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Samenvatting

EN optische isolator vermijdt één van de belangrijkste bronnen van ruis in

een optisch communicatiesysteem door optische terugkoppeling in de laser-
bron te blokkeren. De huidige commerciéle optische isolatoren zijn bulk compo-
nenten die collimerende lenzen en dure aligneringtechnieken vereisen bij toepass-
ing in een laserdiode module. Een geintergreerd laser-isolator systeem is dus
uiterst gewenst aangezien dit de kost en de afmetingen van de laserdiode module
zou verminderen en de thermische en mechanische stabiliteit zou verhogen. De
kostreductie van een laserdiode kan het belangrijkst zijn bij direct gemoduleerde
lasers die opereren bij een golflengte van 1300nm.
Traditioneel is het onderzoek geconcentreerd op het gebruik van ferrimagnetis-
che granaten om de niet-reciprociteit te induceren. De interesse voor deze klasse
van materialen komt door hun unieke combinatie van lage optische verliezen bij
telecommunicatiegolflengtes en een aanzienlijk sterk magneto-optisch effect, de
bron van de niet-reciprociteit. Alleenstaande componenten met goede optische
isolatie werden eerder gerapporteerd. Echter, de integratie met III-V halfgelei-
dermateriaal blijft een probleem. Het best gerapporteerde resultaat beschrijft een
isolatie niet hoger dan 5dB in een component van enkele millimeter lang.

Een totaal andere onderzoeksbenadering vertrekt van de vereiste dat voor mo-
nolithische integratie de isolatorstructuur zeer gelijkaardig moet zijn aan de laser
waarmee deze geintegreerd wordt. Wanneer in een standaard halfgeleider opti-
sche versterker een gemagnetizeerd ferromagnetisch metaal in de directe omge-
ving van de geleidende laag wordt geplaatst, introduceert het magneto-optisch

stroominjectie Keit
lateraal 4
X : M=0
I :Z gemagnetiseerd
ferromagnetisch o/
y metaalcontact achterwaartse

M=0
magnetisatie M i i .‘/M= 0 TM mode
magnet

dunne InP buffer laag ‘ voorwaartse
TM mogde

trekgespannen MQW
actieve laag
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|
Y
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Figuur 1: Schematische lay-out en werkingsprincipe van de transversaal magnetische golfgeleider
optische isolator.
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Figuur 2: Transmissie experiment op een 2.1mm lange anti-reflectie gecoatede isolator met 12.7dB
optische isolatie; gemeten met 160mA stroominjectie. Met het totale verlies lager dan de
koppelverliezen is dit de eerste demonstratie van een transparante isolator gebaseerd op
een halfgeleider optische versterker.

Kerr effect een niet-reciproke verandering van de complexe effectieve index van
de geleide mode. Met andere woorden, de modale absorptie is verschillend in
beide propagatierichtingen. Het overblijvende verlies in de voorwaartse richt-
ing kan gecompenseerd worden door stroominjectie in het versterkende materi-
aal. Het resultaat is een component die, aangezien hij transparant of versterkend
is in de ene richting en verlies vertoont in de tegenovergestelde richting, isol-
erend werkt en die bovendien mo-nolithisch geintegreerd kan worden met InP-
gebaseerde actieve fotonische componenten. Configuraties voor zowel transver-
saal elektrische als transversaal magnetische polarizatie werden gerapporteerd.
In dit werk concentreren we ons op deze laatste structuur, die intrinsiek eleganter
is aangezien de ferromagnetische metaalfilm dienst doet zowel als de bron van
de niet-reciprociteit en als het ohms elektrisch contact van de onderliggende op-
tische versterker. Figuur 1 illustreert de lay-out en het werkingsprincipe van de
transversaal magnetische golfgeleider optische isolator. Voorafgaand aan dit werk
werd het concept van deze golfgeleider optische isolator experimenteel gedemon-
streerd, het resultaat van gezamelijk onderzoek met Vanwolleghem. Verder wer-
den reeds een serie verbeteringen geimplementeerd, maar het kan worden gesteld
dat bij de start van dit onderzoek de isolatorconfiguratie veeleer een (veelbelo-
vende) academische curiositeit was.

Het logische eerste objectief was dan ook om de performantie van de trans-
versaal magnetische golfgeleider optische isolator naar een hoger niveau te tillen,
en te evolueren naar een praktische component. Daarom is heel wat inspanning
geleverd om de verschillende mechanismen die de optische isolator bepalen diep-
gaand te begrijpen. Een uitgebreide studie werd gemaakt van de interactie van
de evanescente staart van de geleide mode met het gemagnetizeerd ferromag-
netisch metaalcontact. De complexe interactie tussen de magneto-optische pa-
rameters van het metaal en de brekingindices van het metaal en de omliggende
materialen die de grootte van het niet-reciproke effect bepaalt, werd bestudeerd
en fundamentele ontwerpsregels konden worden opgesteld. Belangrijke aspecten



iii

van de component, zoals de keuze van het ferromagnetische metaalcompositie
en het ontwerp van een ohmse me-taal-halfgeleider contactstructuur, werden be-
handeld op basis van deze bevindingen. Met berekeningen aan de hand van een
eerste-orde perturbatieformule werd de eigenlijke lagenstructuur van de trans-
versaal magnetische golfgeleider optische isolator ontworpen. Belangrijk is een
gepaste keuze van de kostenfunctie om de performantie van een bepaald ont-
werp te evalueren. Praktische kostenfuncties zijn de stroom vereist voor voor-
waartse transparantie van de isolator en het produkt van de stroom en de lengte
van de component, beiden grootheden die geminimaliseerd moeten worden. De
meest geoptimaliseerde component opererend bij een golflengte van 1300nm is
een InAlGaAs-InP versterkende structuur bestaande uit 9 quantumlagen met in-
gebouwde trekspanning, elektrisch gecontacteerd via een equiatomaire CosoFes
ferromagnetische metaalfilm. De ohmse contactstructuur is een sterk p-type ge-
dopeerde hybride InGaAs-InGaAsP tweelagenstructuur waarvan de dimensies
geoptimaliseerd werden zodat het ohms elektrisch gedrag gegarandeerd is en
er terzelfdertijd slechts een minimale vermindering is van de magneto-optische
sterkte van de component. De diktes van de mantellagen rondom de versterkende
kern werden zo gekozen dat de hoogste performantie wordt bereikt. Voor een
25dB isolator komt dit neer op een 5mm lange component die 78.5mA stroom ver-
bruikt (per micrometer ribbreedte) of een structuur van 2.5mm met een transpa-
rantiestroom van 117mA (per micrometer ribbreedte), athankelijk van de kosten-
functie die gebruikt wordt in de berekeningen.

Isolatordemonstratoren in alle stadia van het optimaliseringsproces werden ge-
fabriceerd en vervolgens gekarakteriseerd. Het belangrijkste en finale resultaat
wordt geillustreerd in figuur 2. Het getransmitteerde vermogen van een externe
afstembare laser varieert met 12.7dB wanneer de propagatierichting van het licht
in een 2.1mm lange component omgedraaid wordt. Een beperkte stroominjectie
(155mA) volstaat om het overblijvende verlies in de voorwaartse propagatiericht-
ing te compenseren. Dit resultaat is de eerste — en voorlopig enige — demonstratie
van een transparante, monolithisch integreerbare optische isolator. Door inter-
polatie van de stroom nodig voor transparantie is het mogelijk dit resultaat te
vergelijken met dat van het allereerste experiment. Sindsdien is de performantie
met meer dan een factor 80 gestegen. Er werd een uitgebreide studie gemaakt
van andere aspecten van deze component zoals het golflengtegedrag en de in-
vloed van de stroominjectie op de geobserveerde optische isolatie. Een mathema-
tisch model gebaseerd op versterkervergelijkingen werd ontwikkeld dat de relatie
tussen de optische isolatie en de geinjecteerde elektrische stroom en de toename
van de optische isolatie met de intensiteit van het ingangssignaal accuraat repro-
duceert. Het blijkt dat de aanwezigheid van spontane emissie een grote invloed
heeft op de werking van de component.

Eén van de belangrijke aspecten van dit type isolatoren is de magnetizatie van
de ferromagnetische metaalfilm. De zeer hoge aspectratio van de lengte van de
film tot zijn breedte resulteert in een zeer lage remanente magnetizatie van de film,
als gevolg van grote demagnetizatievelden. Eén van de oplossingen voor dit prob-
leem bestaat erin een magneet te integreren met de isolator. Een tweede belangrijk
deel van dit werk was daarom de realizatie van een transversaal magnetische golf-
geleider optische isolator met een geintegreerde elektromagneet. Deze magneet
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Figquur 3: Afbeeldingen van een onder een elektronenmicroscoop bekeken dwarsdoorsnede van de
golfgeleider optische isolator met geintegreerde elektromagneet. Deze illustreren de suc-
cesvolle fabricage van deze component.

is een strook goud gedeponeerd langs de longitudinale richting van de isolator
in de directe omgeving van de ferromagnetische film. Stroom die doorheen de
goudlaag vloeit in de longitudinale richting induceert een lateraal magneetveld
dat het magneto-optisch Kerr effect genereert. Naast het feit dat dit een oplossing
levert voor de moeilijkheden in verband met magnetizatie is een dergelijke ge-
integreerde elektromagneet ook interessant doordat deze de mogelijkheid biedt
een magnetisch veld te genereren met een arbitraire veldrichting. Dit kan bijvoor-
beeld gebruikt worden om het radiale magneetveld op te wekken nodig in een
ringresonator-gebaseerde isolator. Verder merken we ook op dat met een derge-
lijke golfgeleider optische isolator met geintegreerde elektromagneet het mogelijk
wordt om het intern verlies in een halfgeleider optische versterker dynamisch en
niet-reciprook te wijzigen.

Een eerste generatie isolatoren met geintegreerde elektromagneet werd ontwor-
pen, gefabriceerd en getest, met als resultaat de succesvolle demonstratie van het
principe. Figuur 3 toont afbeeldingen van een onder een elektronenmicroscoop
bekeken dwarsdoorsnede van deze component. Zoals reeds te verwachten op ba-
sis van magneetveldberekeningen is het stroomniveau nodig om een magneetveld
te genereren dat sterk genoeg is om de magneto-optische film te satureren min-
stens een orde te hoog voor praktische toepassingen. We konden echter een ele-
gant concept identificeren dat een grote verbetering belooft. Door de ferromag-
netische film niet enkel als het ohms contact voor de onderliggende versterker
te gebruiken maar ook als elektromagneet — door een longitudinale stroom door
het metaal te sturen — verlaagt de elektromagneetstroom nodig om een bepaald
niveau van niet-reciprociteit te behalen drastisch. Het achterliggende mechanisme
is dat het genereerde magnetizatieprofiel veel gunstiger is dan het geval met een
externe elektromagneet. Dit fenomeen werd in detail theoretisch uitgewerkt en
de theorie werd gestaafd door een experimenteel resultaat.

Het fundamentele voordeel van de versterker-gebaseerde isolator boven de
granaat-gebaseerde aanpak is dat deze monolithisch kan worden geintegreerd
met zijn laserbron. Een derde doelstelling van dit werk was de ontwikkeling van



een dergelijke geintegreerde laser-isolator component. De structuur werd gere-
alizeerd in een begraven ribgolfgeleiderontwerp, een standaard technologie voor
DFB-lasers. De lagenstructuur is gebaseerd op de ééndimen-sionale structuur van
eerder geteste ondiep geétste ribgolfgeleiderisolatoren en de effecten van het hoge
laterale indexcontrast tussen de versterkende kern en de InP mantel werd bere-
kend via magneto-optische perturbatierekening van de exacte tweedimensionale
dwarsdoorsnede. Dankzij de verhoogde modale opsluiting kan de breedte van de
geleidende kern beperkt worden tot 1um, wat de transparantiestroom gevoelig
verlaagt in vergelijking met de ribgolfgeleidercomponenten. Monolithisch ge-
integreerde laser-isolator testcomponenten werden gefabriceerd. Het DFB-laser
gedeelte bleek van goede en reproduceerbare kwaliteit. Voor de isolatorsectie
vereiste het bijkomende studie en procesaanpassingen vooraleer niet-reciprociteit
kon worden gedemonstreerd. De performantie bleef echter beperkt. Bovendien
vertoont de geintegreerde component elektrische een lekstroom wat de demon-
stratie van de eigenlijke monolithisch geintegreerde laser-isolator component ver-
hinderde. Dusdanig kan er worden van uitgegaan dat enkel door uitgebreid on-
derzoek van het metaal-halfgeleider grensvlak en van de elektrische scheiding
van het laser en isolatorgedeelte deze problemen kunnen worden opgelost en de
performantie kan worden verhoogd.

Het laatste onderdeel van dit werk behelste een studie van andere niet-recipro-
ke componenten waarvan de golfgeleiderisolator de bouwsteen is. De focus lag op
de ontwikkeling van ring resonator-gebaseerde optische isolatoren en op passieve
niet-reciproke componenten. Resonantie van licht in een ringvormige en gemag-
netizeerde golfgeleider bedekt met een ferromagnetisch metaal kan gebruikt wor-
den om een hoogperformante optische isolator te realizeren. In een droppoort
configuratie is de versterking van de optische isolatie te danken aan het feit dat
resonerend licht meerdere malen door de caviteit propageert vooraleer gekop-
peld te worden naar een uitgangsgolfgeleider. Via de passpoort krijgen we grote
optische isolatie ten gevolge van het verschil in intern verlies tussen voorwaarts
en achterwaarts — wijzerzin en tegenwijzerzin — propagerend licht in de resona-
tor. Een grondige theoretische studie werd gemaakt en volledige actieve ring-
gebaseerde isolatoren werden ontworpen. Een set maskers voor contactlithografie
werd ontwikkeld en gebruikt voor de fabricage van de eerste testcomponenten.
Door inferieure kwaliteit van de fabricage kon echter het experimentele bewijs
van het principe niet worden bereikt.

Passieve niet-reciproke componenten gebaseerd op ferromagnetische metalen zijn
aantrekkelijk voor toepassingen waarbij optische transparantie geen vereiste is,
zoals een magneetveldsensor. Het voor de hand liggende materiaalsysteem is
silicium-op-isolator (SOI), gekarakteriseerd door een hoog indexcontrast tussen
kern en de omringende mantel. Voor dit materiaal is het reéle deel van het magneto-
optisch effect het dominant niet-reciprook effect. Simulaties tonen aan dat de ver-
houding tussen de niet-reciproke fase shift en de absorptie in het metaal echter
veel te laag zijn voor praktische implementatie.






Summary

N optical isolator allows to avoid one of the main noise sources in an optical

communication system by blocking optical feedback to the laser source. Cur-
rent commercial isolators are bulk components, requiring collimating lenses and
expensive alignment techniques when applied in a laser diode package. An in-
tegrated laser-isolator system is highly desirable as it would reduce cost and size
and enhance the mechanical and thermal stability. The cost reduction of a laser
diode package would be the largest with directly modulated lasers, operating at
1300nm.
Traditional research focuses on applying ferrimagnetic garnets to induce non-
reciprocity. The interest in this class of materials comes from their unique com-
bination of low optical loss at telecom wavelengths and a considerably strong
magnetooptic effect, the source of the non-reciprocity. Stand-alone devices with
good isolating performance have been reported. The integration with III-V host
material however remains an issue. In the best reported result isolation not higher
than 5dB has been demonstrated in a device with a length of several millimeters.

A different research approach starts from the requirement that for monolithic
integration the isolator structure should be very similar to that of the laser it is
to be integrated with. If in a standard semiconductor optical amplifier (SOA) an
adequately magnetized ferromagnetic metal is placed very close to the guiding
region, the magnetooptic Kerr effect induces a non-reciprocal shift of the com-
plex effective index of the guided mode. In other words, the modal absorption
is different in both propagation directions. The remaining loss in the forward
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Figure 4: Schematic layout and operation principle of the TM-mode amplifying waveguide optical
isolator.
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Figure 5: Transmission experiment on a 2mm long AR-coated isolator showing 12.7dB optical iso-
lation; measured with 160mA bias current. With the total insertion loss lower than the
coupling losses this is the first demonstration of a transparent amplifying waveguide op-
tical isolator.

direction can be compensated by current injection in the active material. The re-
sult is a component which, being transparent or amplifying in one direction while
providing loss in the opposite direction, is isolating and which can be monolithi-
cally integrated with InP-based active photonic devices. Configurations for both
transverse electric (TE) and transverse magnetic (TM) polarization have been pro-
posed. In this work, we focus on the latter structure, which is more elegant, as the
ferromagnetic metal film serves both as the source of the non-reciprocity and as
the ohmic electrical contact of the underlying SOA. Figure 4 illustrates the layout
and operation principle of the TM-mode amplifying waveguide optical isolator.
Prior to this work, the concept of an amplifying waveguide optical isolator had
been experimentally demonstrated, the result of joint research together with Van-
wolleghem. Furthermore, a series of improvements had been implemented, but
it can be stated that at the start of the current research the device was, while very
promising, still an academic curiosity.

The logical first objective was therefore to bring the performance of the TM-
mode amplifying waveguide optical isolator to a higher level and to evolve to-
wards a practical device. To this purpose, a lot of effort has been spend to truly
understand the different mechanisms that determine the optical isolator. More
in particular, an extensive study has been made on the interaction of the evanes-
cent tail of a guided mode with a magnetized ferromagnetic metal cladding. The
complex interaction between the magnetooptic parameters of the metal and the
refractive indices of the metal and the surrounding materials, which determines
the magnitude of the non-reciprocal effect, has been uncovered and fundamental
design rules could be established. Main device issues such as the choice of the
ferromagnetic metal and the development of an ohmic metal-semiconductor con-
tact structure have been resolved on the basis of these findings. With calculations
based on a first-order perturbation formula the actual design of the TM-mode iso-
lator layer structure has been done. A proper choice of the figure of merit (FoM)
to evaluate a performance of a certain design is important. Practical device FoM-
functions are the current required for forward transparency of the isolator and



ix

Au electromagnet

quantum
| well core

Figure 6: Electron microscope images of the cross-section of the amplifying waveguide optical isola-
tor with integrated electromagnet, illustrating the successful fabrication.

the product of the current and the device length, both of which should obviously
be minimized. The most optimized device operating at 1300nm wavelength is a
InAlGaAs-InP tensile strained multiple quantum wells (9 wells) structure with an
equiatomic CosgFeso ferromagnetic metal film on top. The ohmic contact struc-
ture is a heavily p-doped hybrid InGaAs-InGaAsP bilayer with properly chosen
dimensions so as to guarantee ohmic electrical behavior whilst only minimally
decreasing the magnetooptic quality. With optimized thickness of the cladding
layers the best obtainable performance for a 25dB waveguide isolator is either a
device of 5Smm-length consuming 78.5mA (per micrometer ridge width) or a de-
vice of 2.5mm-length consuming 117mA of current (per micrometer ridge width),
depending on the FoM that is used in the calculations.
Isolator demonstrators in all stadia of the optimization process have been fabri-
cated and characterized. The most important and final result is illustrated in figure
5. The transmitted power from an external (tunable) laser varies by 12.7dB as the
propagation direction of light through the 2.1mm-long device is reversed. Mode-
rate electrical injection (155mA) suffices to compensate the remaining loss in the
forward direction. This result is the first — and so far only — worldwide demon-
stration of a transparent monolithically integratable waveguide optical isolator.
Through interpolation of the current required for forward transparency it is pos-
sible to compare this result to the first proof-of-principle experiment. Since then
the performance level has been increased by more than a factor 80. In addition,
an extensive study of other device aspects such as the spectral behavior and the
current dependence of the optical isolation has been performed. A rate equations
model of the amplifier-based isolator has been developed, which accurately repro-
duces the relation between the optical isolation and the injected electrical current
and the increase of the optical isolation with the intensity of the input signal. Ap-
parently the presence of spontaneous emission has a large influence on the isolator
operation.

One of the main issues for this kind of isolator is the magnetization of the fer-
romagnetic metal film. The very high aspect ratio of the length of the film to its
width results in very low remanent magnetization of the film due to large demag-
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netizing fields. One of the solutions to this problem is to have a magnet integrated
with the isolator. The second main focus of this research was therefore the real-
ization of a TM-mode amplifying waveguide isolator with an integrated electro-
magnet. This magnet is a gold strip deposited along the longitudinal direction of
the isolator in close vicinity to the ferromagnetic film. Current flowing through
the gold strip from one facet to the other induces a lateral magnetic field which
generates the magnetooptic Kerr effect. Apart from being a solution for the mag-
netization difficulties, such an integrated electromagnet is interesting as it enables
to generate a magnetic field with an arbitrary field direction. This can for example
be used to create the radially oriented magnetic field needed in a ring resonator
based isolator. Furthermore, we remark that with an amplifying waveguide opti-
cal isolator with an integrated electromagnet it is possible to modify the internal
loss of a semiconductor optical amplifier in a non-reciprocal and dynamic way.

A first generation of isolators with an integrated electromagnet has been designed,
fabricated and tested, resulting in the successful demonstration of the proof-of-
principle. In figure 6 electron microscope images of a cross-section of an ampli-
fying waveguide optical isolator with an integrated electromagnet are shown. As
already indicated by magnetic field calculations, the current level needed to gene-
rate a magnetic field strong enough to saturate the magnetooptic film exceeds the
practical levels by at least an order of magnitude. We have however identified an
elegant concept for a major improvement. Using the ferromagnetic metal film not
only as the ohmic contact for the underlying amplifier but also as an electromag-
net —by sending a longitudinal current through the metal strip — the electromagnet
current required to obtain a certain level of non-reciprocal effect decreases dras-
tically. The origin is the much more favorable magnetization profile in the metal
film compared to the case of an external electromagnet. This phenomenon has
been theoretically elaborated in detail and the theory is supported by an experi-
mental result.

