some guiding properties of hyperbolic media are
reviewed.

Hyperbolic Media

A hyperbolic medium is a relatively new class of medium [6] which is by definition
uniaxial anisotropic, hence the material has a unique optical axis. To illustrate what
hyperbolic means in this case, we will assume to have a lossless uniaxial crystal (i.e.
Im € = 0). The reference frame is chosen such that the z-axis corresponds to the optical
axis. Then, the permittivity tensor can be written as:

e 0 0
E=|0 g O0f. (1)
0 0 EH

In anisotropic media, both €, and g are positive, hence the tensor is positive definite.
However, the key property of hyperbolic media is that the permittivity tensor is not posi-
tive definite, i.e. €, - € < 0. The consequence of this is that the isofrequency surface for
TM-polarized light in reciprocal k-space is hyperbolic instead of elliptic. We define this
as hyperbolic spatial dispersion in this Letter!. Consider a plane wave with wavevector
k=k | +k;Z, then the Fresnel’s equation of wave normals is:

(ki;k? ). (i+ K_g)-o @)

The first factor corresponds to TE-polarization and clearly refracts ordinarily at an inter-
face between an isotropic medium and the hyperbolic medium of which the normal is
parallel to the optical (z-) axis. The second factor corresponds to TM-polarization and
describes an ellipse when both €, and g are positive. However, for hyperbolic media the
signs are opposite, which means that the isofrequency surface is a hyperboloid. This is
the origin of the name hyperbolic media. A TM-polarized wave then exhibits negative
refraction at the mentioned interface.

What is important to mention, is that for hyperbolic media with €, > 0 and g <0, there
do not exist evanescent waves for TM-polarized light, when the interface lies in the (x,y)-
plane, i.e. whatever the spatial frequency k, the corresponding k, is always real and
hence the wave is always propagating:

€
k. =+ /eLk(z)Jrﬁki. (3)

In the fields of for example imaging or sensing, we are often limited by the diffraction
limit. This imposes a lowerbound on the smallest dimension which can be imaged or
sensed. However, in hyperbolic media we do not have this constraint and ideally we can
have a high transmission for all TM-polarized spatial modes. This can be seen in Figure 1.

Transmission properties

'Normally the term spatial dispersion is differently used, namely for waves in non-local media.
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The Fresnel transmission coefficient of TM-polarized light through a 150nm thick layer
of hyperbolic medium has been plotted. The input and output media are both air and kg is
the wavenumber in air. Both angle of incidence and wavelength have been changed. For
a more thorough discussion on this figure and a nice review paper on hyperbolic media,
please refer to [7].

A question which arises is about the origin of so In |'|: |
many transmission peaks for each wavelength? P
According to a review paper [7] the occurence
of the transmission peaks for the long wave-
length part of the visible spectrum can be un-
derstood as excitations of coupled surface plas-
mon polariton waves. In this Letter, we pro-
pose a different explanation for the origin of the
transmission peaks, namely guided waves.

Origin of transmission peaks

In the visible part of the electromagnetic spec-

trum, no hyperbolic media have been found so- Figure 1: The natural logarithm of
far. This means that we need to mimic spatial the transmission through a 150nm thick
dispersion. As an example, this can be done slab of hyperbolic medium. Dispersion
by making a multilayer stack of a dielectric has been taken into account and the an-
(Re € > 0, in our simulations titaniumdioxide) gle has been changed (kx/ko). Losses
and a metal (Re € < 0, in our simulations sil- have been neglected.

ver). Each layer is about 15 nm thick. Effective

Medium Theory can be applied when the thicknesses of the layers are subwavelength
and it can be shown that the effective permittivity tensor is of a hyperbolic medium, i.e.
€ g < 0. We calculated rigorously the transmission and reflection coefficients 7|, #4, r|,
r+, where the arrows indicate the direction fo the incident beam [8]. We searched for a
guided mode inside the multilayer stack, i.e. a field distribution, which does not need to
have any input field. This corresponds to finding the poles of #7) —ryr.

For our assertion, both figures in Figure 2 look very similar, which is the reason that the
excitation of guided modes makes a large field around the edges of the multilayer stack.

Properties of guided modes

A hyperbolic medium has some peculiar guiding properties. Some differences compared
to common waveguides are:

e There are infinitely many guided modes.

e The mode with the smallest propagation constant has the fewest oscillations in the
direction of confinement. Because k, increases with increasing propagation con-
stant, the number of oscillations in the confinement direction keeps increasing.
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Figure 2: Comparison between the transmission plot and #1#) — rr|. Material dispersion
has been included, but we neglected losses in order to show the guided modes clearly.

Conclusion

In hyperbolic media, the wavevector behaves differently we are used to. When we con-
sider a slab waveguide, consisting of a hyperbolic material, then for TM-polarized guided
waves, the wavevector component in the confinement direction increases, while the prop-
agation constant increases. This only occurs in hyperbolic media. Hyperbolic dispersion
can be mimicked by a multilayer stack made of a metal and a dielectric with layerthick-
nesses (much) smaller than the wavelength. The high transmission of plane waves with
high spatial frequencies which is obtained can be explained by the excitation of guided
modes. In lossless, homogeneous hyperbolic media, there are infinitely many guided
modes possible. This is in contrast with normal waveguides, where a cut-off propagation
constant exists.

References

[1] J.B. Pendry, "Negative refraction makes a perfect lens”, Phys Rev Lett, vol. 85, pp. 3966-9, 2000.

[2] A.C. Assafrao, ”On super resolved spots in the near-field regime”, PhD-thesis, Delft University of
Technology, 2013, pp. 123-125.

[3] G.E. Moore, "Cramming More Components onto Integrated Circuits”, Electronics, vol. 38, pp. 114-
117, 1965.

[4] W.D. Newman, C.L. Cortes and Z. Jacob, “Enhanced and directional single-photon emission in hy-
perbolic metamaterials”, Journal of the Optical Society of America B-Optical Physics, vol. 30, 2013.

[5] C. Guclu, S. Campione and F. Capolino, "Hyperbolic metamaterial as super absorber for scattered
fields generated at its surface”, Physical Review B, vol. 86, 2012.

[6] D.R. Smith, P. Kolinko and D. Schurig, "Negative refraction in indefinite media”, Journal of the
Optical Society of America B-Optical Physics, vol. 21, 2004, pp. 1032-1043.

[7] C. L. Cortes, W. Newman, S. Molesky and Z. Jacob, “Quantum nanophotonics using hyperbolic
metamaterials”, Journal of Optics, vol. 14, 2012.

[8] O. El Gawhary, M.C. Dheur, S.F. Pereira and J.J.M. Braat, “Extension of the classical Fabry-Perot
formula to 1D multilayered structures”, Applied Physics B-Lasers and Optics, vol. 111, 2013, pp.
637-645.

242



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

Fabrication technology of metal-cavity nanolasersin
| 11-V membraneson silicon

V. DoloresCalzadilla E. J. GeluK, T. de Vries! B. Smalbruggé,P. J. van
Veldhoven? H. Ambrosius® D. Heiss: A. Fiore? and M. Smit

COBRA Research Institute, Eindhoveniversity of Technology,
Postbus 513, 5600 MB Eindhoven, The Netherlands.
! Photonic Integration, Department of Electrical Engineering
2 Photonics and Semiconductor Nanophysics, Department of Applied ®hysic

Electrically pumped metal-cavity nanolasers in 111-V semiconductors are promising for
their application in optical interconnects, where high integration density and low
optical powers are required. They offer a low threshold current and excellent cooling
properties due to the metal encapsulation. In this contribution, an overview about the
technology required for the fabrication of a nanolaser coupled to an InP-membrane
waveguide on silicon is presented. A variety of techniques are used including electron-
beam lithography, dry and wet etching, as well as deposition of dielectrics and metals.
The technological challenges to fabricate such a complex nanostructure are also
discussed.

I ntroduction

Metalcavity semiconductor nanolasers were recedynonstratedexperimentally.
This new type of lasers aretémesting in view of their potenti@haracteristicswhich
include high integration density, excellent cooling properties,-tdBamodulation, etc,
which m&e them attractive for low power applications such as optical interconnects.
First devicesshowed lasing at cryogenic temperaturesl][ and lasing at room
temperature was achievéater [2]. These devices radiated into the far fidtdr their
integration in photonic circuitsaveguide coupling is mandatoryhich increases their
fabrication processomplexity.

p-contact 7 <— n-contact M InP (3.17)

pillar laser grating B InGaAs (3.55)
B InGaAsP (3.36)
[ Si(3.47)
Si0,/SiN, (1.45/1.95)
BCB (1.45)
Ag (0.14 + 11.4i)
Au (0.53 + 10.8i)

coupler
waveguide

Figure 1. Schematic of a metzdvity nanolaser coupled to an infiembrane waveguide connected to a
grating coupler. The refractive index of each material at 1.55 pum isxshgearenthesis.

We proposea metatcavity nanopillarstructurecoupled by evanescent field to an inP
membrane wavegde as shown in Fig. 1 [3].Both the laser and waveguide are
fabricated in a [HV layer stack bonded ta silicon substratewith Benzayclobutene
(BCB) [4]. The pillar has an undercut above and belowattgve region (InGaAs) to
increase the cavity quality factofit is covered by a dielectric layer anihen
encapsulated with silver to form the meatality thatprovidesa strong feedbacto the
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TE mode supported by the cavifjhe metakladding makes ettric contact on the top
of the pillar whereas a lateral-gontact is deployed over a large area to minimize its
contact resistanc&or characterization purposese includea grating coupler to @uple

the light out of the chip

The presentcontribution gives anoverview of the fabricationtechnology ofthis
nanolaserthat we are presently developinthe most relevarand criticalfabrication
steps are discussed, as weltleschallengs that have to be met

Electron-beam lithography and etching processes

The definition of the nanostructure is carried out by eledbeam lithography{EBL)

due to the high resolution required. This is done in tlBe steps. During the first
lithography, thenanaillar is defined. Later, an overlay exposure igded to define the
waveguideand finally, the grating coupleis defined with another overlay exposure.
Three different lithographic masking schemeswased during theseBL steps, which

are depicted in Fig. 2(left) and discussed in the following.

The first EBL exposure is done using H3€xsist, which isa negativeresistwell known

for its usage in high resolution lithograptg).[Since itcan be thinner than 100 nthe
influence of theelectron scattering inside the ressslimited Nevertheless, ithickness

is not enough to etch a hardmask able to withstand the etching of the pillar (about one
micrometerhigh), and therefore it has to be used in combination with another resist in a
bilayer resist scheme in order to be ablestdh high aspect ratistructures[6]. The
pattern in HSQ is transferrad an underlyingHPR504 resist by means ofr@active
ion-etching (RIE)process using oxygen, which in turn is used to transfer the pattern into
a SiOy layerwith a CHR-basedRIE. Finally, the SiQ is used asa hardmask to etch the
semiconductor pillar using inductively coupled plasma RIE {RIP) using a methare
hydrogen cheistry (CH4:Hy).

Pillar Waveguide Grating

EBL HSQ
RIE(O;) | | HPR504 ZEP
RIE (CHF;) sio, || Hsa || siN,
ICP-RIE (CH4:H,) I11-V semiconductors

Bonding layer

Si-substrate

= 100nm NanolLab

Figure 2. LeftProcessing schemeés fabricate the nanostructures. tor f eiraphic
schemas always defined by EBL and developmdRight: Pillar after wavegde etching and removal of
hardnasks.

In a secondEBL exposure, the waveguidies defined at the bottom of the pillar
structure. During this step, a mapkotedion for thepillar is mandatory, otherwise the
pillar will be eroded during the waveguides etching. For this purpose, the Iskrtima
etch the pillar is not removed after the first lithography

An overlayEBL normally demands a prior planarization of suefaceto keepthe resist
thickness uniform as well as thardmask layetWe avoid such planarization by using
the HSQ resist directly as the hardmasKhis technique requise enhancingthe
resistance of HSQ to the semiconductor etching chemistry uske RIE, what can be
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doneeitherby hardly curing HSQ [7] dby treatingit with an oxygen plasma [8]. In this
way, afer the pillars have been etched, HSQ is sptlireaan exposedjevebped,and
treatedwith an Q-plasma. Later, this HSQ is used as the hardmask to etch the
waveguide using methane hydrogen inR#E process. Theresult of these two
lithography steps is shown in Figright).

A final ebeam lithography is required to fabricate the grating coupler. In this caBe, ZE
resist in combination with a SiNnask is used. This is preferred because it is a positive
resist,which means that any neexposed regiofi.e. the pillar and waveguideyill be
protected by th&iN, hardnaskduring the grating etching he undercut to enhance the
quality factor of the cavityas described in our laser design [&n be fabricated right
after thepillar etchingby a selective wet etching of InP as it is shown in Fig. 3.

Figure 3. Left: Dp vofical grngpler. Right: ari dcu bried usirtbe
solutionH,O:H;PO,:HCI.

Deposition of dielectrics and metals

The metal cladding of the cavity would create a short circuit unless a dielagénidd
deposited before silveryhich also helps to reduce the metal l@sscording to the
design [3] For this purpose, either Sihdr SiQ, can be deposited bygsmaenhanced
chemical vapor depositioPECVD), however it has been found thaSiO, cladding
would result in a higher quality factor due tolaw/er refractive indexBefore the actual
deposition of the chosen dielectric, a thin passivation layer gf @il few nanometers
can be deposited at low temperatueseducehe surfacerecombinatior{9]. Since the
resonant wavelength is mainly given by tbavity size thickness of the dielectric
cladding plus the semiconductor pillar widthit is important to consider that the
PECVD deposition rate on sidewalls is about two third$iefdeposition rate on a flat
surface.

After the pillar has been covered with a dielectric layer, sikem be thermally
evaporated to form the metehvity. However since silver does not stick on SISGIN,

an adhesion layer must be previously deposiigdift-off, for example Ti/Au 1],
chromium [LO] or germanium. In order to properly cover the sidewalls of the pillar, the
silver evaporation shoultbe done at different angleSloreover, sce the evaporation
leads to the formation of silver grains, rapid thermal annealing (RTA) igedmiter

the evaporatioo increase the metal grain size resulting in a more uniform metal with
reduced scattering loskigure 4 shows a pillar covered with silver before and after
RTA.
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1um
o

Figure 4. LeftPillar atter silver eaporatiorSiIer grains of about 30 nm reformédght: Silver

covered pillar after RTA.

