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Hinter der néachsten Biegung gleich
Ein Tor fuhrt ins geheime Reich
Und ging ich oft auch dran vorbei
Es kommt ein Tag, da steht mir frei
Der Weg, den es zu gehen lohnt,
Ostlich der Sonn, westlich vom Monday

J. R R Tolkien

Still round the corner there may wait
A new road or a secret gate;

And though | oft have passed them by,
aday will come at last when |
shall take the hidden paths that run
West of the Moon, East of the Sun.

J. R R Tolkien






Zusammenfassung

Eine Schlisselkomponente in einem optischen Netzwerk ist das optische Filter. Es gibt
mehrere Arten von optischen Filtern, zum Beispiel Bragg — Gitter, Dunnschichtfilter, arrayed
waveguide gratings (AWGSs). Ein optisches Filter, dass in den letzten Jahren in der
integrierten Optik hervorgetreten ist und welches in dieser Arbeit entworfen und untersucht
wird auf der Basis von GalnAsP / InP, ist der Ringresonator. Filter auf der Basis von
Ringresonatoren benttigen keine Spiegel oder Gitter fur die optische Rickkopplung und
eigenen sich deshalb hervorragend fur die monolithische Integration mit anderen
Komponenten wie z. B. Laser und Photodetektoren.

Ein Filter mit einem ben6tigten bestimmten Transmissionsverhalten kann mit Hilfe mehrfach
seriell oder parallel gekoppelter Ringresonatoren erreicht werden.

ANFORDERUNGEN:

» Die Herstellung von Ringresonatoren in der integrierten Optik erfordert niedrig
dampfende, stark gefuhrte Wellenleiter fir die Realisierung kleiner Krimmungsradien
(R=100 pm).

» Abstimmbarkeit ist essenziell fur die Systemanwendung von optischen Filtern. Im Fall
periodischer Filter, in unserem Fal Ringresonatoren, ist es wichtig das
Transmissionsverhalten des Filters an ein bestimmtes Kanalraster anzupassen (z. B. ITU -
Raster).

» Die Filtereigenschaften passiver Ringresonatoren werden durch die internen Verluste
eingeschrankt. Die Integration eines optischen Halbleiterverstarkers (SOA) ermoglicht
nicht nur die Kompensation der internen Verluste, sondern auch zusétzliche Funktionalitét
(z. B. Schaltbarkeit).

HERGESTELLTE BAUELEMENTE:

» Passive einfache Ringresonatoren und Doppelringresonatoren im Materialsystem
GalnAsP / InP in der Form von Stadien, gekoppelt an Multimodeinterferenzkoppler (MMI)
oder an Kodirektionalkoppler mit Radien von R = 100 um — 200 pum und einem freien
Spektralbereich (FSR) von 50 GHz und 100 GHz und On-Off Verhaltnissen von mehr als
20 dB wurden redlisiert.

» Einfache Ringresonatoren und Dreifachringresonatoren mit integrierten optischen
Halbleterverstarkern (Verstarkerlange = 100 um — 800 um), gekoppelt an zwel Eingangs-
und Ausgangswellenleiter unter der Verwendung von Kodirektionalkopplern mit Radien
von R= 100 um — 800 um werden prasentiert. Die internen Verluste werden vollstandig
durch die Hableiterverstéarker ausgeglichen und On-Off Verhdtnisse fir den
Durchgangskanal sowie fur den Dropkanal von mehr als 20 dB wurden erreicht. Die
Ringresonatoren besitzen einen freien Spektralbereich von 12,5 GHz, 25 GHz and 50 GHz.

B Die Abstimmbarkeit auf eine bestimmte Wellenlange sowie die Resonanzanpassung
der Doppel- und Drefachringresonatoren konnte mit Hilfe von integrierten
Platinwiderstanden erreicht werden.

B Das Transmissionsverhalten hangt sehr von der starke der Interaktion der beteiligten
Ringresonatoren untereinander und mit den verwendeten Kopplern ab. Eine Designregel wird
beschrieben um ein quas rechteckiges Transmissionsverhalten durch Verwendung von
Doppel- und Dreifachringresonatoren zu erreichen.

= Das Verhalten der hergestellten Bauelemente wird hinsichtlich ihrer Einflgedampfung,
Polarisationsabhangigkeit, Funktionalitat und Einsatzmoglichkeit analysiert.






Abstract

A key device in all-optical networks is the optical filter. There are different types of optical
filters, for example, Bragg gratings, thin film filters, arrayed waveguide gratings (AWGS). An
optical filter which has emerged in the last few years in integrated optics and which is
designed and investigated on the basis of GalnAsP / InP in this thesis is the ring resonator
filter. Ring resonator filters do not require facets or gratings for optical feedback and are thus
particularly suited for monolithic integration with other components such as lasers and
photodetectors for example.

A required passband shape of ring resonator filters can be custom designed by the use of
multiple serial or parallel coupled resonators.

REQUIREMENTS:

» The redlization of ring resonators in integrated optics requires low loss waveguides
with a strong confinement to achieve low bending radii (R= 100 pm).

» Tuneability is essential for the system application of optica filters. In the case of
periodic filters, in our case ring resonators, it is important to fit the transmission curve to
the defined channel spacing (e.g. ITU-grid).

» The performance of passive ring resonators for filter applications is limited by internal
losses. The incorporation of a semiconductor optical amplifier (SOA) enables additional
functionality (e. g. switchability) including the compensation of internal |osses.

REALIZED DEVICES:

» Passive single and double ring resonators in the material system GalnAsP/ InP in the
form of racetracks, coupled to a multimode interference (MMI) coupler or a codirectional
coupler (CC) with radii of R = 100 pm — 200 um and free spectral ranges (FSRs) of
50 GHz and 100 GHz and on-off ratios of more than 20 dB are realized.

» Single and triple ring resonators with integrated SOAs (length = 100 pm — 800 pum),
coupled to two input/output waveguides using codirectional couplers with radii of R=
100 pm — 800 um are demonstrated. The ring losses are compensated by the SOA and an
on-off ratio for the throughput and drop port of more than 20 dB is realized. The achieved
free spectral rangeis 12.5 GHz, 25 GHz and 50 GHz.

B The tuning to a specific wavelength and the resonance matching of the double and
triple ring resonators is demonstrated by using integrated Pt — resistors.

B The passband shape depends sensitively on the relative interactions between all
resonators and the used couplers. In order to achieve a box-like filter response, a generdl
design rule is developed for engineering definite filter shapes using double and triple coupled
ring resonators.

= The performance of the devices is analyzed with respect to insertion loss, polarization
dependence, functionality and application.
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1 Introduction

1.1 Theoptical network

The primary role of optical fibers has long been to transmit high-speed bit streams from point
to point, between nodes in the network. Electronics at the nodes have processed and switched
the signals, multiplexing or demultiplexing them to different data rates, directing them to
different nodes. In essence one can view the telecommunications network as built of two main
components:. pipes, which transmit signals, and switches which process and direct the signals.
Fibers are representing the pipes for high-speed signals. The first big step towards optical
networking was the advent of wavelength-division multiplexing (WDM). Theinitial attraction
of WDM was its ability to multiply the capacity of a single fiber. Instead of carrying a single
time-division multiplexed (TDM) channel at 2.5 or 10 Ghit/s or even more, afiber could carry
4, 8, 16, 32, 40 or more optical channels at different wavelengths, each may be at a different
data rate. WDM makes signal management and processing possible on the wavelength level.
Combining four 10 Ghit/s signals into a single 40 Gbit/s data stream requires an expensive
electronic TDM multiplexer and a 40 Ghit/s optical transmitter including a receiver and
demultiplexers to pick out one of the signals. If the four 10 Ghit/s signals are sent on separate
optical channels, afilter can pick off the desired optical channel without disturbing the rest of
the channels. This principle is applied in any WDM system: optical filters are used for
separating one optical channel from the combined signal without electronics. Optical filters
are key devices for WDM systems. The most obvious application is for demultiplexing very
closely spaced channels, however, they also play magor roles in gain equalization and
dispersion compensation. A simplified schematic of aWDM systemisoutlined in Fig. 1.

Transmitter Module Receiver Module
e | T Hal
T : ! #1R |
: o | : '§ :
! 5 | ! !
i Tx = | A, A2, A . , 9 Rx |1
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— Z | | 2 i
T || ! l X | Rx
L #N Drop Add L N

i Rx ™ |

| T || #IR |

Node 1

Fig. 1. Add/Drop filter application inaWDM system.
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A filter referred to as an add/drop filter is required in an optical ring network to separate the
channel to be dropped from those that pass through unaffected. Node 1 (Fig. 1) receives the
dropped channel and may transmit its own information on a new signal at the same
wavelength as that dropped or a new wavelength that does not interfere with those already
used by the other channels on the through-path. Channel spacings are standardized based on
the International Telecommunications Union (ITU) grid [1] defining 100 GHz spaced
frequencies, f = 193.1 £ m x 0.1 THz, where m is an integer. The center grid is 193.1 THz,
which corresponds to a wavelength of 1552.524 nm in vacuum. Channel spacings for
commercia systems are currently on the order of 100 GHz with bit rates up to 10 Ghit/s per
channel. There are two ways to increase the capacity: increase the useable wavelength range
and use the bandwidth already covered more efficiently, for example by decreasing the
channel spacing to 50 GHz, 25 GHz or even 12.5 GHz. The increase in bit rate tranglates into
a commensurate increase in the signal bandwidth. This means that there is less room to
accommodate the signal bandwidth if the channel spacing is decreased. Closer channel
spacing requires sharper filter responses and on-off ratios of more than 20 dB to separate the
channels without introducing crosstalk from the other channels. The transmission spectrum

from a periodic optical filter isshownin Fig. 2.
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Fig. 2: Transmission characteristic of an optical filter.



1.1.1 Optical filters
A key element for controlling light in WDM systems is the optical filter. There are mainly
two classes of optical filters.

1) Finite impulse response (FIR) / moving average (MA) filters: filters that do not rely on
any feedback mechanism, i.e., do not rely on optica reflections. These filters are
sometimes called feed-forward and examples are Mach-Zehnder based filters and
waveguide grating routers (WGRS).

2) Infinite impulse response (1IR) / autoregressive (AR) filters: filters inherently based on
multiple reflections. Examples of these include fiber Bragg gratings (FBGS), thin film
filters (TFFs), and optical all-passfilters (APFs).

Idedlly, a filter should have a rectangular amplitude response and zero dispersion (which
corresponds to linear spectral phase over the filter’s passband). A datarate of 10 Gbit/s has a
spectral width of 6.25 GHz, using a spectral efficiency of 1.6 bit/s/Hz [2]. The idea passband
of a filter with a rectangular amplitude response for this datarate would therefore be
6.25 GHz. For bandpass filter applications, several factors influence the required passband
width beyond the fundamental limit set by the bit rate. The passband width must
accommodate fabrication tolerances on the filter and laser center wavelengths as well as their
polarization, temperature and aging characteristics. For high bitrate long-distance systems,
filter dispersion and broadening of the signal due to nonlinearities in the fiber can also
become an issue. The requirement of filter characteristics for 40 Gbit/s-based DWDM
systems are described in [3].

The description of some of the most common optical filters[4] is given:

a) planegrating

A typical reflective grating consists of a mirrored surface with tiny periodically located

grooves. When illuminated, the light reflected from one groove interferes with the light

reflected from other grooves, resulting in constructive and destructive interference. The
wavelength dependence of the interference patterns are exploited to separate the different

wavelengths which are detected for example by using a photodiode.

Fig. 3: Plane grating.



b) Fabry-Perot interferometer

This principle of this filter was invented in 1898 by the French physicists Charles Fabry
and Alfred Perot. The principle is still the same, two highly reflective paralel mirrors are
separated by a small distance. Most of the light which encounters the first mirror is
reflected, but some of it transmits, travels through the cavity [the space between the
mirrors, often filled with some kind of dielectric e.g. liquid crystals (LCs)], and strikes the
second mirror. At the second mirror most of the light is reflected, while some transmits.
The reflected light travels backwards, hitting the first mirror, where some of it again
reflects and some transmits. The result is that depending on the spacing and index of
refraction between the mirrors, at some wavelengths the multiple reflections interfere
constructively. At these wavelengths the cavity “resonates’, so that the light passes
through. For other wavelengths the transmitted waves add out of phase and the reflected
waves add in phase. At these wavelengths the interferometer’s overall transmission is low,

and the overall reflectivity is high.

->| d |(-
Input @l@l@ Output

\/

Mirrors

Fig. 4. Fabry-Perot interferometer.

c) fiber Bragg grating

These types of filters consist of aregion in which the index of the fiber varies periodically
between high and low, and they are formed in optical fibers by exposing the fiber to
interferometric patterns from an ultraviolet (UV) laser. As in the Fabry-Perot
interferometer, multiple reflected and transmitted waves result. For a specific wavelength

the reflected waves al add in phase, and at this wavelength the grating appears to be

highly reflective, while transmitting all the others.
A1, A2y A, AN

Circulators A1, A2y, AN

Fig. 5: Optical fiber Bragg grating [5].



d) arrayed waveguide grating (AWG)

The most common filter in optical telecommunications is this type of filter. The AWG
uses an array of single mode waveguides in which the lengths of adjacent waveguides
differ by a fixed amount. The input light from a single fiber illuminates al these
waveguides. Because of the different lengths of the waveguides, the phase of the light (at
the output end of the array of waveguides) varies by a fixed amount, from one waveguide
to the next. This variation results in a wavelength dependent phase front that is similar to
the one from a plane grating. This pattern is then arranged so that different wavelengths
illuminate different output fibers. The AWG can serve as a wavelength multiplexer as

well as ademultiplexer.

Fig. 6: Packaged arrayed waveguide grating [6].

€) Mach-Zehnder interferometer (MZI)
This filter consists of a pair of couplers connected by two paths of unequal length. Group
velocity dispersion in the optical paths of different lengths results in some wavelengths

being output to the top port, and other wavelengths being output to the bottom port.

A1

\ Couplers / Az

Fig. 7. Mach-Zehnder interferometer.

A1, A2

f) Thinfilm dielectric interference filter

This filter requires the deposition of many layers of coating to create narrow-band filters.
A typical filter with a 3 dB bandwidth of 100 GHz requires more than a hundred layers of
coating. With so many layers being deposited, errors caused by local film thickness
variation and alternation in density increase, reducing the yield of useful filters. A
transmitted beam that goes through a filter is composed of multiple sub-beams, each
having a dlightly different travel time, which adds dispersion to the data signal.
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The characteristics of important optical filtersarelisted in Table 1.
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Table 1: Typical characteristics of common optical filters[7].

A filter which has emerged in the last few years in integrated optics is the ring resonator. This

type of filter is studied intensively in this thesis.




1.2 TheRing Resonator - History

The proposal to use an integrated ring resonator for a bandpass filter has been made in 1969
by E. A. Marcatili [8]. The layout of the channel dropping filter is shown in Fig. 8. The
transmission properties of the used guide consisting of a dielectric rod with rectangular cross
section, surrounded by several dielectrics of smaller refractive indices has been described by
E. A. Marcatili in[9].

fa

Ring Resonant at / f1, f3, fa, ...

Add Port Frequency f,
< Throughput

Coupling Port
Region "4

““““ Coupling

Reqi
Drop Port egion
f2 Input Port

Fig. 8: Ring resonator channel dropping filter.

A genera architecture for an autoregressive planar waveguide optical filter was demonstrated
for the first time in 1996 [10]. The autoregressive lattice filters which were designed and
fabricated consisted of one and two stages using Ge-doped silica waveguides.

A concept for photonic highway switches based on ring resonators used as frequency-
selective components was presented in [11]. A signal flow chart transformation for evaluating
the filter transfer functions was demonstrated. Purely passive single ring resonator filters as
shown in Fig. 8 have been realized in the material system AlGaAs-GaAs [12], [13] and Si-
SiO, [14] and SisN4-SIO, [15]. The radius of the used ring resonators is between 5 um and
30 um and the free spectral range (FSR) achieved is between 20 nm and 30 nm. Passive ring
resonators in the form of a racetrack have been realized in the material system GalnAsP [16]
and AlGaAs-GaAs [17]. The filter performance is limited by bending and scattering losses in
the resonator. These losses could be compensated for by using an active material instead or in
addition. Purely active semiconductor ring lasers have recently received attention [18], [19],
[20] because they are attractive as light sources in photonic integrated circuits. They can be
positioned anywhere on a substrate and can easily be defined by a minimum of lithographic
steps, since neither cleaved facets nor gratings are needed for feedback. An integration of
semiconductor optical amplifiers in passive ring resonators has not been realized so far to the
author's knowledge. It has only been demonstrated using fiber optics. Fiber optic ring

resonator filters employing optical amplifiers were demonstrated in [21] and [22]. It is shown



that optical amplifiers (OA) can provide extra flexibility for unique fiber-optic filter designs,
not available in passive configurations. Results are presented [21] for both amplified and
unamplified fiber-optic recirculating delay lines (AFORDL and UFORDL) indicating that the
AFORDL is capable of realizing filters not possible with the UFORDL. The work presented
in [22] focuses on the finesse of an amplified ring resonator. This paper analyzes theoretically
the performance of the optical filter, as a function of the coupling coefficients of the electro-
optical directional coupler and the gain of the fiber amplifier.

The combination of a passive and active material enables the possibility to realize passive ring
resonators with integrated semiconductor optical amplifier (SOA), similar to the mentioned
fiber optic filters with erbium-doped fiber amplifiers (EDFA), for improved filter
performance of single ring resonator devices as well as of multiple coupled ring resonator
devices which has not yet been realized so far to the authors knowledge and is one of the main
targets of this thesis. The ring resonator filters which are investigated in this thesis should be
tunable and switchable using the integrated SOA. The on-off ratio of the filter should at least
be 20 dB. Another challenge is to match the required channel spacing for example 50 GHz to
the transmission characteristic of the ring resonator filter. The single ring resonator could be

used as a building block in higher order ring resonator filters to achieve flat-top passbands.



1.2.1 Applications

There is a wide range of applications for the use of ring resonators. This section is a means of
highlighting a few examples of the use of ring resonators.

B8 The first application which comes to mind after the last section is the use of these
coupled ring resonators in optical delay lines [23], which provide a time delay for an optical
signal. In optical time division multiplexed (OTDM) communication systems for example,
this function is required for synchronization purposes. In OTDM demultiplexers and in
optical logic gates for example, local control signals need to be overlapped in time with
incoming data signals.

B Ancther important field is the use of ring resonators for flexible dispersion
compensation. Chromatic dispersion is caused by a variation in the group velocity of light
traveling within a fiber with changes in optical frequency. A data pulse always contains a
spectrum of wavelengths. As the pulse travels along the fiber, the shorter wavelength
components travel faster (negative dispersion) than the longer wavelength components
(positive dispersion). This effect broadens the pulse and causes it to interfere with
neighboring pulses and distort the transmission signal. Practical dispersion compensators
should have limited tuneability, uniform insertion loss upon tuning of dispersion and multiple
wavelength operation. Ring resonators can be used to enhance the physical length by forcing
the light to traverse the physical distance many times. Resonant enhancement, however,
comes at the price of finite bandwidth. The larger the enhancement, the narrower the
bandwidth. Ring resonators alow large compensation for multiple wavelengths
simultaneoudly in a so far limited frequency range [24], [25], [26]. The building block of a
multistage dispersion compensator using ring resonators is shown in Fig. 9. The group delay
of the ring resonator follows a periodic curve. Cascading multiple loops enables

synthetization of various delay curves.