The fundamental advantage of the amplifying waveguide optical isolator over
the traditional garnet-based approach is that the isolator can straightforwardly be
integrated with its laser source in a monolithic way. The development of such a
monolithically integrated laser-isolator component was the third objective of this
work. The structure is realized in a buried ridge stripe design, which is a stan-
dard technology for DFB-lasers. The layer structure is based on the slab structure
of previously tested shallowly etched ridge waveguide isolators, and the effects of
the high lateral index contrast between the amplifying core and the surrounding
InP cladding are calculated via magnetooptic perturbation calculations of the ex-
act two-dimensional cross section. Thanks to the enhanced modal confinement
the guiding core width can be limited to 1xm, which largely reduces the for-
ward transparency current of the isolator as compared to the ridge waveguide
devices. Monolithically integrated laser-isolator test components have been fab-
ricated. Good and reproducible quality of the DFB-laser part has been observed.
For the isolator section, it took us additional study and subsequent processing
adaptations before non-reciprocity could be demonstrated. Even then, the per-
formance level remains limited. Moreover, the integrated device suffers from
electrical current leakage phenomena, obstructing the demonstration of the ac-
tual monolithically integrated laser-isolator component. As such, it is expected
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that only extensive investigation of the metal-semiconductor interfaces and the
laser-isolator contact separation can solve these problems and enhance the perfor-
mance.

The last objective of this work was to investigate the application of the basic

amplifying waveguide isolator configuration as a building block for other non-
reciprocal devices. The main focus has been on the development of ring resonator-
based optical isolators and on passive non-reciprocal devices. Resonance of light
in a ring-shaped magnetized metal-clad waveguide can be exploited to realize a
high performance optical isolator. In a drop port configuration enhancement of
the optical isolation originates from the fact that resonating light travels multi-
ple roundtrips in the cavity before being coupled to the bus waveguide. Using
the pass port on the other hand results in a very large optical isolation at the re-
sonance wavelength due to the difference in internal loss of forward and back-
ward — or clockwise and counterclockwise — propagating light in the resonator. A
thorough theoretical study has been made and all-active ring-based isolators have
been designed. A contact lithography mask set has been developed and used for
the fabrication of the first test devices. Due to inferior fabrication quality the ex-
perimental proof-of-principle could not be achieved.
Passive metal-clad non-reciprocal devices are attractive for applications where the
optical transparency is not a requirement, such as a magnetic field sensor. The ob-
vious material system is silicon-on-insulator (SOI), characterized by a large index
contrast between the core and the surrounding cladding. For this material system
it is the real part of the magnetooptic effect that is the dominant non-reciprocal
effect. Still, simulations show that the ratio of the non-reciprocal phase shift to the
absorption in the metal is far too low for practical implementation.






Introduction

HE subject of this work is the development of a planar, waveguide-based

non-reciprocal component, more specifically an optical isolator. We start this
introductory chapter by giving the rationale behind this work. We define an op-
tical isolator and point out how important this component is in optical telecom-
munication systems. We then motivate why a planar, waveguide version of this
device would imply an enormous cost reduction of active optical components.
Being a prominent research topic for more than thirty years, it is worth to list the
milestones in the waveguide optical isolator history. We give an overview of the
important isolator configurations and material systems, we discuss the state-of-
the-art, and motivate the relevance of our research.
Throughout this work, we focus on one specific configuration. In the last section of
this chapter, its operation principle is elaborated, the different research initiatives
related to this concept are listed, and our position within the research community
is discussed.
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1.1 Context

An optical isolator plays an important role in fiber optic systems. Its purpose is
to protect an optical source from reflections and backscattering that cause output
instabilities or unwanted changes in the output spectrum. An isolator can do this
because it is a non-reciprocal device, meaning that its transmission characteristics
depend on the direction of the light propagating through it. Isolators act as one-
way light valves that allow the efficient injection of optical signals into a system
while preventing unwanted feedback from returning to the optical source. Reflec-
tions in optical systems can emerge from a variety of sources, including Fresnel
reflections at connectors, splices, fiber ends, bulk optics interfaces, detector sur-
faces, and even Rayleigh backscattering from the fiber may add up to a substantial
return signal.

There are a large number of effects which occur when a semiconductor laser diode
is operated in the presence of optical feedback. Different feedback regimes have
been identified, depending on the level of the optical feedback and on the distance
to the reflection [1, 2]. One regime, termed the coherence collapse state, is of partic-
ular importance since the range of feedback levels is likely to be encountered in an
optical communication system. In the coherence collapse state, chaotic behavior
of the laser causes a dramatic broadening of the laser linewidth, a large increase in
relative intensity noise (RIN), and a degradation of the the dynamic performance
of laser diode (LD) modules [3], which rises with the data rate. For example 20
to 30dB of cutoff ratio (= isolation) to external optical feedback is known to be
sufficient for keeping 2.5Gbs~! DFB-LD modules far from the coherence collapse
regime.

Ever since the burst of the dot-com bubble the market pressure on the sell-
ing prices of optical telecom equipment is very strong, leading to a reduction of
the average unit price of telecom lasers and transceivers by a factor 7 [4, 5]. As
a matter of fact, this is still the trend to date, mid-2008, as is illustrated in figure
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Figure 1.1: Evolution of the annual sales (M$) and unit price ($) of telecom diode-lasers [4, 5].
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Figure 1.2: Three-dimensional view of a DFB-laser diode configuration inside a hermetically sealed
14-pin butterfly package with a single-mode fiber pigtail (after [8]).

1.1. While the volume of telecom diode-lasers has exceeded that of the year 2000
already two years ago, the average price continues to decline, with consequently
a slow increase of the turnover. Telecom laser and receiver prices could stabilize
if supply would ever be restricted but there are still no signs of that happening. In
fact, profits are still sorely lacking among the several large suppliers with excess
capacity. This is obviously a situation that cannot be sustained unlimitedly. The
only way out is to reduce the actual fabrication cost of the laser modules.

But there is another important element that speaks in favor of cost reduction. The
current growth of the optical network hardware sales is fueled by the rapid in-
crease of customers” demand for voice, video and data traffic. Today’s market for
active components is therefore mostly Metro and FTTx (fiber to the home / node /
business) in nature, with cost rather than performance being the main driver [6, 7].
If high-bandwidth services are to become really widely deployed, further innova-
tions are required to achieve lower costs.

The major contribution to the cost of a laser diode is the packaging cost, rather
than the expenses of the individual elements in the module. Indeed, the cost of
the individual subcomponents can be estimated in order of tens of Dollars — the
typical fabrication cost of a laser chip is around 5% — while the cost of a high-
speed transceiver is several thousands of Dollars. This can be explained as fol-
lows. Wafer scale fabrication of the subcomponents, especially the laser diode
itself, allows for mass production. Parallel processing is however not possible
for the assembly of the discrete elements in the package, due to the requirement
of submicron-alignment precision. In a high-speed (2.5Gb/s and more) telecom
laser module at least four discrete elements need to be aligned: a laser diode, a
rear facet monitoring photodiode, an optical isolator and the output fiber. As is
illustrated in figure 1.2 these different discrete components are optically coupled
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through a high-aperture lens. Precise coupling happens via time-consuming ac-
tive alignment techniques. Each additional element in the package, such as an ex-
ternal modulator or a wavelength tuning etalon, requires an additional alignment
step and possibly an extra lens. To achieve temperature control and stabilization
a thermo-electric cooler must be added to the laser module, which increases the
total power consumption, hence the operation cost of the system.

We can distinguish three distinct routes towards cost reduction:

* Reducing the costs of individual subcomponents - Device miniaturization ob-
viously enhances the materials utilization, essentially lowering the cost of
the component. In transceivers especially the traditional bulk isolator has
the most potential for size reduction. Recently, commercial nanofabricated
isolators entered the market, lowering the price of individual isolators be-
low 1% [9]. While this innovation reduces the package size and improves
the coupling efficiency to the output fiber, the problem of serial submicron-
alignment remains.

e [ntegration of subcomponents - Integration of subcomponents, either in a hy-
brid or a monolithic manner, lowers the number of discrete parts, which
essentially simplifies the alignment. This leads to a major cost reduction
due to the higher yield and reduced packaging time. It also significantly
reduces the component alignment sensitivity which complicates transceiver
manufacture. Moreover, integration holds the promise of reduced footprint
size, which would enable higher density within the system rack. Additional
advantages of integration are the enhancement of thermal and mechanical
stability. Last but certainly not least, for (future') photonic lightwave circuits
(PLC) assembling several functions onto one chip, it is essential that funda-
mental operations such as modulation and non-reciprocal behavior can be
executed by waveguide-based components.

o Simplification of the laser module - Examples of this are the operation of the
laser diode under uncooled conditions [11], isolator-free [12], or directly
modulated [13]. Avoiding the need for cooling and temperature stabiliza-
tion reduces the power consumption of the transmitter. Furthermore, oper-
ating without an isolator or external modulator obviously reduces the num-
ber of components in the package, which directly results in cost reduction.
However, application-specific demands, such as wavelength channel spac-
ing and data rate, impose stringent restrictions on the possible degree of
simplification. For example, due to the strong dependence of the output
wavelength on the temperature, uncooled laser diodes cannot be applied
in a dense wavelength division multiplexing (DWDM) technology with a
typical channel spacing of 100GHz.

There are obviously arguments for each of these three paths to be followed. In-
tegration seems to be the preferred solution but it might introduce extra (optical

! Although ’future’ might be a wrongful term, as recently a commercial PLC-based transceiver plat-
form for FTTx applications became available incorporating advanced wavelength filtering functions
onto the chip [10].
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and/or electrical) boundary conditions which are not present when the discrete
components are assembled in a free-space manner. Furthermore, technological
difficulties might cause integration to actually be the most expensive option, while
it essentially reduces the packaging cost. In any case, there is a strong consensus
that an optical isolator that is compatible with waveguide integration is highly
desirable. As a matter of fact, non-reciprocal devices, of which an isolator is one
important example, can be considered as the only class of components that is not
available in integrated form [14]. The search for a waveguide version of non-
reciprocal components is actually almost as old as integrated optics itself [15]. In
the next section we give a short historical overview of the main developments and
derive the most straightforward way to continue this research.

In this work we target a waveguide optical isolator that operates in a spec-
tral region close to 1310nm. After all, the cost reduction would be the highest
for uncooled directly-modulated transmitters, with the standard wavelength of
1310nm [16]. In the end however, in any application that requires a low noise fi-
gure an integrated isolator is desired. Extension of the integrated isolator concept
towards the 1550nm wavelength window is therefore an important next step in
this research.? One market segment where integrated optical isolators operating
at 1310nm could play a prominent role is that of FTTx applications. Currently, the
optical network unit (ONU) at the subscriber "home” in FTTx networks does not
contain an optical isolator, essentially limiting the speed of upstream data traffic
(at 1310nm wavelength) in contrast to the transceiver for downstream commu-
nication in the optical line terminals (OLT) at operator base stations. Keeping in
mind that for FTTH deployments the ONU typically accounts for 80% of the sys-
tem cost [17], the cost reduction inherent to the integration of laser and isolator is
expected to lead to low-cost/high-speed ONU transceivers, meeting the demand
for high-speed transmission in FTTH networks.

We end this section with the remark that in addition to source protection, iso-
lators also play an increasingly important role within fiber optic transmission sys-
tems. Reflections between components or interfaces within such systems can re-
sult in serious degradations in system performance. For example, multiple re-
flections within a transmission system can cause the interferometric conversion of
laser phase noise to intensity noise. In systems containing optical amplifiers, re-
flections can produce increased noise and can even cause lasing, thus limiting the
levels of amplifier gain and component reflectivity that can be allowed. Clearly,
then, there is a need for isolators to control reflections throughout optical trans-
mission systems to avoid degraded performance.

For amplifiers in general and amplifiers for the metropolitan network environ-
ment specifically, most implementations today still use individual discrete passive
components instead of waveguide-based technology. This is due in part to the lack
of an integrated optical isolator, as has been the conclusion of a workshop on the
requirements and implementation of the network elements in the metropolitan
environment, held at OFC 2003 [6]; "It seems clear from the discussion that there are

2We believe that extension of the waveguide isolator configuration studied here towards 1550nm
is mainly a matter of developing strong TM-gain selective material emitting at 1550nm. While this is
a particularly challenging task, from a pure isolator point of view, no new elements are expected to
enter the picture.
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still opportunities for improvement and cost reduction in the component, subsystem and
amplifier designs — including integration and waveguide structures. One specific techni-
cal challenge that was identified is the need for an optical isolator that is compatible with
waveguide integration.”

1.2 Waveguide optical isolator: state-of-the-art

1.2.1 Introduction: bulk Faraday isolator

Bulk optical isolators are all based on the magnetooptic effect of Faraday rotation.
When linearly polarized light passes through a magnetooptically active material
that is subjected to a magnetic field H in a direction parallel to this field H, the
plane of polarization rotates. The angle of rotation 6 is proportional to the magni-
tude of H and the distance traveled through the medium:

9=VHL, (1.1)

with V the Verdet constant of the material. A positive Verdet constant corresponds
to counterclockwise rotation® when the direction of propagation is parallel to the
magnetic field and to clockwise rotation when the direction of propagation is anti-
parallel. Thus, if a ray of light is passed through a material and reflected back
through it, the rotation doubles. This phenomenologically differentiates the Fara-
day effect from the effect of natural optical activity. We elaborate the origin of
magnetooptic effects more in detail in chapter 2.

The principle of a bulk optical isolator is shown in figure 1.3. Incoming, for-
ward’ light is linearly polarized by a first polarizer. The plane of polarization
is rotated at 45° by the Faraday rotator. A second polarizer, set at 45° with re-
spect to the first one, lets the light pass. The plane of polarization of reflected,
‘backward’ light traversing the Faraday rotator is rotated by another 45°, hence
is blocked by the first polarizer. This isolator configuration is obviously polari-
zation dependent. This simple scheme is therefore only used in laser packages.
The protection of active components in fiber-optic systems requires polarization
independence. A variety of polarization independent isolator designs exist [18],
but the heart of the system remains a Faraday rotator. The important material
characteristics for a Faraday rotator are obviously a high Verdet constant and low
optical absorption. In the telecom wavelength window yttrium iron garnet (YIG)
or bismuth-substituted iron garnet (BIG) crystals are traditionally used. Faraday
isolators are commercially available since the mid-80’s. The typical requirements
to a polarization independent single-stage free-space isolator are displayed in ta-
ble 1.2.1. The wavelength range of isolators is typically 40nm, which is limited by
the material dispersion of the Verdet constant. PDL and PMD stand for polariza-
tion dependent loss and polarization mode dispersion, respectively. The return
loss denotes the amount of reflection from the isolator itself; light which is always
coupled back to the source. The different central wavelengths refer to operation in

3When looking into the beam
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Figure 1.3: Schematic layout of a bulk Faraday optical isolator.

Central Wavelength (nm) 1310, 1480, 1550 or 1585
Peak Isolation (dB) >40

Minimal Isolation (dB)* >30
Insertion Loss (dB) 0.5
Bandwidth (nm) 20

Return Loss > 60

PDL (dB) <0.1

PMD (ps) >0.2
Operating Temperature (°C) -20 to +70

* at 23°C over £20nm

Table 1.1: Typical performance specifications of a free-space single stage optical isolator.

the O-, S-, C-, and L-band of the infrared spectrum.* Nowadays standard telecom-
munication packages use a dual stage isolator with a total isolation of 40dB, i.e.
two stages of 20dB.

1.2.2 The history of a waveguide optical isolator

The development of an integrated optical isolator is a quest that is going on for
more than 35 years now. Ever since the first proposal by Wang [19] a multitude
of concepts have been developed and studied theoretically and experimentally,
with different kinds of non-reciprocal effects exploited. In the next paragraphs we
will concisely discuss the long history of the waveguide optical isolators, but first
we will review the candidate materials for integrated magnetooptics at telecom

4In telecommunications several transmission bands have been defined and standardized. O-band:
1260nm-1360nm, S-band: 1460nm-1530nm, C-band: 1530-1565, L-band: 1565-1625. (Dense) wave-
length demultiplexing (DWDM) systems mainly operate in the C-band, although for small distances
(<10km) the O-band is also used. For Course WDM (CWDM), the low-cost version of WDM, the S-,
C-, and L-band are currently used, but extensions towards the O-band is possible. FITH technologies,
based on passive optical networks (PON) use different wavelengths for upstream and downstream
data traffic. For example the bandwidth allocation for GPON requires 1260nm-1360nm upstream,
1440nm-1500nm downstream, and 1550nm-1560nm for video (CATV).
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wavelengths. For an in-depth description of the state-of-the-art of (garnet-based)
magnetooptic waveguides we refer to the recent review article by Dotsch [20].

1.2.2.1 Magnetooptic materials

For decades the only material system that received attention is that of ferrimag-
netic garnets. These crystals have the general formula C3A2D30;2 in which C
presents a large rare earth (most frequently bismuth, BIG) or yttrium ion (YIG)
in dodecahedral coordination, and A and D, in magnetooptic garnets, are usu-
ally iron ions in octahedral and tetrahedral coordination, respectively. Given the
flexible chemistry of this structure many substitutions can be made, which al-
lows for tailoring of the growth and properties of the material. The two iron
sublattices are usually antiferromagnetically coupled to each other. Most of the
work to date on garnets involve films (YIG or BIG) grown epitaxially onto garnet
substrates, typically gadolinium- or lanthanum-gallium garnets (GGG or LGG),
depending on the best lattice match. A detailed description of magnetooptic gar-
nets can be found in literature [21, 22]. The interest in this class of materials for
optical isolators comes from their unique combination of low optical absorption
and a relatively high Verdet constant at telecom wavelengths. The most popular
magnetooptic garnet is Ce-substituted YIG, with a specific Faraday rotation® of
4500°/cm at 1550nm. However, garnets have the large drawback that integration
onto semiconductor host substrates and waveguides, which are the integration
platforms for practically all optical devices, is difficult. The main hurdle for di-
rect growth of garnets onto semiconductor lays in their large difference in ther-
mal expansion. Just recently Stadler [23, 24] has demonstrated YIG waveguides
and polarizers grown on a variety of substrates. Hutchings on the other hand
has reported on a Ce-substituted YIG layer sputter-deposited on a GaAs-AlGaAs
waveguide structure [25]. Other attempts involve direct wafer bonding to com-
bine garnets and semiconductor materials, both on InP-related hosts [26, 27] and
on silicon-on-insulator (SOI) [28, 29].

A class of materials that has only entered the picture for integrated magne-
tooptics less than a decade ago is that of the transition metals and their alloys.
The reason for this is straightforward, namely that at telecom wavelengths their
extinction coefficient is high, causing unacceptable levels of optical loss, at least
for passive non-reciprocal devices. However, for magnetooptic recording transi-
tion metal alloys, mainly based on cobalt (Co), iron (Fe) and/or nickel (Ni), have
always been and still are the materials of interest [30]. Their intrinsic advantages
are the ease of deposition on basically any substrate combined with a rather strong
magnetooptic effect, although this varies significantly with the specific composi-
tion of the alloy. At infrared wavelengths the Co,Fe;_,-alloy system is likely
to perform best. Section 3.2 is devoted to the study of the optical and magne-
tooptic properties of these metals. Other (semi-)metals that have been studied
for integrated magnetooptics are Mn-based compounds such as MnAs [31] and
MnSb [32]. These can either be sputtered of be epitaxially grown on III-V semi-
conductors.

About ten years ago, quite some attention went to composite materials with mag-

5The Faraday rotation per unit length at magnetic saturation, 0spec = VHsat



1.2 Waveguide optical isolator: state-of-the-art 1-9

netic particles or nanoclusters embedded in a non-magnetic matrix. Examples are
GaMnAs/AlAs [33] and MnAs/GaAs superlattices [34, 35]. One other experiment
is particularly remarkable. Baba [36] reported on the demonstration of ferromag-
netic particles composite films in which Fe powder is homogenously dispersed in
a (non-magnetic) polymer matrix. In accordance to the Maxwell-Garnet theory,
the optical loss was shown to be significantly lower than those of bulk Fe lay-
ers with the same volume of Fe. The Faraday effect however seems to remain the
same in both cases. This result suggests a major enhancement of the magnetooptic
effect relative to the optical absorption. There is however considerable skepticism
towards this result. After all, the paper is now more than 10 years old, but there
has been no confirmation of this result or sign of continuation of this research.
In addition, while it is known that magnetooptic effects can be enhanced by ex-
ploiting surface plasmon resonance phenomena in nanoparticles, the optical loss
is expected to enhance simultaneously [37, 38].

Diluted magnetic semiconductors — also called semimagnetic semiconductors
— are another interesting class of materials, combining the properties of ordinary
and magnetic semiconductors. These materials include semiconductor crystals
doped with 3d ions of transition metals and solid solutions containing a magnetic
component. The most prominent material that has been studied for non-reciprocal
applications is Cd;_,Mn,Te [39]. As this material shares the zinc-blende crystal
structure with III-V semiconductor materials it can directly be grown on GaAs or
InP substrates. Furthermore, the Cd;_,Mn,Te-system exhibits a relatively large
specific Faraday rotation near the absorption edge, spe. = 470°/cm at 740nm, and
has a low loss in the wavelength range of 600nm to 800nm. Substitution of Cd
with Hg can extend the wavelength range to telecom wavelengths [40]. However,
the fundamental drawback — and the reason why it is unlikely that a Cd; _,Mn,Te
isolator will ever be commercialized — is that this material is highly poisonous.

Recently, very efficient Faraday rotation has been demonstrated in polythio-
phene films [41]. These conjugated polymeric materials are transparent at infrared
wavelengths and have the major advantage that they can easily be deposited on
any substrate by way of spin-coating. A specific Faraday rotation of 400°/cm has
been reported.