Conclusions

A general overview of the processingechnologyto fabricate waveguide-coupled
metatcavity nanolasers in Infhembranes bonded to silicéras been presentedhe
most criticalfabrication stepshave beenpresentedwhich canalso be usedfor other
metatbased nanophotonic circuits.
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Spatial division multiplexing (SDM) is increasingly become the next logical step in
extending the capacity within a single fiber through the transmission of multiple spatial
channels either in a multi-core or multi-mode fiber. Further enabled by multiple-input
multiple-output  (MIMO) digital signal processing (DSP), emerging low-loss
(de)multiplexers are discussed for providing high-density SDM transmission of >1TB/s
per channel over a single fiber.

Introduction

The recent interest in mode-division multiplexed transmission over multi-mode/core
fibers is due to the dramatic increase in the capacity of a single optical fiber by
exploiting the spatial dimension. To this end, ongoing developments have been focused
on achieving low, or compensated, differential group delay (DGD) few mode fibers
(FMF) [1], multi-mode amplifiers [2] and integrated mode couplers [3]. The latter is of
primary importance, as low-loss and effective coupling into and out of the FMFs can be
achieved. In earlier subsystems focused on 3 mode transmission, phase plates were
proposed and exhibited losses in the order of 8-10dB at the multiplexer (MUX) and
demultiplexer (DEMUX) [4]. In state-of-the-art FMFs where losses are 0.19dB/km [1],
losses of 20dB at both the MUX and DEMUX side could equate to about 100km less
transmission capability. In addition to low loss launching, to support the scalability to
higher number of mode channels, appropriate technologies are being considered which
are capable of exciting all spatial modes of the FMF. Several technologies have been
investigated within the ongoing European FP7 project MODEGAP based on spot-based
mode couplers [5], waveguides [6], and silicon on insulator multiplexers [3] and
photonic lanterns. These have been realized and demonstrated to realize MUX and
DEMUX features in transmission systems [5,7]. In this work, the principle of the
MUX/DEMUX techniques are discussed with their design optimised currently for 3-
mode operation. These technologies are evaluated in transmission systems. Finally we
provide an overview of the emerging techniques likely to allow the expansion to higher
number of modes channel transmitted over a single fiber.

Spot Launching Techniques

According to [8], various spot arrangements can be constructed by adding a spot for
each non-degenerate mode and two spots of degenerate modes. The 3-mode coupler is
the simplest for investigation. In this work, the excitation of linearly polarized (LP)
modes, LP¢;, LP;1, and LPy;, are of primary focus, where the latter two are degenerate
modes. Hence to generate the three modes, three spots carrying the light beams are
arranged in a triangular shape in order to achieve the optimum performance. Based on
the free-space setup, a single 3-surface prism is used to combine the collimated beams.
Two vertical surfaces of the prism are perpendicular and the top surface is 45 degrees
with respect to the horizon.
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3-surface
Prism
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Fig 1: (a) 3-surface prism for combining 3 light beams; (b) prism bevels; (c) the setup of the 3-surface
prism based 3-spot mode coupler; (d) The3 combined light beams and (¢) FMF output fields (f) 3D
waveguide design for a 3-mode spot launcher, (g) A design allowing scalability to 6 modes

As shown in Fig. 1(b), to influence the spacing between the spots, the widths of the
bevels on the prism are less than 10pm which is 50 times smaller than the collimated
light beam with a diameter of 500um. Therefore, the influence from the bevels becomes
negligible. A telecentric setup composed of two lenses with focal length of f;=150mm
and f,-2.7mm are utilized to image the 3 spots into the FMF, as shown in Fig. 1(c). Fig.
1(d) shows the captured light beams. The tested coupler inserted loss (CIL) of the 3-spot
mode coupler as a mode MUX and DEMUX is 3.9dB and 2.8dB, respectively, for a
step-index FMF with a core diameter of 19.4um. Fig. 1(e) shows the output fields
excited for each spot. For a graded-index FMF with a core diameter of 11um, the best
CIL at the mode MUX and DEMUX achievable is 3.7dB and 3.5dB, respectively [5].
As the proof of principle is based on 3-mode propagation using free-space techniques,
the scalability to higher number of modes as suggested in [9], is not investigated with
free-space spot arrangement. To scale to a higher number of modes, the spots from the
free space launcher can be further optimized and placed closer by using 3D silica
waveguides inscribed by femto-second pulsed lasers [6,8]. Each input excites a different
orthogonal set of modes, which are fully mixed when propagated along a few-mode
fiber. The key consideration for the design of such waveguides is the placement of the
spots such that the supermodes approximate the modes of the few-mode fiber with
minimum CIL and mode dependent loss (MDL). As shown in Fig 1(f) and (g) it
becomes relatively easy to scale to higher number of spots.

An Silicon on Insulator Integrated Multiplexer

In contrast to bulky free space components discussed, photonic integration provides the
possibility for the (de)multiplexer to be placed with local oscillator lasers, modulators
and photodetectors. This is key if these are to be combined and realised cost effectively
in a transponder. To this end, a photonic integrated mode coupler based on Silicon-on-
insulator device was designed and fabricated. The device utilizes push-pull and center
launch to excite LP;; and LPy; mode. Supporting 6 channels (both polarizations of 3
modes), the device creates two Gaussian-like spots with a phase difference A¢ of m,
since LP;; mode has a bipolar field distribution. As shown in Fig. 2(a), to create such
bipolar field for LP;; mode coupling, two 2D grating couplers, push-pull driven with
opposite phase are employed. To further illustrate this concept Fig. 2(b) shows full 6-
channel integrated mode coupler where the center 2D grating coupler is for launching or
channeling the LPy; mode for reception. The mode coupler connects 6 individual SMFs
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Fig 2: Push-pull scheme realized by a pair of grating couplers for LP11 mode excitation; (b) circuit for
multiplexing LPO1 and LP11 modes; (c) Scanning electron microscope image of the five vertical grating
couplers and (d) The packaged integrated mode coupler
through one-dimensional grating couplers to the five 2D grating couplers for coupling
into the few-mode fiber. The five small 2D vertical grating couplers, as shown in Fig.
2(c), excite 6 channels: the x- and y polarization of LPy; and two orthogonal LP;; modes

(LP11, and LPy1p). Fig. 2(d) shows the picture of the packaged mode coupler.

Experimental Validation — Spot Launcher and SOI Multiplexer
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Fig 3(a): The experimental setup verifies the performance of the spot Launch Mux/Demux (inset:
measured spot alignment).(b) Results
Firstly the performance of the free-space spot launcher is experimentally verified using
the setup depicted in Fig. 3a. At the transmitter, the [Q-modulator is modulated at
28GBaud and driven by two digital-to-analog converters (DACs) for the in-phase and
quadrature component of the transmitted constellation. The gray coded QPSK, 8, 16 and
32QAM constellations were used. By employing a number of gray coded, fully
uncorrelated pseudo random bit sequences (PRBS) for the transmitted sequence in the
digital domain each of length 2'°. The output of the IQ-modulator is split, and one arm
is delayed by 1233 symbols for the emulation of polarization multiplexing. After
recombining the two arms, the DP signal is noise loaded to characterize the optical
signal to noise ratio (OSNR) system performance. To achieve 3 DP multiplexed
transmission channels, the noise-loaded signal is split into three equal tributaries. Two
arms are delayed for mode decorrelation by 2458 and 5236 symbols, respectively. As
the single prism mode MUX is used, equal excitation of the three LP modes is expected
to guarantee full mixing. For all inputs, the losses are approximately 3.7dB. The
transmission link consists of two spans of graded index few-mode fiber with length of
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41.7 km and a DMD of +3.82ns. A similar setup to the MUX is used for the DEMUX
operation where the loss is 4.5 dB for each output.

In the digital domain, the optical front-end impairments are compensated. Then, the
chromatic dispersion (CD) is removed. To invert the channel mixing effects, a 6x6
MIMO time-domain equalizer (TDE) with adaptive step size is used [12]. The weight
matrix of the TDE is heuristically updated using the least mean squares (LMS)
algorithm during convergence and decision-directed least mean squares (DD-LMS)
during data transmission. One carrier phase estimation (CPE) block per output channel
in the form of a digital phase locked loop is used to compensate for phase offset[11].

As shown in Fig 3b, at the FEC limit, the penalty is quite low for QPSK, 8/16 QAM.
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Fig 4(a): The experimental setup verifies the performance of the spot Launch Mux/Demux (inset:
measured spot alignment).(b) Results

To validate the integrated multiplexer, the setup in Fig 4a is used. The 3dB wavelength
bandwidth of the integrated MUX is larger than 40nm, which is sufficient for C-band
[3]. Hence, 4 ECLs operated with 1THz frequency spacing are combined and
modulated. In this particular test, the DACs are operated for QPSK or 16QAM symbols.
Unlike the conventional method for polarization diversity (PD) through a polarization
beam combiner with a delay line, the 2D grating coupler combines the two
polarizations, the signal is directly split into six tributaries, which are amplified and
input to the six ports of the integrated mode coupler. Polarization controller (PC) is used
to maximum the diffraction efficiency of the grating couplers. The delays with respect
to the LP; . port are decorrelated as in Fig 4a. After the DEMUX, the signals are sent
into PD coherent receivers for capture and processing. Fig 4b. shows that with respect to
theory, a penalty of 2dB and 3dB are observed for QPSK and 16QAM respectively

Conclusions

Within the MODEGAP project, various technologies have been shown to potentially
offer a path to scalable mode multiplexing and coupling into emerging low-loss FMFs.
Through integration and low-loss waveguides, a higher number of modes can enable
1Tb/s per wavelength channel transmission over single fibers.

We acknowledge the EU FP7-ICT MODE-GAP project (grant agreement 258033), the IT R&D Program of
MKE/KIAT (2010-TD-200408-001) of the Republic of Korea, We want to thank Lars Griiner-Nielsen and Yi Sun
from OFS Denmark and OFS USA, respectively, for the few-mode fibers
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P. DasMahapatra, R. Stabile, A. Rohit, and K.A. Williams
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Higher order ring resonators offer a possible avenue for broadband routing of optical
signals. Recently we have reported broad bandwidth and high signal extinction in a 4x4
monolithically integrated optical switch matrix using fifth order resonators. In this
paper we study the first dynamic multi-path routing experiments across a range of paths
in the resonant switch matrix connecting two inputs to one output at a time. Further, we
report the routing across a higher number of switching elements with modest losses,
connecting combinations of ports for up to eight inputs and two outputs in the same
monolithic optical switch matrix.

Introduction

High fabrication tolerance CMOS process combined with high confinement, low loss,
Silicon on Insulator (SOI) waveguides has led to considerable and renewed research into
micro-ring resonator technology. Optical switch architectures have been studied in some
detail, primarily by placing single-order micro-rings switch elements at the intersections
of multiple meandering waveguides to create modest connectivity 'optical router’
elements [1,2]. The single order micro-ring is conceptually attractive but the inherent
trade-off between the spectral-passband-width and the pass-band-to-stop-band signal
extinction [3] compromises the switch scalability. Additionally, nanoscale fluctuations
in waveguide dimensions lead to resonant wavelength fluctuations in the order of 1nm
in nominally-identical ring resonators across a wafer [4,5] which is significant when
compared to the narrow operating bandwidth. Simultaneous optimization of the
passband width and switch extinction has been demonstrated in higher-order ring
resonant elements though [6]. We have recently demonstrated 40Gbps routing across
representative paths in a 4x4 switch matrix of higher order resonators [7]. In this work,
we use this scalable crosspoint switch matrix to demonstrate dynamic multi-path routing
for the first time in a large optical switch matrix with paths with up to eight elements in
one row.

Circuit Fabrication

The optical switch matrix was fabricated on a 12x12mm? SOI chip diced from an
ePIXfab multi-project wafer. Low-cross-sectional area 500x220nm?, high-confinement
silicon waveguides are used along with 1.2pm and 2um upper and lower SiO; cladding
layers. The input and output buses required for the optical crosspoint matrix run
vertically and horizontally across the chip respectively and fifth order resonant switch
elements are located at each intersection. Waveguide crossings are implemented with
32x3um? MMI couplers to complete the formation of the matrix. Grating couplers
optimised for TE polarisation are used in combination with horizontal tapers to couple
light into each input and output. These are located at the bottom edge of photograph
which is shown in Fig. 1.
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On-off switching is realized by tuning the transfer function of each ring by means of a
thermo-optically induced refractive index change. Micro-heaters are fabricated on top of
the foundry-supplied SOI circuits. A metallisation comprising 100nm Ti, 20nm Pt and
300nm Au is evaporated and patterned to create the on-chip wiring and microheaters.
The on-chip wiring is implemented with 18.5um-wide tracks and the heater elements
are constricted in width to 3um. A selective Au etch is carried out for the micro-heater
elements to increase their resistance to around 400 Q. A polyimide layer is spun over the
photonic circuit and the microheaters to provide protection against thermally-induced
degradation. The bondpads and the grating couplers are re-opened at the end of the
process for electrical and optical connections.

The microheater at each switch element is individually addressed. A common ground is
used for the entire circuit and hence the fabricated mxn matrix has (mxn)+1 electrodes.
Wire bonds leading off from the chip as shown in Fig.1, enable external electrical
connectivity to each switch element. The chip is fixed to a water-cooled mount in order
to maintain the chip at a constant temperature of 22 °C.

Control

]011U0D

i, ¥n
i Ground i Ground

Fig. 1. Photograph of assembled circuit. Wire bonds leading to the left and right of the image are control
lines. Wire bonds leading to the bottom edge are the common ground lines.

Results

A 10Gbps, 2°'-1 PRBS, on-off keyed optical signal is generated with a tunable laser
tuned at 1551.35nm and a Mach-Zehnder modulator. The signal is split into two and
input into two ports of the switch matrix. The output from the switch matrix is initially
amplified by a low noise amplifier with an output optical signal to noise ratio (OSNR)
of 30dB/0.1nm. A 0.9nm full-width at half maximum band pass filter (BPF) is used for
noise rejection. The amplified output is fed into an optical receiver and viewed on a
sampling oscilloscope as shown in Fig. 2.