In — —» Out

Coupler

4 Phase Shifter

Fig. 9: Single ring resonator (SRR) as a building block for multistage dispersion

compensators.



[ | A single ring resonator (SRR) integrated with a photo diode (PD) could be used for
example to stabilize a laser diode (LD) emitting at a specific wavelength (Fig. 10) or for
definite switching in FSR channel spacing (e.g. 25 GHz). The PD is adjusted in such a way,
that it is tuned to the resonance wavelength of the ring, which is in turn the emitted
wavelength of the laser. If the PD detects more light, the laser is out of its wavelength and has
to be retuned.

g
FromLD

Fig. 10: Photograph of afabricated passive SRR with integrated PD at the throughput port.

A setup for the wavelength stabilization of alaser diodeis presented in Fig. 11.

Emi_ssion < LD —>
to Fiber

=0

Za

Differential Amplifier

Desired Wavel engthT A

Fig. 11: Wavelength stabilization and switching setup using ring resonators.

The ring resonators have identical geometries. The transmission characteristic of the second
ring resonator is slightly detuned as shown in the diagram. A differential amplifier subtracts
both signals. The laser is at the desired wavelength as long as a zero is detected. The FSR of
the ring resonators enables the switching on a desired wavelength grid. A similar
configuration can also be used for the generation of mm — wave signals without the need of a
high frequency photo diode [27]. A semiconductor laser structure integrated with a passive
ring resonator is proposed in [28]. It is demonstrated that with the help of the Lorentzian-type
filter characteristic of the single ring resonator, the side mode suppression ratio, the linewidth,

and the frequency chirp of this ring resonator coupled laser will be improved.
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B Theintegration of aring resonator with a Mach-Zehnder Interferometer (Fig. 12) has
been realized recently for the use as a compact notch filter [29] and as a periodic
multi/demultiplexer [30].

KRR
3 dB Coupler
Port 1 P 3 dB Coupler Port 3
Port 2 Delay Line of Port 4
the MZI

Fig. 12: Configuration of aMZI with aring resonator.

In the case of the notch filter, the roundtrip loss in the ring is small compared to the
waveguide coupling strength. The ring introduces a phase shift of tat resonance on the side-
coupled waveguide. Single ring resonators coupled to one waveguide which are presented in
thisthesis can be used as notch filters with an on-off ratio larger than 20 dB.

B Ring resonators with integrated SOAs could be used as programmable add/drop
modules for the flexible use of WDM channels in wavelength division multiplexing networks.
High performance add/drop filters can be realized using double ring resonators (DRRs) and
triple ring resonators (TRRs) with the specific transmission characteristic (flat top and high
on-off ratio > 20 dB) presented theoretically and practically in this thesis. The layout of a
possible four channel add/drop moduleis shownin Fig. 13.

I nput Port Throughput Port
A1, A2, A3, Aq Aa, As, Ac, Ap
- Y F g F g % —>
hip— A A A

y \ : \ _; \ _: \
—» TR e SR o —
An, s, Ac, Ap A, A2, A3, Ay
Add Port Drop Port

Fig. 13: Layout of afour channel add/drop filter using DRRs.

The input wavelengths have a channel spacing of eg. 25 GHz. The DRRs used in this
configuration should then have an FSR of at least 100 GHz. Each double ring resonator is
tuned for each corresponding wavelength. This is a smart way of realizing an add/drop
module using only two bus waveguides. A higher channel number can be used if ring
resonators with a larger FSR are used. An eight channel add/drop filter using vertically
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coupled ring resonators is demonstrated in [31]. An analytic theory governing the complete
scattering response of two-dimensional ring resonator arraysis presented in [32].

B Vertically coupled ring resonators are also possible candidates for the realization of
add/drop filters. Devices based on lateral coupling require the use of advanced fabrication
technologies to achieve reproducible filter bandwidths and high dropping efficiencies.
Another way to couple from the ring resonator to the waveguide is by vertical coupling [33],
[34], [35], [36], [37]. The sensitive separation between the ring resonator and the bus
waveguides is controlled by material growth or deposition enabling the fabrication of gaps
< 0.3 um. The vertical coupling technology used so far is mainly for passive devices. The
integration of active devices and their electric control has been investigated using the vertical
coupling technology and a patent application has been submitted (c.f. publications: filed
patent applications[2]).

Coupler Gap. ﬁ/ Disk Resonator

+

\ 7
Bus Waveguides

Fig. 14: Vertically coupled all-active microring resonator.

B An optical frequency division multiplexed (FDM) transmission experiment using a
DRR was presented in [38]. The experiment was performed using 8 channels at a datarate of
622 Mbl/s with a channel spacing of 10 GHz. The used DRR had an FSR of approximately
100 GHz. This is to the authors knowledge one of the first transmission experiments using
ring resonators. Recently a 5 Ghit/s transmission experiment using a microsphere as an
add/drop device was reported [39].

B The polarization dependency of the ring resonator configurations presented in this
thesis could be used advantageously in polarization division multiplexing (PDM) systems.
Alcatel has demonstrated [40] a 10.2 Thit/s transmission experiment using polarization
division multiplexing technology. In the current experiment each wavelength was split up into
two polarizations and was encoded separately. Ring resonator filters can be designed as will
be shown in this thesis for TE and for TM polarization enabling their use in this novel

transmission technique.
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B The wavelength selective, switchable and tunable devices realized in this thesis are
also candidates to be used as interleavers in DWDM systems for the spacial separation of the
DWDM channels into two complementary sets at twice the original channel spacing. (e.g.: an
incoming spectrum with a channel spacing of 50 GHz is transferred into two sets having a
channel spacing of 100 GHz). This is an effective way to decrease channel spacing and
increase the channel number and so increase network capacity and reduce transmission costs.
A combination of interleavers for example enables the fabrication of a demulitplexer for 8

channels with a channel spacing of 25 GHz (Fig. 15).

MWV 00 %
GHz

W 50 w 100 [V

25 GHz GHz W

NV = GHz - (WYVAYY 100 MYV
AL GHz GHz

- WY 00T

100 [V
((YVAVYO S T

Fig. 15: DWDM demultiplexer on the basis of interleavers.

Interleavers are an easy way to make arrayed waveguide gratings work in ultra-dense
networks. A combination of ring resonators used as interleavers for a channel spacing below
100 GHz and AWGs for the separation of individual channels at a channel spacing of
100 GHz could be used.

B Ring resonators can even find application in biology, as sensitive biosensors [41]. The
device operates by means of monitoring the change in transfer characteristics of the ring
resonator when biological materias fall onto on to the resonator. High sensitivity can be
achieved because the light wave interacts many times with each pathogen as a consequence of

the resonant recirculation of light within the ring structure.

These are only some of the applications which could be realized with ring resonators.

The following section presents the basic functionalities of ring resonators. A simulation

model describing the behavior of ring resonatorsis given.
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2 Coupled ring resonators - theory and simulation model

2.1 Introduction

Active and passive ring resonator devices are promising candidates for wavelength filtering
[42], routing [43], switching [44], modulation, conversion [45] and multiplexing/
demultiplexing applications as was shown in the previous section. Ring resonators do not
require facets or gratings for optical feedback and are particularly suited for monolithic
integration with other components [46]. The passband shape of ring resonator filters can be
designed by the use of multiple coupled resonators [47], [48], [49]. The filter characteristic
(steep roll-off, flat top and high contrast > 20 dB) depends on the energy flow in the
resonators which defines the desired filter shape [50]. It is necessary to achieve smooth
waveguide sidewalls for low waveguide losses [51], deep etched curvatures for low bending
losses and precise waveguide dimensions for power splitting. Steeper roll-off and out-of-band
rejection require cascaded micro ring resonators [52]. The implementation of SOAs within the
ring resonator opens the possibility to adjust the energy flow for optimum response. The
matching of the resonance frequency of each ring in multiple coupled ring resonators is
inevitable to achieve the desired filter characteristic. The principal function of a single ring
resonator (SRR) is shown in Fig. 16 and Fig. 17. The resonator (Fig. 16) is not in resonance
with the wavelength inserted at the input port. The wavelength passes by and can be detected
at the throughput port. The amount of light, which enters the ring resonator depends on the
coupling factor of the used coupler. As can be seen there is a certain amount of intensity
which reaches the drop port, this is aso known as the crosstalk. The aim is to design a filter
with low crosstalk.

Drop Port

Input Port Throughput Port
>

Fig. 16: Ring resonator at awavelength of A = 1.55 um.

The wavelength inserted at the input port in Fig. 17 isin resonance with the ring resonator and

is "dropped”. The same principle applies for double ring resonators (DRR) and similar
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arrangements using ring resonators. The use of DRRs and multiple coupled ring resonators

enables the realization of various types of filter characteristics.

Drop Port
<4+—

Input Port
P — Pl = - - ——— Throughput Port

Fig. 17: Ring resonator at awavelength of A = 1.57 um.

Fig. 18: Double ring resonator out of resonance (left) and in resonance (right).

The simulations shown in Fig. 16, Fig. 17, Fig. 18 have been calculated using a commercially
available finite difference time domain (FDTD) program [53].
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2.2 Synthesisof optical filtersusing ring resonators

The synthesis of ring resonator filters concatenated in series or paralel have aready been
described in 1988 [54] and realized using fiber optics. The synthesis of various types of
optical filters using ring resonators has attracted attention recently [55], [56], [57]. Theam is
the realization of a box-like filter shape and a high on-off ratio. Theoretically many desired
filter shapes can be created using multiple (6 stages [48], 1-10 Stages [49]) coupled ring
resonators. The described filter stages are assumed to be identical in their behavior, which is
not the case in reality. The resonance frequency of fabricated multiple coupled ring resonators
which are demonstrated in this thesis (maximum of 3 stages) has to be matched to overcome
fabrication tolerances and achieve the desired filter shape. From the authors point of view a
ring resonator filter consisting of more than three or four ring resonators fabricated using
today's state-of-the-art technology is not practicable. The interaction among all involved
resonators has to be assured to obtain the desired filter response, which is another challenge to
be demonstrated in this thesis.

221 Z-transform analysisof aringresonator optical filter

The basic autoregressive (AR) planar waveguide add/drop filter is a single ring with two
couplers (Fig. 8). The filter has a single pole and no zeros as shown in its transfer function
(2.1) which assumes that both couplers are identical with coupling factor «[10].

Output = -k~z™

H(2)= Input  1-(1-«)z*

2.1)

The transmission around one ring is represented by z' = exp(-alL/2 — jk,L) where k, is the
propagation constant and al./2 is the ring loss (roundtrip loss) which includes propagation
loss, losses resulting from transitions in the curvature, and bending losses. The value of a
[unit length ] depends on the properties of the material and the waveguide used and is
referred to as the intensity attenuation coefficient, L is the circumference of the ring resonator.
A detailed analysis of different types of ring resonator configurations can be found in [47].
The transfer function of a serially coupled ring resonator filter (Fig. 19) is derived using the
matrix formalism described in [58]. It is an IIR filter consisting of N rings with equal
perimeters connected by couplers with coupling factors ko, ..., k. Phase errors are included in
the Z — transform analysis by multiplying z* by the term exp (j@) for each stage. The input
and output fields are denoted by E;j1, Ei» and Eq, Er, respectively as well as intermediate fields
propagating in the forward Ty, ..., Ty and reverse Ry, ..., Ry directions. The frequency
response of this structure is derived by starting with the transmission matrix for a single stage.
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The coupling for the throughput path is referred to as y, =+1-«, and for the cross path

r, = j\/; » for each directional coupler. The directional coupler is assumed to be symmetric

in its behavior for the remainder of thisthesis.

Ee f Ty ' Ro 1Ty ¢ Eix
i zHY¥? i (ZhY2 i (ZYHY2
Rn+1 L : ! Ro
KN i KN_l o000 000 i Kl i KO
T+t i (2_1) 12 i (2-1)1/2 i (2_1)1/2 To
Ei> ? | Ry T, 'Ry ¢ Ea

Fig. 19: Serialy coupled ring resonator filter.

The transformation of inputs to outputs for each stage can be represented by the matrix @, as
[10] :

T =1 Z_lTn + Y1 Roet (2.29)
R, =VZ |y, W2 T, +1,R (2:30)

Tn+1(Z):| 1 |:Tn(z):|

=, (2.4¢)
[le( z)| rAelmzt |R(2)
_ 1 ~Yn

wn - |:y ej%ﬂ Z_l —_ ej%ﬂ Z_lj| (25)
The relationship between the first and last stages is then expressed by concatenating &, s as
follows:

T T
[ Nﬂ(Z)}: ! 1E¢N...¢O[ 0(2)} (2.6)

Ry:+1(2) jN+1{JNejmm +¢N+1>Z—(N+1)}§ R(2)

where @, = z::lq)n and g, = H:zokn .
Let @yo represent the product of matrices @, = |_|:=o @, , then the individual terms in the

Nth-order transmission matrix can be expressed in terms of two polynomials as follows [55]:

o { A(2) B(2) } 27

ejﬂ\“lz_lBN(Z) ejﬂ\l+1z_lA§(2)
where Ay(2) and Bn(2) are Nth-order polynomialsin z*. The reverse polynomials are defined

as follows:
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M(2)= (-1 2 A ] @9
z
R - N-1 N it [ 1
BR(z)=(-1)""z Ve B, | (2.9
z
Assuming no input on Ej;, the transfer functions for Ei, to each output are expressed as
follows:
N o
H (z)—Etl_ To(2) _i"z e 2 Joy
" E. e'%1z7'T,..(2) Au(z)
Hzl(z) - Et2 — ZRN+1(Z) — BN(Z) (210)

E, e%T..(z) AJ(z)

Similarly, assuming no input at Ej,, the remaining transfer functions are:

Et2 — RN+1(Z) —
H22 = - : - Hll
(D7, Jel®iz7R (2) @
Hy(2)= B = To(2) - ZBi(2) (2.12)
E, R(z) A2)

Hj1(2) is an autoregressive filter and Hz1(2) is an autoregressive moving average filter (c.f.

section 1.1.1). The location of the poles are a nonlinear function of the coupling factors as
demonstrated by the Ay and By polynomias of first and second order given below. In

particular, the zeros and poles are not independent of each other.

A =1-y,y,e?z?

B.=Vy,— YOemZ_l

A =1y (v +y,e% J 7 + ypy,e @)z

B, =Y, ~ Vi(YoY,€"? +€/% )2 + e )z (212)
Both the ring loss and the coupling factors contribute to the magnitude of the Ay and By
polynomial coefficients since the magnitude of z* is less than unity. If there are no phase
errors, then the coefficients are real valued. The total phase can be obtained from the Nth
coefficient of Ay and By polynomials. Any variation in ring loss from one stage to another can
be included as a separate term with the phase error, i.e., exp(j@-Aal/2). Unlike the phase
error terms, where conjugation of the polynomial coefficients alows the reverse polynomias
to be defined without prior knowledge of the individual phase errors, the Aa;, terms must be
known before to define the reverse polynomialsin (2.6) and (2.7).

A modified Levinson agorithm is described in [47] to solve the previously mentioned

equations. The method can be used for both synthesizing and analyzing AR waveguide filters.
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The basic recursion relations of this algorithm which are based on (2.3) and (2.5) are given
by:

As(2)= - [A(2)- yuBu(2)] (213)
Bya(2) =—=—[yyAu(2) - By(2)] (2.14)
N-1 K e N N

These equations are specialized for the ring resonator filter configuration (Fig. 19) and allow
a uniform waveguide loss and independent phase terms for each stage to be included. The
order reduction is satisfied when the following relationship for the coefficients of the Ay and
Bn polynomialsis met:

ay(0)ay(N)=by(0)oy(N) (2.15)
where ayn(coefficient no.) and by(coefficient no.) are the coefficients for the polynomials of
order N. Both An(2) and Bn(2) are needed for the recursion relations as well as the ring loss
and phase error ¢n. The ring loss is assumed to be uniform across the stages, otherwise a
unique solution for the coupling ratios cannot be obtained. The transfer function H(z) of aring
resonator filter is obtained using a desired filter transmission response. The polynomial A(2) is
defined by the relationship H(2)A(2) = /7, which is analogous to signal modeling. The signa
model for H(2) is the response /7A(z). The polynomia A(2) is restricted to a finite order

polynomial , Ap(z) = 1 + amz' + ... + apz” and [? =g, ™"

[10]. An underlying
assumption is that the Ay(z) polynomial is avalid one, i.e., all of its roots are within the unit
circle. Given a desired filter transmission response, Ay(2) and /~ can be determined. The ring

loss which has to be measured is needed to determine A7 as well as oy . The phase of the

highest-order term of An(2) IS @ Knowing these parameters By(2) can be determined. After
these steps, solutions for the coupling factors and the individual phase terms have to be
evaluated which is not trivial. The final step of the algorithm is to check the solutions
evaluated for the coupling factors and the individual phase terms against the input for
consistency. An acceptable solution must satisfy two criteria beyond having physically
realizable coupling ratios.

a) the sum of the individual phase terms must equal @t

b) the product of the coupling ratios must equal oy

Since An(2) is given, @ is known, however, it is known only to within an integer multiple of
21t If either criterion is not met, it is likely due to the nonunique @, in which case an integer

multiple of 2rtis added and the algorithm is repeated with @ot new = @ot + 2TL
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2.3 Ringresonators—the used model

The Lorentzian transmission characteristic of a single ring resonator is transferred into a box
like filter shape using a double ring resonator or a triple ring resonator configuration. A
caculation model is derived and al essential parameters describing the transmission
characteristic are extracted. On the basis of this ring resonator model, configurations with a

specific transmission behavior are designed and fabricated.

2.3.1 Thesinglering resonator (SRR)
The simple model [59] of a single ring resonator is shown in Fig. 20. The circumference of
thering isL (L = 27R; the radius is R), the coupling factor is k. The intensity attenuation

coefficient of thering is a. The wave propagation constant is k.

E; >

exp(-7 L= jk,L)

Fig. 20: The single ring resonator.

The transmitted and inserted electric field relations can be derived as follows:

E =(1-y): JE, 31—« + | (E,, VK] (2.16)
E,=(1-y): [ﬁj [E, Q/k +E,, B/ﬁ] (2.17)
E,=E, Eexp(—%[l_ —jk L) (2.18)
where Kk, = @ and y denotes the intensity insertion loss coefficient of the directional

coupler and ng s the effective refractive index.
Using these equations, E/E; can be calculated:

1
. | VImx-(-y): E(Exp(—gEL—j[lknEL)
£ =y

1 (2.19
1-(1-y)2 B1-« E@xp(—‘z’u— jk [L)
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In the following, new parameters will be used for simplification:
D=(1- )"
x=D @xp(—% )

y=+1l-kK (2.20)
=k, L

The intensity relation for the output port is given by [60]:

E|_ D21 - (1-x)de-y?) (2.21)

:_:(¢;)= (1- xy)? +4D<E§/Eﬁn2(§j

The transmission spectrum of a single ring resonator is shown in Fig. 21. The maximum and

minimum transmission is calculated, using:

(x+y)*

=D? 2.22
Trec =D %1+ x[y)’ e
_he : (x-y)* 2.23
Tmin D 1_ X Ey)z ( ' )

1
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Fig. 21: Transmission characteristic of the single ring resonator.