1.2.2.2 Waveguide Faraday rotator

The first logical step towards an integrated isolator was to try to develop a wave-
guide version of a Faraday isolator. As defined earlier, the Faraday effect causes
a non-reciprocal rotation of the polarization plane. When adapting this free-space
isolator approach to a waveguide-based structure, there are however three prin-
ciple challenges to be faced. First, the planar format of optical waveguides breaks
the symmetry of bulk optical devices. This leads to a structurally-induced bire-
fringence with linearly polarized eigenstates — transverse electric (TE) and trans-
verse magnetic (TM) modes — which are phase mismatched, frg # Bra, with 3
the propagation constant of the mode. As a result, there is an incomplete, period-
ical power exchange between these modes. In other words, for a complete TE-TM
mode conversion perfect phase matching is required. Numerous attempts have
been made to solve this problem, a comprehensive overview of which is given in
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Figure 1.4: Schematic layout of a garnet waveguide Faraday isolator. The LiNbO3 cladding serves as
the reciprocal polarization rotation element. The substrate is a substituted non-magnetic
garnet (GACa)3(GaMgZr)sO12 (NOG).

reference [20]. The most elegant way to remove the restriction in the obtainable
polarization rotation is to use a quasi-phase-matching approach, by a periodic re-
versal of the applied magnetic field every beat length [25].

Secondly, in addition to polarization rotation, the standard method of using
the Faraday effect for optical isolation additionally requires two polarizers, nor-
mally set at 45° to each other. Generally, planar waveguides have a polarization
dependence that can be used for TE-TM selectivity. The most obvious way is to
rely on the higher penetration of TM-modes in the waveguide cladding, hence
the higher TM-absorption if a metal cladding is used. However, it is not obvi-
ous how to obtain a polarization selectivity at alternative angles. The solution
is to integrate a reciprocal 45° polarization rotator in combination with the non-
reciprocal Faraday rotator. The most straightforward way is to use a (naturally)
anisotropic material, for example LiNbOs, as the top cladding layer of a garnet
waveguide, with the optical axis in the plane of the film and rotated with respect
to the TE-direction (see figure 1.4). By a proper choice of this offset angle the
magnetooptic mode conversion in the forward direction can be canceled, while it
is still present for backward propagation. This concept was historically the first
attempt to obtain an integrated optical isolator [42, 43]. Back in the seventies it
has never worked, mainly due to a bad interface quality between the garnet core
and the LiNbOj layer. Mizumoto picked up this old idea, experimentally demon-
strated the concept in 2001 [44], and last year an isolation of 20dB in a 1.6mm-
long device at 1550nm wavelength was reported, but with a high insertion loss
of 8dB [45]. Ando [46], in the late eighties, successfully used another way to in-
troduce a reciprocal polarization rotation, based on the (reciprocal) magnetooptic
Cotton-Mouton effect [47]. This can be considered to be the first demonstration
of a waveguide optical isolator. A third possibility is to introduce the necessary
quarter-wave plate functionality with an asymmetric ridge waveguide. In such a
structure the fundamental modes are of mixed polarization, hence launching light
of either pure TE or TM polarization results in periodical rotation of the polari-
zation between TE and TM. Several examples of such polarization rotators have
been reported, two of which are illustrated in figure 1.5. In the left picture the
asymmetry is caused by an angled sidewall [48, 49], the right structure uses the
phenomenon of reactive ion etching lag (RIE Lag) [50].
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Figure 1.5: Two examples of an asymmetrical rib waveguide which provides a reciprocal polarization
rotation.

The third challenge relates to the integration of the waveguide Faraday isola-
tor with a semiconductor laser. This is a severe problem that is actually twofold.
First of all, there is the integration of the different materials onto the the same
carrier. As discussed earlier in section 1.2.2.1, a variety of solutions are being in-
vestigated. Another main issue that arises for garnet waveguides is the fact that at
telecom wavelengths the refractive index of garnets is around 2.2 whereas that of
semiconductors is in the range of 3.2-3.5. If the magnetooptic garnet is to form the
waveguide core, this requires a film of even lower refractive index and sufficient
thickness to form the cladding. A solution for this integration problem would
be to create an air gap between the garnet core and the semiconductor substrate,
as demonstrated by Izuhara [27]. However, the submicron precision horizontal
alignment of the patterned garnet film with the features on the semiconductor
chip, such as a laser diode, poses serious difficulties. An alternative scheme that
solves this issue is to use a magnetooptic film as a top cladding of a waveguide. In
this configuration the Faraday effect only affects the evanescent tail of the wave-
guide mode, hence the same non-reciprocal polarization rotation requires a longer
device. TE-TM mode conversion on a garnet-clad GaAs-AlGaAs waveguide has
recently been demonstrated by Hutchings [25], however with only 12% efficiency
in an 8mm long device.

The major research effort on waveguide versions of a Faraday isolator took
place from the end of the seventies until the beginning of the nineties. Broad-
band isolation of more than 30dB has been achieved on a 3.4mm-long chip with
an insertion loss not exceeding 2dB [51]. Nevertheless, the enormous difficulties
of achieving precise phase matching has led to the investigation of other isola-
tor concepts. It is however striking that lately the idea of an integrated Faraday
isolator re-entered the picture. This is mainly due to the progress in fabrication
techniques, such as surface activation wafer bonding between LiNbO3 [45] and
sputter deposition of garnets onto semiconductors [25].

1.2.2.3 Non-reciprocal phase shift

The second major research approach relies on a different magnetooptic effect. If a
transversely magnetized — perpendicular to the propagation direction of the light
— magnetooptic material is the cladding layer of a waveguide structure, the effec-
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tive indices of forward and backward propagating modes are shifted with respect
to one another.® The origin of this non-reciprocal phenomenon will extensively
be elaborated in chapter 2. Important is that this magnetooptic effect does not
cause a coupling between TE and TM polarization. Using this effect, a waveguide
Mach-Zehnder interferometer (MZI) can be designed such that in the forward di-
rection the modes in the two arms are in phase, yielding constructive interference,
whereas in the backward direction the modes are out of phase by 180° causing
destructive interference. This elegant configuration has already been proposed
in 1975 [53], but only gained interest by the end of the nineties, when the limita-
tions on the waveguide Faraday isolator concept had become clear. Nevertheless,
an isolator based on the non-reciprocal phase shift overcomes two of the intrinsic
challenges of the Faraday rotator approach; there is no need for phase-matching
between TE and TM polarization, and no reciprocal polarization rotators are re-
quired.

In its simplest scheme, one arm of the MZI contains a magnetized element
with a proper length that introduces a non-reciprocal phase shift of +90° with
the sign depending on the propagation direction. In the other arm a reciprocal
phase shift of 90° is built-in, by adjusting the length difference between the arms.
A length reduction can be obtained by introducing a +45° non-reciprocal shift in
one arm and a F45° non-reciprocal shift in the other. Configurations operating for
TE [54, 55] and TM-polarization [56, 57] have been studied. In 2000 Fujita pub-
lished the first experimental demonstration of a (TM-mode) garnet waveguide
MZI optical isolator [58]. Isolation of 19dB with an insertion loss of 2dB around
a wavelength of 1530nm has been achieved on an all-garnet waveguide structure.
The corresponding interferometer length is as large as 8mm. Since then a variety
of alternative structures has been studied, mainly on a theoretical basis, including
polarization independent isolators [59, 60], non-reciprocal multimode imaging de-
vices [61, 62], and recently isolators based on microring resonators [63]. However,
the experimental result of Fujita [58] could not be improved.

Shortly after the demonstration of an all-garnet interferometric isolator re-
search focussed on the integration with semiconductors. Yokoi came up with the
idea of wafer bonding a garnet film onto a patterned semiconductor chip [64].
The first experimental demonstration followed shortly afterwards [65]. A Ce:YIG
layer is attached through direct-bonding techniques to a InGaAsP-InP MZ], as il-
lustrated in figure 1.6. The measured optical isolation was however limited to
4.9dB in a device of several millimeters long. Yokoi attributed this to the asymme-
try of the waveguide problem. As the bottom cladding (1, p = 3.17 at 1550nm) has
a refractive index much higher than that of the garnet (nce.v ;¢ = 2.22 at 1550nm)
only a small fraction of the light is coupled in the magnetooptic layer, resulting
in a small non-reciprocal phase shift. Recently, it has been demonstrated by the
same research institute that a solution can be to include a selectively oxidized All-
nAs layer between the InGaAsP core and the InP substrate, with a refractive index
close to that of Ce:YIG (1141145 = 2.45) [66]. Furthermore, they have successfully
fabricated a Fabry-Pérot laser, monolithically integrated with a passive optical

®While this is a valid statement, it can be proven that for an asymmetric waveguide with a mag-
netooptic core and different materials for the upper and lower cladding, there is also a non-reciprocal
phase shift [52].
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Figure 1.6: Schematic layout of the non-reciprocal phase shifter based on a Mach-Zehnder interfer-
ometer.

waveguide by means of selective area epitaxy [67]. With this, in principle, the
last hurdle has been cleared for the realization of a fully integrated laser-isolator
device, based on a garnet-clad non-reciprocal phase shifter. However, with the
(hydroxyl) wafer bonding technique used earlier a high temperature annealing
step is essential to obtain a strong bonding [68], and this is not compatible with
active devices. Two possible solutions are being investigated. One is to use sur-
face activation bonding, which does not require the high temperature annealing
step. The other is to use wafer bonding on silicon-on-insulator (SOI). The laser
diode can then be incorporated after the bonding of the garnet film. Moreover,
using SOI, with its high index contrast between the Si core (ng; = 3.48 at 1550nm)
and the SiO, lower cladding (ng;0, = 1.44 at 1550nm), as a guiding layer solves the
issue of asymmetric waveguiding, reducing the isolator length to a few hundreds
of micrometers [28].

While the non-reciprocal phase shifter has obvious advantages with respect to
the Faraday isolator, its disadvantages should not be minimized. A lot of these
issues have been studied lately and solutions have been proposed. Due to the in-
terferometric nature of the device, its bandwidth is limited and is much smaller
than the wavelength range of Faraday isolators which is determined by material
dispersion of the Verdet constant. Shoji has proposed an ultra-wideband design
of a MZI isolator, based on an adjustment of the reciprocal phase shift [69].
Secondly, for designs operating for either TE or TM polarization, the basic non-
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reciprocal phase shifter is transparent in the backward direction for the other po-
larization.” As demonstrated by Yokoi [70], light of opposite polarization can be
filtered out by properly designing the reciprocal phase shifter so as to obtain a
shift of 90° for the isolator polarization and 180° for the other, provided two direc-
tional couplers are used for the MZI (see figure 1.6).

A third issue is the fact that the external magnetic field is to be applied antiparal-
lel with respect to the interferometer arms to achieve a push-pull non-reciprocal
phase shift, as illustrated in figure 1.6, which obviously complicates fabrication.
This difficulty has also been addressed by Yokoi [71]. He proved both theoreti-
cally and experimentally that by creating a difference in the layer structure of both
arms, an interferometric isolator that operates in a unidirectional magnetic field
can be obtained.

1.2.2.4 Magnetophotonic crystals

In recent years, a new research direction has entered the picture, that of magne-
tophotonic crystals. One-dimensional magnetophotonic crystals — comprising a
periodic stack of magnetic and non-magnetic layers with one or more defects —
have been studied since the late nineties [72, 73]. It has been shown that for fre-
quencies associated with a defect resonance the specific Faraday rotation in such
a magnetophotonic crystal structure can be largely enhanced. The origin is a dif-
ference in the resonance frequency of left- and right-hand circular polarization.
Currently, research is concentrated on two-dimensional magnetophotonic crys-
tals. The idea is to modify the band dispersion relations w(k) of a photonic crystal
such that strong spectral asymmetry w(k) # w(-k) is created [74]. If zero group ve-
locity can be achieved in the backward propagation direction such a structure acts
as an isolator. Kono [75] has theoretically studied a garnet-based photonic crystal
waveguide, with an asymmetry in the bandstructure originating from asymme-
try in the magnetization profile. Takeda [76] has proposed a similar configuration
composed of a magnetooptic EuO layer sandwiched between two reciprocal Si-
based photonic crystal claddings. Another solution to introduce a non-reciprocal
bandstructure is to modify the geometrical symmetry of the photonic crystal itself,
as proposed by Vanwolleghem [77].

1.2.2.5 Conclusion

In summary, two main integrated isolator concepts have been studied extensively
throughout history: a Faraday isolator and a non-reciprocal phase shifter. They
have in common that nearly all research has focussed on ferrimagnetic garnet ma-
terial as the source of the non-reciprocal effect. In both configurations stand-alone
(all-garnet) isolators have been demonstrated with high isolation and limited in-
sertion loss. However, the integration with semiconductor hosts or waveguides
remains an issue. Therefore, at the end of the millennium another idea entered the
picture. This is the configuration our work is based upon, and it is elaborated in
the next section.

7 Actually in both propagation directions but obviously only backward propagating light needs to
be blocked.
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To finalize this study of garnet-based isolators we remark that in recent years, the
old ideas have regained attention, an evolution that is mainly due to improved
fabrication techniques, such as surface activation wafer bonding and sputter de-
position of garnet material.

1.2.3 Amplifying waveguide optical isolator
1.2.3.1 Theoretical concept

Given the serious issues raised with respect to the integration of garnet layers
onto semiconductor materials, the problem can also be approached from a diffe-
rent perspective, namely, starting from a structure that can be integrated with III-V
active devices and trying to introduce non-reciprocity into it. Therefore, consider
a semiconductor optical amplifier (SOA), i.e. a diode laser without feedback me-
chanism, and use a ferromagnetic metal layer instead of the common Au or PtAu
film to provide the electrical contact for current injection in the device. Further-
more, reduce the buffer layer that separates the active core from the metal, such
that the guided mode overlaps with the metal. In the presence of a magnetic field
applied in the lateral direction — perpendicular to the longitudinal propagation
direction and parallel to the layer surfaces — magnetooptic phenomena generate
a non-reciprocal phase shift on the TM-polarized guided modes. As a result of
the high optical absorption of ferromagnetic metals in the infrared spectrum, the
non-reciprocal phase shift is of complex nature, contrary to a garnet-clad device.
In other words, both the effective index n.¢s and the effective extinction coeffi-
cient k.5 ¢ (~ absorption) differ for oppositely propagating light. This principle is
illustrated with the diagram of figure 1.7. The physics behind this mechanism are
the focus of chapter 2.

Apart from non-reciprocal behavior, an isolator requires optical transparency for
forward propagating light. The overall loss level in the metal-clad SOA can ob-
viously be lowered by electrical pumping of the SOA. With sufficient optical gain
the forward modal loss can entirely be compensated, while in the backward direc-
tion the guided mode remains (partially) absorbed. In the simplest configuration,
the ferromagnetic metal acts both as the source of the magnetooptic effect and as
the electrical contact. Such a device is schematically drawn in figure 1.7.

This elegant concept, which we will term as “amplifying waveguide optical isola-
tor” throughout this work, was almost simultaneously proposed by Nakano [78]
and Ando [79]. Actually, it was Hammer who first proposed to use ferromagne-
tic metals, although in a Faraday rotator configuration [80]. Based on theoretical
calculations Nakano and Ando predicted very high optical isolation ratios in the
order of 10-20dB/mm, and transparency gain levels of 1500cm . Although these
theoretical calculations should only be considered as a feasibility study, these
numbers show that the idea is not unrealistic.

As it is basically a non-reciprocal phase shifter, the amplifying waveguide iso-
lator scheme has all the corresponding advantages, but in addition it solves ba-
sically all the problems of the garnet-clad interferometric isolator. The main ad-
vantage is obviously the integratability. As the isolator has essentially the same
structure as the active device it is to be integrated with, monolithic integration is
possible and no degradation of the isolating performance is expected. Further-
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Figure 1.7: Schematic layout and operation principle of the TM-mode amplifying waveguide optical
isolator.

more, as the magnetooptic metal layer can be sputter-deposi-ted on the semicon-
ductor interface, this isolator can be fabricated using standard InP-SOA process-
ing techniques. As the operation of this device doesn’t rely on interfering signals,
the high wavelength sensitivity of the MZI isolator doesn’t apply to this config-
uration. Instead, the dominating factor is expected to be the gain spectrum of
the active material of the isolator — and of the source protected by the isolator.
In addition the high degree of polarization selectivity of the tensile strained mul-
tiple quantum well active region (see chapter 3) ensures that the component is
opaque for TE-polarized light. Another advantage with respect to ferrimagnetic
garnet-based device is that the magnetooptic strip can, provided its dimensions
are properly designed, act as a permanent magnet. As such, there is no need to
integrate an extra micromagnet on top of the isolator.

Of course these features come at a certain price. The disadvantages of the am-
plifying waveguide optical isolator are related to the fact that the isolator itself
is an active component. The amplified spontaneous emission (ASE) generated
along the device adds to the noise in the signal, hence might deteriorate the opti-
cal signal-to-noise ratio (OSNR). In addition, the backward propagating ASE cou-
ples into the source, hence the isolator itself causes optical feedback to the active
device it protects. However, ASE is not coherent, hence will not interfere with the
lasing mode. In addition, as the isolator requires electrical pumping, its operation
increases the power consumption of the system.

1.2.3.2 State-of-the-art

The configuration of an amplifying waveguide optical isolator has received a lot
of attention in recent years. In this section we review the current state-of-the-art
and indicate our position within the research community. It is important to stress
that this work is the continuation of research initiated by Mathias Vanwolleghem.
This obviously causes some overlap between both research projects. Instead of
trying to define the overlap at this point, we will mention it throughout this doc-
ument. For now it suffices to mention that together with Vanwolleghem, we have
performed the first experimental demonstration of the amplifying waveguide op-
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Figure 1.8: Schematic layout and cross-sectional electron microscope image of the TE-mode ampli-
fying waveguide optical isolator (after [82]).

tical isolator configuration [81].

Apart from this (partially joint) research, two other groups have been working
on the development of an isolator based on the non-reciprocal loss shift in ferro-
magnetic materials. In the group of Nakano, two routes have been investigated.
Shimizu has proposed a configuration operating for TE-polarization [82]. The ba-
sic principle is analogous, only the orientation of the ferromagnetic metal and the
magnetization are different. As illustrated in figure 1.8, an iron film is deposited
on one of the side walls of a ridge waveguide and magnetized along the trans-
verse direction. An isolation ratio of 14.7dB/mm has been achieved, but with a
high insertion loss above 10.0dB/mm even at an injection current of 150mA. This
structure suffers from two problems. First of all, in a ridge waveguide config-
uration, etching through the quantum well layers is required, which introduces
surface defects, hence enhances the modal loss. A solution could be a buried het-
erostructure device. Another issue is how to realize the transverse magnetization
in the absence of an external magnetic field. As will be discussed in chapter 2
the intrinsically low ratio of the length to the width of this metal stripe makes
it virtually impossible to obtain remanent magnetization. On the other hand, the
TE-configuration provides a simple scheme for an integrated laser-isolator device.
The idea is that for a wide ridge width the optical mode does not overlap with the
ferromagnetic metal, hence the device is reciprocal, acting as a SOA, or a laser if
a feedback mechanism is provided. An integrated laser-isolator device therefore
consists of a part with a narrow ridge, the isolator, and a laser part with a large
ridge width. This scheme has been proposed and demonstrated by Shimizu [83].
In a proof-of-principle experiment, 4dB of isolation has been achieved, making
this the first monolithically integrated laser-isolator device. Researchers from
the same group have demonstrated an isolator based on the amplifying wave-
guide isolator principle where the optical isolation is generated by a ferromag-
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netic manganese-compound such as MnAs [31] and MnSb [32]. These materials
can be grown epitaxially onto InP substrates. The best result, an isolation ratio
of 12.0dB/mm combined with an insertion loss of 42dB/mm at 80mA current
injection, has been obtained with a MnSb cladding. The authors claim that the
advantage of Mn-based materials over elemental ferromagnetic metals such as Fe
and Ni is that the latter yield a high electrical contact resistance when used as the
contact metal of SOAs. We refute this point in chapter 3, where we show that
with the appropriate choice of the semiconductor contact layers an ohmic electri-
cal contact can be realized with CoggFeio and similar alloys. Moreover, we prove
that at infrared wavelengths MnAs and MnSb have inferior magnetooptic prop-
erties compared to the Co,Fe;_,-alloy system studied throughout this work.

The other group that is studying the amplifying waveguide optical isolator con-
cept is the one by Zayets and Ando. They have mainly investigated the device
from a theoretical point of view. On the experimental side, 1dB of non-reciprocal
propagation has been reported, on a passive Ga;_,Al,As waveguide structure
[84].

To indicate where we stand with respect to these research initiatives, we mention
here the specifications of our best performing devices; we have demonstrated a
monolithically integratable isolator with completely compensated forward loss,
showing an isolation ratio of 6.35dB/mm. This is the first transparent optical iso-
lator of this type and as such it is fair to state that we are world-leading in the field
of semiconductor-based waveguide optical isolators.

1.3 Outline of this work

The purpose of this work can be considered fourfold. The first objective is to
bring the performance of the TM-mode amplifying waveguide optical isolator to
a higher level, to evolve from an academic curiosity towards a practical device.
The second main focus of this research lays on the realization of an optical iso-
lator with an integrated electromagnet. Thirdly, there is the development and
demonstration of a monolithically integrated laser-isolator component. The last
objective is to investigate the application of the basic amplifying waveguide iso-
lator configuration as a building block for other non-reciprocal devices, such as a
ring resonator based isolator.

In chapter 2 we study non-reciprocal phenomena, and more specifically the
origin of the complex non-reciprocal phase shift in metal-clad waveguides. Fur-
thermore, the calculation methods for magnetooptic layer structures will be dis-
cussed. A third main part of this chapter concentrates on the derivation of general
design rules for metal-clad non-reciprocal devices. At the end of the chapter, the
magnetic properties of the isolator device will be discussed.