Three fibers are used perform multi-path analysis: Two fibers are used as the input into
the chip and with polarisation controllers put in place to optimise the input polarisation.
The third connects the output to test equipment. All three fibres are separately aligned to
minimise the fibre-chip coupling loss to 6dB per fiber.

Initial assessment of the switch elements is carried out by characterizing the error rates
for the full range of paths. A selection of the paths tested are summarised in Table I. A
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path independent power penalty is noted with the highest penalty being 0.7dB for the
path from input 5 to output 2.

10Gbps
Tunable Polarisation Intensity Polarisation
LASER Controller Modulator Controller

=7

B OOy ®iwieN
s | —

A
Ll
|

1x2 Splitter |—

EDFA
+BPF

Electrical Driver
Electrical Interface

Sync

Samplin i
BPG/BERT Scc?pe g Receiver —

"""" Electrical
— Optical

Fig. 2. Experimental arrangement for the study of dynamic multi-path routing.

Table I: Power penalty and bias voltage levels for selected paths through the optical switch matrix

Power penalty in the

Ring Element “On” state bias (V) “Off” state bias (V) “On” state (in dB)
8x2 3.14 7.44 0.3
7%2 347 6.93 0.5
6x2 2.84 7.21 0.6
5%2 5.22 8.71 0.7
8x1 0.00 6.71 0.3
6x1 2.22 7.15 0.5

Bias conditions are optimised individually and example values are included in Table I.
Each micro-heater is actuated with one control voltage and this tunes all five resonators
together for the fifth order switch element. The absolute values for the on and off state
biases do vary between the switch elements and this highlights the requirement
compensate for the nanometer scale fabrication variations and resonant wavelength
registration errors across the optical switch matrix.

Dynamic routing is subsequently demonstrated by applying 750us period square wave
signals to two of the optical switch elements. Routing is performed from inputs 6 and 8
to output 2 and also from inputs 5 and 7 to output 2.

The time traces shown in Fig 3a and b show the output signals toggling from input 6 to
8 and input 5 to 7 to output 2 respectively. The vertical axis is fixed for each of the
measurements to show modest levels of path dependant loss. Fig 3c and d show routing
to output 1. Fig. 3a, b and ¢ show a distinct difference in signal levels which correspond
to the path dependant losses across the chip. The power levels in the guard bands is
nearly zero which is consistent with the measured off state signal leakage of below
20dB.
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Fig. 3. Dynamic routing for 10Gb/s data for three combinations of inputs to outputs with (a-c) power
equalized at the input to the optical switch matrix, and (d) power equalized at the output of the optical
switch matrix through additional optimised losses on the input side.

1 ndinQ

There is a time-dependent power drop visible in Fig. 3a, b and ¢ but this can be removed
when the input power levels are adjusted to give equalized output levels as shown in
Fig. 3d. The power excursions in Fig. 3a to 3c may be attributable to the carrier lifetime
in the fibre amplifier.

Conclusions

We have successfully demonstrated signal routing at 10Gbps across multiple paths of a
switch matrix with static power penalties below 0.7dB. The first demonstration of
dynamic connection of multiple inputs to a single output is also carried out. This
facilitates routing across a span of up to eight inputs and two columns, and the prospect
of further scaling in microresonant switch matrices.
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Particle detectors in High Energy Physics experiments provide huge amounts of data
which needs to be transported to the data center. Fiber-optic links provide a high-
capacity low-mass solution. However, the performance of semiconductor lasers used in
such links is shown to degrade by the amount of radiation that is generated when
particles with high energy collide. We investigate a wavelength-division multiplexing
(WDM) scheme in which only the semiconductor modulators are in the high radiation
environment, and test the modulators for radiation hardness. The InP-based WDM
modulator circuits are designed for fabrication on generic integration platforms. The
samples will be irradiated with a 23 MeV proton beam at Karlsruhe Institute of
Technology (KIT) up to various doses. Here we discuss the system concept and
preliminary measurements of non-irradiated samples that will later be compared with
the irradiated samples.

I ntroduction

The largehadron collider (HC) at CERN in Genevaollides two higlly energetic
particle beamsagainst each othet0 million times per secongroducing billions of
interactions The subatomic phcles that are created such interactions are detected by
so called particle detectorsParticle detectors are mad# sensos elements and
electronic bips are attached to the sensors to read out the. daaticle detectors
produce enormous amogrdf dataandareread out orhigh speed links to a computer
farm, locatedhundred meters aways experiments progress to higher luminosities,
future detectors will be designed to read all data to the computer farm, unlike the
present selective readolachread out bip need serial data rate®f multiple Gbps
making itseveal Tbps for the whole detectdPresently, the data ratelow enough to
be transmitted electrically for the first couple of meters and thenfiorm electreoptic
conversionby direct modulation of a laseElectrical read out of data using copper
cablesat data rates of 1@Gbps for a couple of meters of cakke already very
challenging With higher data rates, the electptic conversion is preferred as close to
the detector as possible.

Particle beams colliding against each other produce high amounts of radiatemoclos
the interaction pointThe detector circuithave towithstandhigh radiationlevels[1].
High energy subatomic prticles created in the collisions flghrough the circits,
causng damage tothe crystal structureand giving rise totrapping of charges at
interfaces etc. These phenonma affect the performance of tharcuits. Direct
modulation of lasers in sudchharsh environment ishallenging as literature suggest
that thelasers degrade significantly already at less severati@uienvironments [2]
Modulation of a continuous wave laser using external modulators is another interesting
option. Howeveryelatively little is known about the performance of such mddrda
under radiation and more research is needed on the subgatider the following
configuration:The laser is placed in a low radiation environment andCibetinuous
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Wave (CW) laser beam lzroughtinside the particle detector area anoptical fiber.

This CW isthen modulatetby the read ot chipusing anoptical modulator circuit The
modulatedight is sentbackto the data acquisition and processing part at the computer
farmon a return optical fibgiFig. 1).

Deatector - High Radiation
envirenment

Digital read-out
Chip @ 10Gb/s

/ Low radiation ‘\l

ar
~ continuous wave
m l injection laser

7]
~— Modulation
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O Optical ‘\ Photo diode W
- J

maodulator
Fig. L Block diagram depictingxternal modulation and placement of optical devices in radiation.zones

The steps taken in the direction of indirect modulation technique include:
e To investigate and understand how existing modulators behate madiation
environment.

e To designWavelegth Division Multiplexed (WDM)modulatordor irradiation
tests.

Design of ASPIC and sub-mount

The Application Specific Photonic Integrated CircuASPIC) shown in Fig. 2was
designed in the COBRAyenerc integration platform [3] It includestwo WDM
modulator circuits with a possibility of preamplification or postamplification In
addition, there are a number t@fst structureso test the individual components. The
circuitsare built usingstandarduilding blocks like modulators,egicondetor Optical
Amplifiers (SOAs)andArrayed Waveguide Gratings (AW hase modulator sections

of ~2 mm length are designed in Maekehnder(MZ) interferometer configuration.
Alternatively, small SOAsectiors can be used as modulatorkarger SOA sections
provideoptical gain. The AWGs have 2 inputs and 5 outputs, with a channel spacing of
400 GHz andrree Spectral Rangé$R of 2400 GHz. A SOA is included in one of the
inputs of the AWG giving the circuithe capability of pre or post amplification of
signals.The 3 wavelengths are modulated using MZ interferometers and the remaining
2 are modulated usirthe smalleiISOAs.The building blocksare alscseparately placed

as test structures.

P’ I= — __:""3,/ —@\
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Fig. 2: (L) ASPIC designed in the TU/e COBRA generic integraptatform (R) Circuit schematic.

Little is known about radiation hardness of InP based passive devices compared to
LiNbO3 devices [4]. Literatureq]-[8] suggests thaMultiple Quantum Well MQW)
based devices perform better than bulk devices under irradiatigrassive circuits in
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the COBRA platform are buldevicesand the active circuits are devices witlultiple
guantum wells.The modulators supplied b@claroin bar form consisbf 22 MZ
modulatorsper barand arebased onmultiple quantum wells Four samples from
COBRA and four modulatopbarsfrom Oclarowill be exposed to 13, 10" 10" and
10" protongen? fluence (1 MeVneutronequivalent) respectively. These devices are
compared in performanceor different exposure levels and between technologies
During irradiation, thecircuits need to belectricallybiased to imitatectualoperating
conditions. herefore a PCB submount was designed for electri@ald optical access

the sampleas shown in Fig.3.

Fig. 3: (L to R) ASPIC glued and bondesh the submount measuring 5x5 ubmountmounted on

the motherboard for measurements

M easurement results for non-irradiated samples

All measurementesults reported here are on the 4madiatel test structuresn the
COBRA circuit A simpleschematic sketch @ MZ modulator is shown in Fig. &ight
from a1550nm laselis coupled through a fibdyasedpolarization controller to Eensed
fiber on the left facet of the chip. After transmission through the chip,light is
collected with asecondlensedfiber on the right facet of the chip and coupled to an
external power meter. Typical measuremanishe modulatomcluded phase ersus
voltage characteristicand determiningthe extinction ratio The nonirradiated sample
had a \, of 6.5V andan extinction ratioof 14 dB as shown in Fig4. The SOA was
tesed using a current source argtording the light output powday an optical power
meter. The light output power and the Amplified Spontaneous EmissSE)(
spectrum measurements are in agreement with expected values. Higithdrom a
tunable laser source with an output power of 0.7 dBm at 1550 nnnjeated into an
SOA and theoutputspectrumwasrecorded. The peak output power is +4 dBirom
thiswe estmate a SOA gain around ¥3B, as theSOA has compensatdte coupling
loss (2% 4.5 dB) and waveguide propagation logsl dB). The AWG responsewvas
measured using darbium-Doped Fiber Amplifier EDFA) source with a broadptical
spectrum The output spectrum was recorded using an Optical Specknatyser
(OSA). Measurementsf the AWGshow a channel spacing of 400 GHz, FSR of 2400
GHz and a crosstalk of 16 dB.

Conclusions and Future

The individual building blocks of the WDM modulator circuit have been characterized
and show proper functionalitpetailed optical measurements on the ASPIC are being
carried out now. Irradiation testé the WDM circuits and the Oclammodulatord9] in

the 23 MeV proton beamat KIT are plannedThe irradiated samplesill be measured
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and the performancewill be compared with noiradiated samples. Thorough
investigation is needed to analyse the results of characterisation and untbiénsta
radiation hardness performance of the modulator.
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We are developing a generic integration platform for Photonic Integrated Circuits with
a target wavelength of 2 um. The platform is based on the platform process for 1.55 um
which supports monolithic integration of a wide range of passive and active
components as amplifiers, modulators and detectors. In this paper we discuss the
extension to longer wavelengths and its impact on the performance of the passive
components, supported by initial characterization results of the waveguide loss and an
Arrayed Waveguide Grating in a wavelength window from 1.88 to 2 um.

Introduction

Generic integration platforms offer a set of standardized components, which can be
integrated monolithically to obtain the functionality for a broad range of applications.
With this approach, which is conceptually similar to the CMOS process in electronics, a
variety of integrated circuits have been demonstrated [1,2].

Driven by the needs of telecommunication applications, a platform with a range of
capabilities has been established in the wavelength region of 1550 nm. An extension of
the supported wavelength range will allow for new applications. Wavelengths around
2000 nm are especially interesting for medical and sensing applications. These
comparatively long wavelengths, allow for efficient evanescent field sensors, gas
sensors or low-cost OCT systems [3].

Technologically the extension of the platform requires only a few modifications. Our
active-passive integration scheme used for the 1550 nm window [1,2], can easily be
adapted for the desired wavelength region [4]. By keeping the passive waveguide
section the same, the necessary platform adaptations are restricted to redesign and
characterization on the basic component level. The fabrication processes can be
maintained and we obtain a low-cost platform, allowing a wide range of applications.

In this paper we will evaluate the performance of the passive waveguide section, for
wavelengths up to 2000 nm. We discuss the wavelength dependent propagation loss and
compare the results to measurements obtained with the Fabry-Perot Method from 1880
nm to 2000 nm. Furthermore we demonstrate first experimental results from an Arrayed
Waveguide Grating operating at 2000 nm.

Wavelength dependent absorption

A generic process is based on a common layer stack, shared among all users of the
platform. For maximum compatibility with the existing process, it is convenient to
change the stack as little as possible. One of the most important properties of the layer
stack is the propagation loss, which is sensitive to the materials and the doping levels
employed. For InP based platforms, the waveguides are based on an InGaAsP layer
between two partially doped InP cladding layers. The doping is chosen to form a pin
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diode around the waveguide core, with a gradually increasing concentration of p-dopant
towards the top. This is done to make the layer stack also suitable for use in electro-
optic modulators and amplifiers while minimizing propagation loss.

The decreasing confinement in the waveguide core with increasing wavelength, gives
rise to an increase of the confinement in the highly doped regions. The absorption in the
p-doped cladding is dominant. In the highly doped regions, the absorption can become
higher than 100 dB/cm. Therefore even a small increase of the field in the p-doped
region will lead to a substantial increase of the propagation loss.

In order to get a quantitative estimate of the increase of loss due to absorption we have
performed simulations with the commercially available Finite Difference complex mode
solver in Field Designer, offered by Phoenix BV. These calculations, which are based
on the models mentioned below, are compared to waveguide loss measurements in the
following section. The reference layer stack with detailed material parameters can be
found in [5].

For our simulations we used the following assumptions. The real part of the refractive
index is obtained by using the model provided by Fiedler and Schlachetzki [6]. The
change in refractive index due to the presence of dopant is derived from the plasma
effect. By distinguishing between different effective masses, we take into account the
polarity of the dopant [7]. The absorption due to presence of dopant has been based on
two different models. For n-type absorption, we assume that most of the loss is a result
of scattering introduced through electron-optical phonon, electron-acoustical phonon,
and electron-ionized impurity interaction [8]. For p-type dopant the loss can be reduced
to intervalence band absorption, which has an exponential dependence on the
wavelength [9].