The full-width at half-maximum (FWHM or 3 dB bandwidth) J¢ [:—t((p):o.5] and the

finesse F of the resonator are given by:
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2R=x) [ﬂl — EY) (2.29)
VXL
F =27 Xl 225
op (1-x0y)
The finesse is ameasure for the transmission characteristic of afilter. A resonance point of
Trin N EQ. (2.21) is defined by:

op=

=k, [L=20m0r (2.26)
The on-off ratio will become maximum if;
Tmin:O:x:y:a:—%[ﬂn(lgzK} (2.27)

This relationship is also referred to as the critical coupling. The maximum on-off ratio [1/l;
(2mm) = O; Fig. 21] can be achieved by varying the coupling factor « or the intensity
attenuation coefficient a (Eq. (2.25)). The value of a can only be changed severely by the
implementation of an SOA within the ring resonator or using an all-active ring resonator.
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. R= 100 pm
0.2 |-
' R= 200 um
0.1
R = 300 pum
O —
0 5.10 * 0.001 0.0015 0.002 0.0025 0.003

a[um™]
Fig. 22: Evaluation of the ideal coupling factor x for a given intensity attenuation

coefficient a.

The ideal intensity attenuation coefficient a for an SRR to achieve a maximum on-off ratio
[I/1; (2mm) = Q], for example, with a radius of R = 100 um, a power coupling factor of
k = 0.5, an intensity insertion loss of the coupler of D? = 85 % ()= 15%) is taken from the

diagram (Fig. 22) to be a = 0.0008 pm™. The achieved finesse F for this configuration is
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F=4.4. The value of the intensity attenuation coefficient a is fixed if a purely passive
material is used for the redlization of the ring resonator filter.

The finesse F [Eq. (2.23)] is given for amaximum on-off ratio [x = y; EQ. (2.25)]:

F =18 =TWizK (2.28)
o 1-y? K
e 2"
T e
y=Xx = 1_ x2 = 1_ DZe—aL (2'29)

The finesse F depending on the coupling factor « at the point of maximum on-off ratio
[Eq. (2.26)] isshown in Fig. 23.
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Fig. 23: Finesse depending on the coupling factor « at the point of maximum on-off ratio.

The finesse depending on the intensity attenuation coefficient of the ring a at the point of
maximum on-off ratio [Eq. (2.27)] for aring resonator with R =100 um is shown in Fig. 24.
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Fig. 24: Finesse depending on « at the point of maximum on-off ratio.
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A high finesse F (> 10) can be redlized using a coupling factor x < 0.3, a coupler with
y< 15 % and an intensity attenuation coefficient of the ring a < 0.0001 pm™.

The distance between two resonance peaks is calculated as follows: The phase constant which
corresponds to ¢ =2[mln is defined as k. The phase constant which corresponds to
@=20{m+1)0r isdefined as k + Ak..

The frequency shift Af and the wavelength shift A4 are related to the variation of the phase

2
constant 4k as Af = ZL [Ak and AA = —(;—J [Ak . The resonance spacing in terms of the
s T

frequency f and wavelength A are given by:

Af = © (2.30)

n, L

2
A = |- A (2.31)
Ny [L
where ng is the group refractive index, which is defined as:
— dneff

Ny =Ng ~A— - (2.32)
The frequency spacing between two resonance peaks is caled the free spectral range (FSR).

Using dgp=d(k, EL):Z?”, the FWHM Jdgin terms of frequency and wavelength at the

resonance peaks are given by:

c

F=_ ¢ (2.33)
F h,, L
/'\2
a=—"_ (2.34)
F h, (L

The finesse can aso be calculated using the FSR (4f or 44) and the FWHM (& or 0A) of a

filter and is given by:

c
. A Ny L
in the frequency domain: 5 = ‘i: =F (2.35)
Fng, L
/\2
. . A ngL
in the wavelength domain: — =—2—=F (2.36)
oA A
Fn, L
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Another value for the characterization of ring resonators is the Q factor, which is the stored
energy divided by the power lost per optical cycle. It has the form:

f, A
o33
The Q factor is the ratio of the absolute frequency fo or absolute wavelength A to the 3 dB
bandwidth (& or o4). The shape and the bandwidth (& or 1) of the filter response is
determined by the Q factor.

The finesse and the Q factor are both important when one is interested in both the FSR (4f or

AA) and the 3 dB bandwidth (& or dA). They are related by:

(2.37)

Q_fo _ 4 (2.39)

The Q factor depending on the finesse F for aring resonator with aradius R = 100 pum, 50 pum
and 10 pm, a group refractive index ng = 3.44 at a wavelength of A = 1.55 pm is shown in
Fig. 25.
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Finesse F
Fig. 25: Q factor depending on the finesse F for a specific radius R.

A high finesse F (> 100) and a low Q factor (< 2.5010% is obtained, for example, for ring
resonators with a low radius (R < 20 um). A ring resonator for a given specific bandwidth (&
or 0A) can be designed using the following steps:

dorod 0B QOB F ROBTPHIE «,a (point of maximum on-off ratio)
High Q cavities can serve for example as building blocks for optical signal processing
applications or for laser applications where high quality factors are required. Ideal interleavers
require a finesse F = 2. The basic figures for the description of a single ring resonator with
one input waveguide have been presented. This model is extended to multiple coupled ring

resonators in the following sections.
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The single ring resonator (SRR), which has two adjacent waveguides for in- and out- coupling

isshown in Fig. 26.

Eis > » Eu
I nput Port Throughput Port
Drop Port Add Port
B < < Ei2

Fig. 26: The single ring resonator with two adjacent waveguides.

For simplification, the calculation of the intensity relation [61] does not take into account
coupling losses (D? = 1).
al L
E, = Eilj\/K—1+ E,y1-k.€ 22 "2 (2.39)
aL_ L

E, =E,/l-k,e 22 "2 (2.40)
E.j\K
E, = A _ (2.41)
ToikL
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(2.48)

Equations (2.45) and (2.46) will be rewritten using (2.18) and the following parameters:

Y1 =41-k;
Y, =41-K,

The intensity relations EqQ. (2.45) and (2.46) are then given by:

Vi ()< |Bel oo foyi)di-vix)

s S (1= y1y,%)? +4y1yzxsin2(§]
|t2 (¢):|Et2|2 (1_y12)[ﬁl_y§)5(

o |Ey

(1-y,y,x)? +4y1yzxsin2((§j

The full-width at half-maximum (FWHM) is given for this configuration by:
1-y,y,X

VY1Y2X

The finesse Fis given by:

op=2

_ o _ Y, Y,x
op  1-y,¥,X

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

The filter response of an SRR with two waveguides and coupling factors of k1 = k2 = 0.2in

both symmetrical couplers is shown in Fig. 27. The internal ring losses are assumed to be

fully compensated (a = 0).

The maximum and minimum transmission is calculated as follows.

For the throughput port:
N A i
(1+y,y,%)?
= (y1 B y2X)2
min (1 _ yly2 X)2
For the drop port:
by )
T Ly
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2 \2
b)) o5m
(1+v,y,%)
The on-off ratio is calculated using equations (2.52) and (2.55) and is given by:

Tmax(ThroughputPort) — (yl + y2 X)2 (258)
Tmin( DropPort ) (1 - yl2 ) [ql - y22 ) D(
The on-off ratio for k1 = kK, = k and a=0in dB isgiven by:
41-«
10I09(%)[d8] (2.59)

The vaue for the on-off ratio for coupling factors of k13 = k> = 0.2 for both couplers and
compensated waveguide losses (a = 0) is calculated to be 19 dB.
The on-off ratio will be maximum (> 20 dB) for coupling factors kK1 = k» < 0.2 in both

couplers and compensated waveguide losses (a = 0).
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Fig. 27: Transmission characteristic of the ring resonator (Fig. 26) with R = 150 um,
Ki=k2=02, a=0.

The output intensity Iy a the throughput port [Eqg. (2.45)] will be zero at resonance
(kiL = 2m7), which indicates that the resonance wavelength is fully extracted by the
resonator, for identical symmetrical codirectional couplers k1 = k> if a=0. Thevalueof a=0
can only be achieved by the implementation of an SOA inside the ring resonator to
compensate the waveguide losses. The value of the intensity attenuation coefficient a is fixed
in a purely passive ring resonator. A possibility of achieving minimum intensity (11/li; = 0) at
resonance of the output transmission ly; at the throughput port is to adjust the coupling factors

K1, K> to the intensity attenuation coefficient a. From equation (2.43) we obtain:
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a
e = 17K
1-«,

(2.60)

The Eq. (2.58) will become one for identical couplers and a = 0. Other configurations for ;
and k> can be calculated from this expression. For example if the intensity attenuation
coefficient a for aring resonator (R = 100 pum) with the configuration shown in Fig. 26 is a =

0.0005 pm'* the coupling coefficients k1 and . have to obey the following equation:

17K _ 7" (2.61)
1-«,

As an example, the value for k; is chosen to be k, = 0.2, the value for «; is calculated from

Eqg. (2.59) to be k1 = 0.42. Using different coupling factors k1, > either the throughput port
can be minimized or the drop port can be maximized on resonance. It is essential for system
applications, that the signal on resonance with the ring resonator is entirely extracted from the
remaining signals off resonance with the ring resonator. Therefore the focus lies in
minimizing the throughput port on resonance.

The practical realization is very difficult because the intensity attenuation coefficient a and
the coupling factors ki, k> can not be determined with the demanded high accuracy to match
the condition in (2.58). One possible solution would be to use tunable couplers.

A possible configuration of a ring resonator with two input / output waveguides (Fig. 26)
should have symmetrical couplers with coupling factors k<1 =k, < 0.2 for an on-off
ratio > 20 dB and an integrated SOA for realizing an intensity attenuation coefficient a of the

ring whichisa=0.

In order to achieve a box like filter characteristic, double and triple ring resonator

configurations will be discussed in the following sections.
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2.3.2 Thedoublering resonator (DRR)

The schematic diagram of a double ring resonator (DRR) is shown below. The input field Ej;
is coupled into port 1. The output field is obtained at the throughput port E;; or at the drop
port Er,. Another input field E;» can be inserted at the add port of the device.

Input Port 1-k, Throughput Port
1 2

Ei1 > 0 ' » Eu

Possible interface:

passive curvature —
SOA
> Segments
Segment
number
Ei I I > Ep
21 19 20
Add Port 1-«, Drop Port

Fig. 28: The double ring resonator.

The calculation models described in the previous sections are well suited for devices with a
homogenous refractive index in the resonator. The model has to be extended in such a way,
that the implementation of active sections, changes of the refractive index in one part of the
resonator due to local heating, transition losses for example at the active — passive interface,
a the interface straight waveguide — curved section, coupling losses and material losses in
each segment are considered. In order to account for these specific details, the ring resonator
configuration is divided into different segments as shown for the DRR in Fig. 28. The electric
field of the traveling wave in each segment is described by the following equation:

_ aSegment

SE, e 2 o sl (2.62)

ESegment
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where Ex is the amplitude of the electric field , asgment 1S the intensity attenuation coefficient,
Lsegment 1S the length and K, segment 1S the wave propagation constant of each segment. The
inserted electric field at the upper port is Ej1. The electric field Ei; and E;, of the throughput
port and drop port are obtained by determining the electric field at the specific points defined
in Fig. 28 as E,, Ep, Ec and Eq. The fraction of the electric field passing for e.g. the active —
passive interface is denoted with Bg.;. The matrix is solved using the determinant method (see

Appendix). An example of the transmission spectrum of aDRR is shown in Fig. 29.
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Fig. 29: Simulated box-like filter response of a DRR with @sggment = 0, ko = 0.5, k1 = 0.13,
Ko = 0.5, Nygr = 3.46, R1,2 =134 pm.

The coupling coefficients are ko = 0.5, k1 = 0.13, k> = 0.5 from top to bottom. The ring radius
Ry 2 = 134 um is chosen to achieve a channel spacing of 100 GHz. The group refractive index
is assumed to be ng = 3.46 and the internal losses are fully compensated (dsegment = 0). Ring

resonators coupled in series enable the realization of a box-like transmission characteristic.

The transfer function for the throughput port %((p1 ,qu) and for the drop port %((pl,%) are

i1 i1
derived for a uniform intensity attenuation coefficient in both rings which are denoted by
Oringl, Oring2 respectively. The circumference of the rings are denoted by Lring: (radius Ry) and

Lring2 (radius Ry). The phase terms for therings are @1, . Thereis no input from the add port,

32



E., =0. This simplification can be extended incorporating all segments using the formulas

presented in the appendix.

52 (g,0)= 1K,

Ell

QRing1

. Ring2 .
— L — —_ L n —
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1-e V1-K,\1-K; -e J1-K,J1-k, +e

e =K, 1= K,

(2.63)
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(2.64)
The flatness of the filter response for the drop port can be described by a shape factor [62]
which is defined as:

- 277‘
‘ (2.65)

. .
-1dB bandwidth _ | .=

Shapefactor = -
-10 dB bandwidth

- 27T
Yo

Instead of using the - 10 dB bandwidth in Eq. (2.63), the — 20 dB bandwidth could be used,
the definition of the shape factor is arbitrary. The shape factor and the on-off ratio are the two

essential parameters describing the behavior of a multiple coupled ring resonator filter. The
aim is to realize a box-like filter response. The filter response shape of a single ring resonator
filter with two input / output waveguides (Fig. 27), for example, is expressed by the
Lorentzian function, the shape factor for the drop port is as small as 0.18.

The on-off ratio is calculated for a lossess DRR (Qringt = Oringz = 0) Where ko = ko,

2
E
-10log| |2

i1

Lring1 = Lringz @nd @ = @ = (2m+ 1) 7.
The on-off ratio is:

10log Yo —10log le =10log =
[ @ = 2me1) I @=m(2m+1) E

21—k, +/1-k,(2-K,)
o

The minimum transmission on resonance for the throughput port is obtained for [EQ. (2.61)]:

J (2.66)

= 20|Og(
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%(@ =@ =2mm)=0 (2.67)
il

The value for the coupler in the center «; is calculated using Eq. (2.65) and setting aringt =

ORing2 = 0, ko = k2 and LRingl = LRingZ-

2

1-« 2

K, =1- 0 = fo _ (2.69)
Ko =2 (Ko_z)

The transmission from the drop port on resonance for this configuration would be 1, as there
are no internal 10sses (Qringt = Qring2 = 0):

=a = =2mm)=1

There are basicaly two types of filter responses which can be realized with a DRR, a
Lorentzian filter response and a box-like filter response. For a Lorentzian filter response, the
coupling coefficients can be calculated from Eq. (2.66), for achieving minimum transmission
for the throughput port and maximum transmission for the drop port on resonance. The
coupling coefficients for a box-like filter response with a specific shape factor and a specific
on-off ratio are evaluated using Egs. (2.63) and (2.64). There are several solutions. One
solution for the coupling coefficients for a DRR coupled in series with Gringt = Qringz = 0,
Ko = k2 and Lring1 = Lring2 1S Ko = k2 = 0.5 for the outer couplers and the coupling factor in the
center is within the range k1 = 0.125 - 0.14 in order to achieve a box-like passband shape. The
shape factor for the drop port for this double ring resonator configuration is 0.42. The
achievable on-off ratio for this configuration is more than 20 dB [Eq. (2.64)].

A double ring resonator opens the possibility of expanding the FSR to the least common
multiple of the FSR of individual ring resonators. This is done by choosing different radii in
the DRR. In the case of different radii, the light passing through the DRR is launched from
the drop port when the resonant conditions of the two single ring resonators are satisfied. The
FSR of the DRR with two different radii is expressed by:

FSR=N[FSR, =M [FSR, (2.69)

which leads to:

FSR = ||\/| - N|m (2.70)
[FSR, - FSR,|

where N and M are natura and coprime numbers. The transfer functions are criticaly
dependent on the coupling coefficients. The coupling coefficients ko and k» characterize the

crosstalk between resonant peaks and spurious resonant peaks.
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The calculated transmission spectrum of a DRR with Ry = 274 um, R, = 342 pm, Qring1 =
Oringz = 0.1 dB cm?, ko= k= 0.57 and kK, = 0.2 is shown in Fig. 30. The FSR of resonator 1
is 50 GHz and the FSR of resonator 2 is 40 GHz. The FSR of the DRR is calculated using
Eq. (2.67) to be 200 GHz (N = 4, M = 5). The sidemode suppression of the throughput port is
more than 20 dB, but it is only 4 dB for the drop port. The different coupling factors can be
realized within the tolerance margins of fabrication, but the sidemode suppression is not
enough for the separation of optical channelsin, for example, DWDM systems.

Throughput
Port
-5
o X Unwanted
‘3 —10 Resonant Peaks
O
E
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Drop Port
—20
—25
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Fig. 30: DRR with Ry = 274 um, R, = 342 UM, Qging1 = Oringz = 0.1 dB cm™, ko = k2 = 0.57,
k1 = 0.2 and an FSR of 200 GHz.

The use of two ring resonators with different radii opens the possibility to realize alarger FSR
than would be achieved using only a single ring resonator. The transmission characteristic of
the throughput port has mainly a Lorentzian shape. A box-like filter response could be
realized using two parallel coupled DRRs (R; # Ry). The use of such configurations as optical
filtersis limited by unwanted additional resonant peaks as shown in Fig. 30. Investigations on
these types of filters have been performed in [63], [64] and [65].
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2.3.3 Thetripleringresonator (TRR)
The diagram of the calculation model of a triple ring resonator (TRR) is shown in Fig. 31.
The transmission characteristic is derived as explained in the previous section 2.3.2. The

equations for calculating the filter response are located in the appendix.

I nput Port Throughput Port
Ei1 > » Eu
Drop Port Add Port
E < < Ei2

Fig. 31: Thetriple ring resonator.

To design aflat top filter response, the TRR is used to increase the shape factor and the on-off
ratio of the throughput and the drop port. The filter design is performed in a similar way as
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described in the previous section 2.3.2. The possible coupling coefficients «p.3 are calculated
for a certain on-off ratio and for a shape factor of 0.6 for the drop port. There are again
various possible solutions. The calculation can be simplified by using symmetric coupling
coefficients, ko = k3 and K1 = Ko.

The transmission characteristic of a TRR configuration with coupling factors of ko = k3 = 0.7
for the outer couplers and 1 = k> = 0.2 for the couplers in the center with compensated |osses

(Asegment = 0) isshown in Fig. 32.
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Fig. 32: Simulated box-like filter response for a TRR with coupling factors of k= 0.7,
K1 = 0.2, Ko = 0.2, K3 = 0.7, (aSegment = 0), R=134 pm.

The ring radius R = 134 um is chosen to achieve a channel spacing of 100 GHz. The group
refractive index is assumed to be 3.46. The on-off ratio is 30 dB. A steep roll-off and a high
out of band reection is achieved with this configuration. A possible solution for realizing a
box-like filter shape and an on-off ratio of more than 30 dB is obtained for |ossless resonators
and for coupling factors within the tolerances of «p = k3 = 0.65 — 0.7 for the outer couplers
and k1 = k» =0.18 — 0.26 for the couplers in the center. Another possibility for realizing a
box-like filter is using coupling factors of ko= k3 = 0.5 and «1 = k>=0.07 — 0.1. This
configuration enables an on-off ratio of more than 30 dB and a shape factor for the drop port
of 0.6.
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A linear array of three SRRsis investigated and the calculation model which was described in
section 2.3.1 is used to obtain the filter response. The simulation model of a paralel coupled
TRRisshownin Fig. 33.
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Fig. 33: The parallel coupled triple ring resonator.