Chapter 3 is devoted to the development of a TM-mode amplifying waveguide
optical isolator. The building blocks of this component are optimized, both from
a theoretical and an experimental point of view. In a second part, magnetooptic
slab waveguide simulation techniques are used to calculate the ideal isolator layer
structure and an extensive tolerance study is performed.

In chapter 4 we will focus on the fabrication and characterization of non-reciprocal
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components. A chronological overview will be given and we will show how the
performance has improved by a factor 80 between the first demonstration of the
principle and the current device. A second part of the chapter discusses the deve-
lopment of an optical isolator with an integrated electromagnet.

A monolithically integrated laser-isolator component is the subject of chapter 5.
The design, fabrication and characterization will subsequently be elaborated.
Chapter 6 studies alternative isolator configurations and other non-reciprocal de-
vices, where we stick to ferromagnetic metals as the source of the non-reciprocity.
To this end we rely on the theoretical study of chapters 2 and 3 and on the experi-
mental results of chapter 4.

The last chapter summarizes the conclusion of this work and gives prospects for
the future.

1.4 Publications

The scientific output of our research has been published in a number of interna-
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HE amplifying waveguide optical isolator — and practically all configurations

of non-reciprocal devices — is based on the interaction of light with a magne-
tized medium. This is the field of magnetooptics. In this chapter the magnetoop-
tic part of the isolator is extensively studied. We start with basic magnetooptic
theory applied to bulk media and progressively build up to come to the trans-
versely magnetized metal-clad optical isolator. The calculation of the isolator per-
formance is treated, including a detailed discussion of a suitable figure-of-merit
for the component. Furthermore, we design a metal-clad waveguide optical iso-
lator from a purely theoretical point of view, that is, neglecting issues such as
the choice of the ferromagnetic metal and the strength of the amplifying core ma-
terial in terms of gain per unit of current injection. We end the chapter with a
concise overview of the magnetic properties of ferromagnets and ferromagnetic
metal stripes.
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2.1 Magnetooptics and magnetooptic waveguides

In this section we discuss the basic principles of magnetooptics and its applica-
tion in magnetooptic waveguides. We start by highlighting the effect of a mag-
netic field on the propagation of light in bulk matter — bulk magnetooptics. More
in particular we focus on the reflection of light at the interface between a mag-
netic and a non-magnetic medium. Using geometric optics the equations of bulk
magnetooptics can be used to get a feel of magnetooptic waveguides, as is done
on a three-layer slab waveguide in section 2.1.2.1. The obtained results are then
confirmed through rigorous analytical calculation of this metal-clad magnetooptic
three-layer slab waveguide.

2.1.1 Bulk magnetooptics
21.1.1 Introduction

Magnetooptics deals with phenomena arising as a result of interaction between
light and matter when the latter is subjected to a magnetic field. In the case of
magnetically ordered matters, such as ferromagnets and ferrimagnets, magne-
tooptic effects may appear in the absence of an external magnetic field as well.
The presence of a magnetic field changes the dispersion curves of the absorp-
tion coefficient and leads to the appearance or variation of optical anisotropy. All
magnetooptic effects are the direct or indirect outcome of the splitting of system
energy levels in a magnetic field, the so-called Zeeman effect. It is well known
that right or left circularly polarized photons excite electronic transitions, which
in accordance to the law of angular momentum conservation, change the appro-
priate projection of the quantum system’s angular momentum by Am = 4 1. The
Zeeman effect causes a difference in the frequencies of the ‘right” and ‘left” tran-
sitions, which in turn results in a difference in the polarizabilities of the system
in the field of right and left circularly polarized waves. The implementation of
this simple idea depends strongly on the character of the electron wave functions
and the electron energy spectrum. In this work we will limit ourselves to a phe-
nomenological treatment of magnetooptics instead of exploring the correspond-
ing quantum-mechanical mechanisms, for which we refer to text books [1].
Basically, magnetooptic phenomena can be classified according to the relative ori-
entation of the wave vector of the light k and the magnetic field H; two basic
geometries can be distinguished:

* Faraday geometry: light travels along the field direction: k || H
* Voigt geometry: light travels perpendicularly to the field direction: k L H

The Zeeman effect manifests itself as dichroism, that is as a difference in the ab-
sorption coefficient for the two orthogonal polarizations of the medium the light
is traveling through. In the case of Faraday geometry this is a difference in ab-
sorption between right and left circular polarization, so-called magnetic circular
dichroism (MCD). In the Voigt geometry it is an absorption difference between
the components parallel and perpendicular to the magnetic field, magnetic linear
dichroism (MLD). From the Kramers-Kronig relations it follows that the splitting
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of the dispersion curves of the absorption coefficient, i.e. MCD and MLD, is con-
nected to a splitting of the dispersion curves of the refractive index of the propa-
gating light, the so-called magnetic circular birefringence or Faraday effect and
magnetic linear birefringence or Cotton-Mouton/ Voigt effect respectively.

The Faraday effect implies that the refractive indices, n; and n_, of left-hand and
right-hand circularly polarized light in the case of an originally inactive material
become different. In section 2.1.1.3 we highlight how this manifests itself as a
non-reciprocal rotation of the polarization plane, combined with a non-reciprocal
change of the ellipticity in the case of dissipative media.

Both the Faraday and the Voigt effect are transmission effects, i.e. if the light
travels through a magnetooptic medium the dispersion curves are being altered.
Apart from these effects optical anisotropy of a magnetized medium manifests
itself also in the reflection of light at its surface. The effects associated with this
reflection are called magnetooptic Kerr effects. A more detailed discussion of the
reflection at a magnetooptic medium is given in section 2.1.1.4.

2.1.1.2 Constitutive relationships

A linear device is characterized by a linear relationship between the electric field
strength E and the magnetic field strength H of a light wave and the correspond-
ing dielectric displacement and magnetic induction, D and B respectively. This
relationship may be written as D = éE and B = 4H. For optical frequencies the ji-
tensor reduces to the vacuum permeability ;9. The permittivity é is described by
a dimensionless tensor. This tensor not only depends on the light wavelength ),
the temperature and mechanical stress, but also on quasi-static external electric or
magnetic fields. As such, in a macroscopical theory of magnetooptic phenomena —
which we restrict ourselves to here — the response of a light wave to a magnetized
medium can entirely be described with the permittivity € tensor.

Non-reciprocal effects in linear materials are caused by contributions to ¢ of odd
order in the external, quasi-static magnetic field or in the magnetization M (for
ferromagnetic or anti-ferromagnetic substances). The reciprocity theorem is based
on the observation that under a time reversal transformation:

E(t,x,y,z) - E(_taxvyvz)
H(tvxayaz) - *H(*tl’,y,z) (21)

the Maxwell equations are left unchanged. In other words, out of a forward pro-
pagating solution, a backward propagating solution with the same properties can
be generated by the above transformation. However, in the presence of a quasi-
static external magnetic field or magnetization the time reversal symmetry of the
Maxwell equations is broken and non-reciprocal effects arise. Consider for ex-
ample a ferromagnetic substance magnetized along the y-axis and assume that
the material is optically isotropic in the demagnetized state.! The presence of the

IThis is valid for most practical ferromagnets for example because the sputtered film is polycrys-
talline.
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magnetization reduces the isotropic spherical symmetry of the material to an uni-
axial rotational symmetry around the y-axis and the permittivity tensor of this
substance takes the following form:?

e 0 0 0 0 —jg
e=e| 0 €@ 0 |+e 0 0 O (2.2)
0 0 ¢ jg 0 0

with € the permittivity of the vacuum and € the relative permittivity of the me-
dium in the demagnetized state (M = 0). For the optically isotropic ferromagnet
the electrical induction can then be calculated as:

D = ¢ [’E — j[g x E| + b(E — m(m - E))] (2.3)

with m = M/M, b(M) = €!-€° and g the gyration vector with ¢(M) the gyro-electric
constant. In the case of absorption €Y, b and g are fully complex.

Using Onsager s principle [2] (¢;;(M) = €;(-M)) one can prove that the gyro-electric
constant g(M) is a linear function of M and the diagonal magnetooptic element
b(M) is a quadratic function of M. As such, the second term of equation (2.3) de-
scribes the gyrotropic effects, i.e. magnetic circular birefringence and magnetic
circular dichroism, while the last term describes the magnetic linear birefringence
and the magnetic linear dichroism. The magnetooptic Voigt parameter Q is de-
fined as:

Q=@ -jQ" =5 (24)

In practice |Q| < 1. The gyrotropy of the magnetic permeability tensor is normally
described in terms of the equivalent parameter Q. As the magnetic permeabil-
ity at optical frequencies is practically zero (& ~ po), Qs can also be considered
negligible throughout this work.

The form of the permittivity tensor € for a magnetooptic substance (equation
2.2) can also easily be derived from an extended version of the microscopic Drude
free carrier theory [3]. Here we elaborate this theory for magnetooptic metals, but
it can directly be extended to magnetooptic semiconductors. In the absence of a
magnetic field, the equation of motion of electrons in an optically isotropic metal
reads:

0?x m Ox
m 52 = Bt eE, (2.5)
with e and m the electron charge and the free-carrier optical mass and 7 the ave-
rage collision time of the electrons with metal ions, called the relaxation time. The
first term of the right side of the equation of motion is the damping term, the sec-
ond term the driving term with E the electric field that accelerates the electrons.
The source of magnetooptic effects is associated with the influence of a magnetic

2This can straightforwardly be derived on the basis of symmetry considerations, Onsager’s princi-
ple [2] (e;;(M) = €;(-M)) and the requirement of hermiticity (e;; = E;i) of the permittivity tensor for
lossless materials.
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field or a magnetic ordering on the orbital motion of electrons. A constant exter-
nal magnetic field H = H(h,,h,,h) induces an extra (Lorentz) force on the carriers
Ox.

traveling at a speed v = 5}:

Fiorent: = *G,LL()H(V X h) (26)

which causes a ‘swirling” effect on the electron trajectories. In magnetically or-
dered metals — such as ferromagnetic metals — the spin-orbit interaction yields a
substantially stronger 'swirling” effect. This can be understood qualitatively as fol-
lows. The effect of spin-orbital interaction can be described by using the effective
axial field:

Hgy = QMLBA@ @7)

with A(S) the average value of the spin momentum, A the spin-orbit interaction
constant and pp the Bohr magneton. For example in d metals Hgr, ~ 108 Qe.
In what follows we use H as the symbol for the magnetic field vector, whatever
the origin of this field (external of spin-orbital). The equation of motion hence
becomes:

m{d 1
—(=+-|v=E H h). 2.

e<8t+7'>v ol (v h) @8)
Introducing the electron current j = -eNwv, with N the carrier density, and assuming
a harmonic plane-wave solution for v, we get:

m( . 1 j wo .
_ - —E h 2.
e (jw+ ’7') —eN + —eN(] xh), @9
which can be rewritten as:
0 h —h
1\ - H Z Y
—TN (jw - )I + ““N ~h, 0 hy j=E, (2.10)
e T e hy —hs O

with I the unity tensor. From this equation the magnetooptic contribution to the
permittivity tensor € can be obtained using Ohm’s law j = 6E and keeping in mind
the expression relating the conductivity tensor & to the permittivity tensor of a
material:

) = (1410 - Low)). (211)

Eqw
with ¥ the susceptibility tensor of the medium associated with the inter-band tran-
sitions. The dispersion of the medium is explicitly written down. The permittivity
tensor of the magnetized metal hence reads:

-1

) 0 h. —h,
éw)=e€o | I+ X(w) +w? ( w242 >I —jww. | —h, 0O ha )
hy —hs O
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where the plasma frequency w,, is defined as:

N 2
wy = 4 —, (2.13)
meo

which depends on the free-carrier concentration N and the free-carrier mass .
The free-carrier cyclotron frequency w,

w, = —GHodl (2.14)
m

depends on the free-carrier mass m and is proportional to the magnitude of the
magnetic field. In the demagnetized case (H = 0) equation 2.12 reduces to the clas-
sical Drude formula.

From expression 2.12 it can directly be seen that the presence of a magnetic field
H results in a contribution to the permittivity tensor that is described by an anti-
symmetric tensor. In other words, the magnetic field causes symmetry breaking
in the material response to a light wave. Now, consider the special case of an op-
tically isotropic medium with a fixed magnetic field applied along the y-direction
H = H(0,1,0). The corresponding permittivity tensor can be calculated as:

T+x+ w[(—w—&-%‘)z—wf} 0 w[(—w-{-%f—%ﬂ
wp
é(w) =€o 0 1—|—X+m 0[ |
L dwewp 0 1+ x4+ _wp(wrd)
w[(7w+%)27wg} w[(7w+%)27w2}

(2.15)
This can directly be rewritten in the form of expression 2.2; the diagonal element
€4y remains unchanged with respect to the demagnetized state, the diagonal ele-
ments e, and ¢,, are modified by a contribution quadratic in the magnetic field
H, and the antisymmetric tensor elements ¢, and €., occur. These depend quasi-
linearly on the magnetic field H.
It should be remarked that this model based on the Drude free-carrier theory is
only a simplified phenomenological model used here to illustrate the nature of
magnetooptic effect. A correct description of the magnetooptic properties of ma-
terials requires ab initio quantum-mechanical calculations.

2.1.1.3 Normal modes and Fresnel equations

The Maxwell equations directly lead to the following general wave equation:

-1 0°D

—_ 2 . e
VE+V(VE) = 5T

(2.16)
In an anisotropic medium, such as a magnetized medium, the base orthogonal
polarization states by which the propagation of an arbitrary polarized beam can
be described are unique and have a different phase velocity. These base states are
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called normal modes and they have a harmonic dependence on time and coordi-
nates:
E ~ explj(wt — k- 1)] (2.17)
For these normal modes the wave equation becomes:
n?E—n(n-E) = “E (2.18)
€0
where 1 = (c/w)k is the refraction vector. This eigenvalue problem has a non-trivial

solution if the determinant of the coefficients vanishes:

€ir(w)

€0

det |n%8;;, — nyng — =0 (2.19)
Equation 2.19 is called the Fresnel equation and it determines the refraction vector
n = n(w) of the normal modes. Substitution of a solution into the wave equation
2.18 gives the corresponding eigenvector E of the mode. In general the modes
are elliptically polarized. In a gyrotropic medium — g # 0 — the refraction vector
depends on the handedness of the elliptical mode. This left-right anisotropy — 7,
# n_ —is called the gyrotropy of the medium.

Let us now consider the special case of the Faraday geometry, i.e. the gyration
vector g, hence the magnetization, is parallel to the propagation vector k or, equiv-
alently, the refraction vector n. Consider the magnetization and the propagation
along the y-direction, i.e. g =(0,g,0) and n = (0,n,0). The corresponding solutions
of equation 2.19 read:

ni=e(1+Q), (2.20)

where the signs + correspond to the left-handed and right-handed elliptical po-
larization. The corresponding eigenvectors E of the normal modes are found to
be:

1
1
EL=— 0 exp(jwt — jgniy). (2.21)
\/§ Zl:] C

with the 1/v/2-factor introduced for normalization. This clearly shows that the
non-reciprocity in the Faraday geometry manifests itself as a difference of the
propagation velocity of the circularly polarized normal modes. As an illustra-
tion of how this influences transmitted light we consider a linearly polarized —
along the x-axis — electromagnetic wave traveling along the y-direction of magne-
tization, entering the medium with an amplitude E; at y = 0. We assume a lossless
medium with €' and Q real. The wave excites the two normal modes E4 to a
certain extent:

E=c.E, +c_E_, (2.22)
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where the constants can be found from the boundary conditions at y = 0: E,, = E,
E,=0;

ey +eo =V2Ey,  jley —c) =0, (2.23)
which yields ¢, = c_ = E¢/v/2. Fory > 0 we get:

1 1
E(y) = EEOE-% + EEOE—
cos (%Any) ‘ w
= Ey 0 exp(jwt — j—noy). (2.24)
c

sin (%Any)

withng =(ny +n_)/2and An = (n; -n_)/2. In the first order approximation in Q
—which is valid in practical cases due to the small magnitude of Q — this becomes:

1
no = €, An = 5710@. (2.25)

With propagation through the (transparent) magnetized medium the electromag-
netic wave remains linearly polarized and the magnetooptic effect causes a rota-
tion of the plane of polarization. This phenomenon is the Faraday rotation. It is
well known that the rotation angle 6§ is described by:

2Re[x]
tan(20) = ——5, 2.26
with x the polarization factor:
E;
=—=. 2.27
X=% (2.27)
As such the rotation angle reads:
0 =L Any~ 00y = dpy (2.28)
c 2c

with & = mnyQ/\ the specific Faraday rotation, i.e. the rotation of the polariza-
tion plane per unit length of the sample. Equation 2.28 shows that inversion of the
propagation direction of the light (y — -y) inverses the rotation direction (when
looking into the beam). This shows the non-reciprocity of the magnetooptic Fara-
day effect.

In the case of an absorbing medium, both the permittivity ¢! and the gyration g
have an imaginary part. The refraction coefficients of the normal modes 7, then
read:

1 / 1 1

ny =ng+ =L + j(kig>, (2.29)
2 Un) 2 Nno

in the approximation that |e'| >> max(|¢”|,|¢’|,|g"]). n3 = €' and k is the extinc-

tion coefficient, which is equal to k = €”/2n in this approximation. If a magne-

tized medium exhibits absorption, the imaginary part of the refraction coefficient
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— which is proportional to the absorption coefficient — is therefore different for
right and left-handed circularly polarized light. This effect is called magnetic cir-
cular dichroism (MCD). The direct effect on a linearly polarized electromagnetic
wave traveling through the medium is the introduction of a certain degree of el-
lipticity, i.e. the polarization is changed from linear to elliptical. The ellipticity 1
is calculated as:

. 2Im|[x]
sin(2y) = T2 (2.30)
with x defined by equation 2.27.

Another special case is the Voigt geometry with the gyration vector g, hence
the magnetization, perpendicular to the propagation vector k or the refraction
vector n. Consider the magnetization along the y-direction, i.e. g = (0,,0). The
eigenvalues can directly be calculated as:

= 60

= 1-@Q%. (2.31)

n

T[N ®n N

n

In other words, in the linear approximation in Q the propagation constant in a
bulk medium magnetized along the transverse direction remains unaffected by
the magnetic field. The corresponding normal modes are the s-wave (TE)

H, #0, H, =0, H, #0, (2.32)
and the p-wave (TM)

H,=0, H,#0, H.=0. (2.33)

2.1.1.4 Reflection at a magnetized medium

The amplifying waveguide optical isolator basically is an optical waveguide with
a magnetooptic metal cladding. From a geometric optics point of view the light
travels with a zigzag trace through the waveguide core and the interaction with
the metal is through reflection at the semiconductor-metal interface. It is there-
fore interesting to study how linearly polarized light, traveling through a non-
magnetic material, interacts with the interface between a non-magnetic medium
and a magnetic medium. The non-reciprocal effects that are associated with re-
flection at a magnetooptic medium are called magnetooptic Kerr effects. Different
Kerr effects can be distinguished depending on the orientation of the magneti-
zation with respect to the direction of the wave propagation and the normal to
the surface. The various geometries are illustrated in figure 2.1. The polar effect
(figure 2.1(a)) occurs if the magnetization M is oriented perpendicularly to the re-
flective surface and parallel to the plane of incidence. In the longitudinal Kerr con-
figuration figure 2.1(b) M is parallel to both the medium interface and the plane of
incidence. The general feature of the polar and the longitudinal effects is the pres-
ence of a non-zero projection of the wave vector k of the electromagnetic wave on
the magnetization direction M. The influence of the magnetization in both these
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Figure 2.1: Magnetooptic Kerr effects taking place when light is reflected from the surface of a mag-
netized material: (a) polar, (b) longitudinal (meridional) and (c) transverse (equatorial)
effects. The subscripts p and s in E, and E; indicate p and s polarization of the light
wave.
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Figure 2.2: Schematic diagram of the transmission of light through an interface between a non-
magnetic medium and a transversely magnetized medium.

effects is a rotation of the plane of polarization and the appearance of ellipticity
of the reflected light. Especially the rotation of the polarization plane due to the
polar Kerr effect is important in the field of data storage, since it is the basis of
the reading process of magnetooptic disks. As a direct consequence, for the class
of materials used in magnetooptic recording — transition metal alloys — the most
prominently tabulated quantity in literature is the Kerr rotation angle (at the blue
side of the visible wavelength spectrum):

O = —Im <Q”) . (2.34)

n?—1

The third possible Kerr geometry is that in which the transverse or equatorial
Kerr effect occurs, depicted in figure 2.1(c). It is observed when the magnetization
vector is oriented perpendicularly to the plane of incidence of the light, and it
manifests itself in the change of the intensity and phase of the linearly polarized
light reflected by the magnetized medium. In the rest of this section we limit
ourselves to this case of the transverse Kerr geometry, as this is the configuration
relevant for the optical isolator. A more detailed picture is given in figure 2.2.



2.1 Magnetooptics and magnetooptic waveguides 2-11

Consider first a TM-polarized, or p-polarized, plane wave incident on the inter-
face between non-magnetic and magnetic medium. The electric field vectors of
incident and reflected wave can be written in terms of the projection on the coor-
dinate axes as:

stng w
E; = E; 0 exp(jwt — j—n; - r)
c
oS}
—sing w
E. = E, 0 exp(jwt — j—n, - ). (2.35)
cos¢p ¢
where
n; = nyy(—cose,0, sing), n, = nyp(cosp,0, sing). (2.36)

Apart from the reflected wave there is obviously also a transmitted wave traveling
through the magnetized medium. If a p-wave is incident on the interface this
transmitted wave is the p-polarized normal mode of this medium (equation 2.33).
The corresponding refraction vector reads:

n; = ny(—cosgy, 0, singy). (2.37)

with, according to equation 2.31:

ng=np(l— Qz)% /2y (linear approximation in Q) (2.38)
and sin¢, is defined by Snell’s law:

2

$ing, cosgy = (1 — nj\gM 5in2¢)%. (2.39)
nm Ny

nNm

sing; =

The electric field of the transmitted wave can be derived from the wave equation
2.18, where we limit ourselves to a linear approximation in Q as |Q| < 1:

singy + jQ/cosoy .
E; = E; 0 exp(jwt — j—ny - ¥) (2.40)
oSy ¢

The wave described by the equation 2.40 is elliptically polarized in the plane of
incidence; in addition to the ordinary transverse component present in the ab-
sence of magnetization, it contains an extra field component along the x-direction,
shifted in phase and proportional to Q, hence to the magnetization. In what fol-
lows we will show how this extra field component gives rise to non-reciprocity
of the reflection and transmission coefficients of the light at the interface between
non-magnetic and magnetic medium. This phenomenon is called the transverse
magnetooptic Kerr effect.