Waveguide loss measurement

To verify the assumptions described above, we characterized waveguides using the
Fabry-Perot Method. A proper estimation of the wavelength dependent reflection
coefficients has been obtained with MIRF, a software tool developed by ETH Ziirich.
Two different types of waveguides have been considered. The first type is in agreement
with the standard layer stack used in the 1550 nm platform [5]. The other has a core
thickness of 600 nm and does not contain any p dopant. Both sets of waveguides are
about 11 mm long and contain shallowly etched waveguides to reduce the influence of
surface roughness. As source we used an external cavity laser in Littman configuration
based on the tuneable laser kit, Thorlabs TLK-1950R. Prior to a wavelength scan, the
SMSR of the laser has been checked over the tuning range using a YOKOGAWA
AQG6375 optical spectrum analyser (OSA). By maximizing the power through the
waveguide using a manual polarization controller, we assume that the best
measurements will result in a TE polarization.

Typical measurement results are displayed in Figure 1. The plot contains the photodiode
signal against the relative displacement of the external grating over time. The black
circles represent a typical result obtained from the undoped waveguides. Compared to
the doped waveguides plotted in dark gray, we measure a significant difference in
contrast ratio at a wavelength of 1922 nm. The contrast ratio decreases further at 1990
nm, as waveguide absorption increases. This effect is further enhanced by decrease of
the laser power when it is detuned from its central wavelength. This hampers the
extraction of accurate loss values when approaching a wavelength of 2000 nm.
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Figure 1: Typical Fabry-Perot measurements

The summarized loss dependence between 1880 nm and 2000 nm is shown in Figure 1.
We see good agreement between the simulation and the measurement results. The
samples containing no p-dopant have a low loss with negligible wavelength
dependence. The measured value is slightly higher, as we did not take into account
effects of surface roughness. As expected, the p-doped set of waveguides show a higher
loss with a steady increase. The overall trend coincides with the prediction, which
indicates that the p-dopant introduces strong exponential wavelength dependence.
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Figure 2: Wavelength dependent loss for n.i.d. (gray) and doped (black) waveguides between 1880
nm and 2000 nm (TE)

An Arrayed Waveguide Grating

Based on the measurements of undoped waveguide samples, we extracted the necessary
parameters for our standard AWG module. In this way, we obtain a compact AWG with
a deeply etched waveguide array section. The minimum bending radius has been set to
150 um. This reduces the insertion loss of the device for longer wavelengths. The
shallow to deep transitions have been adjusted and angled waveguide terminations were
used to avoid back reflections at the coupling interface. Using the Thorlabs TLK-
1950R, we display 2 channels of a 4x4 AWG with a target FSR of 1600 GHz and a
channel spacing of 400 GHz in Figure 3. For wavelength reference, we measured the
wavelength at the beginning and end of the laser sweep with the OSA and interpolated
the points in between. From our measurement data we estimate an insertion loss of
about 2.5 dB for the central channel, by comparing to a straight waveguide. This is a
promising result for the long wavelength platform.
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Figure 3: First demonstration of an AWG operating at 2 pm

Conclusion

We have modelled and measured waveguide loss, for InP ridge waveguides in the
wavelength window between 1880 nm and 2000 nm. Measurement results obtained via
the Fabry Perot Method show a loss of about 7 dB/cm for non-optimized InP
waveguides at a wavelength of 2000 nm. We have verified that the main contribution
for the high loss is the presence of p-dopant, as samples containing no p-dopant showed
loss below 2 dB/cm with negligible wavelength dependence. We demonstrated an AWG
with good performance on the long-wavelength platform.
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Robust Optimization of 2x2 M ultimode I nterference
Coupler Affected by Parametric Uncertainties

Samee ur RehmaMatthijs LangelagrFred van Keulen
Precision and Microsystems Engineering, Delft University of Technpldgift, the Netherlands

Robust optimization of an integrated photonic device affected by parametric
uncertainties is exhibited. The optimization is performed on an approximate, cheap
model of the expensive integrated photonic device simulation. This model is codstructe
using an interpolation technique known as Kriging. To illustrate the method, we
robustly minimize the imbalance of an MMI coupler affected by an etching uncertainty
that causes dilation or shrinkage of the fabricated device geomegyoblast optimum

is found by minimizing the maximum realizable value of the imbalance with respect to
the uncertainty set. The method can be applied to other photonic devices affected by
uncertainties.

I ntroduction

The feature size of integrated photonic devices is steadily becoming sMéttethis
reduction in size, sensitivity to fabrication variations becoacese If the designer does
not takethe limitations of the fabrication procesdo account, the desigd devices
either can’t be fabricated bave low yield.

These uncertainties may arise due to variations in the material properties,
fabricated design geometry, temperature variatieltsUncertainties can be categorized
into two types. Parametricncertaintiesaffect the problem data or parametesile
implementation erraaffects the design variables of a probl@the design variabkeare
variables that arecontrolled by the designer to direct the optimization process.

It is assumed in this worthat only the bounds within which each uncertainty
variesare knownwhile the probability distribution of the uncertainty sstnot available
In this situation, the robust optimization of a device is performed by finding the best
worstcase solution for the objecéwvith respect to the uncertainty set. Wplg the
optimizationon a cheapnodel of the computationally expensive integrated photonics
simulation The metamodel, based on Krigig)], is constructed by sampling the
expensive integrated photonics simiga usinga spacdilling technique known as
Latin hypercube sampling (LHSJ2]. We showcase theapplication of robust
optimizationon an integrated photonic devid®/ minimizing the imbalance of a 2x2
multimode interference coupler affected by variations in its fabricated desigmedry.

This paper is related to the work by Rehnediral [3], in that metamodellings
used to apply robust optimization on an MMI coupler in batrks. The researclhy
Rehmanet al [3], however,was focusedon applying robust optimization omn
integrated photonic devicaffected by implementation error. In this tkpwe apply
robust optimization on aimtegrated photonic device under the more general supposition
that the devicés affected by parametric uncertainty

Robust optimization of problems affected by parametric uncertainties
A deterministicunconstrained dpnization problem is an optimization probletiat
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does not involve uncertainties. Such a problem is defined as
minf (X) @

where,f (x) is the objective and is the set of design variabléd/e now assume that

our problem is affected bymarametric uncertaintyParametric uncertainties reside in a
dimensionthatis sparate from theesigndomain.Let us denote theet of parametric
uncertaintiesas Ap , where Ap belongs to the uncertainty sét. In order to find the

robust optinnm we mustminimize the maximum possible realization of the objective

f (x, Ap) with respect to the uncertainty ¢t This can be defined as
ming(x,Ap) ®

where
g(x,Ap) = max f (x,Ap). @3)

g(x,Ap) represets the worsttase cost of the objective with respectio We seek to
find the best worstasecost, which means that vmeustminimize g(x,Ap).

Numerical Modelling

Robust optimization is applied on an approximiteying [1] model of the expensive
integraed photonic device simulation. Weenstructthe cheap modeby sampling the
expensie simulationusing design of experiment®e use a spadidling technique
known as Latin hypercube sampling to provide trsssaplinglocations.

Kriging is an interpolatio techniquethat usesa parameterize@aussian basis
function. The values for thainknown parameters are chosen by the Kriging fitting
process such that the likelihood thie observed data is maximized. Based on these
parameters, the Kriging interpolation is performbeg maximizing the combined
likelihood of the observed data and the Kriging prediction.

Robust optimization of integrated photonic devices. MMI coupler

A multimode interferenceoupler is avell-known integrated photonidevice which is

used to split, combine or couple ligd§. In this work, the focus is odesiging an

MMI coupler thaiperforms 3dB splitting of the input lighThe device is simulated in

PhoeniX software[5]. The coupler is designed in Silicom4nsulator (SOI) and

operates at a wavelengthhb5um. A mode solver is used to compute the length at

which we should ideally observe 3dB splitting, given a nominal widiV ef1.5um.
Sl i~ Ap

input outpit
ports ports

Fig. 1: 2x2 MMI couplertop view. The dashed line shows thition due to etching uncertaintp
The corresponding lengtior 3dB splitting wasL=8.23um. Ideally, his shoudl
be the lendt for 3dB splittingwhen no uncertainty is involveBidirectional eigenmode
propagation (BEP) is used as the propagation simulaftmmpropagationsimulationis
needed to analyzée performanceof the MMI coupler in the premce of uncertainties.
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Optimization problem definition

It is assumedhat during fabricationthe etch step is only accurate up to a range of
U =[-30nm,30nm]. This etching uncertaintz\p causes a dilation shrinkage of the
whole geometry, meaning the principal MMI waveguide as well as the input/output
ports. The length and width of the MMI coupéee used as design variables

Since our focus i®n achieving3dB splitting, the imbalance between the two
output prts, in the presence of the etching uncertainpy, needs to be minimized. The

imbalancds defined as
Imb=10log, B/P,) @

where B and P, arethe powes at theupper and lower output poréspectively The

robust optimization problem, in the presence of the uncertaimfycan be written as:
ming(LW,Ap) @

where
g(LW,Ap)=max{ (mb(L,W,Ap)*| @

The design domain is limited to #4%variation around the nominal vakitor L and
W. We take the square of the imbalarsm thatthe responseremains positiveand
differentiable.

Results

In this work, we compare the relative effectiveness of two sampling séstedind the
robustoptimum on the MMI coupler. fe firststrategyis al-stage approach whetiee
design space is sampled across the three design variabdésy LHS, at
N = 40locationsand the response is computed on the expensive Mikulation A
Kriging metamodel is constructdohsed on the samplesd robust optimization is
applied on the resulting design landscape.

Tab. 1. Robustoptimization of imbalancef a 2x2 MMI coupler under parametric uncertainging t
stage and-8tage approach

1-stage approach 2-stage approach
W (um) 1.507 1.506
L (um) 8.281 7.905
Ap (um) 0.006 0.006
Kriging worstcaselmb(dB) 0.432 1.440
True worstcaselmb(dB) 2.179 1.755

The second strategy is z&astage approach where, at the first stage, the design
space is sampled af = 25 locations using LHS and the robust optimum is found based

on the Kriging metamodel of the response at these locations. We then samplegiie desi
space again amh, =15 locations in a local region centered around the robust optimum

found at the first stage. A Kriging metamodel is built based onrthesamples and
robust optimization is performed in this local region.
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The robust optima found using the two approaches are compared. Tab. 1 shows
the results.The respetive robust width and length values found through the two
methods ee shown in Tab. 1. The table also shows both the liest worstcase
imbalance found on the expensive simulation of the MbHt the respective length and
width valuesas well as the \aes for Apat which thisbestworstcase result is found.

Comparing the worstase imbalance on the expensive MMI simulation for the
two methods, we note that thestage approach provides a result that is 0.4 dB better,
I.e. lower, than the-$tage approach. In both cases, this woase result is not found at
the boundaries of the uncertainty ggh. This shows that the response is multimodal

even within the uncertainty seind an approximate design landscape is difficult to
model with a small number of samplekterestingly, the worstase imbalance
predicted on Kriging by the-&age approach much better matches the corresponding
result on the expensive simulation than th&tdge approach. This indicates that in the
local area around the robugitimum, the ZXtage approach predtscthe true behavior of
the MMI more accurately. The results exhibit that an adaptive samplatggst such as
expected improvemefit] may be better suited to applying robust optimizationao
metamodel of an MMI coupler than a spdidleng technique soh as Latin hypercube
sampling.

We observe that the width found for the robust optimum for both approaches is
almost the same and this value is also quite similar to the nominal vaie- &f5. m.

However, the length at which the robust optimum is found for tea@e approach is
significantly lower than the length found for thestage approach as well as the nominal
value of L=8.23m. This suggests that the coupler is muclrergensitive to changes in

length as opposed to the width.

Conclusion

In this work, we have applied robusttimpization on the imbalancef a 2x2 MMI
couplerin the presence of an etching uncertainty tatses a dilation or shrinkage of
the fabricatedievice geometryit was shown that the fabrication variaticam be treated

as a parametric uncertaintynder this framework, robust optimization was applied on a
cheap approximate model of the device using two different sampling stratéfges
observedthat robust optimizdon based ona 2-stage adaptive sanipd strategy
provided better results on the MMI coupldran a l-stage spacefilling sampling
strategy.This indicates that an adaptive sampling strategy suekpested improvement
may bebettersuited for this pplication.The method shown in this woir& generic and
can easily be applied to other photonic devices affected by parametric uncertainties.
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We present a numerical analysis of the dynamical behavior of semiconductor ring
lasers coupled by a single bus waveguide. Both a weak and strong coupling are consid-
ered. Specifically, we show that this coupled system is multistable and can promote
instabilities. We relate the internal dynamics in the individual lasers to the field
effectively measured at the output of the wavegquide. We suggest design constraints
leading to coupling phases that avoid instabilities. Finally, we focus on the advan-
tages and disadvantages for optical memory operation of coupled semiconductor ring
lasers versus solitary ones.

Introduction

Semiconductor ring lasers (SRLs) are semiconductor lasers where the laser cavity
consists of a ring-shaped waveguide. SRLs can generate light in two counterpropa-
gating directions referred to as the clockwise (CW) and the counterclockwise (CCW)
mode. Bistability between both directional modes has been demonstrated, allowing
to encode digital information in the direction of emission of SRLs [1]. This bistable
operation allows SRLs to be used in systems for all-optical switching and as all-
optical memories, both in solitary [2, 3, 4] and coupled [1, 5, 6, 7, 8] configurations.
Moreover, SRLs are highly integrable and scalable [9], making them ideal candidates
for key components in photonic integrated circuits.

One of the seminal works reporting on the potential of SRLs as optical memories
is the letter by Hill et al. [1]. To demonstrate fast optical flip-flop operation, the
authors fabricated two SRLs coupled by a single waveguide, rather than a solitary
SRL. Nevertheless, the literature shows that a single SRL can also function perfectly
as an all optical memory [4]. This raises the question whether coupling two SRLs to
realize a single optical memory has any advantage over using a solitary SRL, taking
into account the obvious disadvantage of a doubled footprint and power consump-
tion. In a recent experimental investigation of coupled SRLs, we have demonstrated
that coupling between SRLs can destabilize the system by exciting relaxation os-
cillations, similar to an optically injected laser system [8]. In Ref. [10], we have
pursued a more in-depth theoretical investigation of dynamics induced by the cou-
pling. Similar as in [8], we consider the single waveguide coupling configuration
as shown in Fig. 1. The coupling provides the system with two extra degrees of
freedom, the coupling strength and the physical distance between the SRLs. The
latter is taken into account by defining a coupling phase equal to the optical phase
difference accumulated when traveling from one SRL to another. However, explicit
time delay effects in the coupling (because of the finite traveling time between the
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lasers) are neglected. More details concerning this modelling and the numerical
results can be found in Ref. [10].