The transmission characteristic is calculated for alinear array of identically spaced SRRs. The
basic building block consists of an SRR with radius of curvature of the circular section
R =117 pum, and a length of 200 um for the coupling region and a length of 300 pum for the
straight sections 11 and 15. The SRR is assumed to be lossless and the refractive index which
is subject to material and waveguide dispersion is the same for all segments. The distance
between the resonators is 29 + 10 + 11 + 12 + 4413, which is equal to half the circumference
of the ring resonator. The response of the throughput and of the drop port is shown in Fig. 34.
The ring resonators are phase matched.
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Fig. 34: Simulated parallel coupled TRR with 5.5 = 0.1 and an FSR of 50 GHz.
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The shape factor for this arrangement is calculated to be 0.18. A flat passband characteristic
can be achieved by a small shift of the resonance frequency of each used SRR. This
controlled deviation from the resonance frequency enables the realization of optical filters
with flat-top passbands, desirable for all-optical wavelength division multiplexed networks. A
synthesis of an optical filter using alinear array of SRRs with two input / output waveguides
is described in [49]. Here the transmission as a function of deviation from resonance of a
symmetrically, equally spaced array of SRRs comprising one, two, and four elements is
presented. The response from the drop port reveals that the Lorentzian characteristic of an
SRR becomes flat with a stop band formed around the resonance center. The important
feature to note is that a stop band is well defined for only a few elements in the array. Thisis
due to the fact that, unlike the case of a periodical grating, here each element of the array isa
high Q resonator with unity transmission at resonance, and therefore has a significant
contribution to the overall transmission. If the ring resonators are lossless and symmetrical,
then the transmission at resonance is unity. If an incoming signal is tuned exactly to one of the
resonance frequencies, then the first ring of a linear array which consists of such rings will
transmit the entire signal from the input to the output channel, leaving no signal power for the
remaining rings in the chain. With loss, a similar situation occurs when the resonator is
matched (section 2.3.1), with the exception that the transmission at resonance is less than
unity due to dissipative loss in the first ring. If, on the other hand, the incoming signal is not
exactly on a resonance frequency, or if the rings in the array are asymmetrical and unmatched,
then the transmission of the first ring of the array is less than unity. In that case, the part of the
signal not picked up by the first ring resonator continues to propagate down the input channel,
where it is collected by the other elements of the array and added to the output signal. The
collective contribution of all elements of the array enables augmentation of the transmitted
signal, as well as flattening the transmission spectrum around resonance. However, al the
contributions from the individual array elements add up coherently, if the phase difference
between successive contributions is equal to an integer number of 2rtradians, that is, 2k, =
g2t with g = 1, 2, etc where A is the spacing between the rings. This results in a resonant

transmission spectrum of the array similar to the one obtained for a single element (2.28) but

with an FSR given by:
FSR, =— (2.71)
7oA '

Only signals at frequencies fulfilling both resonance conditions (2.28) and (2.69) will be
transmitted by the array. These frequencies are separated by integer numbers M and N of both
FSRs. The free spectral range of the array is given by:
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Av,,. =M FSR, =N [FSR ., 2.72)

array
A proper choice of the integers M and N results in a Vernier effect and depression of all the
resonance frequencies of either the ring resonators or the periodical array that do not fulfill
both resonance conditions. This provides a means of synthesizing a transmission spectrum
with an FSR much larger than that of the individual elements in the array. The condition for
the ring spacing is evaluated from (2.28), (2.69) and (2.70) to:

/ =%7TERSRR 273
where R isthering radius. In alinear array /A > 2Ryr , Wwhere M and N should be selected that
(M/N) > (2/m). The Vernier effect will only be effective for intermodal suppression in
situations where the elements in the array are strongly asymmetrical such that each is making
asmall contribution to the overall transmission. A calculated transmission spectrum of a nine-
element array of lossless ring resonators is presented in [66]. The distance between parallel
coupled SRRs and the influence on the filter shapeisinvestigated theoretically in [56].

For the realization of a box-like filter response which implies a high shape factor (0.5 — 0.6),
the serially coupled TRR configuration presented in the previous section is preferred. The
filter response of the serially coupled TRR is mainly defined by the proper choice of the
coupling factors. The phase has to be matched in both configurations. The advantage of the
paralel coupled TRR is the possibility of increasing the FSR as was described before. This

can only be done in the serially coupled configuration by choosing a smaller ring radius.

In this section, the mathematical tool for the description of the behavior of ring resonator
configurations has been derived. The realization of these proposed "lossless’ structures has to
be performed in a semiconductor compound with a direct bandgap in order to fabricate active
structures or integrate passive and active devices. The technology for the fabrication of the
devices in the semiconductor compound GalnAsP / InP and its properties are described in the

following sections.
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3 Thematerial system GalnAsP/InP

3.1 Thequaternary semiconductor compound Gal nAsP

I1I/V semiconductors on the basis of InP with a direct bandgap are used for a variety of
components in the all-optical network. The composition of the quaternary (I11-V)
semiconductor compound GalnAsP lattice matched to InP, can be changed, so that the
bandgap can be adjusted in the range between 0.97 um und 1.65 pum. The choice of the
appropriate bandgap, which is smaller than the signal wavelength, enables the fabrication of
passive, transparent waveguides with low loss (< 1 dB/cm). This materia system is also used
for the realization of lasers and optical amplifiers in the spectral window around 1.55 pm and
1.3 um. Electronic components can also be fabricated with this material system, by
incorporating Si, Be, Zn and redizing p- or n-doped areas. The properties of the
semiconductor compound (GaxlnixAs,P1.y) can be described by Vegard's law. Using this law
and the known semiconductor compounds GaAs, GaP, InAs and InP it is possible to
determine the coefficientsx and y [67].

B(GadnixAs,Pry) =Xy B(GaAs) + x (1-y) B(GaP) +y (1-x) B(InAs) + (1-x) (1-y) B(InP)
where B is the lattice constant. The composition of the semiconductor compound is displayed
over the bandgap energy or the bandgap wavelength at room temperature in most diagrams
and not x and y. The waveguide material used for the redlization of the devices in the
following has a bandgap wavelength of Ay = 1.06 pm at room temperature and is written as

Q(2.06). The bandgap of some semiconductorsis displayed in Fig. 35.
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Fig. 35: Bandgap of some semiconductor compounds.
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There have been good experiences at the Heinrich-Hertz-Institute with the quaternary Q(1.06)
material regarding the fabrication and development of waveguides. This is one of the main
reasons why the material was chosen to realize the ring resonators.

The basic material properties of InP and of the semiconductor compound GalnAsP are

summarized in the table below.

nm | 058688
y=2.202x/(1+0.0659y)
eV 135 135-0.72y +0.12 2
0.077 0.07-0.0308 y
0.6 0.6- 0218y + 0.07 y2
012 | 0.12-0.078y + 0.002 y2
3.169

1235 | 12.35+ 1.62y— 0.055y2

9.52 9.52 + 2.06 y —0.205 y?

gcm?3 4.81 4.81+0.74y
10
-2.67 -2.67+0.102y + 0.073 y?
eV/K
K' | 27¢10°

K! |0475¢10°

Table 2: Physical properties of InP and of |attice matched Gayln;.xAs,Py.y a room temperature
(300 K) [67], [68].
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3.2 Digpersion

In classical optics, "dispersion” is used to denote the wavelength dependence of the refractive
index in matter, (dn/dA , where n is the refractive index and A is the wavelength) caused by
interaction between the matter and light. In communication technology, "dispersion” is used
to describe any process by which an electromagnetic signal propagating in a physical medium
is degraded because the various wave components (i.e., frequencies) of the signal have
different propagation velocities within the physical medium.

Material dispersion causes different wavelengths to travel at different speeds due to the
variation of the refractive index of the fiber core with wavelength. However, part of the light
travels also in the cladding of the fiber, which has a different refractive index again and
therefore propagates right through it at a different speed to the core — an effect known as
waveguide dispersion. Materia and waveguide dispersion are combined to give an overal
effect called "chromatic dispersion.”

The allowed chromatic dispersion in an optical network isinversely proportional to the square
of the transmitted bit rate, so as data rates increase, dispersion tolerances decreases
dramatically. While 2.5 Gbit/s networks can tolerate 16000 ps/nm of dispersion, 10 Ghit/s
networks can tolerate only 1200 ps/nm and at 40 Ghit/s the tolerance drops to only 60 ps/nm
of dispersion. In addition, 40 Ghit/s systems require a wider modulation spectrum. A 12 GHz
wide spectrum is typical for 10 Ghit/s, for 40 Ghit/s, it can be as high as 50 GHz, which
means the total dispersion per channel is higher. Chromatic dispersion has a fixed, stable
component in addition to a dynamic one. Most of the fixed dispersion is caused by the fiber
and is predictable as a function of the type of fiber and the distance. In addition, the
component present on the optical path add a smaller, fixed contribution. A dynamic
contribution must be added to the fixed one. Since many passive components do not have a
simple flat or linear dispersion curve, laser drift (caused by aging or temperature change) can
lead to dispersion fluctuations that are nonlinear and hard to predict. Another important type
of dispersion is the polarization mode dispersion (PMD). PMD is caused by light traveling
faster in one polarization plane compared to another. Fundamentally, it is caused by the core
of the fiber not being perfectly round in cross section and by birefringence which is
introduced by mechanical forces. As aresult, the optical thickness is not absolutely identical
on every possible axis.

The following section focuses on the wavelength dependence of the refractive index of the
material used for fabricating the devices. The factor dn/dA which is necessary for the
simulation of the filter characteristic described in section 2.2 is derived for the wavelength

range between 1.5 pum and 1.6 pm.
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3.2.1 Dispersionin GalnAsP/InP

The wavelength dependence of the refractive index of the GalnAsP / InP material can be
calculated using the method described in [69]. The effective refractive index of quaternary
GalnAsP / InP material with a bandgap wavelength of 1.06 pm is shownin Fig. 36.
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Fig. 36: Wavelength dependence of the refractive index of Q —1.06 material [70].

The group refractive index is calculated using Eq. (2.30). The dispersion can be approximated
linearly in the wavelength range between 1.5 pum — 1.6 um. The slope j—: is calculated to be
-0.16 [um™]. The group refractive index for the Q(1.06) material is shown in Fig. 37.
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Fig. 37: Group refractive index of Q —1.06 material.



4 Thebuilding blocks of thering resonator

The basic tools for designing the ring resonators in the material system GalnAsP / InP have
been described in the previous sections. This knowledge comes into use in the following
section. The building blocks (straight and curved waveguides and couplers) of the ring
resonators are designed and the method of fabrication is presented. In order to realize an FSR
of 100 GHz, bending radii of aslow as R = 100 um are required [Eq. (2.29), A4 = 100 GHz =
08nmat A =155pum; A =155 pum; ng =35 L =27R= 858 um; R = 137 um]. The
following section starts with the design of the straight waveguide.

4.1 Thewaveguide

4.1.1 Concept of a strong guiding waveguide

The waveguide which is to be used has to be single mode with a strong confinement in order
to realize small bending radii in the order of R = 100 um. The structure of the used rib
waveguide is shown in Fig. 38. The layer sequence of the device is as follows (from bottom to
top):

Substrate: INP - 370 um

Buffer: InP—0.5 um

Waveguide: Q 1.06 —0.38 um

Etch stop: InP—0.02 pm

Rib: Q 1.06 —0.84 um

Cap: InP—-0.2 pm

InP - Substrate

Fig. 38: The structure of the waveguide.

The composition of the quaternary 1.06 um semiconductor layer matched to InP is calculated

as follows. Using the equation W, :h/]—E: with a vaue A = 1.06 um we obtain a bandgap

energy Wy = 1.17 eV. After solving the equation: W, =1.35-0.72y + 0.12y? [71], the value
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obtained for y is 0.26. The value for x can be derived from the equation
x =0.4y +0.067y*[71] and leads to x = 0.11. The composition of the quaternary Q(1.06)
material can then be written as:

INog9Gap11AS026P o074
The waveguide width is 1.8 um.
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Fig. 39: Bandgap of Ga,In;.xAs,Py.y at 300K.

The design assures both a monomodal propagation of the light in the waveguide and, due to a
good confinement, low bending losses. The mode profile of the straight rib waveguide at A =
1.55 um and using TE polarization is shown in Fig. 40. The calculations have been performed

using afull vector waveguide mode solver [53].
Intensity
0

, —

Fig. 40: Modeprofile of the waveguide at A = 1.55 pum.

The main portion of the energy is in the center of the waveguide (red). The effective index of
the waveguide is calculated to be ng = 3.1985. The change in the effective refractive index
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using TM polarization is Anes (re-tmy = 0.0014. The effective refractive index is lower for TM
polarized light in the case of the straight waveguide. The simulations are carried out at a
wavelength of A = 1.55 um and TE polarization with regard to alater integration with an SOA
which favors TE polarization due to the used quantum well structure. The mode profile of the

waveguide without InP — cap (200 nm) is shown in Fig. 41.

Intensity
0

Fig. 41: Modeprofile of the waveguide without InP cap at A = 1.55 um [53].

The effective refractive index is calculated to be ng = 3.1984. The downward vertica mode
shift due to the removal of the InP —cap is= 50 nm.
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Fig. 42: Effective refractive index as afunction of the ridge width at A = 1.55 pm.

The effective refractive index changes with the width of the ridge (Fig. 42). Fabrication
tolerances have to be considered when designing ring resonators. The optical path changes
with the refractive index of the materia. If the width is in the range between 1.6 um and
2 um, the maximum effective index change is approximately Anes = 0.004 (ridge width =
2 um). The effective refractive index change due to the material bandgap wavelength is
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shown in Fig. 43. The composition variation of the material bandgap wavelength is assumed
to be £ 5 nm. The maximum effective refractive index change is approximately Ang [Q(1.06)
+ 5 nm] = 0.003. The etch depth of the waveguide is fabricated with an accuracy of
approximately < + 50 nm. It is controlled by the etch stop layer and therefore high exactness
is realized were the change of the effective refractive index is negligible compared to the
other influences. The worst case assumption of the change of the refractive index adds up to

Ang: = 0.007.
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Fig. 43: Effective refractive index as a function of the material bandgap wavelength.

The maximum variation of the optical path Lopticar (Lopticas = LMesr + L ZANgr) of a waveguide
with a physical length L of 100 um due to fabrication tolerances is calculated to be
L Ang = 0.7 um. It is essential for the design of special FSR values to know the optical length
of the resonators. The change of the FSR for an SRR with a circumference of 1736 um and a
designed FSR of 50 GHz is about 100 MHz. The ability to control the effective refractive
index after fabrication is indispensable in order to achieve the targeted FSR. It is easier to
increase the effective refractive index by thermal influences in the material system GalnAsP /
InP. This advantage of the material system should be considered in the design of the
resonators. The ring resonators will be polarization dependent due to the difference in the
refractive index for TE and TM polarized light. With regard to a later integration of a
semiconductor optical amplifier which prefers TE polarized light, all calculations will be

performed using TE polarized light if not stated explicitly.

The following section presents the simulation of the waveguide in the curvatures.
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4.1.2 Thewaveguidein thecurvature

By using a cylindrical coordinate system (X, p, ¢, propagation of light in circularly curved
waveguides can be described in terms of modal propagation (Fig. 44a). A mode in such a
structureisgiven by [72]:

E(R) = E,(x,p)e ™* (4.2)

This mode has as equi-phase front which propagates in the angular direction @ This implies
that, for large o, modal power would propagate at a linear speed larger than the speed of light
¢, which is, of course, physicaly not possible. Therefore this part of the power will radiate
away and be lost. Waveguide bends are inherently lossy, and sharper bends or weaker
confinement will increase the loss. By good design, the loss can be kept small enough for
practical applications.

Using a conforma mapping technique [73], the problem of solving the wave equation in

cylindrical coordinates can be transformed to rectangular coordinates when the refractive

P
index profile n(p) of the waveguide in the wave equation is replaced by n(p)eRT (withRr a

freely selectable reference radius).

Refractive |
relex N |
VAN 4 \_

Mode Field .

Profile (a) Curved waveguide with (b) Equivalent straight waveguide

real index profile. with transformed index profile
Fig. 44: Curved waveguide transferred to a straight waveguide using conformal mapping.

With this transformation an ordinary straight waveguide problem is obtained, which can be
solved with the effective index method (e.g. [74]) by using a staircase approximation for the
transformed index profile in the p -direction (Fig. 44b). The shape of the transformed profile
can be qualitatively understood by considering that the longer path length of the light
travelling in the outside bend has to turn up in the straight waveguide problem as a slower
phase velocity, hence the higher index there. A typical solution is shown in Fig. 47 in which it
can be seen that the centre of gravity of the mode profile in a curved waveguide moves

outward, an effect that becomes larger the sharper the bend is.
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For a bent dab waveguide, Marcuse [75] obtained an equation for the exponential power
attenuation coefficient apeng due to bending losses using an analysis of the wave equation in
cylindrical coordinates.

Using effective index notation, this attenuation coefficient apeng IS given by [76]:

a, 5 (o, w)re “20) g (4.2)
Aoy = T expla,w)expl —— .
kOSneﬁ (1_,_ ay Wj (nez nel) 3neff ko
2
where
a, = KoA/N% — N2, k, =k, nZ —nZ and k, :i—n (4.3)

0
w is the width of the waveguide, ne is the effective refractive index of the waveguide, ng is
the effective refractive index of the medium surrounding the dab, ne is the effective
refractive index of the slab, Ris the radius of curvature and A is the used wavelength.

The transmission through a bend of radius of curvature R and included angle @is:

Do = €XP(— O,y OR) (4.4)

The bending loss in dB for a 90° bend using the waveguide without InP cap described in
section 4.1.1 is given in Fig. 45. The values for the effective indices were calculated using
[53] where ng = 3.1984, ng; = 3.1645, ne; = 3.211. The wavelength used was Ap = 1.55 pm.
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Fig. 45: Calculated bending losses of the waveguide without deep etching.

The waveguide described in section 4.1.1 can be used for radii above R = 200 um. Below a

radius of R = 200 um, the centre of gravity of the mode profile moves outward resulting in a

weak confinement and high bending losses (> 5 dB/90°). The redlization of radii below

200 pum requires an additional change in the structure. The outer wall of the curved section is
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removed, so that a higher refractive index contrast is achieved and thus a higher mode
confinement in the waveguide. The idea of using a lower refractive index on the outer side of
a waveguide in the curvature and thus reduce the bending losses was first demonstrated by E.
G. Neumann in [77]. He proposed to replace the material on the outer side of the waveguide
by another dielectric medium with an index which is smaller than the index of the waveguide.
The layout of the asymmetric waveguide in the curvatures is shown in Fig. 46. In using this
waveguide, it is possible to fabricate radii as small as 100 um with very low bending losses.
The mode profile of the waveguide with aradius of 100 pum is shown in Fig. 47. The effective
index of the waveguide in the curvature is calculated using an optical waveguide mode solver
[53] to be ngs = 3.192.

InP - Substrate
Fig. 46: The asymmetric structure of the waveguide in the curvature.

Intensity

Fig. 47: Modeprofile of the waveguide at aradius of R =100 pum.