The magnetic fields of the three waves can easily be derived from the Maxwell
curl equation

V x E = —jwuoH (2.41)



2-12 Theoretical study of non-reciprocity

which in this case takes the form

egcn x E=H. (2.42)

From this and from equations 2.35 and 2.40 the magnetic fields can readily be
found:

Hwizaymmhmmmmm—j%mm,ﬂ (2.43)

with

H; = egenym B, H, = —egenym Er, Hy = egenp (1 + jQ taneg,) Ey.

Now from the Maxwell equations the boundary conditions for the electric and
magnetic field components at the interface between the two media can be derived,
stating that the tangential components of E and H-field are continuous:

Eiz + Erz = Etza sz + Hry = th~ (244)
Substitution of equations 2.35 to 2.43 into equation 2.44 gives:

(Ei + E)cosp = Ey cosgy
nnm (B — E.) = ny Ei(145Q tandy). (2.45)

Now we can readily determine the formulas for the reflection ¥ and transmission
t? coefficients at the interface between a non-magnetic and a magnetic medium.

o B costi— 1 coso(l+jQ tang)
E; cospy +n cosd(1l + jQ tandy)
E 2
o2t cosp : (2.46)
E; cosdy + necosp(1 + j@Q tangy)
with n = *L. Using a linear approximation in Q the magnetic and non-magnetic
contribution can be separated:
N S I
P = th+jotP, (2.47)
with
—251n¢coso

or? =

(n cosd + cospy)?
B 2n cosp>tang,
St = (1 costs 1 cosen)? Q (2.48)

and r} and t} the conventional Fresnel coefficients
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» cospy — n cosp
T, = — (7 ———————
cosp, + n cosg
2
t cosg (2.49)

cos¢y + 1 cosgp’

The magnetooptic effect manifests itself as a modification of the reflection and
transmission coefficients at the interface between a non-magnetic and a magnetic
medium. This change is linear in Q hence in the magnetization. This implies
that switching the direction of the magnetization switches the sign of §r” and 45t”.
In the next paragraph we elaborate how the modification of the reflection and
transmission coefficients gives rise to the non-reciprocal loss shift that is the basis
of the amplifying waveguide optical isolator studied in this work.

So far we have considered a p-polarized wave incident on the interface. If the
incident wave is s-polarized (TE-polarization), the electric field vectors of incident
and reflected wave read:

E, = L

) w
exp(jwt — j;l’li - 1)

E. = E,

o O O =O

exp(jwt — j%nr - T). (2.50)

with n; and n, as defined in equation 2.36. The s-polarized wave gives rise to
a wave propagating through the magnetized medium with refraction vector n;
= ny(-cos¢y,0,5in¢,) with n, defined by equation 2.31. The corresponding electric
field can be found from the wave equation 2.18:

0
E=E| 1 |epwt - j%nt~r). 2.51)
0

The transmitted wave is purely s-polarized, hence the presence of the magnetiza-
tion has, in a linear approximation in Q, no influence on the TE-polarized light.
The corresponding reflection and transmission coefficients are therefore equal to
the conventional Fresnel coefficients. The situation changes when gyromagnetic
effects must be taken into account (Qj;) which cause a transverse Kerr effect for
TE-polarized light interacting with the interface between a non-magnetic and a
magnetic medium.

2.1.2 Three-layer slab with a magnetooptic cladding

In this section we discuss the special case of a three-layer slab with a laterally mag-
netized magnetooptic cladding — with the magnetization M along the y-direction
—as depicted in figure 2.3. It consists of a non-magnetic substrate, a non-magnetic
guiding core and a magnetic metal top layer. While this is a simplified version
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Figure 2.3: Schematic drawing of a slab waveguide, with indication of the symbols used in the theo-
retical elaboration.

of the real isolator structure, the basic principles remain the same, hence it is
instructive to perform this exercise. The main advantage is that this structure
can straightforwardly be calculated rigorously by solving the Maxwell equations.
This is elaborated in paragraph 2.1.2.2. On the other hand, geometric optics can
be used to gain physical insight in the operation of the metal-clad optical isola-
tor; in the next paragraph it is shown how the magnetooptic reflection coefficient
translates to a non-reciprocal change of the modal propagation constant. In the
last paragraph 2.1.2.3 of this section we investigate how the non-reciprocal effect
in a three-layer slab waveguide can be associated with the magnetooptic Faraday
effect and magnetic circular dichroism.

2.1.2.1 Geometric optics approach

A waveguide mode of the structure of figure 2.3 can be represented by a super-
position of two plane waves. One of the plane waves may be considered as the
incident wave, whereas the other may be viewed as the reflected one. If the su-
perposition represents a guided mode, confined in the waveguide core, the plane
waves experience total internal reflection at both interfaces with substrate and
(magnetized) superstrate. However, the condition of total internal reflection is
only a necessary condition for a guided mode, but not all rays trapped by total
internal reflection constitute a mode. A mode, by definition, must have a unique
propagation constant and a well-defined field amplitude at each point in space
and time. A mode E,,(x,z,t) = Eg(x) exp(j(wt — 3z)) can be represented by a zigzag-
ging plane wave of the form:

E,, = Eq exp(j(wt — Bz — hx)), (2.52)
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with Ey a constant vector, 3 the propagation constant and / the transverse wave
number in the core:

T
h = %n cospe = K””) - 52} . (2.53)

c

Now, call Az the longitudinal distance traveled by the plane wave in one zigzag
during a time At. With ¢y, and ¢, the — possibly complex — phase shifts encoun-
tered by the plane wave upon reflection at the upper and lower interface respec-
tively, the total phase shift after one zigzag equals:

WAL — BAz — 2hd + s + bs. (2.54)

with d the thickness of the core layer (figure 2.3). Now, a guided mode E,,(x,z,t) =
Eo(z) exp(j(wt — Bz)) traveling along the z-direction will gain a phase shift of wAt
- fAz. Consequently, the condition for a zigzagging plane wave to be a guided
mode is that the extra transverse phase shift is equal to an integral multiple of 27,
that is,

—2hd + opr + ¢ = —2mm (2.55)

with m an integer. The minus sign preceding 2mr is chosen such that m corre-
sponds to the TE,, and TM,,, modes of the waveguide. In order to solve this
equation — that is, finding the propagation constant 3 — the phase shifts ¢a; and ¢,
need to be expressed in terms of 3. Let us first consider the case of a TM-polarized
guided wave. The phase shifts ¢,/ s are obviously related to the reflection coef-
ficient at the interface between the two media through 7y s = exp(joas,s). For the
reciprocal interface between core and substrate the reflection coefficient r, is given
by the Fresnel formulas:

_ COSps — 1] COSP,

T = s T cosd, (2.56)

For the non-reciprocal interface between core and magnetized superstrate the re-
flection coefficient r is expressed by formula 2.463

cosppr —m cosde(1 — jQ tandyy)

= . 2.57
M cosdrr +1m cosde(1l — jQ tandar) 2.57)
Now, define the p and ¢ parameters as:
. onfuw  nfw
P =j—-—nn cos(dar) =j—5 s cos(¢s). (2.58)
ny, c n? c

As such, p and g are proportional to the transverse components of the wave vector
k or the refraction vector n=(c/w)k in the superstrate and the substrate respectively.
In terms of the &, p and § parameters the reflection coefficients read:

3Notice the change of the sign of the non-reciprocal term with respect to formula 2.46, which is
due to the different orientation of the coordinate axes in the current example. This is the mathematical
analogy of the fact that the sign of the magnetooptic effect in the case a magnetic superstrate is opposite
to that for a magnetic substrate, at a fixed magnetization direction. This originates from the difference
in sign of the modal longitudinal field component in the superstrate and the substrate.
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S Jja+nh
’ Jq—h
i+ h(1+ %.ﬁ:%) 259
M = . .
jp = h(1+ L)

The corresponding phase shifts ¢,; and ¢, are the (complex) arguments of 75 and
rs respectively and can be calculated as:

¢s = 2tcm1<g)

;= 2tan” p). 2.60
o <h(1 A o (2.60)
M

In the expression for the phase shift ¢ at reflection at the magnetized medium
an extra term linear in the propagation constant 5 appears. This implies that
this phase shift depends on the propagation direction of the light; Gtorwara = -
Bbackward- This is the direct proof of the presence of non-reciprocity.

With equations 2.60 expressing the phase shifts at the interfaces substrate-core
and core-magnetic material in terms of the complex propagation constant of the
traveling mode (3, the guided mode condition (equation 2.55) can be solved in the
complex propagation constant § of the non-reciprocal slab waveguide. With the
aid of the mathematical identity:

tan™(x) 4+ tan" (y) = tan™! (1x—+xyy> (2.61)

for -1 < x,y < 1, the eigenvalue equation of the three-layer slab is obtained:

h<q+1+Qﬁng)
tan(hd) = e pM : (2.62)
1+88 5

"M

This shows that the non-reciprocal phase shift at the core-magnetic material in-
terface translates to a change of the (TM-polarized) modal propagation constant,
and this change is non-reciprocal. It needs to be remarked that for realistic values
of the Q-parameter the magnetooptic term in the denominator of equation 2.60
is small compared to 1, hence the phase change due to the magnetooptic effect is
quasi-symmetric around the non-magnetic value (Q = 0).

We illustrate the non-reciprocity by calculating a three-layer magnetooptic wave-
guide consisting of an InP substrate (n5upstr = 3.2 at A = 1300nm), an InGaAlAs
core (Meore = 3.57 at A = 1300nm) and a CosoFesq superstrate. The optical and
magnetooptic parameters of CosoFesy have experimentally been determined, as
elaborated in chapter 3: ncoy res, = 3.2-4.5] and gcosoFes, = -1.7+1.7j. In figure
2.4 the real and imaginary part of the effective indices of a forward (top) and
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Figure 2.4: At propagation through a magnetized waveguide the complex effective index of a guided
mode changes non-reciprocally. In black the TM modal propagation constant of a magne-
tized waveguide is plotted, while the grey curves represent the non-magnetic situation.

backward (bottom) traveling mode are plotted as a function of the thickness d of
the waveguide core. The grey curve shows the non-magnetic situation, the black
graph the case of a magnetized superstrate. For the chosen set of waveguide para-
meters a forward mode undergoes a (slight) increase of the real part of its effective
index and a significant decrease of the extinction coefficient — hence of the modal
absorption o = 47” |k| — while for a backward mode the (absolute value of the) ef-
fective index decreases and the modal absorption increases. In other words, the
presence of a magnetooptic effect generates non-reciprocity of the propagation
constant of the guided mode. The ratio between the real and the imaginary part
of the non-reciprocal effect is heavily determined by the material choice of the
layers comprising the waveguide.

For a TE-polarized guided wave propagating in a laterally magnetized wave-
guide, no magnetooptic terms linear in the propagation constant appear in the
reflection coefficients, as calculated in section 2.1.1.4. From this it directly follows
that there is no non-reciprocal change of the propagation constant.
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2.1.2.2 Analytical calculation

The special case of a three-layer (magnetooptic) slab can straightforwardly be
solved rigorously. Again we consider the configuration illustrated in figure 2.3.
The Maxwell curl equations in each layer read:

VXE = —jwugH,
VxH = jwéE. (2.63)

with &; the permittivity tensor of the corresponding medium. All fields f are of
the form:

f(@,y,2,1) = F(z,y)exp(jwt — jBz), (2.64)

with 3 the — possibly complex — propagation constant. In the case of a slab wave-
guide the electromagnetic fields are invariant in the y-direction hence the field ex-
pressions are independent of the y-coordinate. It is well known that a slab wave-
guide with a diagonal permittivity tensor carries either transverse electric (TE) or
transverse magnetic (TM) modes. The non-vanishing fields for TE-polarization
are then E,, H, and H, whereas for TM-polarization E,, H, and E. are non-zero.
Contributions €, or €, to the permittivity tensor of a medium thus would cou-
ple the TE and TM modes. An example is a gyrotropic medium that is magnetized
along the propagation direction of the light, an effect which is applied in the wave-
guide version of a Faraday rotator. If on the other hand, the only nonvanishing
off-diagonal elements of the permittivity tensor are €. and €., then the eigen-
modes of the structure retain their TE or TM character. This is the case for the
laterally magnetized medium considered here, for which the permittivity tensor
reads:

M 0

€ —Jjg
é]u = €0 0 EM 0 (265)
jg O eM

with €™ =n2,. We neglect here the second-order magnetooptic contributions to
the diagonal elements of the permittivity tensor. The material response to the
electric fields in the waveguide core and the substrate are described by:

~ c,s
€c,s = €0€

o O =
o = O

0
0. (2.66)
1

with €* = n2 .. Hence, the solutions of the three-layer slab isolator of figure 2.3
are pure TE and TM modes. The general solution for TM modes is:

E(x,2,t) = [E.,0,F,] exp(jwt — jBz),
H(Jf,Z,t) = [O7Hy70] exp(jwt—]ﬁz) (267)
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Substituting equations 2.67 into equations 2.63 results in a differential equation
describing the (transverse) magnetic field H, in the magnetooptic medium:

92H 6M2 . 92
ax2”+ [kﬁ ke 52} H, =0, (2.68)
which, in a linear approximation in the gyrotropy constant g, reduces to:
0?H,
st [kSeM F 62] H, =0. (2.69)

As such, in a first order approximation the non-reciprocal term does not appear
in the differential equation, but instead in a continuity requirement at interfaces
between adjacent media, as will be proven later. This is the mathematical equiva-
lence of the fact that for a bulk medium in the Voigt geometry (k L M), for which
the normal modes are the TE and TM linearly polarized waves, the magnetooptic
effects are quadratic in the gyrotropy, hence reciprocal of nature. For the wave-
guide core and substrate the differential equations expressing the magnetic field
equivalently read:

0*H,
Ox?

The solution of the differential equations 2.69 and 2.70 for the three-layer slab
isolator — in a linear approximation in g — can be written as:

+ [kge - 52] H, =0. (2.70)

C [Zcos(hd) + sin(hd)} exp(—plz — d)) d<z
2.71)

y(@) = C {Zcos(hx) + sin(hx)] 0<z<d
%Cexp(qx) <0

with d the thickness of the waveguide core, C a normalization constant and #, p, p,
g and g defined as:
new > 12
- i) )
C o

2_
nyw _ 2
p={ﬁ2—( p > . P=ED,

211 .
g= [ﬁQ - (”‘”) L a=1%0. (2.72)

c

=

Obviously these parameters /1, p and ¢ are identical to ones defined in equations
2.53 and 2.58. The boundary conditions at the layer interfaces require that the
tangential field components H, and E, are continuous. The expression for the
longitudinal field E, can directly be found from the Maxwell curl equations 2.63:

Of, | ?Mﬁﬂy} (2.73)

ox €

wepeM

B(a) = —2 [
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for the magnetooptic superstrate and:

—j O0H,y
E,(z) =
(2 wepess Oz

(2.74)

for the waveguide core and substrate. Expressions 2.71 are written such that the
boundary condition of H, continuous is automatically fulfilled at both interfaces
and that E, is continuous at the core-substrate interface. The eigenvalue equation
that yields the solution of the three-layer slab hence follows from the requirement
that E, is continuous at the interface between core and (magnetooptic) superstrate:

2
(avo)-34])
tan(hd) =

o |y _aesmz]’
h qp|:1 p"i1:|

(2.75)

with Q = g/e™. This eigenvalue equation involves a linear term in the propagation
constant 3. Therefore, the equation has a non-reciprocal solution in 3.

Obviously, this equation must be identical to the one derived on the basis of geo-
metric optics (formula 2.62). Using the Maclaurin series expansion:

R B (2.76)
1—=z
for -1 < x < 1, equations 2.62 and 2.75 indeed become identical in a first order
approximation in the magnetooptic parameter Q.
For TE polarized light the eigenvalue equation that can be obtained by solving
the Maxwell equations is:

h(p +q)

tan(hd) = "2 pg’

(2.77)

again in a first order approximation of the non-reciprocal effect. As no linear terms
in 3 appear in the eigenvalue equation, TE modes are reciprocal.

2.1.2.3 Faraday rotation and magnetic circular dichroism

An intriguing question is whether the non-reciprocal effect that occurs in the
metal-clad waveguide optical isolator can be traced back to the Faraday effect or
the Voigt effect, combined with magnetic circular dichroism (MCD) respectively
magnetic linear dichroism (MLD) in dissipative media [4]. Remember that the
Faraday effect manifests itself as a difference of the effective refractive indices
ny and n_ of left-hand and right-hand circularly polarized light in a magnetized
medium. MCD states that the absorption of these two circular polarizations is
different. The Voigt effect and MLD are the analogies for linearly polarized light.

Again, consider the slab waveguide of figure 2.3; the Maxwell equations that
describe the TM-mode field components are:
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bz, 2t) = Hy(e)eopliot — j52)
_ _J O _ B o
ex(x,2,t) = e 02 weoeiHy(a:)emp(]wt JiBz)
—j Ohy
T, 2,1) = P 2.78
e=(z,2,1) weget Oz ( )

with €’ the relative permittivity of the corresponding medium. It is well known
that the solution for the magnetic field amplitude H,, in the top cladding layer of
the slab reads:

Hy(z) = Cexp(—jky[x — a]), (2.79)

with

ke = (K2n? — §)* (2.80)

the transverse component of the propagation vector in the top cladding, n the
refractive index of the top cladding material, C a normalization constant and a the
coordinate of the interface with the underlying layer. Analogous considerations
can be made for the bottom cladding. Furthermore, the Maxwell equations 2.78
yield the following relation between the longitudinal and the transverse electric
field components:

- ;jaez(xvzvt)

e.(z,z,t) = 3 o (2.81)

or, with
eol@,2,) = Bu(@)eap(jot — j02),  ex(w,2,1) = Ex(x)eap(jwt — jB2), (2.82)

E.(x) = %8%;(96)'

(2.83)

Substitution of the expression for the magnetic field (2.78) leads to a very simple
formula relating the longitudinal and the transverse electric field amplitudes in
the top cladding of a slab waveguide:

E.(z) = "2 E,(x). (2.84)
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This shows that in the top cladding layer (and in the bottom layer) of a TM-mode
slab waveguide the ratio between longitudinal and transverse electric field is con-
stant. This ratio is exactly the polarization factor x as defined in equation 2.27:*

E. ke
B (2.87)

X

which can directly be rewritten as:

TL2 y
X =+ 5L -1 (2.88)
Mers
with 7, the refractive index of the cladding material and 7. the effective index
of the guided mode and the plus and minus sign for respectively forward and
backward propagating light.
Assume for a moment that the three-layer slab waveguide consists only of
non-dissipative media. For this structure the effective index of a guided mode is
obviously purely real and obeys the relation:

€core > €eff > mam(ecladding) (289)

with e.f¢ = ng £ As such, the polarization factor for a TM-polarized mode x
is purely imaginary® with a magnitude between 0 and 1. In other words, the
TM-guided mode in the magnetooptic cladding is elliptically polarized in the xz-
plane, with a different handedness for modes propagating in opposite directions
(nefr — -neys). Now, because an elliptically polarized light wave can be decom-
posed into a left and right circularly polarized component, the amplitude of the
electric field vector in the magnetooptic top cladding can be expressed as:

1
Eo(z) = Eu(z) OI\
+7Ix
RN + e N (2.90)
1\/5 j 2\@ _j ) .

4The polarization factor x completely describes the polarization state. Indeed, the orientation of
the major axis of the polarization ellipse 6 and the ellipticity angle ¥ — the angle between the major
axis of the ellipse and diagonal that circumscribes the ellipse — are expressed as:

2
tan20 = RE[X]Q , (2.85)
1— x|
. 2Im|x]
sin2y = . 2.86
YT Ix[? (280

Ellipticity can also be defined via the coefficient e which is the ratio of the minor to the major axis of
the polarization ellipse (e = taniy)). A wave is called elliptically polarized if the ellipticity is different
from zero. A special case is that of the circularly polarized wave with |e| = 1.

5This is the equivalent of the fact that the transverse E, and the longitudinal E field amplitudes
are in perfect quadrature.
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with the plus and the minus sign corresponding respectively to a forward and
backward propagating mode. Due to the magnetooptic Faraday effect the effec-
tive refractive index of the left- and right-circularly polarized component is diffe-
rent. The c-coefficients can be calculated as:

a=D0En) o=
As such, if the polarization factor y is different from zero, meaning that the po-
larization of the TM-mode in the top cladding is not linear in the xz-plane, the
Faraday effect results in a net difference of the effective refractive index of for-
ward and backward propagating light. This net effect is maximized if the light
wave is circularly polarized, i.e. |x| = 1.
In view of this, one expects the magnitude of the polarization factor to appear in
the guided mode condition of the magnetooptic waveguide. Indeed, with x = %”

(1% ). (2.91)

= %’ the TM-mode eigenvalue equation 2.75 for a transparent waveguide can be
rewritten as:

(o))
tan(hd) = . (2.92)
h? — qp[l — ‘;’l}

This discussion can directly be extended towards slab waveguide structures
with an absorbing magnetooptic top cladding. In this case the components of the
propagation vector § and k, have a real and an imaginary part, hence, according
to equation 2.87, the polarization factor can be complex. In other words, the trans-
verse and longitudinal electric field components are not necessarily in quadrature.
Expression 2.88 obviously still holds and shows that the magnitude of the polari-
zation factor x can in principle have any value between 0 and infinity. Again the

electric field vector of the light wave in the top cladding layer can be decomposed
into a left and a right circularly polarized component:

1
Eo(z) = Ey(z)| O
X
= c L (1) +ec L (1) (2.93)
- 1 \/5 . 2 \@ = ) .
J J
with the c-coefficients given by:
= 1- = 1+7x)- 2.94

In dissipative media the magnetooptic Faraday effect is accompanied by MCD
which causes a difference of the absorption of right and left-handed circular po-
larization. Expression 2.94 shows that again the net magnetooptic effect due to
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Faraday/MCD is maximized if the light wave is circularly polarized in the top
cladding layer, with |x| = 1 and Zx = 5. An extensive study on how the polariza-
tion factor x is influenced by the materials choice and the dimensions of the slab
waveguide will be given in section 2.3.