C7¢C

fotey

Figure 1: The counterpropagating fields in SRL A (B) are referred to as F1a and
Esn (B and Eop). The total field at the left (right) output is referred to as E,
(E3). The coupling amplitude is referred to as k., and the coupling phase as ¢..

Model

To model the single waveguide coupled SRLs, we use the rate equation model for a
solitary SRL (see e.g. [11, 3]) and modify it to comply with our coupling configu-
ration, as illustrated in Fig. 1. For each SRL X (X = {A,B}), the model consists of
two slowly varying complex envelopes of the counterpropagating waves F1x (CW)
and Fox (CCW) and a third equation for the carrier population inversion Nx:

= k(1 +ia) [g1aNa — 1] By — kel% Egp (la)

= k(1 +ia) [goaNa — 1] Eap — kel?* By g — kee'% Eop (1b)

ElB = k(1+ia)[giNg — 1] E1g — ke'®* Eop — keel % Ey 5 (1c)
Eop = (1 +ia) [gop Ng — 1] Eap — ke'* Ey (1d)
NA =[1—Na—g1aNa | E1al’ — gaaNa | Eoal?] (le)
Ng =7[u— N — 918 Ng | E1|* — 925Np | Eap ] (1f)

where gi1x = 1— S|Elx|2 — C’nglz and gox = 1— 8|E2)(‘2 — C|Elx|2. The coupling
between the SRLs is modeled by a coupling amplitude k. and a coupling phase
¢c. We assume that the travel time between the SRLs is of the same order as the
cavity round trip time, so that we can neglect any effects of a delay time. The two
coupling sections to couple the light in and out of each SRL introduce an additional
7/2 phase shift [12]. The light that is coupled from one SRL to the other passes
through two such couplers. These two phase-shifts add up to 7, which explains the
minus sign in front of the coupling term. For simplicity, we use identical parameter
values for SRL A and B (for the parameter values see Ref. [10]).

Results

We focus on the asymmetric modes of the system, where both SRLs are either
both dominantly lasing in the CW direction (A¢y) or in the CCW direction (Aceyw)-
When comparing these states, we noticed that the power levels at the 5 («) port are
comparable, but that the power levels at the a (3) port are higher for the ¢, = /2
than for the ¢. = 0 case. The underlying reason for this is that the inter-SRL phase
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Figure 2: Numerical simulations of Egs. (1). (a) Steady state power levels at the
a-port (left axis, black) and S-port (right axis, red) of the Acqy state as a function of
the coupling phase ¢.. The minimum value of Pg is 6 x 107°. (b) Power suppression
ratio (PSR) of the Ay state as a function of the coupling phase ¢.. Parameters
values: k.= 0.3k, p = 3.

difference between the high-power modes remains constant when changing ¢., while
the phase difference between the low-power modes changes.

As a result, the relative amount of variation of the power level as a function of ¢,
is very different at the output ports P, and Pg. This is illustrated in Fig. 2(a).
In this Figure, we have chosen p = 3. It is clear that while P, only varies a few
percent, Pg ranges from 0.11 to practically zero (6 x 1075). This minimum occurs
at the point where the phase difference between the low-power modes at the output
port, x1 — ¢¢, is equal to m, yielding destructive interference (this happens when
¢ = 0.2m). Naturally, this causes a sharp peak of 47dB in the power suppression
ratio P, /Pg, as shown in Fig. 2(b). The solitary SRL has a PSR of 18dB at =3 (at
the same parameter values). So using two coupled SRLs seems to be advantageous
from the viewpoint of PSR. However, since we need to bias two SRLs at u =3 to
achieve the PSR of 47dB, it is better to compare it with a solitary SRL biased at
twice the current p = 6, which has a PSR of 26dB. This comparison still shows an
improved PSR for the coupled case. Nevertheless, the practical advantage of the
higher PSR of single waveguide coupled SRLs (as also reported in Ref. [6]) can be
argued since it arises rather due to a decrease of the low-power level, than to an
increase in the high power level.
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Discussion

In Ref. [10], we have shown that weak coupling can have a stabilizing influence on the
SRL operating regimes. If the coupling phase ¢. is near zero, oscillatory regimes are
completely suppressed in the weakly coupled SRLs, even at parameter ranges where
solitary SRLs exhibit alternate oscillations. The power level of the high-power port
in the asymmetric states is independent of ¢., but the power level of the low-power
port is not. The reason for this is that the high-power modes of each SRL impose
a fixed inter-SRL phase relationship very close to —m/2, whatever the value of ¢..
The inter-SRL phase difference between the low power modes is therefore slaved
and spans the whole [0,27] interval for ¢, going from 0 to . The interference of the
low-power modes of each SRL will hence be destructive or constructive depending
on the value of ¢, yielding different power suppression ratios. More insight into
these results concerning a system of coupled SRLs can be found in Ref. [10].
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In the past decade, some extraordinary devices, e.g., invisibility cloaks, perfect lenses and
beam manipulators, have been realized thanks to a new design tool called transformation
optics. This technique leads to unprecedented control of optical fields through complex
material structures designed according to a predefined coordinate transformation. In
order to achieve the intended flow of light without unwanted side-effects, transformation-
optical devices must be impedance-matched. Often this leads to designs of sophisticated
materials with inhomogeneous and anisotropic permeability and permittivity. In this con-
tribution, we investigate how it is possible to relax the impedance-matching condition in
realistic 2D transformation-optical systems.

Transformation optics

The control of macroscopic material parameters, such as the permittivity € and the perme-
ability u, is of utmost importance in the manipulation of the propagation of light. This is
illustrated by Fermat’s principle. Observable light trajectories extremize a new measure
of length, the optical path length, which is determined by the refractive index profile of
the medium through which light is propagating. Therefore, complex materials affect the
propagation of light by imposing a new geometry within which light follows an extremal
path.

Transformation Optics (TO) extends Fermat’s principle to describe the effect of inhomo-
geneous and anisotropic material parameters on wave propagation [1]. Transformation-
optical devices explicitly introduce a nontrivial geometry starting from a metric tensor G,
which transforms the perceived distances for light. Light propagates along trajectories of
extremal length, called geodesics, which are completely determined by this metric. Thus,
a device whose electromagnetic interactions are described by macroscopic Maxwell equa-
tions, manipulates light in the same way as an empty space, called physical space, with a
geometry G.

To design a metric G and its corresponding device, an auxiliary electromagnetic space is
introduced. The electromagnetic space is equipped with its own metric G’ and material
parameters € and fi. A coordinate transformation between both spaces links geometries G
and G’ and maps the fundamental behaviour of light in electromagnetic space to physical
space. If electromagnetic space is simply vacuum, the coordinate transformation ensures
light will also propagate throughout physical space as if it were in vacuum. This approach
is used in cylindrical cloak design [2] to avoid reflections from an object hidden within
the device. Even more impressively, if both electromagnetic and physical space contain
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a metal sheet, which is flat in electromagnetic space and irregularily curved in physical
space, light reflects of this irregular sheet in physical space as if it really encouters a planar
metal sheet. In this way a ground plane cloak is constructed, capable of hiding bumps
and irregularities in a metal surface [3]. Next to determining fundamental behaviour of
light within physical space, form invariance of the macroscopic Maxwell equations under
coordinate transformations also predicts the material parameters € and u of the device

_ VdetG' AT G'EA

€= 1
VdetT  detA M
~ VdetG' AT G' i A @

W= Jdar  deh

where the Jacobian of the transformation A, the metric G’ and electromagnetic space
material parameters & and i clearly influence the design.! The remainder of this contribu-
tion considers two-dimensional transformation-optical devices. These devices have one
normal coordinate that does not mix with the remaining planar coordinates during the
transformation, as for beam bends, beam splitters and the cylindrical cloak.

Two-dimensional transformation-optical devices

The field of photonic circuitry [4] has led to innovative two-dimensional waveguiding
schemes and surface plasmon optical devices. Two-dimensional circuits require struc-
tures capable of sustaining surface waves, such as metal-dielectric interfaces or graphene
sheets. Transformation optics (TO) is a valuable tool to guide and optimize component
designs. In particular, TO might reduce decoupling losses of conventional beam benders
and beam splitters inherent to confined waveguides. To our knowledge, two interesting
developments ([5] and [6]) extend TO to two-dimensional systems.

Huidobro et al. [5] applied the TO framework to a metal-dielectric interface to investigate
the relative importance of metals and dielectrics on material parameters. Because TO pre-
dicts bulk, three-dimensional permittivity and permeability distributions, an ideal design
includes metamaterials both in the dielectric and the metal side of the interface. These
regions include several decay lengths of the evanescent surface wave in order to capture
all electromagnetic energy. Since form-invariance of macroscopic Maxwell equations is
required for TO to be applicable, the dimensions of metamaterial structures in the metal
need to be much smaller than its skin depth. To simplify fabrication, the authors limit
manipulation of material parameters to the dielectric side of the interface (Figure 1) and
compare the resulting wave propagation with full TO simulations.

Both the geometry and the decay length in the dielectric affect the efficiency of the de-
vice. Long decay lengths yield very good results since the energy mostly resides within
the dielectric and the metal’s contribution is neglegible. Functionalities are excellently
conserved in the telecommunication window (A ~ 1.5um), but not very good at optical
wavelengths (A =~ 600 nm). Some geometries that naturally require a metal interface in
order to function, e.g, the ground plane cloak, do not suffer from the restricted implemen-
tation while others, such as the cylindrical cloak, suffer greatly from the discontinuous

! Additionally, the metric I is introduced to correct for coordinates used to describe the device in physi-
cal space.
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Figure 1: (a) A two-dimensional cylindrical cloak for surface plasmon polaritons on a
metal-dielectric interface. Figure reproduced from reference [5]. (b) A two-dimensional
beam splitter on graphene. Figure reproduced from reference [6].

metal interface.

A second interesting contribution concerns propagation manipulation of TE or TM on
a graphene sheet [6]. The conductivity 6 = G, + i0; of graphene is spatially modulated
by an externally applied field through changes in the chemical potential. A spatially
varying external voltage or a constant voltage applied to a substrate with inhomogeneous
permittivity distribution, induces a designed conductivity distribution to manipulate light
propagation with high accuracy (Figure 1). More specifically, the imaginary part 6; might
be positive, acting as a dielectric sustaining a TM mode, or negative, acting as a metal
and prohibiting a TM mode on the sheet. The conductivity pattern selects those regions
where TM waves are allowed to propagate, leading to many applications such as TM
beam splitters, perfect TM mirrors or subwavelength lenses. Next to the design of macro-
scopic devices, conductivity distributions are also useful to construct two-dimensional IR
metamaterials. Instead of conventional resonating circuits or nanoparticle equivalents of
lumped circuits [7], local fields are tuned by conductivity variations. Patches of negative
o; might, for example, act as scatterers, similar to metallic nanoparticles.

Nonmagnetic two-dimensional systems

The fundamental trade-off between confinement and propagation length of surface waves
implies that not every material is capable of sustaining longe-range surface waves. De-
spite desirable properties, such as conductivity tunability and confinement of graphene, its
propagation length at terahertz frequencies is too small for propagating applications [8].
Those applications require metal-dielectric or purely dielectric devices with long decay
constants. In addition, equation (2) shows that TO devices inherently need magnetic
response to satisfy material parameters linked to a coordinate transformation. Since ma-
terials are mostly nonmagnetic at high frequencies, metamaterials need to have resonat-
ing structures [9], such as Split Ring Resonators or Fishnet Structures, to obtain the de-
sired magnetic response. The dispersion associated to these resonators leads to significant
losses and limits operating frequencies.

Omitting magnetic responses has serious consequences. For a cylindrical cloak, impedance-
matched parameters ensure waves propagate throughout the device without reflections
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despite inhomogeneous permittivity and permeability variations. Without magnetic re-
sponse, impedance-matching is violated and reflections would indicate the presence of an
object hidden inside. Still, there are several approaches to relax relations (1) and (2).

Coordinate transformations are often optimized to decrease material parameter anisotropy.
If optimization results in (quasi)conformal coordinate transformations, a single refractive
index distribution describes all responses of the device. This approach is frequently used
at optical frequenties, e.g, for a planar cloak [10], because magnetic responses of res-
onators saturate at optical frequencies. However, two-dimensional devices are inherently
anisotropic because of the distinction between normal and planar coordinates. Another
way to simplify material parameters, consists of choosing a polarization, TE or TM, for
which the device is optimized. In the case of a cylindrical cloak [2], all electric field
components different from the normal coordinate are set to zero. Six independent ma-
terial parameters reduce to three, namely one permittivity component and two magnetic
susceptibility components. Finally, the ray approximation regime uses slow variations
in material parameters with respect to the wavelength to simplify the TO device in two
ways. From a theoretical point of view, matching dispersion relations between the simpli-
fied device and the TO device is sufficient to match ray trajectories of both devices. From
a practical point of view, slow material variations enable stacked homogeneous slices
to approximate the continuous distribution inducing minor reflections and maintaining
functionalities.
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By implementing SOAs that guide two waveguides through a single contact active
section, we can reduce dimensions of photonic integrated circuits (PICs) and decrease
the number of electrical contacts of current injection. In this paper we demonstrate
linear 4-channel and 8-channel AWG-based lasers that take advantage of such SOAs.
This resulted in a reduction of the required number of active regions and contacts
by a factor two. Measurements showed that these sources operate with an output power
of 1 mW per AWG-channel and side-mode suppression ratio better than 40 dB.
The lasers were fabricated in a multi-project wafer run on an indium phosphide (InP)-
based generic photonic integration platform.