The mode shift towards the outer side of the waveguide which is due to the deeply etching of
the outer wall and the small bending (here R = 100 um) radius of the waveguide is about
160 nm. The minimum bending radius is evaluated by calculating the overlap between the
straight waveguide (section 4.1.1) and the waveguide with deep etching.

The overlap is calculated as follows:

_ Intensity of the mod e field profile for a curved waveguide at a specific radius R
Intensity of the mod e field profile of a straight waveguide

Overlap
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The result is shown in Fig. 48. The theoretical minimum bending radius calculated with a
finite difference simulation tool [70] is about 80 pum with negligible bending loss
(<1dB/90°).
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Fig. 48: Waveguide bending loss at different radii.

The mode field profile of a deeply etched waveguide at aradius of R =50 pmisshownin Fig.
49. 1t can be clearly seen, that the mode is not guided any more and radiates into the substrate.

Intensity
0

Fig. 49: Mode profile of the waveguide at aradius of R = 50 pm.

The loss which occurs when the light transmits from a straight waveguide into a waveguide

with deep etching at aradius of R=100 umis= 0.4 dB.

The following section presents the fabrication process of the simulated waveguides.
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4.1.3 Fabrication of the waveguide
The layer sequence of the deviceis given againin Fig. 50.

Rib: Q 1.06 —0.84 um

Etch stop: InP —0.02 um
Waveguide: Q 1.06 —0.38 um
Buffer: InP —0.5 um

Fig. 50: Layer sequence.

The InP cap is grown for the protection of the quaternary Q(1.06) layers and can be removed
in the following step, but is not necessary. If the InP cap is removed, the center of the optical
field is shifting to a different level (see section 4.1.1) and this has to be taken into
consideration for further processing. The InP — cap is not removed in the following
fabrication step.

The first step is the deposition of silicon nitride (SiNy) by PECVD (Plasma enhanced

chemical vapor deposition), which serves as the etching mask for the waveguides (Fig. 51).
The thickness of the SiN, is= 200 nm and is deposited at atemperature of 370 °C.

SNy —layer : =200 nm

Fig. 51: Deposition of the SINy layer.
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The next processing step is the structuring of the SiNk layer, which is performed using
standard photolithography. The photoresist which is used is AZ5214 (Fig. 52). The intensity
of the light used is 12 mW/cm?. The exposing timeis 24 s and the developing time is between
40 s—50 sfor a positive exposure. The developer used is MIF724.

Photoresist

Fig. 52: Deposition of the photoresist.

The developed photoresist serves as the etching mask for the reactive ion etching step (RIE).
The etching is done with the gases CHF; (22 sccm) and O, (2.2 scem) at a pressure of 12 pbar
and 50 W. Theresult isillustrated in Fig. 53.

Fig. 53: Structuring of the SINy layer.

The photoresist is removed and the previously structured SiNy layer serves as the mask for the
following RIE step. The used etching gases are CHy4, Hz (6 ml/min, 40 ml/min). In order to
reduce the formation of polymers during dry etching and so to minimize the sidewall
roughness a small fraction of O, (0.3 ml/min) is added. The power used is 150 W at a pressure
of 0.02 mbar. The etching is controlled by an ellipsometer and a mass spectrometer. The
etching is stopped when the InP etch stop layer is detected.



-

Fig. 54: Etching of the waveguide.

The next dry etching step is the realization of the deeply etched section on the outer wall of
the waveguides in the curvatures. The SIN, layer from the previous step and the photoresist
serve as the etching mask for this process. The fabrication procedureisillustrated in Fig. 55.

=

Fig. 55: Preparation of the waveguide for the deep etch process.

The photoresist covers only a part of the waveguide. The SiNk layer from the previous
processing step serves as the etching mask. This self aligning process assures that the width of
the waveguide is not changed by this processing step. The etching is performed again using
RIE, but this time without the portion of oxygen which could partly remove the photoresist
mask and cause errors. The photoresist is removed after the dry etching by the use of an
oxygen plasma (15 min, power = 500 W, T < 200 °C). The diagram of a fabricated waveguide
with deep etching is shown in Fig. 56.
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Fig. 56: Waveguide in the curvature with deep etching.

Deep Etching

Fig. 57: Scanning electron microscope (SEM) photograph of the waveguide with deep

etching.

The SiN layer is used as an insulating layer between the waveguide material (Q-1.06) and the
platinum layer which is deposited at the end for the realization of the wavelength tuneability
of the devices. A solution of H,SO,4, H,O, and H,O can be used for the improvement of the
sidewall smoothness for the reduction of the bending losses [78]. The final structure of the

waveguideisillustrated in Fig. 58.

=

Fig. 58: The structure of the waveguide in the curvature.




The scanning electron microscope (SEM) picture of the facet of a straight waveguide without
deep etching is shown in Fig. 59. The SEM pictures of the waveguide in the curvatures are
shownin Fig. 60 and Fig. 61.

Fig. 59: SEM — photograph of a waveguide.

Fig. 60: SEM — photograph of an asymmetric waveguide in the curvature.

Fig. 61: SEM — photograph of the deeply etched curvature.

The described fabrication processes are available at the Heinrich-Hertz-Institute. The existing
recipes (etch gases, temperature, pressure) for the processes have been used to realize the
passive ring resonators.

The used CH,4 — based dry etching process for realizing the deeply etched waveguides with
vertical facet-quality sidewalls has also attracted attention recently [79], [80].

57



58



4.2 The measurement method

The characterization of the devices was mainly done by using the measurement method
described in section 4.2.1. A new approach for the determination of essential parameters (e.g.
coupling factor, round trip loss, FSR) of ring resonators was performed using the OLCR
(optical low coherence reflectometry) method. This measurement was done in cooperation
with France Telecom, the Centre National de la Recherché Scientifique (CNRS), Laboratoire
de Photonique et de Nanostructures (LPN).

4.2.1 Thestandard measurement setup for the characterization of the devices

ECL tapered Fiber

> -_— — Lens ———» PD
A T Jy T i
Xyz - Piezo — -
Drive Peltier - Cooler Xyz - Piezo Lock-In

Drive Amplifier

Computer |«

Fig. 62: Measurement setup for the characterization of the devices.

The measurement of the devices is done connecting an externa cavity laser (ECL) and a
polarization controller at the input waveguide. The transmitted signal is detected in a photo
diode and a lock-in amplifier. The ECL signal is coupled to the input waveguide by using a
tapered fiber, which can be adjusted by a three axis piezo drive. The near field of the output
waveguide is focused on the photo diode by using a microscope lens which has a sufficient
aperture to guarantee correct power measurement. The specimen is placed on a Peltier —
cooler so that al measurements are performed at a definite temperature. The passive devices
are measured at 20 °C and the devices with integrated SOA at 15 °C. All measurements are
performed using TE polarized light, if not stated explicitly.
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4.2.2 The OLCR measurement setup

Xyz - Piezo
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Fig. 63: Principle OLCR measurement setup in reflection mode.

A methodology wherein the broadband source of OLCR (optical low coherence
reflectometry) is simultaneously employed precisely in the usual reflection (Fig. 63) and also
in the transmission modes is used for the characterization of the devices [81], [82]. The
OLCR setup employed here is basically a Michelson interferometer coupled to a broadband
light source, which is nearly Gaussian-like and is centered at a wavelength of A = 1.565 pum
with a haf-width of 50 nm. When the optical path length of the arm with the moveable
reference mirror is equal to that in the one that contains the device under test (DUT), an
interference signal is detected with a spatial resolution that depends on the coherence length
of the probe (< 10 pm). Refractive index discontinuities less than 10 (dynamic range of =
- 80 dB) in the device can be detected. To achieve precise control of the probe light input
coupling and aso to record the transmission data, the output end of the setup can be coupled
to an infrared-sensitive camera and an optical spectrum analyzer (OSA), respectively.

* Xyz - Piezo Dri\/f Tapered Fiber
gq 3dB Coupler | » Circulator — '
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Fig. 64: Principle OLCR measurement setup in transmission mode.

The reflection mode setup is used to characterize the active-passive transition. Due to the anti
reflection (AR) coating of the facets of the ring resonators the transmission mode setup (Fig.
64) is used for the characterization of these devices. A similar method for the characterization

of optical resonatorsisthe optical time-domain reflectometry which is presented in [83].
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4.2.3 Specifications of optical performance

The insertion 10SS Ginsrtion Of the device is the minimum transmission for a specific
wavelength range for all polarization states. It represents the worst possible loss through the
device. The insertion loss uniformity of a device is the difference between the insertion loss
of the best-case and worst-case channels.

Theinsertion 10ss dinsartion 1S defined for an input intensity I, and an output intensity lqy: as.

a

insertion

=-10 El]ogllc’—ut (4.5)

n

The total insertion 10Sses Qinsertion iNClude the intrinsic 10SseS propagation @nd the fiber — chip

coupling 10Sses Acoupling.

ainsertion =a

d—B} (4.6)

propagation acoupling ‘: cm

The intrinsic losses can be described by the following equation:

1 ., dB
apropagation - _E{lo D]Og | t + acoupling H:C_m} (47)

n

where L isthe total length of the measured waveguide.
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4.2.4 Experimental results

The insertion losses can be determined using the measurement setup described in Fig. 62. The
coupling losses can be calculated from different measurements of different device lengths.
This internationally recognized reference test method is known as the cut-back technique [84].
The slope of the curve in Fig. 65 is determined by the propagation losses of the waveguide.
The coupling losses are taken from the value extrapolated to a device length of zero cm, here
4.84 dB.
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o Coupling Losses: 4.84 dB
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Fig. 65: Determination of the coupling losses of the fabricated straight waveguide using the
cut-back-method.

The coupling losses can be evaluated with this measurement method for a specific type of
waveguide for reproducible input and output coupling conditions. This method is used to
determine waveguide losses of about 1 dB/cm and beyond. Losses below 1 dB/cm are
difficult to detect due to scattering losses. Tolerances of = 0.5 dB/cm are obtained with this
method for good facets of the chip.

Another measurement method for the determination of the propagation losses of the
waveguide is the so called Fabry-Perot resonance method [85].

The chip is regarded as a Fabry-Perot Resonator for waveguide losses < 1 dB/cm, where the
facets of the chip serve as the mirrors of the resonator. The optical wave is reflected back and
forth within the chip waveguide depending on the intrinsic losses and the reflection factor of
the facets. The optical length is changed by varying the temperature of the whole chip or the

wavelength exploiting the group velocity dispersion. The result is a transmission spectrum of
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a Fabry-Perot resonator, where the transmitted maximum and minimum intensities can be
described by:

~ (1_ R)2 [ 2insrtionl-

on = (1+ R@ 2o |

(4.8)

min

_ (1-R)? &t

e (1- Rrg 2t |

(4.9)

where R is the reflection factor, L the length of the resonator and Ginsrtion the insertion losses

of the waveguide. Thisis another way of evaluating the insertion losses, which are given by:

_1f 1+Ju 4
Qireertion = E{In 1-vu +1n R}[cm ] (4.10)

|
Whereuzlﬂ.

max

When the reflection factor of the chip is unknown, it can be calculated from the measurements
at different device lengths. A typical result of a measurement is shown in Fig. 66.

The measurement is approximated by a straight line from which the reflection factor is
directly taken. The slope of the curve is again the value for the intrinsic losses of the

waveguide. The waveguide |0SSes apropagation @re calculated to be:

lr{1+\/ﬁ

1-u

When the reflection factor is known, the intrinsic losses of the chip are easily determined

j =0.293 = ', gpagaion = 1.27 dB/cm

without the necessity to cut the waveguide several times for characterization.
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Fig. 66: Determination of the intrinsic losses.
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The result of bend waveguides with and without deep etching on the outer side in the
curvatures is shown in Fig. 67. The value for a straight waveguide is shown for comparison.
Minimum bending radii of 200 um can be realized with negligible bending losses without
deeply etched curvatures. The minimum bending radius for deep etched bend waveguides is
as low as 100 um without significant loss. The experimental results obtained correspond very
well to the predicted simulated values in Fig. 45 and Fig. 48.
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Fig. 67: Measurement of the waveguides with and without deep etching in the curvatures.

The designed waveguide with deep etching on the outer side of the waveguide in the
curvature is used for the realization of the ring resonators.

The following section describes the design of the couplers using the waveguide structure

described in the previous sections.
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4.3 Couplers

4.3.1 Multimode—interference—coupler (MMI)

A multimode interference (MMI) coupler (Fig. 68) consists of a broad center waveguide
which supports severa modes depending on the width and the layer sequence of the

waveguide [86].

Input Ports Multimode Section w Output Ports

1 1
[ 2 | | 2 ]

Fig. 68: Top view of aMMI coupler.

This type of waveguide has the property of self-imaging, which means that an arbitrary input
field which is inserted at the input waveguide of the device is periodically reproduced in the
transmission direction of the center waveguide. Between these positions, the input field is
reproduced with only a fraction of the input intensity, divided symmetrically in the multimode
section. The main advantage of MMI couplers compared to codirectional couplers is the
fabrication tolerance with respect to the 3-dB splitting ratio. If other coupling ratios are
required, codirectional couplers are favored. Due to the layer sequence which was already
developed in the previous sections and the geometry of the straight waveguide, the MMI
coupler is practicaly already designed. A MMI coupler with two in- and output ports and a
splitting ratio of 3-dB is required. The multimode section should support more than three
modes to assure an appropriate interference signal of the input mode. The multimode section

is ssimulated with an optical waveguide mode solver [53]. The result is shown in Fig. 69.
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Fig. 69: Modeprofile of aMMI coupler (TE polarization).

The designed and simulated MMI has a width of 6 um. As can be seen in Fig. 69 there are
four modes which are supported in the broad section and the effective index is ng = 3.2115.
The interference of the four modes in transmission direction can be simulated with a time-
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frequency domain solver [53]. The ideal length for the 3-dB splitting ratio is evaluated from
the interference ssmulation in Fig. 70 for a Gaussian shaped input signal at a wavelength of
1.55 um coupled in the upper left input of the MMI. The 3-dB splitting ratio is achieved after
a length of 150 um. At this point, the intensity at the input of the MMI coupler is divided
equally at both of the output ports.

¢ 3 dB -Point

I nput

Width [um]

"0 50 100 150
Length [pum]

Fig. 70: Simulation of the multimode section at A = 1.55 um (TE polarization).

The 3-dB splitting ratio is calculated from the overlap result between the input port and the
two output ports at this specific point. The result is shown in Fig. 71.

Intensity a.u.

Width [um]
Fig. 71: Overlap result of the input — output relation.

The intensity at one of the output ports is about 0.49. This is not exactly 0.5. The difference
(=0.1dB) is due to scattering losses which occur at the center of the two output ports. The

3-dB length can also be approximated by the formula givenin [18]:
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where Ag is the wavelength, neo and ner1 are the effective indices of the fundamental and first
order mode, ng; is the effective index of the waveguide, w is the width of the multimode
section. The effective index of the waveguide was calculated to be ng = 3.1985, the width of
the MMI is 6 um, the used wavelength is 1.55 um. This leads to alength Lzgs of 148.58 um.
The MMI is also investigated under TM polarization at a wavelength of A = 1.55 um. The
change in the refractive index is Anes (re-tmy = 0.003. The result from the simulation is shown
inFig. 72.
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— 3 dB -point

Width [um]

0 50 100 150
Length [um]

Fig. 72: Simulation of the MMI inserting TM polarized light at A = 1.55 pm.

The 3-dB length is calculated to be 146 um. The MMI is nearly polarization independent with
respect to the 3 dB point. This is an advantage compared to the codirectiona coupler which
will be described later.

The intensities at both output ports subject to the length of the multimode section have been
calculated with a finite difference simulation tool [70] and are shown in Fig. 73. The light at
the wavelength A = 1.55 um is inserted into input port 1. At a length of about 160 pm, 50 %
of the intensity from input port 1 istransferred to output port 2 and only 35 % is transferred to
output port 1. The difference of 25 % islost in the multimode section. The length for realizing
a splitting ratio of = 3 dB is obtained at L3 gg = 170 pum with low insertion losses. This
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calculation is based on a three-dimensional finite difference method [87] for weakly guided

waveguides which resultsin alower accuracy of calculating the 3 dB length.
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Fig. 73: Simulation of the intensities at the output ports of the used MMI coupler

(TE - polarization) [87].

The time-frequency domain solver [53] used for the simulation shown in Fig. 70 performs the
calculation of the mode interference in the multimode section in one entire step for a specific
length. The 3 dB length is taken from the intensity diagram as demonstrated. The time-
frequency domain solver has a higher accuracy than the calculation method used in Fig. 73 for
calculating the mode interference in the MMI coupler. If both calculations are taken into

account, the 3 dB length of the MMI coupler isin the range of 150 um — 175 pum.

The following section presents the experimental results obtained for the simulated MMI

structure.
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4.3.2 Experimental results

The atomic force microscope (AFM) photograph of the input region of a MMI coupler is
shown in Fig. 74. The deep etching on the outer side of the waveguide coming from the ring
resonator can be clearly seen. The gap between the two input waveguidesis 2.4 um.

FromRingj T FromWG

b 10 15
um

Fig. 74: AFM picture of the input region of the MMI coupler.

Input "~ < From
Waveguide Ring
Resonator

Fig. 75: SEM photograph of the input region of aMMI| coupler integrated into an SRR.

The measurement results of MMI couplers with different lengths are shown in Fig. 76. The
intensity of both outputs of the MMI coupler have been added and normalized to the output
intensity of a straight reference waveguide in order to eliminate the coupling losses and
intrinsic waveguide losses. The splitting ratio is tolerant with respect to the length of the MMI
from a length of 148 pm onward. The ideal MMI coupler with a low loss (D2 = 14 %) is
obtained at a length of 150 um as was predicted by the smulations in the previous section.
This is a very compact MMI coupler which is used for realizing a 3 dB splitting ratio in the
ring resonators. MMI couplers with a length of 184 — 233 pum have previously been used in
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ring lasers [18]. Extremely short 3 dB MMI couplers with a length of 15 — 50 um are
demonstrated in [88].

1.0
0.9
0.8
0.7
0.6
0.5 — |
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0.2 —e— Normalized Intensity
0.1 ( —&— Splitting Ratio
00 | | |
145.00 14750 150.00 15250 155.00 157.50 160.00 162.50
Coupling length [um]

Intensity

Fig. 76: Measurement results of the MMI couplers at different lengths.

The usage of short couplers with defined splitting ratio is essential in ring resonators for
achieving a high FSR. Ring resonators ideally require a tunable coupler in order to adjust the
coupling factor to the roundtrip loss in the case of passive resonators and to realize specific
filter characteristics in the case of multiple coupled ring resonators. An MMI coupler with a

tunable splitting ratio was demonstrated in [89].

The following section describes the ssimulated and fabricated results of the used codirectional

couplers.
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4.3.3 Thecodirectional coupler
Anocther important device which is used to couple light into the ring resonator is the
codirectional coupler (CC). This type of coupler is used to realize splitting ratios other than

3dB (c.f. Fig. 77).
1 L 3
C

- >

Input Ports m Output Ports
2 4

Fig. 77: The codirectional coupler.

Fig. 78: Modeprofile of the codirectional coupler with a coupling gap of 1 um.