In the case of dissipative media there is another important contribution to the
non-reciprocal absorption shift caused by the effect of magnetore-flectivity at the
magnetooptic metal interface. The TM-mode eigenvalue equation 2.75 of the mag-
netooptic waveguide shows that the non-zero off-diagonal elements in the permit-
tivity tensor of the magnetooptic metal cause a change of the components of the
modal wave vector in the different layers of the waveguide. In other words, the
modal field profile is modified. As a result, the amount of light that penetrates
into the metal changes due to the presence of the magnetization. Since the optical
absorption by a metal is directly proportional to the amount of light inside metal,
the absorption of a waveguide mode is also modified.

We will now investigate these two magnetooptic effects contribute to the to-
tal non-reciprocal loss shift on a three-layer slab waveguide with a magnetooptic
metal cladding. It is important to remark that this exercise is purely academic,
as both contributions are essentially inseparable and determined by the guided
mode condition 2.75 of the magnetooptic waveguide. Solving this equation for a
mode traveling in each of both propagation directions directly results in the exact
value of the propagation constant, hence to the exact value of the non-reciprocal
loss shift, containing both the effect of magnetoreflectivity and MCD. However, it
is possible to estimate the influence of both effects separately by using the formu-
las of ray optics, elaborated in section 2.1.2.1. The absorption of a traveling mode
« can be related to the reflection coefficients at the core-substrate r, and core-metal
7y interfaces by formulating the power decrease of the mode after having traveled
one zigzag path in the waveguide core:

Pp = Pjyexp(aAz)
= Palrul*lrs|?, (2.95)

hence

In(|racf|rs|?)
= 2.96
o = S, (296)
with Az the longitudinal distance between points A and B, as indicated on figure
2.5. For a guided mode in a waveguide containing absorbing media, the mag-
nitude of these reflection coefficients is different from one. Az can be calculated
as:

A, =2d tan(pe) = 2d%,
with h and 3 the transverse and longitudinal component of the wave vector in
the core. In the next paragraph it is discussed how equation 2.96 can be used to
calculate the non-reciprocal loss shift caused by both the MCD and the magneto-

reflectivity.

(2.97)
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Figure 2.5: Schematic drawing of a slab waveguide, with indication of the symbols used in the theo-
retical elaboration.

Magnetic circular dichroism The effect of magnetic circular dichroism (MCD)
causes a difference of the absorption of right and left circularly polarized light.
The contribution of MCD to the total non-reciprocal loss shift can be calculated by
initially solving the guided mode condition 2.75 for the waveguide in the demag-
netized state (Q = 0). This way the components of the propagation vectors #, p,
g and g in a standard (non-magnetic) metal-clad waveguide are obtained. Next,
the magnetization is switched on. The corresponding reflection coefficient at the
magnetooptic metal cladding is expressed by equation 2.59:

2
Jp+ (L + 90 298
P h+ L) '
M
while the reflection coefficient at the substrate follows the standard fresnel for-
mula:

M

_Jq+h
Jjqg—nh
With the reflection coefficients 7, and 7, the absorption of forward and backward

propagating modes can be calculated through equation 2.96. This directly leads
to the contribution of magnetic circular dichroism to the non-reciprocal loss shift

AQMCD-

(2.99)

S

Magnetoreflectivity For the calculation of the contribution of magnetoreflecti-
vity we start by solving the eigenvalue equation 2.75 of the magnetooptic wave-
guide — with Q # 0. This directly directly results in the correct values of the wave
vector components in the different layers of the magnetooptic waveguide, that is
of the parameters /, p, g and §3, different for forward and backward propagation.
The wave numbers obviously yield the modal field profile through equations 2.71
and 2.72. The influence of magnetoreflectivity can now be found from the calcu-
lated values of p, 4 and & by considering the waveguide as a standard reciprocal
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structure for which the reflection coefficients at the core-substrate interface r, and
the core-metal interface 7, are expressed by the Fresnel formulas:

_ ja+h
’ Jq—h
5+ h
ru = 22X (2.100)
Jjp—h

Substitution of equations 2.100 into the expression for the absorption coefficient
2.96 and subtracting the result for forward and backward propagation direction
yields the non-reciprocal loss shift generated by the effect of magnetoreflectivity
Aa MR-

Total non-reciprocal loss shift The total non-reciprocal loss shift is the sum of
the magnetic circular dichroism and the magnetoreflectivity contribution:

Aaiotar = Aayep + Aapg. (2.101)

As an example we simulate the magnetooptic three-layer slab that was also calcu-
lated in section 2.1.2.1; a waveguide consisting of an InP substrate (11ypstr = 3.2 at
A =1300nm), an InGaAlAs core (1.0 = 3.57 at A = 1300nm) and a Cos¢Fesy metal
superstrate (Ncog, Fes, = 3.23-4.5], §Co50 Feso = -1.7+1.7]). In figure 2.6 the evolution
of the non-reciprocal loss shifts Acioter, Acarep and Ay r with the thickness of
the waveguide core is plotted. As a reference, the exact solution, as elaborated ear-
lier in sections 2.1.2.1 and 2.1.2.2, is also depicted. It can clearly be concluded that
the sum of the magnetoreflectivity (MR) and the MCD contribution corresponds
well to the exact solution. This confirms the validity of the statement that the non-
reciprocal loss shift in a metal-clad optical isolator originates from the combined
effect of magnetoreflectivity and magnetic circular dichroism.

The results plotted in figure 2.6 show that for this particular waveguide exam-
ple the two contributions to the magnetooptic effect have opposite signs, which
obviously causes the overall non-reciprocal loss shift to be lower than each of the
contributing effects. Simulations of different waveguide structures however show
that this is not a fundamental rule, but instead that both contributions can have
identical signs. For example for a three-layer slab waveguide identical to the one
used for figure 2.6 but with a SiO; substrate (15,0, = 1.45 at A = 1300nm) both
magnetooptic contributions are positive.®

2.2 Calculation of non-reciprocal waveguide structures

As extensively discussed in the previous section a three-layer magnetooptic wave-
guide can easily be calculated either analytically or on the basis of geometric op-
tics. If the number of layers exceeds three, as is the case in a practical amplify-
ing waveguide optical isolator, different simulation algorithms are required for as

®However, it might be clear that this not necessarily means that the magnetooptic performance is
higher. The impact of the materials choice on the isolator performance is extensively discussed in
sections 2.3 and 3.4.5.
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Figure 2.6: Evolution of the non-reciprocal loss shift with the thickness of the core of a three-layer
slab. The sum of the magnetoreflectivity (MR) and the magnetic circular dichroism
(MCD) contribution is equal to the non-reciprocal loss shift obtained by solving the
magnetooptic waveguide.

both the analytical and the ray optics method become too complex. This section
deals with the calculation of practical optical isolators. We start by discussing the
expression for the non-reciprocal change of the propagation constant on the basis
of a first-order perturbation approach. Next, we focus on the issue of a suitable
figure-of-merit of the amplifying waveguide optical isolator. Finally, we deter-
mine a number of general design rules that optimize the isolator performance.

2.2.1 Perturbation calculation

If for a magnetooptic ferromagnetic metal the magnitude of the off-diagonal el-
ements eyg of the permittivity tensor ¢ is small compared to the magnitude of
the diagonal tensor elements eqe’, perturbation techniques may be used to de-
duce the TM eigenspectrum — eigenvalues and eigenvectors (modal profiles) — of
the magnetized waveguide from the eigenspectrum of the isotropic waveguide.
The optical and magnetooptic properties of the ferromagnetic metal compositions
used throughout this work are further discussed in section 3.2, but at this point
it is important to stress that for all of these compositions the magnitude of g is at
least an order of magnitude smaller than that of €°, hence it is justified to consider
the magnetooptic effect as a perturbation.

The derivation of the perturbation formulae has to be done with great care as
the unperturbed eigenspectrum is not power orthogonal, due to the metal losses
already present in the unperturbed waveguide. As a result the perturbation for-
mulae do not bare any resemblance to those traditionally encountered when cal-
culating non-reciprocal TM phase shift in YIG-based magnetooptic waveguides
[5]. In that case, the original modal spectrum can be orthogonalized using the
power integral of the modes, as the unperturbed waveguide is lossless. For lossy
waveguides instead the orthogonalization of the original modal spectrum is done
through the fundamental Lorentz reciprocity theorem. The derivation of the per-
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turbation formula for lossy magnetooptic waveguides has been developed by
Vanwolleghem [6, 7], and shall not be repeated here. In the same work, the va-
lidity of the perturbation approach is numerically proved by showing that a rig-
orous model and the perturbation formalism achieve the same accuracy for the
non-reciprocal Kerr absorption.

In this text we limit ourselves to a summary of the important expressions of the
perturbation model, more specifically in the special case of transverse magnetoop-
tic non-reciprocal waveguides (see figure 2.5). The first-order perturbation non-
reciprocal TM phase shift is given by:

I [g(z,y)E EVEO drdy

Ap = —jweg )
ff[ O)H(0 g(] a(cO)] dxdy

(2.102)
with EEO) and H, Z(-O) (i = x,y,z) the field amplitudes of the unperturbed TM-mode:

EO(x,z,0) = [E,0,BY)] exp(jwt — jf2),
HO(z,2,t) = [O,HZSO),O] exp(jwt — j52). (2.103)

The important formulae for the isolator design that can directly be derived from
this expression are the necessary length L, for a non-reciprocal phase shift = —
when designing a non-reciprocal Mach-Zehnder interferometer — and the non-
reciprocal absorption difference between modes propagating in opposite direc-
tions Aa — used in an amplifying waveguide optical isolator, which is the main
focus of this work:

(0) 12(0)
s Zac\ g(z,y)Ey ' E; 7 dxdy
L = Srreing =~ —a |V ff(o>( (0)) 0 77(0) (2.104)
[Re[Af]] I [EOH - B | dedy
and
£ 5O
E© dzd
Aa = ATm[Af) = — =" S o@.)E sl (2.105)

Zuah || J BB~ B H| dedy

with Zy4c = v/ 10/ €0 the vacuum impedance. In what follows we drop the index
(0) in the modal field amplitudes.

In the case of a metal-clad slab waveguide the gyrotropy g is zero outside the metal
and constant throughout the metal layer and the expression for the non-reciprocal
phase shift AS can be rewritten as:

Aﬂ fmetal B L dx
= e T e

with E, and H,, both zero for the pure TM-mode of a slab waveguide. If we now
assume that the unperturbed modal profiles have been properly normalized, the

(2.106)
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denominator in equation 2.106 equals 2 and the behavior of Aj is entirely de-

termined by the gyrotropy constant ¢ — an experimentally determinable material
property — the wavelength of the light — through w = 2% — and the field integral

..ot E<E=dx. The latter is obviously influenced by the exact slab layer structure.
For a slab waveguide, this field integral can easily be evaluated. Within a homo-
geneous region, the Maxwell equations yield (equation 2.83):

—j dE,
= . (2.107)
ko’rleff dx
Using this relation, the field integral evaluates to:
/ E,E.dr = —J / d(Ex)Qda:
metal R 2k0n6ff metal dx
J 2 2
= E.(x; — (By(2e— , 2.108
S [(Belai))” = (Balw )] @108)

with x;; and x._ the x coordinates infinitesimally above the magnetooptic metal-
semiconductor interface and infinitesimally below the interface between the mag-
netooptic metal and any top layer (such as gold or air), respectively. The expres-
sion for the non-reciprocal loss shift for a metal-clad slab waveguide hence be-
comes:

Ba=rm| (Bl = (ol (2.109)
In a transparent waveguide the transverse E field component of a TM-mode has
a constant phase angle throughout the structure. This implies that by properly
normalizing the modal profiles, E, can be made purely real. Equation 2.109 learns
that the non-reciprocal loss shift A« is in that case entirely determined by the
imaginary part of the gyrotropy constant g. In contrast, in the lossy waveguides
studied throughout this work the modal field profiles exhibit a non-negligible
phase front curvature in the neighborhood of and within the absorbing layer. This
follows directly from the differential equation that describes the transverse electric
field amplitude E:

— ¢
neffZ'Uac

1 0%E,

E,(x) 0x?

whose right-hand side is a complex constant in case of a waveguide containing

dissipative media. This phase front curvature implies that E; is no longer purely

real and according to equation 2.109 both the real and the imaginary part of the

gyrotropy influence the value of Aa. As such, this formula can be rewritten in
terms of the complex moduli and complex arguments:

e (2.110)

Em i 2
Aa = lollBr i) sin(£g + 24Ey(zi4))

Z’uac|neff|
gl By (ze-)?

sin(£g+2/FE(xe_)), 2.111
Zonelner ]| (Zg (Te-)) (2.111)
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where the phase angle of the effective index is neglected. In most practical cases
the metal layer is sufficiently thick to be optically opaque, causing the second term
to be zero:

2
Aa = WIE@DE G0 0B (@), (2.112)

Zvac|nerfl
This last form of the non-reciprocal loss shift indicates very clearly that the iso-
lation effect is determined by the interplay of three factors: (1) the amplitude of
the gyrotropy |g| has to be as high as possible, (2) the amplitude of the transverse
electric field component at the metal interface has to be as high as possible, and
(3) the phase ang]le of this field amplitude and the gyrotropy phase angle Zg have
to be adequately matched to maximize to sine-factor. A more detailed discussion
of the optimization of A« is given in section 2.2.3.

Now, remember the guided mode condition of the TM-mode three-layer metal
clad waveguide (equation 2.75); the magnetooptic correction to the transverse
wave-number p depends on the Voigt parameter Q and the polarization factor
X. Therefore, we expect both parameters to appear in the perturbation formula
of the non-reciprocal phase shift A3. Using Maxwell’s equations 2.78 the longi-
tudinal electric field amplitude E. of the waveguide mode in the cladding can be
expressed in terms of the magnetic field amplitude H,;:

E, = XEa:

p
= X(AJEQGJ\/[ Hy7 (2113)

which, together with Q = _§; allows to write equation 2.106 as:

Aﬂ _ Q ﬁ fmetal ExHyd(E (2 114)
N T R Hyde :
As such, the non-reciprocal phase shift is proportional to the magnetooptic Voigt
parameter Q, the polarization factor x, the modal propagation constant 3, and
an overlap integral which expresses the confinement of the guided mode in the

metal.

To finalize this section we compare the perturbation-based calculation to the
rigorous calculation discussed in the previous section. Consider a three-layer slab
consisting of an InP substrate (115,55 = 3.2 at A = 1300nm), an InGaAlAs core (core
= 3.57 at A = 1300nm) and a CosgFeso superstrate. The optical and magnetooptic
parameters of CosoFeso have experimentally been determined, as discussed in
chapter 3: 11cog, Fes, = 3.23-4.5] and §cosy Fes, =-1.7+1.7j. In figure 2.7 the variation
of the real (left graph) and imaginary (right figure) part of the effective index of the
forward propagating guided mode with the core thickness is plotted, calculated
with both techniques. It should be clear that the results of the perturbation-based
(solid line) and the rigorous calculation (dotted line) coincide almost perfectly.
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Figure 2.7: Variation of the real (left) and imaginary (right) part of the effective index of the forward
propagating guided mode of a non-reciprocal three-layer slab with the core thickness.
The results of the perturbation-based (solid line) and the rigorous calculation (dotted
line) coincide almost perfectly.

2.2.2 Figure-of-Merit

Before studying the magnetooptic waveguides in detail it is necessary to deter-
mine a suitable figure of merit (FoM). The non-reciprocity is a consequence of the
interaction of light with the magnetized media at the interface of and in the ferro-
magnetic metal film. In the largest part of this work we study the non-reciprocal
loss shift A« caused by this interaction. Obviously the interaction of light with the
absorbing metal also causes a reciprocal loss term, which is the main contribution
to the total internal loss o of the component.” The most fundamental parameter to
evaluate the quality of the magnetooptic interaction can therefore be written as:

FoM funa = Aa (2.115)
(6%

which we call the isolation-to-loss ratio. As will be elaborated in a next paragraph
this FoM is only minimally dependent on the dimensions of the magnetooptic
waveguide and is therefore perfectly suited to optimize the non-reciprocal wave-
guide from a fundamental point of view.

Apart from the interaction of the light with the magnetooptic metal, the perfor-
mance of a practical metal-clad isolator is determined by the amount of material
gain that can be provided by the amplifying waveguide core to overcome the re-
sidual loss in the forward propagation loss. A FoM that takes into account the
quality of the gain material therefore directly reflects the practical performance
of the amplifying waveguide optical isolator. The important physical parameters
of the isolator are the current required for forward transparency Il;yqnsp and the

"With a we denote the internal loss of the component in the forward propagation direction, i.e.
a=ag- %, with o the internal loss in the absence of a magnetic field.
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device length L, both per unit of optical isolation (dB) and per unit of ridge width
(um). A practical FoM — that needs to be minimized — can therefore be written as:

FoMppactmn = L™ x I

transp

(m and n positive integers) (2.116)

The device parameters I;q,s, and L can be written in terms of their more funda-
mental parameters A« and the transparency current density Jirgnsp:

1

L= 2.117
10 log'®(exp(Aa)) ( )
1
Itransp =L x Jtransp = 10 loglo(exp(Aa)) X Jtran,spy (2118)
hence? keeping in mind that
10
10 log'®(exp(A)) = In(10) A, (2.119)
the FoM reads
J
FOMpract,'rrm = transp (2120)

(ln%(l)()) )yt Agmtn .

As is elaborated in the next chapter, the amplifying core of the optical isolator
is a multiple quantum well structure. It is well known that for this type of gain
material the material gain-current density relation obeys a logarithmic equation:

Gt = G In <J> . 2.121)
Jo

Now, at forward transparency the material gain G,,.+ equals the modal loss «
divided by the optical confinement in the gain material I':

«
T
As such, the expression for the practical FOM can be written in terms of A« and o

Ginat = (2.122)

Jg exp(z;T)

(ln?l)o) ymtn Agmtn

FOMpract,mn = (2123)

It needs to be remarked that in the rest of this work we will focus only on the cases
of m=0,n=1 and m=1,n=1. In other words we recognize that the minimization of
the current required for forward transparency is primordial for this component.

With n = 1, equation 2.123 shows that a practical FoM depends inverse expo-
nentially — scaled by the confinement factor I' and the differential gain gy — on
the forward propagation loss, but linearly (m=0) or quadratically (m=1) on the

81f the current density Jtransp is expressed in c’“—AQ per pm ridge width and the current in mA then
another factor of 10 xridge width needs to be added.
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non-reciprocal loss shift. This immediately implies that a design point that corre-
sponds to a high value of the forward propagation loss — relative to the value of
I'go — is definitely not favorable. This is in contrast to the fundamental optimiza-
tion parameter — the isolation-to-loss ratio — which is inverse linearly proportional
to the forward propagation loss and linearly proportional to the non-reciprocal
loss shift.

2.2.3 Theoretical study of the performance of the magnetooptic
metal-clad waveguide

As discussed in the previous paragraph the performance of an optical isolator is
mainly determined by the non-reciprocal loss shift Ao and the total loss in the
forward propagation direction a:

Aa

2 Y
with « the loss in the absence of a magnetic field. We assume here that Ao and
ag have identical signs, which can always be guaranteed by changing the sign
of the gyrotropy g, which is nothing more than a switch of the direction of the

magnetization M. The first-order perturbation formula for the non-reciprocal loss
shift A« reads:

a=ay— (2.124)

fmetal gE’C EZ dx

Aa = Re|—4weg
| E.H,dx ’

(2.125)
where all electric field amplitudes are those of the unperturbed TM-mode (M =
0). On the other hand based on the theorem of Poynting or the power theorem, an
analytical formula can straightforwardly be derived for the modal absorption o
of the fundamental TM-polarized guided mode [8]:

f metal 6N(|Eﬂﬁ|2 + |Ez|2)dx
2 Re|[ E,H; dx] ’

oy = (2.126)
with ¢ the imaginary part of the dielectrical permittivity constant and H;, the
complex conjugate of the transverse magnetic field amplitude. The different nor-
malization in both formulas follows from the fact that the non-reciprocal formula
2.125 is calculated starting from the Lorentz reciprocity theorem while the expres-
sion for the reciprocal loss is based on the Poynting theorem. As we consider dis-
sipative media in this work — more in particular the magnetooptic material itself
— both denominators are essentially different in value. Despite this, the analyti-
cal equations 2.125 and 2.126 can be used to determine some fundamental design
rules for the metal-clad optical isolator. The rest of this section is dedicated to the
calculation and discussion of these rules. In what follows we consider the electric
and magnetic fields to be normalized according to the normalization condition
1 [ J(E x H) - u.dS = 1. This implies that the denominator in equation 2.125
equals 1.