AWG-based lasers

Multiwavelength sources that emit light simultaneously at different wavelengths
can be successfully realized using arrayed waveguide gratings (AWGs) [1-2]. While
AWG-based lasers (AWGLs) can be realized in many configurations, the most common
is the linear configuration. In this configuration a separate semiconductor optical
amplifier (SOA) is dedicated to each generated wavelength and thus for each AWG
passband [3]. Biasing more than one SOA at the same time will result in simultaneous
lasing at several channels. The AWG acts as an intra-cavity filter in the lasers and might
be used as a multiplexer of the generated optical signals. In these devices the number
of SOAs in the laser array scales linearly with the number of required operational
channels.

One of the methods to reduce the number of SOAs in the array by a factor two
and reduce the size of PICs is by implementing single contact double-waveguide SOAs.
These components guide two waveguides, corresponding to two AWG passbands,
through a single active section. The operation principle of the sources remains
unchanged. In this configuration we obtain compact multiwavelength sources with
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Fig. 1. Schematic of an AWG-based laser (/eff) and mask layout of the double-waveguide SOA (right).
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easier driving mechanism, due to the reduction of the number of contacts requiring
current injection.

In this paper we present linear 4-channel and 8-channel AWGLs that take advantage
of a novel design with single contact double-waveguide SOAs. The devices were
processed on an InP-based platform that allows for monolithic integration of active
and passive components. The sources were realized following the generic integration
concept [4] and fabricated in cooperation with an industrial foundry partner [5]
in a multi-project wafer (MPW) run [6].

Design and fabrication of AWG-based lasers

Generic integration on InP-based photonics platforms enables designing and fabricating
of functionally advanced photonic integrated circuits (PICs), yet utilizing only a limited
set of components called building blocks (BBs) [4], [6]. We developed our AWGLs
using three elementary BBs: (1) deeply etched passive waveguide structures,
(2) shallowly etched SOAs and (3) low-loss deep-shallow transition elements that were
inserted between the SOA and each waveguide. The SOAs with double-waveguide
geometry were offered by the foundry [5] as parameterized BBs. The schematic of such
AWGL and the mask layout of the single contact double-waveguide SOA are presented
in Figure 1. As can be seen, two lasing channels operating in two AWG-passbands can
be activated using only a single contact on the double-waveguide amplifier.

The fab that carries out the MPW runs, such as the one in which the AWGLs were
fabricated, uses integration processes that were developed over many years and that are
used commercially for the fabrication of devices such as tunable laser-Mach-Zehnder
PICs employed in tunable XFP-format transceivers [5]. The technological process
utilizes six MOVPE epitaxial growth stages for: source wafer growth with InGaAsP
multi-quantum well (MQW); bulk quaternary Q1.42 tuning section infill; strong
waveguide infill; spot-size converter (SSC) and upper confinement layer overgrowth.
Gain regions are defined by dielectric patterning and subsequent etch processes. Infill
stages use a selective growth approach, where a dielectric mask is used as a non-growth
barrier. The waveguide ridge for the amplifier is formed by dry and wet etching
following the overgrowth stage. The etch depth is controlled by the material structure
and is limited by an etch-stop layer. Strong ridge formation is done by dry etching.
Following deposition and definition of a dielectric isolation layer, the p-contact metal
is sputtered and annealed in order to provide low contact resistance. Gold bond pads are
deposited onto the p-metal to enable efficient current injection and heat dissipation.

Size : 0.65 mm X 2.75 mm

SOA1

SOA2
SOA3
SOA4

-
24 - Booster

Size : 0.9 mm x 4 mm

Fig. 2. Mask layout of 4-channel (top) and 8-channel (bottom) AWG-based lasers.
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The layouts of the 4-channel and 8-channel AWGLs are presented in Figure 2, with
indicated SOAs and boosters. Both AWGs were designed for a central wavelength
Ae = 1550 nm with a channel spacing 44 = 200 GHz (1.6 nm) in case of the 4-channel
device and 44 = 100 GHz (0.8 nm) in case of the 8-channel device. The free spectral
ranges (FSRs) of the 4-channel and 8-channel sources are 800 GHz and 900 GHz
respectively. The length of each SOA is 500 um. The AWG laser dimensions are
0.65 mm x 2.75 mm (4-channel device) and 0.9 mm % 4 mm (8-channel device).
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= 3.09| --- Booster : 20 mA .,’\’/‘/ ]
S (FPRP Booster : 50 mA DO
o 2,54 O B
o Booster: 80 mA| .7 .-
2 204 LT ]
5 e
o '/ L
B 1S S 1
S ~
S 1,01 S i
S a -
5 L ---T77T
S 0,51 s e .
= L .-
/0 -7
0’0 T = T - T T T T T
Fig. 3. Wire-bonded 4-channel AWGL 0 20 40 60 80 100 120 140 160
on measurement setup. The device was Current in SOA2 (mA)
placed in a 2 mm x 4 mm cell. Fig. 4. LI characteristics of 4-channel AWGL,

for SOA2, and for different currents in the booster.

Measurement results

The devices were mounted on a ceramic submount and wire bonded to external DC
pads to ease access to the SOA contacts. A lensed fiber was used to couple the light out
from the chip. A high resolution (0.16 pm) Optical Spectrum Analyzer, APEX P2041A,
was used to record the spectra. The devices were measured at room temperature.
A photograph of the 4-channel AWGL on a measurement setup is presented in Figure 3.
The threshold currents of the AWGLs depend on the current applied to the booster
amplifier. This is because the booster was implemented within the laser cavity and
at the output waveguide coupler. The results of experiment performed on SOA2
of 4-channel AWGL are shown in Figure 4. The threshold current is less than 25 mA
while biasing the booster with 10 ,

50 mA. The threshold currents E 0] - d0n2: 100 m . ]
measured for each SOA of the = od D Sond e .
8-channel AWG laser are less 2 | Booster:s0ma Lo ;
than 35 mA, while biasing the §~ 207 . i: .
booster with 50 mA. é 307 | N .
The spectral characteristics of 8- S -40+ I I N : P
channel AWGL measured while g ] .; !, mil | IxESR ]
biasing the booster with 80 mA § 60 , i ;! é 1
are demonstrated in Figure 5. 8 | i ;,
During our first experiments we =~ & ] A
obtained a single-mode operation 1530 1535 1540 1545 1550 1555 1560 1565 1570
for AWG passbands in the case Wavelength (nm)

Fig. 5. Spectral characteristics of the 8-channel AWGL.
By activating one double-waveguide SOA we obtain laser
operation on two AWG passbands.

of 3 out of 4 double-waveguide
SOAs. By biasing one double-
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waveguide SOA we achieved double AWG channel operation of the lasers.
The detected output power in the fiber was in the range of 1 mW per AWG passband
with a side mode suppression ratio (SMSR) better than 40 dB. The channel spacing
between adjacent signals ranged from 0.64 nm to 0.85 nm. The variation is caused
by the relatively long cavity resulting in closely spaced longitudinal modes.
The presented source also reveals operation on FSR orders different than the central
FSR, which can be suppressed for example by introducing wavelength selective mirrors,
such as distributed Bragg reflector (DBR)-based gratings.

Summary and further work

We demonstrated novel AWG-based lasers that use single-contact double-waveguide
SOAs. The devices were fabricated on a generic InP-based platform. The obtained
size of the array of the SOAs is twice smaller when compared to other linear
configurations of AWG sources, which makes these components and devices promising
for further utilization. The first characterization results show a good performance
of the multiwavelength sources. The detected output power is in the range of 1 mW
per activated AWG passband with a SMSR better than 40 dB. Operation in a single
order of the AWG can be ensured in a next design, by using wavelength-selective
mirrors or by chirping the waveguide grating.

Future work concerns a detailed spectral characterization of the sources and focuses
on a theoretical analysis of single contact double-waveguide SOAs in lasers.
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We demonstrate novel discrete positioning of a microparticle optically trapped on a
tapered S photonic crystal waveguide. Upon sweeping the wavelength in a range
beyond pinch-off for transmission, we observe trapping at specific positions. When the
wavelength is swept up, it hops towards the wider side of the waveguide. When it is
swept down, it hops in the reverse direction, the stable trapping positions being the
same. The spacing between the positions equals the lattice constant of the crystal.
FDTD simulations and force calculations allow interpretation of the phenomenon,
which arises from the special slow-light mode of the waveguide.

I ntroduction

In the field of biophotonic sensing optical manipulation of micand nanoparticles
with onchip photonic Buctures receivesncreasing attention[1], to overcome
disadvantages of optical tweez¢2$ such as big sizandhigh costs. In this integrated
photonics approach optical trapping and propulsion of particles are basic furtitienal
Important examplesf trapping devicegiving static trapping siteare dual-waveguide
traps [3], plasmonic evanescent field trap$ and photonic crystal cavitiefs,1].
Trapping andsubsequenparticle propulsion can be accomplished using the evanescent
field of ridgewaveguides [6and slot waveguid€d]. In these structures the evanescent
field gives rise to trapping via the gradient force, while propulsion is inducetieby t
scattering forcearising from scattering of the propagating waveguide mode at the
trapped parcle. A new playground in this context are photonic crystal waveguides in a
photonic crystal slalSuch avaveguide is a line defect in the crystal.dtg&racteristics

can be engineered to give spegrdpertiesof thewaveguide mode, such as slow light
[8] and light localizatior[9]. These effects can hesed for manipulation of a particle
trapped on the waveguide. In this contribution demonstrateand interpret novel
wavelengthdriven discrete positioning of a particle optically trapped on a tap@réd
waveguide in a Si photonic crystal slab.

Tapered photonic crystal waveguide

The device is fabricated in the 200 nm thick Si layer of silkooAnsulator material,
using ebeam lithography and dry etchindve use atriangular holetype photonic
crystalof lattice constané=430 nm and/a=0.3 {=hole radius). The waveguide the
crystal is very similar to a W1 waveguide, the difference being iteatvidth is
accurately tapered dowmith 2 nm per 430 nm, giving a tapering angle of 0.26 degree
A 50 um wide and 30 pm dedpidic channelis built on the chip using a dry resist
technique. Vdter with dispersed 1 pum diametpolystyrene bead€an beflown
perpendicularly and with a controlled velocity across the waveguide, so tlagipany
situation is ceated. In Fig. 1la scanning electron microscope (SEM) picture of the
device is shown, limited to the centdaviceregion.
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Fig. 1. SEM picture of the taperad/1 photonic crystal waveguideid®ure takerafter underetching of the
crystal.The waveguid¢apers dwn in width from left to right witt2 nm per lattice constara£430 nm).
The dots superimposed on the picture represent a 2D scatter plot ofd traméi6ons of a trapped
polystyrene bead, derived from the frames of a movie recorded whileisgyeéhp wavelength down and
up. The color of the dots indicates the time order in which they wene ¢akee to red is initial to final).

Fromin-plane transmission measuremantsater withTE-polarizedlaserlight we
find thatthe waveguidesupports a range of wavelengths in the photonic band gap, with
on the long wavelength side pinch-off wavelength4,, of about 1560 nm. In the
experiments we couple light efavelengtis just abovel,, (15641604 nm) and witla
power on the order of omaW into the broad waveguide entrance, so that it propagates
into the taper.

Trapping and wavelength-driven positioning of particles

In atrappingexperiment a steady water flowS pum/s) with beads is passed over the
waveguide,while recordng the topview microscopeobservation. W can clearly
observe optical trappingf an individual bead on the waveguifte wavelengths above
Apo Whenit enters the evanescent fieBeingtrapped, the bead hovedsthe trapping
site with small excursions, indicatingpnfined Brownian motion.When the laser is
switched off the bead is immediately released into the floanfirming that we observe
optical trapping and not adhesion to the surface.

We observe a very special sequence of trapping events upon sweeping the
excitation wavelengthjiz. an already trapped bead repeatedly hops to an adjacent stable
trapping position for every 1.6 nm wavelength chand@pping istowards thewide
sideof the waveguidavith increasing wavelength and the narrow side w#hreasing
wavelength. Wherchangingdirection of the repositioning of the bead.¢. sweep
direction) the effect shows hysteresis in wavelen@hapshots of a movie of a trapping
sequence are given in Fig. 2. On the movie pgeform a traking analysis of the

\ "I r
A=1587 nm

Fig. 2. Snapshots {@ of a movie of a trapping sequence of a polystyrene bead (encitete@dm) on
the tapered waveguide, showitige systematic shift ahe stable trapping position to the lafe(wider
waveguidesidg with increasing wavelength. For wavelengths in between the stateds the bead
visited s&eral intermediate sites. Watllow direction is as indicated. In a) the trapping position is
slightly offset with respect to the waveguide axishia positivey-direction, in b) and c) in theegativey-
direction.

A=1568 nm A=1579 nm
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particle position. A typical scatteiplot result is shown in Fig. 1, superimposed on the
waveguide The positionsof the beadshowup assmall and clearly separatetbuds of
tracked positionsThe cloudsreflect confined Brownian motion of thbeadin a
trapping potential. To emphasize the discrete positioning, thendatabeemeducedn

Fig. 3to a plot of theparticlés trapping position versus the frame number ofrtimie.
The plateaus in Fig. 3 are equidistamith a spacing to a high degree of accuré®p)
equal to the latticeonstant of 430 nm. We conclude that we measure wavelength
driven latticequantized positioning of the bedd.connection to Fig. ,ave further note
that the trapping positions are displaced with respect to the centerline of thelidaveg
This effect isnotbiased by the flow of theater as is apparent from the figure, where it
can be seen that the stable trapping positiorbeamn either side of the cerlige.