The effective refractive index for TE polarization for the used coupler with gaps of 0.8 um —
1 pumisngs = 3.1923. The difference in the refractive index due to polarization is ANes (re-tvy =
0.006. The coupler which is used for the input and output coupling is a symmetrical coupler
(identical waveguide geometries) with uniform coupling losses D2. The equations which
describe the input and output field of the coupler are given by [90]:

e el =

The relation between the in- and output intensity of a symmetrical codirectional coupler is

given using:

s _,. |1k K I,
Dl

where y istheintensity loss coefficient, x isthe intensity coupling factor.

If both waveguides have the same propagation constant which is the case in this configuration
and the light is inserted into input port 1, then after alength L the energy will have coupled
into the other waveguide and can be detected at output port 4.

The coupling behavior dependent on L. for light inserted at input port 1 is expressed by [71]:
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1,(x) = E;(X) (E,(x) and 1,(x) = E, (x)(E, (X) (4.16)
The coupling behavior for a coupler with L, = 450 um, E; = 1, E; = 0isshown in Fig. 79. The
intensity at both output ports is normalized to the sum of the output intensities:

. I
Intensity at output port 3= —2 (4.17)
L, +1,
. |
Intensity at output port 4 = I : I (4.18)
3 4

The power coupling factor « is taken from the diagram (Fig. 79) for a specific coupling length
X. For example, the power coupling factor « is equal to x = 0.9 for a coupler with a length of

360 pum.
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Fig. 79: Coupling behavior of a symmetrical codirectiona coupler.

The experimental results for fabricated codirectional couplers are described in the following

section.
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4.3.4 Experimental results
The following results are obtained from codirectional couplers fabricated by using standard
photolithography. The splitting ratio is very sensitive with respect to the length of the
couplers. For this reason MMI couplers are chosen to realize 3 dB splitting ratios. The
measurement results for codirectional couplers with a coupling gap of 0.8 um are shown in
Fig. 80. The simulation was carried out using relation (4.18) with L, = 500 pum.

Coupling gap = 0.8 um
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Fig. 80: Measurement results of a coupler with agap of 0.8 um.

Using conventional photolithography speeds up the fabrication process and enables an easier
transfer for large scale manufacturing later on. Here, coupling gaps of 0.8 um, 0.9 um, 1 um
were redlized. The measurement for the couplers with a gap of 0.8 um and 0.9 um was
performed using TE and TM polarized light, which revealed a difference in the splitting ratio
between 0.08 - 0.1. The coupler losses are less than 10 %. Finally, a coupling gap of 0.8 umis
used in the resonators were high splitting ratios are needed (e.g. x = 0.7). Low splitting ratios
are achieved using couplers with gapsof 1 um (k< 0.1).

The measurement results for codirectional couplers with a coupling gap of 0.9 um are shown
in Fig. 81. The simulation was carried out using relation (4.18) with L, = 770 pm.

The measurement results for codirectional couplers with a coupling gap of 1 pm are shown in
Fig. 82. The simulation was carried out using relation (4.18) with L = 1000 pum.
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Fig. 81: Measurement results of a coupler with agap of 0.9 um.
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Fig. 82: Measurement results of a coupler with agap of 1 um.

The separation between the waveguides in the codirectional coupler is the critical element
regarding the fabrication. The resolution of the photolithography defines the minimum
coupling gap, which is 0.8 um in our case. The fabrication of the gap depends mainly on the
waveguide width and the etch depth in gap. The etch depth in the gap is lower (Fig. 83) than
on the outer side of the coupler waveguides, which is due to the lower etch rate in the gap.
The dry etching process is strongly dependent on the etch gases and conditions used and has
to be modified if performed with other RIE systems to achieve similar results.
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Fig. 83: SEM photograph of the input region of adirectional coupler, Gap = 0.8 um.

The coupling length at a splitting ratio of x = 1 depending on the height of the material in the
gap has been calculated using afinite difference method simulation tool [70] (TE polarization,
Fig. 84). The obtained results are verified using the fabricated codirectiona coupler with a
gap of 0.8 um (Fig. 80) and the SEM photograph in Fig. 83. The measured coupling length
for a splitting ratio of k = 1 is =500 um (TE polarization). The measured height of the
material in the center is = 120 nm.
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Fig. 84: Calculated coupling length depending on the etch depth in the gap.

These values are confirmed by the simulation. These presented codirectional couplers with
the specific coupling factors depending mainly on the coupling length and the etch depth in
the gap have been fabricated reproducibly.
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5 Ringresonators

5.1 Passiveringresonators

5.1.1 Integration of the elements

The elements described in the previous sections are integrated in the ring resonators. The
challenging technological task is to realize the deep etching of the waveguide in the outer
section, without deep etching of the coupling region. The gap in between the coupling
waveguides should remain as described in the previous section to realize short coupling
lengths and reproducible coupling factors. The platinum layer which enables the local heating
of waveguide segments of the ring resonators is deposited in a final step. Before the platinum
is deposited, the entire devices are covered with a SINy layer. This layer assures that no metal
will diffuse into the waveguide material and no waveguide mode couples to the metal and

increases the propagation |osses.

Fig. 85: SEM picture of the waveguide section with Pt heater.

A photograph of a part of a Pt-resistor integrated in an SRR is shown in Fig. 85. The pads for
contacting the Pt-resistor are composed of Ti-Pt-Au. A DRR with integrated Pt-resistors is
shown in Fig. 86.

Input Port —» Throughput Port

Contact Pads for
the Pt - Resistors

Add Port —» Drop Port

Fig. 86: Fabricated passive DRR.

The devices have cleaved end facets which are anti reflection coated in order to avoid Fabry-

Perot resonances in the straight waveguides.
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5.1.2 Experimental results

The measurement result shown in Fig. 87 isfrom an SRR (R = 100 um) with one input/output
waveguide including a 3 dB MMI coupler with a length of 150 um. The insertion loss of the
device is 6 dB. From the simulation, the effective index for the curved section (A = 1.55 um)
is calculated to be 3.192. The group index (A = 1.55 um) for the curved waveguide section is
calculated using EQ. (2.30) to be 3.44. The roundtrip loss (al) is evaluated to be 1.9 dB. The
FSR achieved is 94 GHz. The FWHM is 0.137 nm resulting in afinesse of F =5.5and aQ
factor of Q = 11300. The on-off ratio is 13 dB.
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Fig. 87: SRR with one input/output waveguide, 3 dB MMI coupler (Iength = 150 pum),

R =100 um, FSR = 94 GHz.

The transmission characteristic shown in Fig. 88 was achieved using a similar SRR as
mentioned before but with a different length of the MMI, which is 160 um, resulting in a
higher coupler loss. This leads to a dightly higher on-off ratio (14 dB). As all other
parameters are unchanged, the resonator is better matched than the one before. Whereas many
other integrated optical devices are limited by loss, ring resonators can use loss
advantageously by fitting the loss into the overall configuration. Due to the increased length
of the resonator, the FSR is now only 91.4 GHz. The roundtrip losses have been calculated to
be 2.1 dB, which is dightly higher than before. Thisis only because of the additional lossesin
the coupler. The radius is till the same. The FWHM is 0.12 nm resulting in a finesse of
F =6.1and aQ factor of Q = 12900.
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Fig. 88: SRR with one input/output waveguide, 3 dB MMI (length = 160 um), R =100 pum,

FSR =914 GHz.

The measurement in Fig. 89 was performed for the same ring resonator with the 160 um long

MMI coupler using TM polarized light. The coupling factor k¥ was determined from the

simulation to be k = 0.5. This shows, that this MM coupler isinsensitive to polarization with

respect to the splitting ratio. The ring losses have decreased by about 0.7 dB per roundtrip,

which leads to an on-off ratio of only = 8 dB. The lower bending loss is due to the better

confinement of the mode in TM polarization.
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Fig. 89: SRR asin Fig. 88 but measured in TM polarization.
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The field is more concentrated in the center of the waveguide and does not "see" as much of
the sidewall roughness in the curvature as in TE polarization. The FWHM is measured to be
0.09 nm leading to afinesse of F = 8. The on-off ratio is measured to be 8.5 dB. The Q factor
is evaluated to be Q = 17200. The lower bending loss for TM polarized light compared to the
TE polarized light is responsible for this high Q value. The wavelength shift due to TM
polarization is 0.28 nm = 35 GHz (A = 1.55 um). The effective index in the curvature is
higher for TM polarized light than for TE polarized light. The effective refractive index
difference between TE and TM polarization for the entire ring resonator including the straight

waveguide and the MM coupler is evaluated from the simulation to be Anet re.v = 9.5 x 104,

The transmission characteristic of a single ring resonator with a 3 dB MMI (length = 150 pm)
and aradius of R=200 pm is shown in Fig. 90. The FSR achieved is56 GHz at A = 1.55 pum.
The roundtrip loss is 2 dB. The on-off ratio is measured to be 14 dB. The FAVHM is 0.08 nm,
resulting in afinesse of F = 5.4 and a Q factor of Q = 19400.
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Fig. 90: SRR with one input/output waveguide, 3 dB MMI (length = 150 um), R =200 pm,
FSR =56 GHz.

The filter response of an SRR with a codirectional coupler measured in TE and TM
polarization is show in Fig. 91 and Fig. 92, respectively. The SRR has aradius of R =200 pm
and a coupler length of 260 um with a gap of 0.9 um. The FSR is 49 GHz and the FWHM is
0.04, resulting in a finesse of F = 10 and a Q factor of Q = 39000. The on-off ratio is more
than 20 dB. The roundtrip loss is 1.6 dB which is better than the SRR with the same radius
and MMI coupler.
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Fig. 91: SRR with one input/output waveguide, codirectional coupler (Ilength = 260 um, gap =
0.9 um), R=200 pm, FSR = 49 GHz.

This is because the coupler loss of a directional coupler is lower than that of a MMI coupler.
The simulation fits extremely well to the experimental data. The coupling factor « is taken
from the measurement in section 4.3.4, Fig. 81 and is xk = 0.26. The same resonator is
investigated by using TM polarized light. The parameters which have changed are the

coupling factor «, whichis x = 0.195 and the roundtrip loss, which is 1.4 dB.
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Fig. 92: SRR asin Fig. 91 but measured in TM polarization.
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The effective index in the curves is higher for TM polarized light. The effective refractive
index difference between TE and TM polarization for the entire ring resonator including the
straight waveguide and the coupler is evaluated from the simulation to be Ang tetm
=3x10. The position of the transmission minima changes only by 0.01 nm which is equal
to 1.25 GHz. The FSR has only decreased by = 300 kHz (A = 1.55 pm). This means that the
wavelength accuracy of the minima due to different polarizations is 1.25 GHz. The on-off
ratio has decreased to 15 dB. This lower value is caused by the coupling factor .. If the
coupling factor « is matched to the lower roundtrip loss, an SRR for TM polarization with an
on-off ratio of more than 20 dB can be realized. The FWHM is 0.034 nm, leading to a finesse
of F=11.5and aQ factor of Q = 45600.

The filter shape can be changed by using multiple coupled ring resonators. The following
device is designed to include two ring resonators with a radius of 100 um. The upper and
lower couplers ko, k> are MMI couplers with a length of 150 pm and coupling ratios of
Ko, K2 = 0.5. A codirectional coupler (CC) with a coupling gap of 1 um and a length of
150 um is used in the center of the DRR. The coupling factor of x; = 0.055 is taken from the

measurementsin Fig. 82. The filter characteristic of the device is shown in Fig. 93.
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Fig. 93: DRR with two MMI couplers (length = 150 pum) and a codirectional coupler (length =
150 pm, gap = 1 um), Ko, k2 = 0.5, k3 = 0.055, R= 100 um, FSR = 94 GHz.
The FSR (94 GHz) of the DRR is equa to the previously mentioned SRR with the same

parameters. The FWHM of the throughput and of the drop port is 0.12 and 0.28 nm,
respectively. The finesse for the throughput and for the drop port is calculated to be F = 6 and
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F = 3. The broadening of the FWHM of the drop port is due to a difference in the refractive
index between the upper and lower resonator of = 0.00035. This index difference causes a
resonance mismatch between the upper and lower resonator, which results in an asymmetrical
filter characteristic. The resonance matching of the DRR is performed by activating the
integrated Pt — resistors. This is described in detail in section 5.1.4. The resonance mismatch
leads also to different on-off ratios which are about 16 dB and 12 dB for the throughput port
and for the drop port, respectively.

The measured filter characteristic could be ssmulated very well with the used method in which
all necessary data was extracted. The ring resonators were designed for an FSR of 50 GHz
and 100 GHz. This was realized with an accuracy of about 6 GHz. The FSR can now be
adjusted more efficiently to the desired values (12.5 GHz, 25 GHz, 50 GHz, 100 GHz) as dll
parameters have been extracted. Thiswill be demonstrated later in section 5.2.4.

Another well known measurement method known as the OLCR (4.2.2) is used for the first
time to the authors knowledge in the following section to extract all necessary parameters
describing the transmission characteristic of a ring resonator from a so called reflectogram.
The OLCR measurements of single ring resonators with one input/output waveguide and a

codirectional coupler are presented.
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5.1.3 Resultsfrom the OLCR measur ement

The OLCR measurement in reflection mode in Fig. 94 is obtained from an SRR without anti
reflection coating with a codirectional coupler (length = 150 pum, gap = 0.9 um) and R = 100
pm. Where Py denotes the input intensity, « is the power coupling coefficient, D? is the
intensity loss coefficient of the coupler, R is the reflection factor of the facets which is

assumed to be identical for both facets and A is the roundtrip loss of the ring resonator.
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Fig. 94: SRR (R =100 um) without AR, measured in reflection mode.

Thefirst peak is measured at the input facet of the device. The second peak (out;) is measured
at the output facet. There are no significant reflection peaks in between those peaks coming
from the ring resonator, which shows that the input signal has passed the resonator
undisturbed. The peaks in between peak out;, peak out, and peak outs result from multiple
roundtrips in the ring resonator. The distance between the peaks outi» is 2 mm which
corresponds to the chip length. The distance between two peaks coming from the ring
resonator is equal to half of the cavity length which is measured to be = 466 um (physical
value 464 um). The coupling factor x can be calculated from the values obtained for peak 1
and 2.

The intensity | of the peaks can be described as follows:

lpeaa = R (5.1
| oer = P,RZ(L— & )*RD* (5.2)
lowcs = 2P, R 2A(1- )RD® (5.3)



| osea = 2P, RK2AZ(1- k)P RD® (5.4)

The peaks obtained from n roundtrips in the ring can be described by:

oy = 2P RK2A(1- k)" RD*2" (5.5)

The input intensity Py is calculated from peak 1, assuming a reflection factor of R = 27 %
(section 4.2.4), to be —1.4 dB. The inserted light passes the input facet, passes the coupler, is
reflected at the other facet, passes the coupler again and is emitted at the input facet.
Assuming that the coupler has aloss of = 10 % and the straight waveguide is lossless, a power
coupling factor of x = 0.1 is derived from the value of peak 2. The loss of the coupler and the
reflection factor of the facets have to be known to be able to calculate the power coupling
factor. The roundtrip loss A is estimated from these values to be A= 4 dB.

A reflectogram of an SRR measured in transmission mode which has been mentioned already

in section 5.1.2 (Fig. 91) is shown in Fig. 95. Where P; is the intensity obtained at the
throughput port of the ring resonator.
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Fig. 95: Reflectogram of an SRR with one waveguide.

The first peak is the transmission passing the coupler without entering the ring. The second
peak is the transmission from one roundtrip in the ring. The third peak is the transmission
from two roundtrips and so on. The roundtrip loss is evaluated from the transmission data
beginning from the second peak. In this calculation the loss in the straight waveguide is not
considered and is contained in the coupling factor and the roundtrip loss. The length between
the peaks is equal to half of the optical length of the ring resonator. The average optical length
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(in the ring) is taken from the measurement (e. g. distance between peak 2 and 3) and is equal
to 6171.86 um. The measured SRR has a resonator length of 1776.64 um. The group index is
calculated to be ny = 3.47. This is the average group index which the traveling light wave
experiences when it passes the coupling region, the curved sections and the straight section in
the resonator.

The output intensity P; can be described as follows:

Peak 1: P, = P,D*(1-«) (5.6)
Peak 2: P, = P,AD k2 (5.7)
Peak 3: P, = P,A’D°(1- Kk )k > (5.8)
The peaks obtained from n roundtrips in the ring can be described by:
Peak n: P, = P,A'D*"(1- k)" k> (5.9)
The slope from the measurement peaks resulting from n roundtrips in the ring is given by:
slope = A(1-k)D? (5.10)
The intensity difference between the first and the second peak P,.1 corresponds to:

K?A
P,, =D* 1 x (5.11)

The slope from the second peak onward is evaluated to be - 3.7 dB/(roundtrip), leading to an
estimated roundtrip loss of A= 2 dB. The coupler loss is again assumed to be = 10 % and the
coupling factor is taken from section 5.1.2 (Fig. 91) to be xk = 0.26. The accuracy of the

measured peaksis within atolerance margin of + 1 dB.
The OLCR measurement method enables an insight study of the quality of the ring cavity and
has the potential to efficiently extract al necessary ring parameters to describe the spectral

behavior of the ring resonator configuration.

The following section describes the tuneability and resonance matching using the integrated

Pt —resistors.
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5.1.4 Tuneability and resonance trimming

Tuneability is essentia for the system application of optical filters. In the case of periodic
filters, in this case ring resonators, it is important to fit the transmission curve to the defined
channel spacing (e.g. ITU-Grid). The tuneability is realized with the help of the integrated Pt-
resistors (5.1.1). The Pt-resistors have two functions. The first function is the tuning to a
specific wavelength, the second function is the resonance matching of multiple coupled ring
resonators to each other.

Tuneability of a doublering resonator
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Fig. 96: Tuneability of a DRR with two MMI couplers (length = 150 pm) and a codirectional
coupler (length = 150 pm, gap = 1 um), R=100 pum, FSR = 94 GHz.

The measurement result in Fig. 96 shows the tuning to a specific wavelength. The output
intensity was normalized to the insertion loss. The measurement was performed by adjusting
the throughput port to maximum transmission at the corresponding wavelength. The platinum
resistors in the upper and lower ring resonators were used simultaneously. By detection of the
response of the throughput (drop) port the voltage was continuously increased. At a voltage of
2V and 4V, the signal is“dropped” with a crosstalk better than 16 dB. The second minimum
at 4 V is due to the fact that the n+1 wavenumber fits into the resonator. The tuning was
performed using a DRR with a radius of R = 100 um and an FSR of 94 GHz. The Pt —
resistors assure the tuneability over the whole 94 GHz range and enable the realization of a
wavelength selectable switch.

The tuning of an SRR is shown in Fig. 97. Here the on-off ratio is more than 20 dB. The

transmission characteristic of the measured SRR is shown in Fig. 91. The use of the Pt —
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resistors reveals a larger on-off ratio than obtained by sweeping the ECL wavelength. The

Pt - resistors enable a finer tuning to the specified wavelength and so an improved on-off ratio
isrealized.

Tuneability of a singlering resonator
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Fig. 97: Tuneability of an SRR with one input/output waveguide and a codirectional coupler.