As we want to come to a set of general design rules of a metal-clad optical
isolator the isolation-to-loss ratio £2 is the one performance figure that should
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be studied in this section. Indeed, equations 2.125 and 2.126 show that the non-
reciprocal loss shift A« and the reciprocal modal loss o are proportional to an
overlap integral of the modal field amplitudes in the metal. As such, their values
depend heavily on the exact characteristics of the layer structure, like the thickness
of the buffer layer between the waveguide core and the metal film. However,
by considering the ratio 2% these overlap integrals are canceled out, resulting
in a parameter that is quasi-independent of the exact geometry of the structure.
This is not the case for the more practical figure-of-merit (FoM) functions, due to
their non-linear dependence on the reciprocal loss and/or the non-reciprocal loss
shift. It is important to realize that the design rules derived here remain applicable
for the optimization of the isolator towards the practical FoM-functions, although
they are not sufficient to come to an optimized structure.

The isolation-to-loss ratio % can, with the aid of formulas 2.124 through 2.126,
be written as:

Aa —dweg Rel[ . gEE.dx]

o  weoD [ (B +|E.[2)dx + 2wey Re[[,

2.127
9B E.dx]’ ( )

eta
where we assume that only the magnetooptic metal has an absorption different

from zero and with D = W the inverse of the denominator in equation

2.126. This can directly be rewritten as:

A« -2
(e} T o D Jmetar( B>+ Ez|?)dx +1
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= . 2.12
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which is obviously maximized if the cosine factor is equal to 1. We assume this
for a moment and will discuss the relation between the phases of the electric field
amplitudes and the gyrotropic constant g later in this section. Furthermore, con-
sider the case of a metal layer that is thick enough for the evanescent tail of the
guided mode to have dropped to zero at the end surface of the metal, which cor-
responds well to the situation in practical isolator devices. In this case the ratio of
the integrals appearing in the denominator of equation 2.128 reduce to a ratio of
field amplitudes at the metal-semiconductor interface:

Jnetat(Bal® + | E-P)dz_ |Ey(zii) | + |Ex(xir)|* ‘Ex(m) n ‘Ez(ww)
Jmetar | Bxl| E:|dz |Ex(zis)|| Bz (2i4 )] E.(ziy)| | Bo(ziy) |
(2.129)

with x; the x-coordinate at the metal side of the interface. This identity can easily
be verified with formula 2.84 which relates the longitudinal and the transverse
electric field amplitudes of a TM-mode in the top cladding of a slab waveguide:

E.(z) = k%M E, (). (2.130)
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%‘ is exactly the complex modulus of the polarization factor

X in the metal (see formula 2.27). The expression for the isolation-to-loss ratio
hence becomes:

Now, the ratio ’

Aa _ —2 (2.131)

€// 1 .
zeotgr D x|+ pg) +1

From this equation it directly follows that the performance of a non-reciprocal
device enhances the closer the polarization factor |x| approaches unity. This is in
total agreement with the discussion of section 2.1.2.3, where it was concluded that
the Faraday effect and the magnetic circular dichroism have the largest impact on
a metal-clad slab waveguide if the polarization in the magnetooptic material is
circular.
The only assumption that has been made to come to formula 2.131 is that the metal
film is sufficiently thick. The other parameters that appear in the formula for the
isolation-to-loss ratio are the optical and magnetooptic constants of the metal layer
and the normalization related factor D. The latter is obviously close to one if the
waveguide loss is moderate, that is if the overlap of the guided mode with the
absorbing metal is not too high. Simulations show that D deviates less than 4%
from one for a TM-modal loss below 1000cm !, which actually exceeds the upper
limit for a device to be practically viable. In comparison, without current injection
the optimized amplifying waveguide isolator has a modal loss of 97cm~!. In the
approximation of D equal to one, an absolute upper limit on the isolation-to-loss
ratio for a specific magnetooptic material can be calculated with equation 2.131; if
the structure is designed such that |x| is 1 we get:
Aa —2 -2

(2.132)

e = T2nmeum ’
M +1
2¢e0]g]| 2+1 lgl

with 1) and k) the real and imaginary part of the refractive index of the magne-
tooptic metal. This shows that the isolation-to-loss ratio is heavily dependent on

both the optical and magnetooptic characteristics of the ferromagnetic metal and

increases with increasing value of the ratio % In this work three Co,Fe;_,

compositions have been studied: CoggFe1o, CosoFeso and Fe. In chapter 3 the op-
tical and magnetooptic parameters of these materials are given. Formula 2.132 —
among other equations — can then be used to evaluate the quality of these metals
for application in a metal-clad optical isolator. In section 2.3 the evolution of the
polarization factor x with changing layer structure parameters will be discussed.

In the previous discussion we have assumed that the phase relation between
the electric field amplitudes and the gyrotropy constant is optimized for a maxi-
mum non-reciprocal loss shift, i.e. cos(ZE, + ZE, + £g) = 1. This is however not a
trivial issue. Let us first remark that only the non-reciprocal loss shift Aa depends
on this phase information and not the (reciprocal) modal absorption. To study the
influence of the phase of the electric field we use the modified formula for Aa
(equation 2.112):

E:L’ 3 2
Ao = WIE@DE o B2, (2.133)
Zva0|neff|
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where we only consider the case of sufficiently thick magnetooptic metal layers. It
immediately becomes clear that in order to maximize the non-reciprocal loss shift,
the argument of the transverse electric field amplitude at the metal-semiconductor
interface E,(x;1) must obey the following relationship:

T Zg T

with m an integer. In section 2.3 we will describe how the phase of the trans-
verse electric field amplitude can be modified by varying the composition and
dimensions of the waveguide structure. Criterion 2.134 serves to evaluate the
magnetooptic performance of these configurations. On the other hand, as is done
in chapter 3, relationship 2.134 is another way — together with formula 2.132 - to
assess the magnetooptic quality of a material, for a given isolator layer structure.

In conclusion, based on mathematical expressions for the non-reciprocal loss
shift and the modal absorption three main design rules could be derived for the
metal-clad optical isolator: (1) the ratio of the magnitude of the gyrotropy con-
stant g to the imaginary part of the relative permittivity of the metal must be
maximized, (2) the polarization factor x of the TM-mode in the metal cladding
must be as close as possible to 1 and (3) the phase of the transverse electric field
amplitude at the metal-semiconductor interface must be matched to the argument
of the gyrotropy constant g according to equation 2.134.

LEg(ziy) =

2.3 Fundamental design of a non-reciprocal slab wave-
guide

On the basis of the mathematical design rules derived in the previous section it
should be feasible to realize the perfect optical isolator structure. However, the
available material systems place certain limits on what can actually be achieved.
In this section we want to explore these limits and come to a layer structure that
essentially maximizes the performance of a TM-mode isolator based on the mag-
netooptic Kerr effect. In this discussion we only consider the isolation-to-loss ratio
£2 which describes the fundamental characteristics of the metal-clad isolator. As
such, at this point we won't take into account issues that determine a practical
component such as the amount of material gain that can be achieved or the actual
magnetooptic parameters of the ferromagnetic metal. This will be the subject of
chapter 3.
As extensively discussed in paragraph 2.2.3 the isolation-to-loss ratio is deter-
mined by three parameters: (1) the ratio of the magnitude of the gyrotropy con-
stant g to the imaginary part of the relative permittivity of the metal, (2) the magni-
tude of the polarization factor x in the magnetic material and (3) the phase relation
between the transverse electric field amplitude at the metal-semiconductor inter-
face ZE.(x;1) and the gyrotropy constant g. The first quantity, which depends
only on the specific characteristics of the ferromagnetic metal, will be discussed
more in detail in section 3.2.

Consider the four-layer slab structure pictured in figure 2.8, with a non-magne-
tic waveguide core and a uniform cladding layer between the core and the mag-
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Figure 2.8: Schematic layout of the four-layer slab isolator structure with indication of the different
design parameters.

netooptic material. The parameters that determine this structure are the refractive
indices of the materials — which is a complex value for the magnetooptic metal -
and the thickness of the core and the upper cladding layer. We assume the bottom
cladding layer and the magnetooptic material to be sufficiently thick to be opti-
cally opaque. In order to limit the degree of asymmetry of the mode in the guiding
core we assume the same material for the upper and bottom cladding. Further-
more, we assume that the unperturbed modes are properly normalized according
to the normalization condition [ [(E x H) - u.dS = 1, such that equations 2.131
and 2.133 are valid. Moreover, this normalization unambiguously establishes the
phase of the transverse electric field amplitude at the metal interface ZE,(x;).

Let us first elaborate on the magnitude of the polarization factor x which, for
the non-reciprocal waveguide should be as close as possible to one. As pointed
out in section 2.1.2.3 x is constant in the top and bottom layer of a slab waveguide
and equals:

E, n2
X=g = 2M -1 (2.135)
@ Merf

with 7y, the — possibly complex — refractive index of this cladding material and
ners the effective index of the guided mode. For a transparent waveguide all re-
fractive indices are purely real and n.¢s > 1, for a guided mode. Expression
2.135 shows that the polarization factor is always smaller than 1 and closer to 1
as the ratio of nps to n. ¢ is smaller. A transparent magnetooptic slab waveguide
can therefore be optimized by choosing a magnetooptic material with a low re-
fractive index and a high index core surrounded by low-contrast cladding layers,
so as to maximize the modal effective index. For the (dissipative) magnetooptic
metals studied throughout this work the situation is completely different due to
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] Layer Refractive index Thickness \
MO metal (CosgFesq) 3.2-4.5j
Cladding 3.2 500 (upper cladding)
Core 3.57 400

Table 2.1: Layer structure specifications of the four-layer magnetooptic slab structure.

the complex nature of the refractive index of the metal.” Mathematically, the mag-
nitude of y can have any value between 0 and infinity. However, within realistic
boundaries of the effective index and the metal indices |x| is always higher than
1 and its value decreases with decreasing extinction coefficient of the metal and
increasing modal effective index. Other than that, its dependence on the real part
of the metal index is somewhat more complicated and is influenced by the modal
effective index.

Now, everything is set to start our study on how the four-layer slab waveguide
characteristics determine the isolation-to-loss-ratio through || and ZE,(x;+). We
vary two of the six waveguide parameters and keep the rest fixed at the — realistic
— values tabulated in table 2.3. Remember that the magnitude of the polariza-
tion factor must be as close as possible to 1. The phase of the transverse electric
field amplitude maximizes the non-reciprocal loss shift if it obeys the relationship
2.134. For the magnetooptic medium CosoFeso has been considered, with a gy-
rotropy constant ¢ = -1.7+1.7j at 1300nm (see chapter 3).

In figure 2.9 the variation of |x| and ZE,(x;) with the thickness of the upper clad-
ding and the cladding material are plotted. It is clear that the value of both pa-
rameters is practically independent of the layer thickness. The polarization factor
can be modified only minimally by varying the cladding material with a variation
of 7% between n.jqq = 1 and ngjqq = 3.4. On the other hand the cladding refrac-
tive index largely changes the phase angle of the electric field amplitude, with a
variation of more than 7 between n.,q = 1 and n.qq = 3.4. Due to the factor 2
in the sine-function sin(Zg + 2ZE,(x;4)), this immediately implies that, whatever
the phase of the gyrotropy constant, the sine-factor can be maximized (in absolute
value) by properly choosing the cladding material. As an example the evolution
of the sine-function for a CosoFesq covered waveguide is depicted in figure 2.10.

As the materials’ choice apparently has a large influence on the device characte-
ristics, we should examine the impact of a modification of both the core and the
cladding refractive index. The simulation results are plotted in figure 2.11. As we
anticipate that it is especially the refractive index contrast that is of importance
for the waveguide characteristics |x| and ZE;(x; ), the refractive index is given as
a percentage of the core index. Changing the refractive indices of core and clad-
ding has only a moderate influence on the magnitude of the polarization factor
which varies between 2.26 for the refractive index couple (3.0,0.75)10 and 1.74 for
(3.55,3.37). Anyhow it can be decided from the left part of figure 2.11 that the re-
fractive index contrast between the waveguide core and cladding layers must be

9Obviously the effective index also has an imaginary part, but it is several orders of magnitude
smaller than the real part, hence it is fair to neglect it here.

19which is obviously only a mathematical point as a transparent material with a refractive index
below 1 does not exist.
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Figure 2.9: Evolution of (left) the magnitude of the polarization factor and (right) the phase angle of
the transverse electric field amplitude with refractive index and thickness of the cladding
layer of a four-layer magnetooptic slab waveguide.
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Figure 2.10: Variation of the sine-factor of equation 2.112 with the refractive index the cladding lay-
ers of a four-layer magnetooptic slab waveguide, with a CosoFeso magnetooptic metal.
This evolution is independent of the thickness of the upper cladding.
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Figure 2.11: Evolution of (left) the magnitude of the polarization factor and (right) the phase angle
of the transverse electric field amplitude with refractive indices of the core and cladding
layers of a four-layer magnetooptic slab waveguide.

minimized and that the core index must be maximized to obtain a polarization
state that is the closest to circular polarization. This observation is obviously in
total correspondence to the conclusions made earlier in this section on the basis
of equation 2.135. Regarding the phase angle of the transverse electric field am-
plitude it can easily be concluded from the right plot of figure 2.11 that it remains
quasi-constant with variations of the core material. Instead, it is the refractive in-
dex contrast between core and cladding that determines the phase front curvature,
hence the phase of the non-reciprocal shift of the complex effective index. Again,
the desired value of the phase angle of the field depends on the gyration constant
g of the chosen ferromagnetic metal.

Another point of interest is the influence of the metal choice, i.e. of the real and
imaginary part of the inherently complex refractive index. We vary these parame-
ters between realistic boundaries, that is n); € [0.1,5.0] and ks € [-2.5,-5.0]. The
result of these calculations is plotted in figure 2.12. As anticipated the magnitude
of the polarization factor x (left graph of figure 2.12) is significantly influenced by
the metal choice and is closer to unity for a low absorbing metal. In the largest
part of the working space its value decreases slightly with decreasing refractive
index of the metal, except in the region of low extinction coefficients where there
is an optimum value of n1,. However, it must be remarked that the minimum in
|x| is shallow and roughly speaking minimizing the refractive index of the metal
yields the optimal point. As a matter of fact these rules do not only optimize the

magnitude of the polarization factor, but also maximize the ratio % appearing
in the expression for the isolation-to-loss ratio (equation 2.132). With respect to
the phase of the transverse electric field amplitude at the metal interface, the right
plot of figure 2.12 shows that the possible variation by appropriately choosing a
metal composition are limited. Compare for example with the change as a func-
tion of the cladding material plotted in figure 2.9.

As a last part in this study we look into the change of the thickness of the wave-

guide core and upper cladding thickness. The graphs, plotted in figure 2.13 in-
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Figure 2.12: Evolution of (left) the magnitude of the polarization factor and (right) the phase angle
of the transverse electric field amplitude with the (real part of the) refractive index and
the extinction coefficient of the magnetooptic metal on a four-layer slab waveguide.
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Figure 2.13: Evolution of (left) the magnitude of the polarization factor and (right) the phase angle
of the transverse electric field amplitude with thickness of the core and cladding layers
of a four-layer magnetooptic slab waveguide, indicating that the isolation-to-loss ratio
is only minimally influenced by the exact geometry of the structure.

dicate that the dimensions of the slab waveguide layers have only a minor in-
fluence on the values of |x| and ZE,(x;1). This directly implies that the funda-
mental figure-of-merit (FoM) isolation-to-loss ratio is quasi-independent of these
dimensions. It should be stressed that this is not at all valid for the practical FoM-
functions.

On the basis of this study we come to the following design procedure for a four-
layer slab waveguide optical isolator. First of all, the dimensions of the different
layers are unimportant from a fundamental non-reciprocal point of view. Instead
it is the materials choice that determine the performance. Start by choosing a
ferromagnetic metal with a high degree of gyrotropy |g| and low values of the real
nyr and imaginary part s, of the refractive index. A good criterion is to maximize
the ratio %. Next, select a waveguide core material with the highest possible
refractive index. Finally, calculate the phase angle of the gyrotropy constant Zg
and choose a cladding material — for the upper and lower cladding layer - for
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which the phase angle of the transverse electric field amplitude ZE,(x; ) obeys
the relation:

T Zg T
This can be done with the aid of figure 2.11. With this recipe a non-reciprocal slab
waveguide structure can be designed that shows an isolation-to-loss ratio level

that approaches the value predicted by formula 2.132:

Ax -2
7 - 7f2nlu’ilw + 1 (2137)
lg]

So far we have limited ourselves to four-layer slab structures. In more com-
plex devices the number of parameters is obviously larger, but the same conclu-
sions hold with respect to the dependence of the waveguide characteristics | x| and
ZE4(x;4+) on the core-cladding index contrast and the metal indices. In the next
chapter the design of a realistic waveguide isolator — which contains much more
layers — is extensively discussed. The case of a three-layer waveguide — with a
non-magnetic substrate, a waveguide core and a magnetooptic metal superstrate
— is however a different story. Let us first remark that a three-layer metal-clad
structure cannot be used as an amplifying waveguide optical isolator, because the
modal loss levels are far too high to be compensated by the material gain in the
waveguide core. Indeed, with a modal loss of at least 1000cm ™! the material gain
should be an unrealistically high 5000cm~" if a large confinement of 20% is as-
sumed. Instead these structures should be used as short, absorbing non-reciprocal
devices.

With respect to the magnitude of the polarization factor, formula 2.135 remains ob-
viously valid and the case of a three-layer slab is completely equivalent to that of a
waveguide with four or more layers. Again, to approach a circular polarization in
the magnetooptic cladding layer the effective modal index should be maximal and
both the real and the imaginary part of the metal refractive index must be as small
as possible. Not so for the phase angle of the transverse electric field amplitude.
The essential difference is that the magnetooptic metal is directly neighboring the
waveguide core. As seen in the case of a four-layer slab the material choice of the
cladding layer between core and metal and its contrast with the core material is
the determining parameter for the phase of the electric field at the metal interface.
In the absence of such a cladding layer one can expect that the refractive indices
of the core layer and the metal play a defining role. This is confirmed with the
calculation results of figure 2.14. Simulations have been done analogously as be-
fore, varying two parameters of the layer structure while keeping the others fixed
on the values tabulated in table 2.3. The left plot of figure 2.14, showing the de-
pendence of the phase angle ZE,(x;) on the indices of the magnetooptic metal,
proves that the value of the refractive index of the metal influences the phase of
the electric field at the metal interface significantly.!! This is in contrast to the four-
layer slab case where the choice of the metal was of minimal influence. The same
holds for the material choice of the waveguide core, as can be seen in the right

HAs opposed to the extinction coefficient.
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] Layer Refractive index Thickness \
MO metal (CosgFesg) 3.2-4.5j
Core 3.57 400
Cladding 3.2

Table 2.2: Layer structure specifications of the three-layer magnetooptic slab structure.

phase angle transverse electric field phase angle transverse electric field

%90
5 3 Zsol 2.5
g 29 2
by 70
5 3.5 2.8 %’ 2.4
(5}
£ 27 R60
4 =
8 26 50 2.3
5 E:
(=] 25 =
8-45 240 2.2
X 24 T
&30
5 2.3 5 2.1
1 4 3 3.2 3.4
refractive index metal refractive index core

Figure 2.14: Evolution of the phase angle of the transverse electric field amplitude with (left) the
(real part of the) refractive index and the extinction coefficient of the magnetooptic
metal and (right) the refractive indices of the core and cladding layer on a three-layer
slab waveguide.

graph of figure 2.14. The refractive index of the substrate medium is of minor im-
portance. The last parameter that can be varied is the thickness of the waveguide
core. While this has almost no influence in a four-layer structure (see figure 2.13),
the core thickness is an important design parameter in the three-layer slab case as
can be derived from the plot in figure 2.15. Anyhow, from figures 2.14 and 2.15 it
can easily be seen that the degree of variation of the phase of the electric field is
not nearly as large as in the case of a four-layer slab. In conclusion, designing a
three-layer metal-clad non-reciprocal waveguide is mainly a matter of making a
good choice for the magnetooptic metal both in terms of the magnitude and the
phase of the optical and magnetooptic parameters. The thickness and the material
of the waveguide core are the two parameters that allow a certain degree of fitting
of the phase angle of the electric field to match the phase condition 2.136.

One additional point that should be mentioned is the fact that in the case of a
three-layer metal-clad waveguide the normalization parameter D appearing in
the formula of the isolation-to-loss ratio 2.131 can be much lower than 1, thus
implying a much higher value for £2 than predicted by equation 2.132.
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Figure 2.15: Evolution of the phase angle of the transverse electric field amplitude with the wave-
guide core thickness in a three-layer slab waveguide.

2.4 Magnetic properties of the waveguide isolator

Any magnetooptic device involves the presence of a magnetic field to generate
the magnetooptic effect. In this section we highlight some basic principles of mag-
netism and magnetic materials, on the basis of which the magnetic issues of the
waveguide isolator can be understood. For a more thorough elaboration we refer
to standard text books of magnetism [9, 10].

2.4.1 Constitutive relations

The material response to a magnetic field is described by a constitutive relation.
Applying a magnetic field H causes a change in the magnetic dipole moment p,,,.
The corresponding macroscopic magnetic dipole density or magnetization M =
1pm, with n the dipole density, is related to the magnetic field H as:

M = xmH (2.138)

with x,, the magnetic susceptibility. The magnetic flux density B is related to M
and H trough the magnetic permeability p = popu, with g = 47 x 10~ henry/m
the permeability of the vacuum:

B = po(H + M) = po(H + XmH) = pto(1 + X)) H = uH (2.139)

with g, = 1 + x,,. The magnetic flux density B is therefore a field that includes
both the cause H and the material response M. As such, a ferromagnet — with
pr >> 1 - represents a low reluctance path for magnetic field lines; they draw
in the flux of a nearby field and add to it by their magnetization, as illustrated
in figure 2.16. In other words, the B-field in a vacuum is proportional to H but
inside a magnetic material (i, > 1) there is an additional contribution to B from
the sample magnetization.