Fig. 3. Traced positiorof the
trapped bead on the waveguide
in the x-direction versus frame
number of themovie (frame rate
30 fps, total time span 30 s),
showing quantizedpositioning
with a stepsize of 430 nnin
time, the wavelength was first
sweptup and then dowrso that
the bead moves tdarger x-
100 200 300 400 500 600 700 800 900 pOSlUOnS after ainimum

frame number

X position (um)
=]
S = in (TR

[
=
in

[}

L=3

| nter pretation and discussion

To interpret these results, we perform firdiéerence time domain (FDTD)
simulations of the light in the waveguide, in dependence of the excitation wgthelen

An example of a resulting mode in the waveguideA#o1578 nm, represented by the
electric field energy, is given in Fig. 4. It is seen that the light penetrateshe
waveguide up to a stop point, where a local resonaocears with properties similar to

a resonance of a photonic crystal cavity. From calculations of the photonic band
structure of the waveguide, which we model by a concatenation ofaobnsidth
sections, we derive that the resocaarises as a result of operation of the waveguide

the slowlight regime. For each waveguide widttspecific photonic band comes into
play, in particular a mode of that band close to the Brillmone boundary, where
dw/dk—0 (group velocity becomes very low). This mode can only penetrate into the
waveguide up to a distance determined by the width-dependent band index of the mode.
As a result of spatial compression of glew light and reflection of the mode at the

stop point a resonance due to interferermealds up. Via the width dependence of the
bands, the resonance position deg)ends continuously on wavelEagtheresonance

we find from simulationsafield (¢E®) enhancement factor of about 45 with respect to
the value at the entranoé the waveguide. This property of field enhancenseiggests

a stronggradient force exerted on a particle, making it likely that trapping setuhe
position of the resonancas we observe.

To understandhe quantized positioning, wese the the Maxwell strestensor
methodto calculate thérapping forceexerted on the beatlVe simulatehe force for 20
beadpositions in thexy-plane 4 nm above the surfaceear the symmetryxes (X,y=0)
and for variousvavelengths. We find a calculatsthble trappingosition or a potential
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A =1578 nm

-6 -4 -2 0
x(pum)

Fig. 4. (a) Cut from the geometry of the tapered waveguide device, as a guide faotle profile
below. (b) Mode profilesE? for A = 1578 nm, showing the prominent resonance atstap point The
subresonances occuring left from the main resonance are part of the total neofdeente pttern

well near &y) = (0 nm, 110 nm), slightly shifted in the positielirection with respect

to y=0. During a wavelength downsweep of 1.5 ,nthe initial well is gradually
weakened and a second well is created (dewklé potential), finally giving a shift of

the resonance region over one lattice constant. Upon completion of this shift, the
gradientforce pulls the particle in the newly created welbag)(= (430 nm, 110 nm)

This result closely agrees with the observed quantized positioning.

Conclusion

In conclusion,we demonstrate wavelengthiven latticequantized positioning of a
polystyrenebeadtrappedon a tapered photonic crystal waveguide. For every 1.6 nm
wavelength change, the trapped bead is controllably moved over a distanceatifdbe |
constant. This effect arises from a local resonahadt up from interference of an
incoming and spatially compressed sldight mode and its reflection. By calculating

the wavelengtidependent optical force on the bead,find that its interaction with the
shifting resonance leads to stable trapping positions one lattice constant apart, as
measured.

References

[1] D. Ericksonet al., “Nanomanipulation using near field photoriickab Chipl1, 9951009, 2011
[2] K.C.Neuman and.M Block, “Optical Trapping”,Rev. Sci. Instrum75, 27872809, 2004

[3] M.M. van Leest, F. Bernal Arango and J. Ca@ptical forces and trapping potentials of a dual
waveguide trap based on multimode saate waveguidés JEOSRap. Publics, 11022, 2011

[4] M.L. Juanet al. “Plasmon nanoptical tweezer’s Nature Photons, 349356, 2011

[5] T. van Leest and J. CaroCavity-enhaned optical trapping of bacteria using a silicon photonic
crystal cavity, Lab Chip13, 43594365, 2013.

[6] S. Gaugiraret al., “Optical manipulation of microparticles and setin silicon nitride waveguides”,
Optics Expresd3, 69566963, 2005

[71 A.H.J.Yanget al., “Optical manipulation of nanoparticles and biomoleculesuimwavelength slot
waveguides”Nature 457, 71-75, 2009

[8] T.F. Krauss, Slow light in photonic crystal waveguidesl). Phys. D: Appl. Phy<l0, 26662670,
2007.

[9] T. Babaet al. “Light localizations in photonic crystal line defect waveguiddEEE J. Quant.
Electron.10, 484491, 2004

282



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

On-chip Raman spectroscopy with a Triplex
dual-waveguide trap

M. Boerkamp,! J. T. Heldens,' T. van Leest,' A. Leinse,> M. Hoekman,?
R. Heideman,? and J. Caro'

! Kavli Institute of Nanoscience Delft, Department of Imaging Science and Technology of TU
Delft and Wetsus, The Netherlands
2 LioniX B.V., Enschede 7522, The Netherlands

We present a new approach to on-chip Raman spectroscopy based on the dual-waveguide
trap geometry. In the device counter-propagating interfering beams emanate from op-
posing TripleX waveguides to produce a confined optical field in a fluidic channel. The
field is used to induce optical trapping of microparticles supplied by a flow. The trans-
parency window of TripleX allows application of the standard Raman wavelength of 785
nm, thereby making an additional laser path for Raman excitation redundant. With the
device we generate Raman spectra of trapped polystyrene beads and bacterial spores.
This approach is promising for on-chip fingerprinting of bacteria and other cells.

Introduction

There is a strong interest in lab-on-a-chip devices capable of identifying biological sam-
ples, including devices that make use of Raman spectroscopy. This technique already
has many off-chip applications to identify biological samples. With Raman spectroscopy
one measures the chemical composition of the sample by obtaining information on its
molecular vibrations which can therefore yield a spectroscopic fingerprint [1]. Samples
need to be kept stationairy during a Raman measurement and for small samples, such as
single cells, this can be achieved by using laser light in a technique called optical trap-
ping. Off-chip this is often performed by creating a tightly focussed laser beam [2] or
by opposing two laser beams [2, 3], whilst on-chip waveguides [4] or photonic crystal
cavities [5, 6] are used. Using the trapping light for Raman generation is a method called
Laser Tweezers Raman Spectroscopy (LTRS) [7]. On-chip trapping and Raman genera-
tion could be performed by using two opposing waveguides as a dual-beam optical trap
as first proposed by van Leest et al. [8] where simulations were shown of the trapping
potential of such a device. So far, one device has been reported on that uses an integrated
dual-beam optical trap consisting of opposing waveguides [4, 9]. The reported devices
are very well capable of optical trapping[4, 9], however, the waveguide material TayOs is
not transparent for the Raman wavelength 785 nm and cannot use the trapping light for
Raman excitation and requires an additional off-chip Raman laser. Furthermore, Ta;Os
is a research material in photonics and therefore not suitable for mass-production.

We now report on a dual-waveguide device capable of optical trapping and Raman
generation. The dual-waveguide device is fabricated in TripleX waveguide technology
[10, 11]. TripleX waveguides are highly transparent in the visible and NIR range (405-
2350 nm), contrary to other waveguide materials, such as SOI, InP and Ta;Os. As a
result, the standard Raman wavelength of 785 nm can be used for the trapping light, in
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contrast with [9]. TripleX is an established waveguiding platform [11] and is suited for
mass-production and compatible with CMOS technology.

Methodology

The dual-waveguide device consists of a fluidic channel, an entry waveguide and a Y-
junction splitting the waveguides into two semi-circles which terminate oppositely in the
walls of the integrated fluidic channel (see Figure 1a). The waveguide has a base and top
width of 1.1 and 1.0 um, respectively, and height of 1.0 um (see Figure 1c¢) and consists
of 50 nm thick Si3N,4 and an inner region of SiO,. The fluidic channel is 5 um wide and
15 um long, which tapers up to 1 mm wide in two steps (see Figure 1b) and is created
by dry etching successively through the upper cladding (12 ym SiO,), the waveguide and
the lower cladding (8 um SiO»). Finally, the fluidic channel is sealed by bonding onto the
structure a glass wafer with pre-etched holes for access to the fluidic channel.

Laser light of 785 nm is coupled via a single mode polarization maintaining fibre, butt
coupled to the TripleX input waveguide, exciting the lowest TE mode. An immersion
objective placed above the optical trap collects the Raman photons. Polystyrene beads
of 1 um diameter or bacterial spores (Bacillus Subtilis) dispersed in water are made to
flow through the channel with a syringe pump. Flow velocities for the experiments, in the
range 7 - 90 um/s, are obtained by stabilizing the flow without pump activity.

Figure 1: a) the integrated Raman trapping device fabricated in TripleX waveguide technology. A Y-
junction splits the entry waveguide into half-circular arms (diameter = 7mm) that terminate in the walls of
the fluidic channel. b) The middle tapered section of the fluidic channel with opposing waveguides (top and
bottom). c) Cross-section of a TriPleX waveguide.

Dual-waveguide optical trapping and Raman spectroscopy

Using the light from the opposing waveguides, we have demonstrated optical trapping of
polystyrene beads that are transported through the fluidic channel. Stable trapping can be
performed for at least 10 minutes, provided that there is no collision with another bead
transported through the fluidic channel. One or more beads can be trapped at one given
time. These multiple beads are usually trapped in a necklace perpendicular to the flow
direction. Images of one or more beads trapped are shown in Figure 2.

The light in the trap can be used to generate Raman photons off the trapped particles.
Therefore, we have studied the capability of using our device for on-chip Raman Spec-
troscopy by measuring photons inelastically scattered from trapped single polystyrene
(PS) beads or bacterial spores (Bacillus Subtilis) with a spectrometer. This is first demon-
strated by the measured spectra of PS shown in Figure 3a, taken for five different integra-
tion times in the range of 0.25 - 15 s. We observe that with increasing integration time

284



Proceedings Symposium IEEE Photonics Society Benelux, 2013, Eindhoven, NL

Figure 2: Trapped beads inside the fluidic channel (left to right) betweeh ;he .Waveguides (top and bottom).

distinctive peaks develop in the spectra. The labeled peaks in Figure 3a agree with the lit-
erature values. The peaks at 1003 and 1033 cm ™! are clearly discernible for an integration
time as short as 0.25 s. This is useful for experiments concerning fingerprinting of bio-
objects such as single cells, that have a relatively weak Raman signal and therefore will
unavoidably lead to longer integration times. In addition, we have trapped and measured
bacteria spores, the spectrum is shown in Figure 3b. Bacteria spores are more difficult to
trap due to their lower refractive index and higher transparity. This unavoidably leads to
longer integration times, which in this case is 10 minutes. However, the obtained spec-
trum is a first of its kind in on-chip trapping and Raman generation and could lead to a
multitude of applications, including on-chip biological Raman identification.
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Figure 3: a) Raman spectra of an optically trapped PS bead, for integration times as indicated. Typical
PS peaks are indicated with the 15 s spectrum. b) Raman spectrum of optically trapped bacteria spore
Bacillus Subtilis for integration time 10 min. Measurements were performed using an estimated optical
power between the 7 and 10 mW.

To further characterize the device, we performed finite-difference time domain (FDTD)
simulations of the optical fields, using commercial software (FDTD solutions 8.5.3, Lumer-
ical Solutions Inc., Canada). Simulated intensity profiles between the waveguides are
shown in Figure 4a, both for the xz-plane and the yz-plane (x is along the flow direction,
y is the height and z is the gap axis). The simulated profiles show an interference pattern
that is well confined between the waveguides, hereby creating a strong field for optical
trapping resulting in strong optical forces. The forces that act on these trapped particles
have been calculated for the x-, y- and z-axis using the Maxwell stress tensor. In Figure 4b
we give the resulting forces (in one direction for x and z due to symmetry, however, in
two directions for y due to lack in symmetry, y; is towards to top of the waveguide).

The graph in Figure 4b shows the optical forces for x and y that pull the particle back
to the centre point when it is moved away. The F, shows a sinusoidal dependence on
the bead position, which is in agreement with stable trapping points being located at the
interference maxima (shown in Figure 4a). This explains why multiple beads can be
trapped along the z-axis (see Figure 2). The calculated forces shown in Figure 4b are high
and comparable to [4]. Therefore our trap can be characterized as a strong trap.
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Figure 4: On left: Simulated intensity patterns in the xz- and the yz-plane. On right: Calculated forces of
the trap as a function of bead position on the x-, y-, and z-axis.

Conclusion

We have presented a TriPleX dual-waveguide device capable of generating Raman spectra
from on-chip optically trapped polystyrene beads or bacteria spores that are supplied
through an integrated fluidic channel. We succesfully and reproducibly trapped particles
and obtained Raman spectra from them. The results presented are the first of its kind. The
dual-waveguide device could lead to, amongst others, on-chip biological identification.
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Over the past years many users of multi-project wafer (MPW) runs successfully demon-
strated their Photonic ICs in the lab. However, for this generic technology to be successful
outside a university environment it is pivotal to fully package PICs. This paper demon-
strates a fully-packaged wavelength-meter prototype fabricated in an InP MPW run, as
well as a design tolerance analysis. The device measures wavelength shifts across a 3 nm
band with the potential to go below femtometer accuracy, centered anywhere in the 1465
to 1600 nm wavelength range. Additionally, we report on a novel integrated on-chip tem-
perature sensor.

Introduction

Photonics has been identified by the European Union and industry alike as a key-enabling
technology of the future, i.e. it is one of the drivers for innovation, high-tech start-ups,
high added value and job creation in small and medium sized companies. One of the
most interesting developments over the last few years is the rise of the generic foundry
model for Photonic Integrated Circuits (PICs) in Europe [1]. The model provides cost
sharing for PIC users at fabrication level, process level and wafer level and it established
a software design environment with Photonic Design Kits (PDK). It reduces the financial
and technological threshold for access to PIC prototypes by several orders of magnitude.
This model is the vehicle by which PICs find their way to a multitude of diverse new
applications. One of the first fields that benefits of this development is Sensing. This paper
presents a wavelength sensor fabricated on an InP multi-project wafer (MPW) run [2],
fiber pigtailed and fully packaged. It is the first report of a device from the InP MPW runs
that demonstrates the full chain from photonic building blocks (BB) to a characterized
prototype, including a tolerance analysis at circuit level.

Figure 2: The packaged de-
Figure 1: Photograph of the fabricated 6 mm long device. vice.
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Device description

The wavelength meter is based on the well established interferometric effect: An optical
component splits a light beam in two. Each beam travels along a path of optical length
nesr- L1 and negr - Lo, respectively, where Ly and L, are the geometrical path lengths and nege
the effective refractive index of the paths. After traversing the paths a second component
interferometrically recombines the beams. The phase relation at recombination depends
on the optical path length difference AL = L, — L as A® = negr - AL/A. The output field,
in complex numbers and omitting the time dependence of the electromagnetical wave,
becomes Eoyt = Eiy exp(iAB). Here Ej, denotes the amplitude of the input field, A the
wavelength and we omit loss. For AL ## 0 the output field amplitude E, and its intensity
Pout = [Re(Eoyt)]?, become a nearly sinusoidal function of A with a period or Free Spectral

Range (FSR) of Agsgr = A%/ (ngAL), where ng = negr — A Sgiﬁ represents the group index.