The second feature of the Pt — resistors, the resonance matching, is demonstrated with a DRR
(R =200 pum, upper and lower coupling factors K, = 0.5, middle coupling factor x; = 0.055,

coupler lengths = 150 um). The upper curve (Fig. 98) shows the response of the throughput
port and the lower curve that of the drop port.
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Fig. 98: DRR with two MMI couplers and a codirectional coupler (gap = 1 um), R =200 pum.
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This device has not been anti reflection coated, which leads to Fabry-Perot resonances in the
straight waveguides. The resonances are visible in the transmission spectrum of the
throughput port. The typical filter characteristic of the DRR is not disturbed despite the
Fabry-Perot resonances. It depends on the application, if anti reflection coating is required.
The contrast of the throughput port is 16 dB and that of the drop port 13 dB. The simulated
filter response reveals a difference of the effective refractive index of about 0.0003, which is
also the origin of the different contrast values. According to the calculation, the refractive
index is lower in the upper ring. This is mainly due to fabrication tolerances which occur
during the deep etching on the outer side of the waveguide in the curvatures. The physical
lengths of the resonators are the same. In order to match the resonance frequency in both rings
in the resonator, the upper Pt-resistors have been used. A voltage of 0.5 V was applied to
match the resonance frequency.

The temperature coefficient of InP can be approximated in our case to (see section 3.1):

an _ 0.0001 K (5.12)
daT

The local temperature increased by approximately 3 K. The result is shown in Fig. 99.
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Fig. 99: DRR asin Fig. 98 with resonance matching.

The ssimulation model predicted a difference in the refractive index between the two rings.

The shape of the transmission characteristic of the drop port in Fig. 99 has derogated and the

on-off ratio of the throughput and of the drop port has increased by about 3 dB, leading to a

contrast of more than 18 dB for both ports. A symmetrical behavior of the throughput port

and of the drop port are thus demonstrated. The FSR achieved is 55 GHz. The FWHM for the

throughput port is 0.08 nm, leading to a finesse of F = 5.5 and a Q factor of Q = 19400. The
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FWHM of the drop port is 0.1 nm, leading to a finesse of F = 4.4 and a Q factor of
Q = 15500. The shape factor of the drop port in Fig. 99 is evaluated to be 0.34.

The tuning to a specific wavelength can be performed after the frequency matching in such a
way, that both of the Pt — heaters in the two rings are used. The driving voltage of the Pt —
heaters is different in both of the rings due to the previous frequency matching but has to be
increased by the same amount in order to shift to the specified wavelength.

Tuneable purely passive single and double ring resonators with multimode interference
couplers and codirectional couplers have been realized. An on-off ratio of more than 20 dB
could be demonstrated. The analysis of the filter shape and the extraction of all necessary data
(coupling factor, FSR, FWHM, Finesse, Q factor, roundtrip loss, group index, on-off ratio)
was performed by using the developed simulation model. On the basis of these obtained
results, single and triple ring resonator configurations with SOAs are described in the

following sections.

The presentation of the used semiconductor optical amplifier is described in the following

section.
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5.2 Ringresonatorswith integrated SOA

The SOA which is used in the ring resonators has already been developed at HHI and was
tested in various elements and integration processes e.g. [91]. Due to the multi quantum well
structure, the SOA was designed for favoring TE polarization. A new integration process was
developed for the integration of this element with the passive ring resonator structures.

521 Thestructureof the SOA

The cross section of the used ridge waveguide (RW) semiconductor optical amplifier (SOA)
structure is shown in Fig. 100. The layer sequence is given in table 3. The width of the RW
SOA is 2.2 um, which has to be considered for the fabrication of the low loss butt coupling
interface with the 1.8 um wide passive waveguide.

Quantum Wells (QWSs)

InP - Buffer

Fig. 100: Structure of the used active SOA.

The layer sequence and composition of the used SOA is as follows (from bottom to top):

Nr. Material Ag(nm) | Thickness |Dopand [cm-3]| Function
1 INnP-Sn-sub. 360 um Substrate
2 InP-buffer 500 nm Si:3¥10™ Buffer
3. n-GalnAsP 1150 250 nm Si:3*10° | n-Contact
4 n-GalnAsP 1290 10 nm Undoped 1. Barrier
5. e cor.nprve 6 nm Undoped 6* QW

strained
6. Q-1.29 1290 10 nm Undoped 6*Barrier
1. GalnAsP 1150 180 nm Undoped LD-WG
8. InP 1500 nm Zn:5*10" p-Top
Q. InGaAsP 1300 50 nm Zn:1*10™ 2. p-Top
10. InGaAs 200 nm Zn:1*10™ p-Contact

Table 3: Layer stack of the used SOA.
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The calculated mode field profile of the RW structure is given in Fig. 101. The quantum wells
(QWs) and the barrier layers have been considered as one layer with an effective refractive
index of ng = 3.4 [78]. The effective index of the SOA is determined to be ng = 3.238. The
center of the guided mode in the RW structure (Fig. 101) is located lower compared with the
passive waveguide structure. Thus, it is necessary for the integration process to adjust the

height of the active — passive transition to assure minimal coupling losses.

The knowledge of the
position of the center of
the guided mode is
necessary for the active-
passive height
adjustment

Fig. 101: Mode profile of the SOA (TE polarization).

The butt coupling losses at the passive - active waveguide interface have been calculated by
the finite difference method (Fig. 102). The calculated vertical and lateral offset between the
active and passive waveguide results in a minimum theoretical coupling loss of < 1 dB.

Overlap result at the butt-joint

—&— Vertical Shift

—— Horizontal Shift

Coupling loss[dB]
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1,
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Fig. 102: Calculated butt-joint losses.

92



The starting point for the calculation of the horizontal shift has been chosen so that the
passive structure is located symmetrical in the center of the active section. The calculation of
the vertical shift starts with the passive — active section, butt coupled at the position where the
rib starts for the passive structure and in the middle of the active layers ( X, y = 0; Fig. 101) for
the SOA section. The practical realization of the active- passive transition is done in using a

special taper structure at the interface. The lateral design is shown in Fig. 103.

6 um
< H

¢ 1.8 um I 3.'2 Hm i 2.2 um

< Passive Waveguide —»<¢—  Active Waveguide —-

Fig. 103: Lateral dimensions of the active — passive waveguide interface.

The use of the tapered structure enables the propagating wave coming from the passive
waveguide to laterally broaden, interfere, propagate into the active waveguide with a different
refractive index and scale down to the dimension of the active waveguide. Active — passive
transitions have been developed at the Heinrich-Hertz-Institute for various types of
waveguide structures e.g. [92]. The type of tapered structure used in this thesis was found out
to be technologically practicable to realize butt-joint losses between 2 — 3 dB [78].

Another technological challenge is the fabrication of a low resistance contact of the active
section. As directly contacting the SOA on the ridge with a metal needle would destroy the
SOA in the worst case, "support mesa" are designed at a distance of a few micrometer away
from the SOA ridge on either side. The p — contact of the SOA is then located on these mesa
for securely placing a measurement needle and for later bonding. The support mesa have the
same active materia layer stack as the SOA. The technological challenge lies in creating a
low metal-semiconductor p — contact on the SOA. The isolation of the metal |ayer on top of
the support mesa is performed with a SINy layer, which is removed only on top of the SOA

waveguide.
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The cross section of the SOA with support mesais sketched in Fig. 104.

Measurement SOA Ridge
without

Metal Needle

Metal Layer

SNy
Insulator
Layer

Active Layers

Fig. 104: Cross section of the SOA section with the support mesa.

The n — contact is realized on the metal coated backside of the wafer. A reliable process had
to be developed to assure metal contacting from the p — contact via the grooves with

perpendicular sidewalls to the bond pads (support mesa).

The following section describes the entire fabrication process of the integration of all
previously described components. In depth coverage is given on the realization of this metal —

semiconductor p - contact.
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5.2.2 Theintegration process

The fabrication starts with the epitaxia growth of the layers of the SOA by using metal
organic vapor phase epitaxy (MOVPE) (Fig. 105). The quantum wells and the upper p — top
layer have been left out for simplification.. The first chemical vapor deposition (CVD)
processing step is the deposition of = 230 nm SINy at a temperature of 370 °C for the
fabrication of the etching mask (Fig. 106). The lateral active mesa structures are defined in a
resist pattern by using standard photolithography (positive process, photoresist AZ5214,
exposing time = 24 s, developer MFI724, developing time = 50 s). The resist pattern serves as
an etching mask for the following reactive ion etching step (CHF; — 22 sccm and O, —
2.2 scem, pressure = 0.012 mbar, power = 50 W). The photoresist is removed with an O,
plasma (10 min, power = 500 W, T < 250 °C) after this process. The p — top mesa are etched
in the following step by using RIE (CH; — 8 ml/min and H, — 20 ml/min, pressure =
0.006 mbar, power = 200 W). In order to remove the polymer which is build up during
reactive ion etching, an O, plasma (20 min, power = 550 W, T < 250 °C) and a solution of
KOH (20%) are used. The p — top is etched down to a distance of about 1.1 —1.2 um (Fig.
107) followed by a wet etching step by using a solution of 20 H,O : 5 HBr : H,O,. This wet
etching process is the “undercut” etching. In this step, part of the sidewall is removed as
sketched in Fig. 108. A layer of InP protects the active sections underneath. The etching of
the undercut is indispensible for the second epitaxial growth step of the passive waveguide.
The undercut reduces the formation of high “rabbit ears’ during selective area MOV PE
(SAMOVPE) at the vicinity of the mask and enables adequate control of the layer thicknessin
order to achieve the necessary vertical aignment within the active — passive transition. For
further improvement of the SAMOV PE growth step, the “undercut” is covered by a layer of
SiNy which is realised by depositing the entire wafer with SIN, and removing the material on
the “ground” of the wafer by reactive ion etching. The result is shown in Fig. 109. The next
step isthe final etching of the p — top and the active layers using RIE (CH4 — 8 ml/min and H>
— 20 ml/min, pressure = 0.006 mbar, power = 200 W, Fig. 110). The control of the etch depth
is very important in order to adjust the regrowth of the passive material. The following step is
the regrowth of the passive material using selective area MOV PE (SAMOVPE). The correct
hight of the passive material is defined by the thickness of an InP buffer layer. A sketch of the
structure after the regrowth processis shown in Fig. 111. The regrowth process is followed by
the removal of the entire SiNy at the "undercut” using hydrofluoric acid (HF — 5%). After this
step, the entire wafer is again covered with =190 nm SiNy at a temperature of 370 °C (Fig.
112).
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Fig. 105: Layer sequence of the active section.
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Fig. 106: Deposition of SiNy.

Fig. 107: Thefirst etching of the p — top.
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Fig. 108: Etching of the “undercut*
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Fig. 109: Deposition of SiNy at the “undercut”.
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Fig. 110: Thefinal etching of the p —top and the active layers.

Passive Waveguide
/ Layas
Fig. 111: Regrowth process.
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Fig. 112: SINy deposition for the diffusion process.
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The SiNy is removed at the top of the active mesa using a photolithographic step, followed by
a dry etching step (CHF; — 22 sccm and O, — 2.2 sccm, pressure = 0.012 mbar, power =
50W). The photoresist is removed after the dry etching step using KOH (20%). The
following diffusion process (T = 575 °C, 18 s) is carried out using zinc arsenide as the
dopand. The process is illustrated in Fig. 113. In the next step, the waveguide is etched
together with the laser ridge in a so called self aligning process, where the active — passive
interface is generated using RIE (CH4 — 6 ml/min, H, — 40 ml/min, O, — 0.3 ml/min, pressure
= 0.02 mbar, power = 150 W). Due to the higher laser ridge, the remaining material is etched
by selective wet chemical etching using a solution of HCl and H3PO, (1:4). The wet etching is
automatically stopped, when the quaternary layers are reached. The result of this step is
shown in Fig. 114. The deep etching of the passive waveguide, which is necessary in order to
achieve sufficient optical confinement in small bent waveguides (radii < 200 um), is the next
processing step. The etching mask material is again a SiNy layer structured in a
photolithographic and dry etching step. The SiN, layer serves also as a protection layer for the
laser ridge. This step is illustrated in Fig. 115. The deep etching of the passive waveguide is
done by reactive ion etching using CH,4 (8 ml/min) and H, (20 ml/min) with a pressure of
0.006 mbar and a power of 200 W (Fig. 116). The following step is a critical one and has been
developed especially for this fabrication process. The SINy which was deposited for the
protection of the SOA ridge has to be removed only at the very top, to be able to place a metal
layer for realizing an electric contact (5.2.1). Therefore, the entire wafer is covered with
photoresist and is exposed a few seconds (= 14 s) at the areas of the SOA ridge which results
in opening the tip of the laser ridge. The photograph of the top view of an SOA ridge with the
structured photoresist is shown in Fig. 117. In this process the exposing time of the
photoresist is the key figure. If the time is too high, the photoresist will become very thin
between the SOA ridge and the support mesa and might uncover the insulating SINy layer
which will be etched in the next fabrication step and so cause unwanted short cuts. On the
other hand, if the exposing time is too less, only part of the photoresist on top of the SOA
ridge is removed and the SiNy layer can not entirely be etched away in the following process.
The SEM photograph of the cross section of a developed SOA ridgeis shownin Fig. 118. The
SiNy layer at the top of the SOA ridge is completely freed from the photoresist. The area in
between the SOA ridge and the support mesa and also the entire wafer are covered by
photoresist with a thickness of about 800 nm which is a sufficient amount for protecting the
SiNy layer from being etched in the next step.
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Fig. 113: Diffusion process.
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Fig. 114: Etching of the waveguide and the SOA.
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Fig. 115: Definition of the deep etching of the passive waveguide.
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Fig. 116: Deep etching of the passive waveguide curvatures.
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Fig. 117: Photograph of the removal of the photoresist at the top of the SOA ridge.

Fig. 118: SEM picture of the front view of an SOA-ridge.

p- Top SNy
without

SNy Layer

Fig. 119: Removal of the SINy layer from the p —top of the SOA —ridge.

Ti-Pt-Au Layer

Fig. 120: The contacted SOA with passive waveguide.
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The SiN is removed from the p — top in a dry etching process (CHF3; —24 sccm, H, — 1 scem,
pressure = 0.012 mbar, power = 50 W). Now, the metal contacts are fabricated starting with a
photolithographic step for the definition of the contacts. The p - top of the SOA, the area in
between the ridge and the support mesa and the top of the support mesa is deposited with
titanium, platinum and gold and the remaining metal is removed in a*“lift — off” process using
NMP (n-methyl-2-pyrrolidon, CsHgNO). The final result is sketched in Fig. 120. After the
fabrication of the contacts for the SOA, the platinum heaters are realized starting with a
photolithographic step for the definition of the heaters, followed by the deposition of platinum
and the removal of the remaining platinum in a"lift-off" process.

The photographs of afabricated ring resonator with integrated SOA is shown in Fig. 121.

Input Port Throughput
Port
OA
Contact pads
for the
Pt -resistors < Add Port
Drop Port

Fig. 121: Photograph of an SRR with integrated SOA.

The SOA with the additional support mesa on both sides is shown in the photograph. The
drop port of the SRR has been placed on the same side as the throughput port for practical
measurement reasons. The additional bending losses for the drop port have to be accounted
for and are considered in the simulation of the devices. The SRR with SOA section is the
main building block for the realization of various multiple coupled ring resonator circuits.

The fabricated active — passive transition is characterized in the next section in order to
determine the butt joint losses and the gain of the SOA. These parameters are necessary for

the simulation of the devices.
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5.2.3 Theactive—passivetransition

Test structures which consist of straight passive waveguides with integrated SOA sections of
different length variations have been fabricated in order to extract the butt coupling losses and
the gain per length. This knowledge is required for the realization of loss compensated ring
resonators. The photograph of fabricated straight passive waveguides with integrated SOA of
different lengthsis shown in Fig. 122.

Fig. 122: Anti reflection coated straight waveguides with integrated SOAS.

The measurement of the amplification of the anti reflection coated active section has been
performed using an ECL at the fixed wavelength of A = 1.55 pm and inserting a gradually
increased current |. The result is shownin Fig. 123.

Butt-joint coupled straight waveguideswith SOA
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Fig. 123: Result of straight passive waveguides with integrated SOAs at A = 1.55 um.
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The insertion loss of a straight waveguide is displayed as reference. The SOA with alength of
150 pm is the minimum SOA length to compensate the butt-joint losses. The implementation
of SOAs above a length of 150 um enables net gain of the incoming light. For the
determination of the gain per length and the butt joint losses, it is important to determine the
transparency current density Jo of the SOA section. The transparency current of the devicesin
Fig. 122 is measured via detection of the 1t - phase switching [93]. The input light used for
this measurement is a modulated signal of an ECL at a fixed wavelength of A = 1.55 um. Due
to the quasi digital step function, the algebraic sign of the phase is directly proportional to the
absorption / gain of the measured device. At the saturation of the active material the phase
shifts from negative to positive (Fig. 124) due to a change in the current flow direction. This
is a very effective method to determine the transparency current. After measuring various
SOAs of different lengths, the transparency current density Jo is evaluated to be 9 mA/unmz2.
This result is used to determine the butt-joint losses of the devices. The ECL signal is
modulated at the wavelength of A = 1.55 um and the output intensity is measured using the
lock-in amplifier technique. The response of SOAs of different length are measured. The
result isshown in Fig. 125.

The internal loss (gain) of the active section at the transparency current can be determined
using the formalism described in section 2.3.1.

Determination of the transparency current
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Fig. 124: Determination of the transparency current of SOA sections of different length.

The waveguide with SOA section is divided into three segments: two passive waveguides and
the active section. The interna loss (gain) coefficient can then be calculated from the

experimental fit shown in Fig. 125. The value obtained for the internal loss coefficient of the
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SOA at the transparency current is agoa= 0.0121 dBum™ = 28 cm™. The gain factor at J/J, =
10 is agon = 78 cm™. The butt-joint losses are obtained from the same calculation and are

calculated to be approximately < 3 dB each. The passive waveguide |osses together with the

fiber-chip coupling losses are 5 dB as was determined in section 4.2.4.

Intensity of various SOAsat the transparent current density
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Fig. 125: Estimation of the butt-joint losses.

The active — passive transition can also be analyzed using the OLCR measurement. The result

for a straight waveguide with a 500 um long SOA section, measured in reflection mode is
shown in Fig. 126.
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Fig. 126: Reflectogram of a straight waveguide with SOA section (gain length = 500 pm).

The facets are not anti reflection coated which is shown in the high reflection losses at the
input and output facets. The return loss from butt joint 1 is about -32 dB. The length of the
SOA section can aso be taken from the OLCR measurement and is proven to be 500 um. The
minimization of the reflection at butt joints has been investigated in [94]. It should be possible
to reduce these return losses with these methods to more than -50 dB.

The reflectogram of a single ring resonator with an SOA (see inset) is shown in Fig. 127. The
ring resonator has a radius of R = 200 um, a coupler length of 150 um (gap = 1 um) and a
gain length of 100 um. The return loss resulting from the butt joint is only —50 dB which
indicates a lower reflection than from the straight waveguide with SOA. This is due to the
bending loss in the ring resonator, where part of the reflected intensity from the butt joint is
lost, leading to a lower value for the return loss. This means that the amount of the optical
wave which is reflected at the butt joints can be neglected in the simulation of the
transmission characteristic of the ring resonator structures. There are again no reflection peaks
due to imperfections in the resonator or straight waveguide for example which indicates a
high quality cavity.
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Fig. 127: Reflectogram of a single ring resonator with SOA (R = 200 um, coupler length =
150 pm, gap = 1 um, gain length = 100 pm).

All essential parameters of the active sections have been extracted in this section using
various measurement methods.