The wavelength meter exploits precisely this wavelength dependency of P,,. However,
a fluctuation of input power P, = \Einlz also modulates Py, hence balanced detection
(BD) is used to distinct between power fluctuations in the input and a wavelength shift.
BD combines Py and its inverted companion P, = [Im(Eoy)]?, also generated at inter-
ference, into balanced parameter B = (Poyt — Payi) / (Pout + Pjy) independent of Py,.

The wavelength meter has been realized (Fig. 1) as a PIC on the FhG-HHI InP foundry
in the form of a 1x2 Mach-Zehnder Interferometer (MZI) consisting of a 1x2 multi-mode
interference (MMI) coupler in combination with a 2x2 MMI. The signals in the two out-
puts of the 2x2 MMI are inverted with respect to each other, i.e. two sinus-like functions
180 degrees out of phase, and fed into the balanced detector (BD) on the right side. The
optical input on the left has an integrated spot-size converter (SSC) matching the circular
10 um mode diameter of standard fiber. The arm-lengths in the MZI were optimized for
a FSR = 10nm at A = 1550 nm. Both MZI arms contain a Thermo-Optical Phase Mod-
ulator (TOPM), which can tune the position of the MZI transfer function across a full
Arsr period. The MMIs, BD, SSC, TOPMs and interconnecting waveguides were avail-
able as foundry-compatible GDS building blocks in the mask-layout design environment.
Figure 2 shows the package of the anti-reflection coated device.

Tolerance analysis

The MZI performance is sensitive to random variations of the optical and geometrical
design parameters, for example as caused by fabrication. A tolerance analysis with an
optical circuit simulator in the design flow is able to perform a statistical analysis of
the MZI. Figure 3(a) shows the wavelength meter’s circuit model in Aspic™][3], assem-
bled with BBs from the FhG-HHI library. The library describes each BB by a realistic
model containing information of its statistical behavior. Figure 3(b) shows the effects of
tolerances on the MZI transmission through a number of random device realizations; It
considered the variability of loss and splitting ratio’s of the 1x2 MMI (a2, K12) and of
the 2x2 MMI (022, K22), together with a variability of waveguide loss (Olyg) and nefr. The
circuit simulator processes these data through numerical approaches or analytical models
[4]. This provides information on several statistical quantities such as the expected value
and the variance of the circuit response, and a yield estimation and sensitivity analysis.
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Figure 3: (a) Schematic of the MZI wavelength meter designed in Aspic™; (b) Effects of toler-
ances of the BB optical parameters on the MZI transmission at output ports O (black curves) and
O; (red curves). (c) and (d) show the sensitivity analysis (Sobol indices) of the MZI considering a
thermal stabilization of 0.1 °C (c) and 0.5 °C (d).

A sensitivity analysis for finding the most critical parameters of the circuit can be done
effectively by Sobol indices [5], which express the contribution of each parameter to the
total variance of the process: The higher the Sobol index (between 0 and 1) is for a pa-
rameter, the more critical the parameter is to device performance. For instance, Fig. 3(c)
shows that MZI extinction at port O, at A = 1552 nm is strongly sensitive to the MMI
splitting ratios (K> and K3, purple curves); conversely, at the MZI transmission maxima
(1547 nm and 1557 nm), excess loss (02, green curve) of the 2x2 MMI becomes dom-
inant. These results assumed thermal stabilization within £0.1 °C, corresponding to a
negr fluctuation of about 4-2e-5. For a coarser thermal stability (e.g. £0.5°C, £1e-4 negr
fluctuations) negr is the most critical parameter at most wavelengths, as shown in Fig. 3(d).

Measurement results

For characterization of the packaged device a tunable laser served as the optical source.
An optical attenuator followed by a polarization controller fixed the optical input power
to the package. Two Keithly source meters simultaneously read the currents from the
balanced photo-diodes while the laser scanned the wavelength of the input light. A TEC
controller stabilized the temperature of the device at 20 °C. Figure 4 presents the pe-
riodic diode response versus A for TE and TM polarization, normalized at maximum
current. The response is displayed in dB scale to better show the symmetrical response
of the device, though this is not critical in this sensing application. The extinction ratio
is around 25 dB, but due to the resolution of the data this is not always clear from the
plot. The efficiency from fiber power to diode current was measured at Rrg = 0.29 A/W
for A = 1520to 1575 nm. For A down to 1465 nm this was still 0.21 A/W. We expect the
device to operate well above 1600 nm based on other data, resulting in a large 150 nm
operational span. The FSR = 10 nm at A = 1550 nm, as designed. TE and TM curves are

289



Design and performance of a packaged InP wavelength meter

displaced with respect to each other, because the waveguides are not polarization indepen-
dent. Figure 3 shows the excellent balanced detection response B. Wavelength sensing
operates in the bandwidth of about Ay = 3nm on any steep section of the curves, as
indicated by the dotted rectangle on the TM curve. The sensitivity of the wavelength me-
ter follows from Ag = Apy - NEP - f/(Rygq - P;n), where NEP is the noise equivalent power
of the diodes and f the sampling rate frequency. At f = 10kHz, P;; = —10dBm, and
NEP ~ 0.2pW/v/Hz we find A, ~ 2 fm. With higher input power and/or lower f a sensi-
tivity of attometers seems within reach.

The above sensitivity is an ideal case without temperature fluctuations, among others.
However, the MZI has a novel feature: an integrated temperature sensor. Its sensitivity
is 10 mV/°C and multiple of these sensors can be integrated on a single chip. Therefore,
accurate real time calibration for local temperature changes in the MZI is feasible.
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Figure 4: Measured balanced-detector photo-  Figure 5: Measured balance B in the wave-
currents across two MZI periods. length meter.
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An optical flat datacenter network based on scalable optical switch system with optical
flow control has been proposed and studied in this paper. The validation of 4x4 switch
system shows error free operation at 40 Gb/s with 1dB penalty. The minimum end-to-
end latency (including 25m transmission link) is less 300ns and <10 packet loss for
0.5 load with buffer size of 16 packets is reported.

Introduction

Emerging services such as cloud computing and social networks are steadily boosting
the Internet traffic. For every byte transmitted over Internet to or from a data center
(DC), 1 GB of data is moved through the DC network (DCN) [1], putting a tremendous
pressure on DCN. In large DCs with 10.000’s of servers, merchant silicon top-of-the
rack (TOR) switches are used to interconnect servers in a group of 40 per rack with 1
Gb/s link (10 Gb/s expected soon). To interconnect the 100°s of TORs, with 10/40 Gb/s
aggregated traffic (100Gb/s is expected soon) per TOR, current DCN is built up on
multiple switches, each with limited port count and speed, organized in fat-tree topology
[2]. This multi-layer topology has intrinsic scalability issues in terms of bandwidth,
latency, costs and power consumption (lager number of high speed links).

To improve the performance and costs, flattened DCN is currently being widely
investigated. Optical technologies have the potential of exploiting the space, time, and
wavelength domain for scaling the port count while switching high speed data at
nanoseconds time scale with low power and small footprint photonic integrated devices.
Despite the several optical switch architectures presented so far [3], no one has been
proved a large number of ports while providing a port-count independent
reconfiguration time for low latency operation. Moreover, the lack of a practical optical
buffer demands complicated and unfeasible system control for store-and-forward
operation and contention resolution.

In this work, we propose and experimentally investigate a novel flat DCN architecture
for TOR interconnect based on a scalable optical switch system with hardware flow
control. Experimental evaluation of a 4x4 optical switch system shows dynamic
operation including multicasting and only 1dB power penalty at 40Gb/s date rate. A
buffer size of 16 packets sufficiently guarantees <10 packet loss for 0.5 input load and
less than 300ns minimum end-to-end latency could be achieved within 25m distance.
Scalability investigation also indicates that the optical switch can potentially scale up to
more than 64x64 ports with less than 1.5dB penalty while the same latency is retained.

System operation

The proposed flat DCN architecture based on NxN highly distributed control OPS
architecture is shown in Fig. 1. Traffic load is balanced and configured by aggregation
controller at the transmitter side. Each cluster groups N TORs, which transmit with
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different wavelength As, A2...Am. Switching is performed based on per packet attached
label information. At OPS node, the highly distributed control of the OPS [4] allows
processing the M channels of each cluster in parallel, minimizing the reconfiguration
time of the switch and thus the latency. Label extractor separates the optical label from
the optical payload by using a fiber Bragg grating (FBG). The optical payload is then fed
into the SOA based broadcast & select 1xN switch while the extracted label is split into
two parts. One of them is detected and processed by the switch controller after optical-
to-electrical conversion (O/E). The switch controller checks possible contentions, and
configures the 1xN switch to block the contended packets with low priority and to
forward packets with high priority [5]. Moreover, the switch controller generates the
ACK signals used to acknowledge the aggregation controller on the reception or re-
transmission of the packets. The other part of label power is re-modulated in an RSOA
driven with the base band ACK signal generated by the switch controller and sent back
to cluster side. This fulfills the efficient optical flow control in hardware which
minimizing the latency and buffer size. Baseband ACK contributes to easy process by
using a low pass filter and no interference with label information.
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Fig. 1. WDM OPS architecture with highly distributed control.
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Experimental set-up and results

For the validation of the DCN, we experimentally investigate the full dynamic operation
including flow control of a 4x4 system. Packetized 40Gb/s NRZ-OOK payloads are
generated with 540ns duration and 60ns guard time. An FPGA acts as aggregation
controller that generates for each packet the label according to the port destination, and
simultaneously provides a gate signal to enable the transmission of the payload with a
certain load. Buffer manager inside FPGA stores the label information in a FIFO queue
with a size of 16 packets and removes the label from the queue in response to a positive
ACK. Otherwise the label and payload are retransmitted after re-signaling the input
optical gates, implementing the packets retransmission.

RF tone labeling technique and bi-directional optical system are deployed to efficiently
transmit the labels and ACK in a single fiber. Such labeling technique allows the
parallel processing of the label bits which will greatly reduce the OPS processing time
[4]. Here we use two RF tones (f1=284.2MHz, 2=647.1MHz) for coding the 2-bit label
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information. Payload wavelengths are placed at Ap11=AP21=1544.9nm and
Ap12=Ap2,=1548.0nm. The label wavelengths, each carrying two RF tones, are centered at
M1=1545.1nm and A»,=1548.2nm. The average optical power of the payload and the
label at the OPS input is 2.5dBm and -2dBm, respectively. FBG is centered at label
wavelength and has a -3dB bandwidth of 6 GHz which avoid spectral distortion of the
payload. Optical spectra of the packets before and after label extractor for Clusterl are
shown in Fig. 2a and Fig. 2b.

= Payload & label = Payload & label
o] @ enaatan | (P) - Exrscid o
-10
204

-30

-40

Optical power (dBm)

-504

1644.5 . 1646.0 ] 1sds0 16486
Wavelength (nm) Wavelength (nm)

Fig. 2. Optical spectrum before and after label extractor for (a) Clientl (b) Client2.

Fig. 3 shows the dynamic operation of label and payload from both clusters. The time
traces of the label detected by switch controller and the ACK feed-back detected by the
aggregation controller at transmitter side are reported at the top. 2-bit label brings up 3
possibilities of switching since “00” represents no packet. “01” stands for outputl, “10”
for output2 and “11” for multicasting the payload to both ports. To clearly show the
contention and switching mechanism, fixed priority has been adopted in the contention
resolution algorithm. If two packets from different clients have the same destination,
Client 1’s packet will be forwarded at the output while the packet from Client 2 will be
blocked and a negative ACK will be sent back requesting packet retransmission. If
Clientl is multicast, any data in Client2 will be blocked. Client2’s multicasting will only
be approved if Clientl has no data.

(a) From Cluster 1 (b) From Cluster 2
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sz |1 [T ML LT [T AT T
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Fig. 3. Dynamic operation of labels and payloads from (a) Clusterl; (b) Cluster2

One or both of the SOA will be switched on to forward the packets to right destination.
The waveforms of the transmitted packets (including retransmitted packets for Client 2)
and the switch outputs are shown at bottom. “M” packet stands for multicast packet,
which should be forwarded to both output ports. If Client 2 contends with Client 1 the
packets will be blocked which are shown with unmarked packets in Fig. 3. In this case, a
negative ACK is generated to inform buffer manager that the packets have to be
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retransmitted. Fig. 3 clearly shows the successful optical flow control and multicasting
operation. The minimum end-to-end latency (no retransmission) is 300ns including
250ns propagation delay introduced by 25m link.
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Fig. 4. (a) 40Gh/s payload BER curves and eye diagrams; (b) Packet loss vs. load with different buffer
size (c) Penalty and OSNR vs. scale of 1xN switch.

Fig. 4a shows the measured BER performance for the system. Error free operation with
only 1dB power penalty after the switch was measured. Less that 10° packet loss has
been measured at 0.5 load and 16-packet buffer size as shown in Fig. 4b. Larger buffer
size would improve the packet loss performance for the load smaller than 0.7. We
further investigate the 1xN switch scalability of the proposed system by using an
attenuator before the 1xN switch to emulate the coupling loss of the broadcast and
select. Fig. 4c shows the penalty (measured at 1E-9) and OSNR of switch output as a
function of N within different SOA bias current. It clearly shows that at N=64, less than
1.5 dB penalty is obtained which indicates that the OPS can be scaled to a large number
of ports at the expense of limited extra penalty.

Conclusions

We experimentally demonstrate a 4x4 DCN architecture for 40 Gb/s packets. Exploiting
the highly distributed control architecture, the efficient optical flow control, and the fast
SOA switches, we report 300 ns minimum end-to-end latency (including 250 ns offset
provided by the 25m transmission link) and packet loss of 10™ for 0.5 input load and
limited buffer size. Investigation on the switch scalability indicates that scaling up to
64x64 ports is possible at cost of 1.5dB extra power penalty.
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