The following section summarizes the transmission characteristics of ring resonators with
integrated SOA.
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5.24 Experimental results

The preliminary results of the fabricated ring resonators with integrated SOA are shown in
Fig. 128 and Fig. 130. The ring resonators have gain lengths of 100 um. These ring resonators
were fabricated before the detailed analysis of the butt joint losses and before the
determination of the gain per length, where it was found out that the SOA length of 100 um is
too short to compensate for the butt joint losses and the intrinsic waveguide losses of the ring
resonator.

The transmission characteristic in Fig. 128 shows the measurement of the throughput port of
an SRR with two input/output waveguides. The SRR has a radius of R = 200 um, a coupler
length of 250 um (gap = 0.8 um), leading to a coupling factor of x = 0.46. The SOA was
operated at 40 mA. An on-off ratio of more than 11 dB and an FSR of 44 GHz have been
achieved. The FWHM was determined to be 0.07 nm, leading to afinesse of F = 5. The Q
factor is calculated to be Q =22100. The butt joint losses were determined to be = 2.5 dB
each.
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Fig. 128: SRR with two input/output waveguides and codirectional couplers (length =
250 um, gap = 0.8 pm), R=200 um, gain length = 100 um, FSR = 44 GHz.

The photograph of the SRR whose transmission characteristic is given in Fig. 130 is shown in
Fig. 129.
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Fig. 129: Photograph of an SRR with one straight input/output waveguide and integrated
SOA.

The SRR has a radius of R =100 um, a 3 dB MMI coupler (Ilength 150 pm) and also a gain
length of 100 um. The achieved FSR is 74 GHz. The FWHM is 0.13 nm. The finesse of the
SRR is F = 4. The Q factor achieved is Q = 12000. Even when the SOA is switched off, a
typical transmission characteristic from the resonator is visible. This is mainly due to the
small length of the SOA, where only part of the incoming light is absorbed. The on-off ratio is
about 12 dB which was also realized with the same passive SRR with the same dimension.
This shows again, that the SOA does not add enough gain to the incoming signal to
compensate the bending losses. The gain length has been increased in the following devices.
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Fig. 130: SRR with one straight input/output waveguide and MMI coupler (length = 150 pm),
R =100 pm, gain length = 100 um, FSR = 74 GHz.
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In order to assure a precise FSR, high on-off ratio and compensated bending losses, the
following ring resonator configurations have been calculated using the simulation technique
described in section 2.3. The data which have been extracted from the previously measured
and characterized passive and active ring resonators have been used in designing the
following ring resonator configurations with a targeted FSR of 12.5 GHz, 25 GHz and
50 GHz. The photograph of an SRR with two input/output waveguidesis shown in Fig. 131.

Input Port Throughput
Port
Contact pads SOA
for the
Pt - resistors
Add Port
Drop Port

Fig. 131: Photograph of afabricated SRR with two input/output waveguides and SOA.
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The measurement of an SRR with two input/output waveguides, a radius of 780 um, a gain
length of 800 um, coupler lengths of 225 um (gap = 0.9 um) is shown in Fig. 132. The SOA
was operated at a current of 100 mA. The achieved on-off ratio is more than 20 dB. The
coupling factors have been determined from the simulation to be «1, = 0.19. The FSR is
12.5 GHz as designed. The FWHM is determined to be 0.0067 nm leading to a Q factor for
this device of Q = 232500. The shape factor of the drop port is approximately 0.16. The
finesse of the ring resonator is F = 15. This is the highest finesse which can be achieved for

this configuration. Using equation (2.51) and setting x = 1 for total loss compensation and y; =
y> we obtain:

T L
5¢ 1_ ylyZX X=Ly;=Y,=y 1— y K1,=0.19

EAIGQ5 —Mi roLIDRl

Thrtl)ughput IPort
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Measurement Simulation
Drop Port —_— T aeemmmm

— | | | | | |
40 1.54915 1.5492 1.54925 1.5493 1.54935 1.5494

Wavelength [um]

Fig. 132: SRR with two straight input/output waveguides and codirectional couplers (length =
225 pum, gap = 0.9 pm), R= 780 um, gain length = 800 um, FSR = 12.5 GHz.

The realization of the designed FSR shows the reproducibility of the technology in fabricating
these devices and the extraction of the parameters with the used measurement and simulation

tools.
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The filter characteristic of an SRR with two input/output waveguides and an FSR of 25 GHz
is shown in Fig. 133. The SRR has aradius of R = 403 um, a gain length of 300 um and the
coupler length of the codirectional couplersis 175 pum (gap = 0.9 um), leading to a coupling
factor of x12 = 0.165. The SOA was operated at a current of 70 mA. The FAVHM is 0.012 nm,
leading to a Q factor of Q = 130000. The finesse of the ring resonator is calculated from the
measurement to be F = 17. The high finesse signifies very sharp resonances for the
throughput port, which are visible in the smulation of the transmission characteristic. The
simulation reveals a higher on-off ratio for the throughput port than measured. A distance of
5 pm between the wavelengths was used as the measurement and simulation resolution, which
isstill to high to detect the deep minima.
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sao1 15402 15408 15404 15495 15496 15497
Wavelength [um]

EACl-I‘S - MiroLDIRl

Fig. 133: SRR with two straight input/output waveguides and codirectional couplers (length =
175 pm, gap = 0.9 um), R =403 pm, gain length = 300 um, FSR = 25 GHz.

The deep minima are definitely detected when a higher resolution of the ECL signal is
chosen, because the transmission from the drop port is fully loss compensated. The deep
minima can also be measured using the Pt — resistors, which was proven in section 5.1.4. Here
the use of the Pt — resistors revealed a higher on-off ratio than the one measured by sweeping
the ECL signa with an accuracy of 1 pm.
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The transmission characteristic of an SRR with aradius of R = 363 um and a gain length of
400 pm is shown in Fig. 134. The FSR is 25 GHz. The length of the couplersis 200 um (gap
= 0.9 um), which results in coupling factors of k3, = 0.17. The y-axis has been normalized to
the insertion loss. The on-off ratio is measured to be more than 22 dB. The FWHM is
determined to be 0.012 nm. The finesse of the ring resonator is F = 17, leading to a Q factor
of Q= 130000. The filter response was measured by sweeping the ECL signa with a
resolution of 4 pm. The SOA was operated at a current of 90 mA.
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Fig. 134: SRR with two straight input/output waveguides and codirectional couplers (length =
200 pum, gap = 0.9 um), R = 363 um, gain length = 400 um, FSR = 25 GHz.

The measurement result can be compared with the simulation in Fig. 27. The filter
characteristic of acompletely loss compensated filter is visible again and the fabricated device
shows the calculated filter response.
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The filter characteristic of an SRR with an FSR of 50 GHz is presented in Fig. 135. The
radius is R = 125 um, the gain length is 300 pum and the length of the codirectional couplersis
175 pm (gap = 0.9 pum). The coupling factor is determined to be again k1, =0.165. The
FWHM is 0.024 nm, leading to a finesse of F = 17 and a Q factor of Q = 65000. The on-off
ratio is as was expected more than 20 dB. The measurement is performed when the SOA is
operated at a current of 70 mA and 0 mA. The difference in the insertion loss of the two
measurements is due to the coupling factor «i, neglecting the losses resulting from the straight
waveguide and the coupler losses. Due to the coupling factor of k3 = 0.165 only = 84%
(- 0.8 dB) of the inserted intensity are transmitted and detected at the output port. Thisis aso
approximately the difference which can be measured when comparing the insertion loss of the

two transmission curves of the throughput port.
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Fig. 135: SRR with two straight input/output waveguides and codirectional couplers (length =
175 pm, gap = 0.9 um), R =125 pm, gain length = 300 um, FSR = 50 GHz.

The SOA absorbs the light coupled into the ring resonator, which can be seen in the
transmission of the throughput port. If the SOA had not absorbed al the light, the
transmission characteristic of the ring resonator would have been visible and not a “straight
line”. By using a ring resonator with a low coupling factor (k < 0.2) and an integrated SOA,

switchable wavel ength selective devices with a high on-off ratio (> 20 dB) can be realized.
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The following photograph (Fig. 136) is taken of atriple ring resonator with integrated SOAS.
The characterization of the device was mainly focused on the filter response of the drop port
(Fig. 137).

Throughput
Port

Input Port I

<4— Add Port

—>» Drop Port

Fig. 136: Photograph of afabricated TRR with three SOAs.

The measured TRR has a radius of R = 323 um. The length of each SOA is 400 um. The
length of the couplersis 325 um with a gap of 0.8 um for the outer couplers and 1 um for the
couplersin the center. The achieved FSR is 25 GHz. The driving current for each of the three
SOAsis 50 mA. Using this triple ring resonator configuration, a shape factor for the drop port
of 0.52 has been realized. The steep roll-off can be seen from the measurement. The two
ripples result from a sight resonance mismatch between the three ring resonators. In order to
realize the transmission characteristic described in section 2.3.3, the coupling factors have to
be within the tolerance margin to achieve on-off ratios greater than 18 dB, as explained. The
on-off ratio for the fabricated TRR is more than 18 dB including the ripples.
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Fig. 137: Filter response of the drop port of a TRR with R =323 um, length of the couplers =
325 um, gain length = 400 um, FSR = 25 GHz.

Another triple ring resonator configuration is shown in Fig. 138. Here the ring resonators are
placed in aparale configuration.

Input _y Throughput
Port Port
<— Add Port
Drop Port

Fig. 138: Photograph of afabricated triple coupled ring resonator in parallel configuration.

The ring resonators have aradius of 117 um, a coupler length of 200 um (gap = 0.9 um) and a
gain length of 300 um. A FSR of 50 GHz is realized. The driving current for each SOA is 50
mA. The distance between the resonators was chosen to be equal to half of the circumference
of an SRR. Thefilter characteristic is shown in Fig. 139.

A measure of the on-chip loss of the filter can be obtained by comparing the maximum drop
port power on resonance to the maximum throughput port power off resonance. For the
parallel TRR configuration this ratio is- 1.7 dB. The on-chip losses of the serially coupled
resonators were fully compensated by the SOAs.
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Fig. 139: Result of aparallel coupled TRR, length of the couplers =200 um, R= 117 um,
gain length = 300 um, FSR = 50 GHz.

The drop shape factor is determined to be 0.65, measured from below the ripples. One reason

why the ripples are visible in the spectrum is the slight deviation from resonance of each

involved SRR. A solution to minimize the ripples is by using the Pt — resistors, as was
described in section 5.1.4.
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Fig. 140: Simulation of the measurement shown in Fig. 139.

Small ripples are seen due to the fact that the optical path in the ring resonators is not exactly

a multiple of the optica path in between the resonators. A simulation of the filter
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characteristic with the used configuration can be seen in Fig. 140. The ripples in the
simulation result from the difference in the effective refractive index between a straight
passive waveguide and an SOA section. The ring resonators are in resonance in the
simulation. In order to achieve the resonance matching for al involved "resonators’ the
optical path has to be identical. In our case the dlight resonance mismatch leads to the
designed broadening and steep roll-off of the filter curve and so to a high shape factor.

Passive single and double ring resonators with an FSR of 50 GHz and 100 GHz, on-off ratios
of more than 20 dB and a finesse of 10 have been successfully fabricated and characterized.
Sngle ring resonators with SOAs have been realized with an FSR of 12.5 GHz, 25 GHz and
50 GHz and have been used in triple ring resonator serial and parallel configurations to
demonstrate their function as a building block for the development of optical filtersusing ring
resonators. A design instruction for the development of ring resonator filters for the
realization of box-like filter responses with on-off ratios of more than 20 dB was presented.
The ssimulation model which has been developed was proven to be extremely accurate in
predicting the filter characteristic of the fabricated devices.

The following section gives an estimation of the system performance of these devices.
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5.3 System operation — per spectives

As these ring resonator circuits with integrated SOA have been fabricated for the first time,
the system performance has to be investigated for each desired optical transmission system to
determine the limiting factors of these devices. This section provides only a ssmple estimation
which does not claim for integrity of discussing all aspects for the calculation of the
transmission performance of the ring resonator filters. A tradeoff between the optical
bandwidth (FWHM) and the required datarate has to be found, which leads to a certain
spectral width of the signal and the response time of the ring resonator filter. The response
time is the time a system or functional unit takes to react to a given input. In aring resonator
filter the cavity response time is the time required to achieve steady-state finesse and is given
by the product m, where n is the number of circulations, which are required for the ring to be
regarded as in resonance, and 7 is the delay time in the resonator [95]. The response time is
equal to the minimum time a pulse should have in order to be loaded by the ring resonator.
The maximum datarate which can be transmitted for a non-return to zero modulated signal is

approximated by 1 - [E} (Fig. 141) assuming a spectral efficiency of
2xresponsetime | s

0.5 bit/s/THz. As the spectral efficiency continues to rise as was aready mentioned in section
1.1.1, the limiting factor for the demonstrated ring resonators is the cavity response time. The
cavity response time of atriple coupled parallel ring resonator filter (Fig. 139) is estimated to
be about 300 ps, regarding the filter as in resonance after 5 roundtrips. The maximum datarate
is calculated to be 1.6 Ghit/s.
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Fig. 141: Datarate for a specific delay timein the resonator.

This approach briefly describes the relations which have to be considered when designing

ring resonator filters for various types of optical networks.
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6 Summary

Optical ring resonator filters on the basis of GalnAsP / InP with and without integrated
semiconductor optical amplifiers have been developed, fabricated and characterized in this
thesis.

» Passive single and double ring resonators in the materia system GalnAsP / InP in the
form of racetracks, coupled to a multimode interference (MMI) coupler or a codirectional
coupler (CC) with radii of R =100 pum — 200 um and free spectral ranges (FSRs) of 50 GHz
and 100 GHz and on-off ratios of more than 20 dB have been realized.

» Single and triple ring resonators with integrated SOAs (length = 100 um — 800 pm),
coupled to two input/output waveguides using codirectional couplers with radii of R= 100
pum — 800 um have been demonstrated. The ring losses are fully compensated by the SOA and
an on-off ratio for the throughput and drop port of more than 20 dB has been redlized. The
achieved free spectral rangeis 12.5 GHz, 25 GHz and 50 GHz.

B The tuning to a specific wavelength and the resonance matching of the double and

triple ring resonators has been demonstrated by using integrated Pt —resistors.

B The passband shape depends sensitively on the relative interactions between all
resonators and the used couplers. In order to achieve a box-like filter response, a generdl
design rule has been developed for engineering definite filter shapes using double and triple

coupled ring resonators.

» Thearchitecture of asingle ring resonator with integrated SOA:
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Fig. 142: Single ring resonator with codirectional couplers and integrated SOA.
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» The architecture of a passive double ring resonator:
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Fig. 143: Double ring resonator with two MMI couplers and a codirectional coupler.

» Thearchitecture of aserialy coupled triple ring resonator with integrated SOAS:
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Fig. 144: Serially coupled triple ring resonator with codirectional couplers and SOAS.

A summary of the obtained results of the fabricated ring resonators with and without
integrated SOAsis given in table 4 on the following page.
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_ On-off _ Drop
Ring : FSR : FWHM | Finesse
Figure ratio Q factor | shape
resonator [GHZ] [nm] F
[dB] factor
PASSVE RING RESONATORS
SRR Fig. 87 94 13 0.137 55 11300 -
SRR Fig. 88 914 14 0.12 6.1 12900 -
SRR Fig. 90 56 14 0.08 54 19400 -
SRR Fig. 91 49 >20 0.04 10 39000 -
_ 0.12/ 12900/
DRR Fig. 93 94 16/12 6/3 -
0.28 5500
, 19400/
DRR Fig. 99 55 >18 |0.08/0.1|55/4.4 0.34
15500
RING RESONATORSWITH INTEGRATED SOAS
SRR Fig. 128 44 11 0.07 5 22100 -
SRR Fig. 130 74 12 0.13 4 12000 -
SRR Fig. 132 | 125 >20 0.0067 15 232500 0.18
SRR Fig. 133 25 >20 0.012 17 130000 0.18
SRR Fig. 134 25 >20 0.012 17 130000 0.18
SRR Fig. 135 50 >20 0.024 17 65000 0.18
TRR Fig. 137 25 18 0.06 3.3 25800 0.52
TRR Fig. 139 50 18 0.16 25 9690 0.65
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also required for the operation of the semiconductor optical amplifier.

Table 4: Summary of the results obtained for the fabricated ring resonator filters.

The presented ring resonator filters have been shown to be polarization dependent which
could be used advantageously, for example, in polarization divison multiplexing. The
tuneability and the resonance matching between multiply coupled ring resonators is realized
by increasing the local temperature of a waveguide segment in the ring resonator. The
resonance matching is a limiting factor for the realization of multiple coupled ring resonators
which limits the number of coupled rings using today’s state-of-the-art technology to a
maximum of four rings. As these demonstrated ring resonator filters are temperature
dependent which is used advantageously as shown, these ring resonator filters have to be
temperature stabilized by using for example, a peltier cooler. The temperature stabilization is




In conclusion, a simulation model was developed to determine the characteristic response of
various ring resonator architectures. On the basis of this model, ring resonators with and
without integrated semiconductor optical amplifiers in GalnAsP / InP were designed and
fabricated. A design rule for the realization of box-like filter shapes using double and triple
coupled ring resonators was presented. The realized single ring resonator with integrated
semiconductor optical amplifier was demonstrated to be fully loss compensated, wavelength
tunable and switchable. A combination of this single ring resonator enables the realization of
various types of filters with atailored passband characteristic. This single ring resonator could
be the building block for different kinds of ring resonator configurations for various types of

applications in the filed of optical signal processing.

The properties of integrated ring resonator filters are at the beginning of exploration. The use
of ring resonators is not limited to optical filter applications as was described. Future work
could be the investigation of nonlinear effects in the ring resonators with integrated
semiconductor optical amplifier and their system performance in optical systems using
various transmission formats. As there is a lot of research going on in the field of ring
resonators, future work will show the potential applications of all-active ring resonators
(publications: conferences [4]), [96], vertically coupled ring resonators [97] and the ring
resonators presented in this thesis in comparison to other filter concepts like gratings or thin
film filters.

Ring resonators are emerging optical filters for different applications in the al optical
network with a strong outlook for the future with alarge potential for growth.
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Appendix

Calculation of theintensity relations of an SRR with two input/output waveguides
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Calculation of theintensity relations of a DRR

_aseg"‘em L

Asegment =& 2
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Calculation of theintensity relations of a serially coupled TRR
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Calculation of theintensity relations of a parallel coupled TRR
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Symbols and abbreviations

T

>~ N 8 Q © X o© X

R

TNbend

Af
o]

ANeft TE-TM™

&

A
AFM
AFORDL
Al
APF
AR
AR
As
Au
AWG

Delay Time

Intensity Insertion Loss Coefficient of the CC
Angle

Coupling Factor

Density

Intensity Attenuation Coefficient

Phase

Spacing between Ringsin a Parallel Configuration
Wavelength

Bandgap wavelength

3 dB Bandwidth / FWHM

Dielectric Constant (High Frequency)

FWHM in Terms of Wavelength

Wavelength Spacing / FSR

Transmission through a Bend

Frequency spacing / FSR

FWHM in Terms of Frequency

Effective refractive index difference between the TE
and TM polarization

Dielectric Constant (Static)

Roundtrip Loss

Atomic Force Microscope

Amplified Fiber-Optic Recirculating Delay Lines
Aluminum

Optical All-Pass Filter
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