In magnetism both the SI system and the CGS system are frequently used to
express magnetic quantities. Table 2.4.1 lists the SI and CGS units for a number of
common quantities and the conversion factors between the two systems.
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Figure 2.16: Illustration of the magnetic flux B in vacuum and inside a magnetic material (p, > 1).

2.4.2 Maxwell equations

The time and space evolution of magnetic fields — and of course also of electrical
fields — are described by Maxwell’s equations:

V-E=2 V-B=0

VxE=-2 VxB:,LL]+“05?E

(2.140)

with p and J the charge density and the current density respectively. The magnetic
divergence equation V-B = 0 expresses that B fields never terminate at a source,
while the magnetic curl equation shows that in the presence of a current den-
sity these fields may have a curling character. In all applications studied in this
work the magnetic fields do not vary in time!? — or at least very slowly — hence
Maxwell’s differential equations simplify to:

V-E=£2 V.B=0

VxE=0 VxB=yJ (2.141)

This regime is called magnetoquasistatics, where the "quasi’ stems from the possi-
bility of moving electrical charges or J # 0.

12This obviously doesn’t include the magnetic field of the light wave.

| Label SI unit CGS unit Conversion factor |
B tesla (T) gauss (G) 1T=10*G
H ampere/m (A/m)  oersted (Oe) 1A/m=47r/10° Oe
M ampere/m (A/m) emu/cm? 1A/m =102 emu/cm?
I henry/m (H/m) dimensionless SL: po(1+X:m)
CGS: 1+47xm

Table 2.3: SI units and CGS units for some magnetic quantities and the conversion factors between
the two systems.
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The magnetic curl equation originates from Ampere and the physical meaning be-
comes clear when rewriting the equation in its integral form. Integrating the mag-
netic curl equation over a surface S and using the Stokes theorem [(V x F) -dS =
J F-dl, with | the path enclosing the surface, yields:

%B-ﬂ:u/wa:uL (2.142)

Ampere’s law therefore states that the normal component of a current density J
passing through an area S gives rise to a B field circulating around that area.
Now, for numerical calculations it is useful to introduce the concept of a magnetic
potential A defined as:

B=V xA. (2.143)

Ampere’s law in differential form can now be rewritten as:

Vx (4g'VxA-M)=]J. (2.144)

In chapter 4 this law will be used to design a micro-electromagnet that can be inte-
grated onto the amplifying waveguide optical isolator. The boundary conditions
at the interface between two media with different magnetic properties read:

(B —Bi)-n = 0

nx (H, Hy) — K. (2.145)

with n the interface normal vector and K the surface current density at the inter-
face. Across an interface between two layers the normal component of B is always
continuous and the tangential component of H is continuous in the absence of
transverse surface currents.

2.4.3 Ferromagnetism and magnetization loops

One method to classify magnetic materials is through the way the local atomic
moments couple to each other: parallel, anti-parallel or not at all, for respectively
ferromagnetic materials, ferri- and anti-ferromagnets and para- and diamagnetic
materials. Here we limit ourselves to the class of ferromagnetic materials, as these
are the materials studied throughout this work.

Ferromagnetic materials are characterized by a long-range ordening of their ato-
mic moments even in the absence of an external field. This long-range ordening is
caused by interatomic electronic exchange forces, creating a molecular field that
overcomes the thermal agitation — below a specific temperature called the Curie
temperature — essentially aligning all the magnetic moments so that M ~ np,, =
M, with M, the saturation magnetization. However, in the absence an exter-
nal field a ferromagnetic specimen is not necessarily magnetized to its saturation
value. This is attributed to the presence of magnetic domains in a (bulk) ferro-
magnetic specimen. Within a domain all magnetic moments are aligned parallel,
but the magnetization in different domains can have different directions such that
over the entire sample their vector sum even may vanish. Domains are separated
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Figure 2.17: A typical example of a magnetic hysteresis loop, with indication of the important para-
meters.

from each other by domain walls, surfaces over which the orientation of the mag-
netic moment changes relatively abrupt, within a distance in the order of 10nm
to 100nm. The orientation of the magnetization of the domains is such that the
magnetostatic energy is minimized.

Now the basic shape of the magnetization M-H loops in ferromagnetic mate-
rials can easily be understood. A typical example of such a magnetic hysteresis
loop is plotted in figure 2.17. Consider a magnetic material in a demagnetized
state (M = 0 and H = 0), for which the magnetization of the magnetic domains are
randomly oriented. Application of a weak field produces motion of domain walls
so as to expand the volume of those domains having the largest component of M
along the applied field H. When most domain wall motion has been completed,
often domains remain with non-zero components of magnetization perpendicular
to the field direction. At higher magnetic fields domain magnetization is rotated
towards the parallel direction in order to minimize the potential energy -1oM-H.
This process generally costs more energy as it involves rotating the magnetiza-
tion away from an ‘easy’ direction (see section 2.4.4). When the applied field is of
sufficient magnitude to complete these two processes (domain wall motion and
magnetization rotation) the sample is in a state of magnetic saturation (M = M,).
Upon decreasing the magnitude of the applied field, the magnetization rotates
back toward its ‘easy’ directions, generally without hysteresis (rotation is a largely
reversible, lossless process). As the applied field decreases further, domain walls
start moving back across the sample. In real materials domain walls do not move
reversibly. Instead, defects, such as grain boundaries and precipitates, can locally
lower the wall energy, effectively pinning of the domain wall motion. This causes
an irregular domain wall motion as it jumps abruptly from one local energy min-
imum to the next, the so-called Barkhausen jumps. At this process, energy is lost,
hence domain wall motion is irreversible and lossy. This translates into the open-
ing of the M-H loop, i.e it shows hysteresis. The magnetization remaining in the
sample when the applied field is zero is called remanence M,. The remanent be-
havior is extremely important for the isolator application. After all, we want to
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avoid the need for an external magnetic field. The remanent behavior is normally
expressed in terms of its fraction of the saturation magnetization,'* the so-called
squareness S = % The reverse field needed to restore M to zero is called the
coercive field H.. For soft magnetic materials, of which the transition metal alloys
Co,Fe;_, studied in this work are an example, the bulk coercive field is small; H.

< 100e.

2.4.4 Magnetic anisotropy
2.4.4.1 Introduction

Magnetic anisotropy is defined as the preference for the magnetization to be ori-
ented along a particular direction in a sample. It can have its origin in the sample
shape (shape or magnetostatic anisotropy), crystal symmetry (magneto-crystalline
anisotropy), stress (magneto-elastic anisotropy), and its pre- and/or post-fabrica-
tion conditions (field- or texture-induced anisotropy). Depending on the characte-
ristics of a magnetic sample one or the other anisotropy mechanism is dominant.
A comprehensive discussion of the phenomenology of magnetic anisotropy, and
the influence on the magnetization process can be found in reference [12].

The concept of magnetic anisotropy can be understood using a thermodynamic
approach. The stable equilibrium state of a specimen’s magnetization corresponds
to a minimum of the free energy. The total free energy of a ferromagnetic sample
Fr can be written as a sum of several free energy terms:

Fr=Fy+ Fp+ Fg + F,. (2146)

The first term Fy is the Zeeman energy corresponding to the magnetization in the
applied field H,

Fy = — / 11oM - HdV, (2.147)

which, for a uniform M and H gives a free energy density of -1.oM-H. The second
term Fp is the self-energy of the magnetization in its own field which is related to
demagnetizing fields and describes the shape anisotropy of the sample (see sec-
tion 2.4.4.2). The third term Fx denotes the magneto-crystalline anisotropy and is
obviously dependent on the crystal state of the material. Other free energy con-
tributions, such as the magnetostrictive energy and the exchange free energy, are
assembled here in the last term F,, as they are of less importance for the magnetic
samples considered in this work. The magnetization is said to lie along an easy
axis if the total free energy is minimized, in the absence of an external magnetic
field (Fg = 0).

Magnetic anisotropy essentially determines the shape of the magnetization
curves. This can be understood qualitatively as follows. Consider first magne-
tization rotation as the only possible magnetization re-orientation mechanism. If
a sample is completely saturated along a hard axis, the anisotropy causes a grad-
ual rotation of the magnetization towards an easy axis as soon as the applied field

13 A more correct definition of the squareness, taking into account the coercive field strength thereby
expressing the stability of the magnetized state of the sample, can be found in reference [11]
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Figure 2.18: Illustration of the magnetization hysteresis along an ideal hard axis (left) and an ideal
soft axis (vight).

decreases below a certain value (the anisotropy field), for as this decreases the to-
tal free energy of the system. This rotation is a completely reversible process. As
a result the magnetization curve shows no hysteresis and the coercive field and
magnetic remanence are zero, as illustrated in the left part of figure 2.18.
Conversely, if a sample is completely magnetized along an easy direction, a de-
crease of the magnitude of the field obviously doesn’t cause magnetization rota-
tion, as the free energy is already at its minimum. If a magnetic field is applied in
the opposite direction, the first term in equation 2.147 causes a torque on the mag-
netization, which is counteracted by the anisotropy term. The anisotropy barrier
is climbed faster than the decrease of the Zeeman energy, hence the magnetization
remains perfectly oriented to the original direction. If the field in the opposite di-
rection reaches the anisotropy field, the magnetization switches discontinuously
to the direction parallel to the applied field (anti-parallel to the original direction).
This process is a purely irreversible magnetization orientation. The ideal magne-
tization curve along an easy direction therefore has a perfect squareness (S = 1)
and the coercive field equals the saturation field or anisotropy field, as shown in
figure 2.18. In real magnetic samples however, the coercive forces are consider-
ably lower, as the irreversible magnetization re-orientation is almost always due
to domain wall motion (the Barkhausen jumps). It is intuitively clear that the
magnetization along a general direction is a combination of reversible rotations
and irreversible jumps, yielding a magnetization loop such as the one illustrated
in figure 2.17.

This qualitative treatment of the influence of anisotropy on the magnetization
loops indicates that in order to have a high magnetic remanence and a large co-
ercive force, two elements desired for the isolator application, there must be an
easy axis oriented perpendicular to the waveguide stripes — the magnetization
direction corresponding to a TM-mode non-reciprocal loss shift.

2.4.4.2 Demagnetization and shape anisotropy

Consider a specimen of magnetic material and assume that it is magnetized per-
pendicular to the ends. At the end surfaces uncompensated magnetic poles exist,
traditionally characterized by the surface pole density ¢ = M-n. These free poles
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give rise to a magnetic field on both sides of the surface. Its magnitude in the
direct vicinity of the surface can directly be derived from the boundary condition
for the magnetic induction at the interface between the sample (medium 7) and
the surrounding vacuum (medium o):

(B, —B;) -n =0, (2.148)

hence, with the magnetization in vacuum obviously equal to zero,

(H, —H;) -n =M, (2.149)

with n the interface normal vector and M the magnitude of the magnetization
perpendicular to the sample interface. This shows that even in the absence of an
externally applied field, magnetic fields exist inside H; = =1 and outside H, = &
the sample oriented perpendicular to the sample end. If an external field H.,; is

applied, its magnitude adds to H, and H;:

M M
H, = Hey + ? H; = Hepy — ? (2150)

In other words, the internal magnetic field in the sample is equal to the applied
field reduced by half the amount of magnetization normal to the surface. Note
that if the sample is thin in the direction of M there are contributions to the inter-
nal field of =2 from each surface. The field from the surface poles is called the
demagnetizing field Hy with for this specific sample Hy = =27 (in the direct vicinity
of the surface).

For an arbitrarily shaped sample, the demagnetizing field is described by a de-
magnetization factor N:

Hy=-NM, O0<N<I. (2.151)

In general, N is a tensor function of the sample shape and a function of the posi-
tion in the specimen (except for ellipsoids).

The existence of demagnetizing fields and their large dependence on the sample
shape is one of the sources of magnetic anisotropy in a sample, the so-called shape
anisotropy. The magnitude of this shape anisotropy is related to the distribution
of demagnetization factors in the sample. Consider the special case of a very thin
magnetic sheet, with length I/, width w and thickness ¢ (see figure 2.19). If the
thickness is at least an order of magnitude smaller than the other dimensions the
field can be considered as uniform along this direction. Furthermore, for aspect
ratios of I to w that are not too extreme, it is a fairly good approximation to take
the field in the specimen due to the end poles independent of the coordinate along
the direction in which these poles lie. The following coordinate-independent de-
magnetization factors can be derived:

2t 2w
7l l

2t /21
magnetization along width: N, ~ —14/—. (2.152)
Tw V w

magnetization along length: N; =~
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Figure 2.19: Demagnetization factors of a rectangular thin ferromagnetic film.

-1

Figure 2.20: Illustration of the shearing of the observed magnetization curve when taking into ac-
count the effect of sample size; the mechanism of demagnetization transforms the grey
line (= intrinsic M-H; loop) to the black line (= observed M-Hez: loop). Both curves
are identical in the case of infinite dimensions.



2-52 Theoretical study of non-reciprocity

As an example, we consider a sheet with the typical dimensions of the ferromag-
netic metal contact of the waveguide optical isolator: t = 50nm, w = 10um, 1 =
1000um. The corresponding demagnetization factors are N,, ~ 4.5 1072 and N, ~
4.5107%. In other words, the demagnetization field along the width is four orders
of magnitude stronger than along the length. This favors a magnetization along
the length of the sheet.

The effect of demagnetization has a direct influence on the observed magnetic
hysteresis loop. To comprehend this it is important to realize that the observed M-
Hezt loop shows the response of the sample — the magnetization - to the internal
field H; in the specimen as a function of the externally applied magnetic field H, ;.
In the absence of demagnetizing effects — a sample with infinite dimensions — the
internal field H; is equal to the applied field H.,¢. If the sample has a finite size,
demagnetization reduces the internal field and the corresponding magnetization
by a value proportional to the magnetization, as is expressed by equation 2.151.
The result is a shearing of the M-H.,: loop. The easiest way to understand this is
by comparing the intrinsic hysteresis curve (M-H; loop) to the observed M-H.,:
loop, respectively the grey and black curve in figure 2.20. Both loops are identical
in a sample with infinite dimensions. From equation 2.151 it follows that vertical
lines of constant internal field H; = Cy in the M-H, loop transform to tilted lines in
the M-H.,: loop, described by M = %(Hm-c ). In other words, the vertical lines
are sheared over an angle tan o = N. The main effect of shape anisotropy is thus a
reduction of the magnetization at a given applied field. This implies a reduction
of the magnetic remanence, as clearly illustrated in figure 2.20. The mechanism of
shape anisotropy in principle doesn’t change the value of the coercive field. For
the metal stripe with dimensions t = 50nm, w = 2um, I = 1000pm, the hysteresis
is sheared over a = 27° for magnetization along the width. In the longitudinal
direction the shear angle is negligible.

In the polycrystalline ferromagnetic films that form the magnetic element in
the amplifying waveguide optical isolator, shape anisotropy is the dominant ani-
sotropy mechanism. Indeed, the magneto-crystalline anisotropy has little influ-
ence due to the random distribution of the easy direction among the grains. On
the other hand, with a ridge width of a few micrometer and a device length of se-
veral millimeters, the metal stripe intrinsically has a very large shape anisotropy.
If this anisotropy is not compensated the lateral direction, which is the required
magnetization direction for the TM-mode isolator, is a hard axis with respect to
the soft axis along the longitudinal direction. This inherently lowers the magnetic
squareness, which prohibits isolator operation under remanent conditions.

One way to overcome the parasitic anisotropy is to induce an uniaxial, in-plane
(lateral) magneto-crystalline anisotropy by depositing the magnetic material un-
der applied magnetic field bias [13]. The mechanism is supposedly the influence
of the texture during the growth. This technique has been used in all the fabri-
cated devices. Alternating gradient force magnetometer (AGFM) measurements
on CogoFeig metal stripes show that the field-biased deposition can reduce the
shape anisotropy significantly. In fact, it is possible to obtain a lateral squareness
higher than 0.9 on a stripe of several millimeters long and only 50um wide [14].
Below a width of 50um the shape anisotropy remains dominant which drastically
reduces the magnetic squareness. One solution for this issue is to integrate an elec-
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tromagnet onto the isolator. A theoretical and experimental study of this concept
is given in section 4.4.
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2.5 Conclusion

In this chapter we have extensively studied non-reciprocal phenomena. We have
started from the constitutive relations that establish the response of a medium to
a light wave and have showed that the presence of a magnetic field introduces
an anti-symmetric contribution to the permittivity tensor of the material. At re-
flection of light off a transversely magnetized substance the reflection and trans-
mission coefficients undergo a non-reciprocal change if the light is TM-polarized,
while the TE-wave remains unaffected. With the aid of a geometric optics ap-
proach it has been elaborated how this change in reflection causes a non-reciprocal
modification of the propagation constant of a TM-polarized mode in a three-layer
metal-clad slab waveguide. Furthermore, it has been proven that the non-recipro-
cal phenomena in such a metal-clad waveguide can be traced back to the magne-
tooptic Faraday effect and magnetic circular dichroism, combined with the effect
of magnetoreflectivity. This yields the first design criterion for the TM-mode non-
reciprocal device: for the non-reciprocity to be maximal the polarization state of
the light in the magnetooptic substance must be circular.

For the extension towards more complicated waveguide structures first-order
perturbation calculation — where the off-diagonal elements in the permittivity
tensor are considered as a small perturbation — results in a formula for the non-
reciprocal phase shift, expressed as the product of the gyrotropy constant with an
overlap integral of the unperturbed electric field amplitudes in the magnetoop-
tic substance. Elaboration of this expression shows that the non-reciprocal loss
shift — the imaginary part of the non-reciprocal phase shift — is proportional to a
sine-factor relating the phase angle of the gyrotropy to the phase of the electric
field amplitude at interface of the magnetooptic metal. A second design criterion
is therefore that both phases match such that the sine-factor equals one, or is as
close as possible to one.

We have established a number of figure-of-merit (FoM) functions specifically for
the amplifying waveguide optical isolator and distinguish a fundamental FoM,
the ratio of the non-reciprocal loss shift to the loss in the forward propagation
direction, and practical FoM-functions, which express the amount of current re-
quired for transparency and the length of the optical isolator. The first one is
quasi-independent of the dimensions of the isolator layer structure, but instead is
only influenced by more fundamental parameters such as the materials” choice —
hence the designation as a fundamental FoM. With the aid of an analytical expres-
sion for the unperturbed modal loss, it has been shown that the fundamental FoM
is indeed only determined by the two design criteria mentioned earlier, together
with the requirement that the ratio of the magnitude of the gyrotropy constant g
to the imaginary part of the relative permittivity of the metal is maximal.

On the basis of these three rules it is possible to optimize the choice of materials of
the non-reciprocal device.!* The thickness of the layers is then merely determined
by the gain-current relation of the amplifying material and the choice of practical
FoM-function, as is extensively discussed in chapter 3.

14This optimization is obviously only from a purely magnetooptic point of view. In a real amplifier-
based device the quality of the amplifying region (current injection, strain, emission wavelength) im-
poses a number of restrictions upon the choice of materials of the layer stack.
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Next we have investigated how the layer structure characteristics change the
phase of the transverse electric field amplitude at the metal-semiconductor inter-
face and the polarization state in the metal. It was shown that a circular polari-
zation can be approached by maximizing the effective index of the guided mode
while minimizing the refractive index and extinction ratio of the metal. With re-
spect to the phase angle of the modal fields it is especially the refractive index
of the material(s) between waveguide core and magnetooptic metal that is the
modifying factor. More in particular, whatever value of the phase angle of the
gyrotropy constant, a cladding material can be found that fulfills the phase re-
quirement, hence maximizes the imaginary part of the non-reciprocal phase shift.

As a last point in this chapter we have reviewed some basic concepts of mag-
netism and have indicated that shape anisotropy places important restrictions on
the dimensions of the magnetooptic metal contact.
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Design of the amplifying waveguide
isolator

N this chapter the design of a TM-mode amplifying waveguide optical isolator

will be discussed. As pointed out in chapter 1, the concept has been proposed
by Nakano [1] and Ando [2]. The device is essentially a semiconductor optical am-
plifier (SOA) with a ferromagnetic metal film magnetized along the lateral direc-
tion. The magnetooptic Kerr effect in the metal causes a non-reciprocal difference
of the complex effective index of the TM-guided mode. In the simplest configura-
tion the ferromagnetic film also serves as the electrical contact for the underlying
SOA.
We start our discussion with the individual building blocks of the isolator. The
main issues to be elaborated are the development of the TM-selective gain mate-
rial, the choice of the ferromagnetic metal on the basis of its optical and magne-
tooptic properties and the optimization of the electrical injection in the SOA. The
theoretical and experimental study of these aspects are given in the first part of
this chapter.
On the basis of these studies, the different building blocks can be assembled to one
non-reciprocal device. In the second part of this chapter we elaborate in detail the
design of this isolator. The fabrication and subsequent characterization will be
presented in chapter 4.
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Figure 3.1: Schematic layout of the TM-mode amplifying waveguide optical isolator.

3.1 TM-selective gain material: tensile strained quan-
tum wells

Chapter 2 has shown that a (passive) optical waveguide with a magnetooptic
metal cladding magnetized along the lateral direction has an internal modal loss
that is different for both propagation directions of the light and that this non-
reciprocity is the result of the interaction of the optical mode with the magnetic
field in the metal. This is however not sufficient to talk about an optical isolator,
which is a device that is optically transparent in one direction while showing loss
in the opposite propagation direction. The solution is to include optical gain to
compensate for the absorption in the metal film and other sources of loss. As will
be discussed later in this chapter the modal loss that needs to be compensated is in
the order of 100cm~!. With a modal confinement between 10% and 20% in the am-
plifying material this is equivalent to material gain levels around 1000cm ™. Such
high gain can only be achieved with a multiple quantum well (MQW) waveguide
core. What is equally important is the fact that the gain must be TM-polarization
selective, as the magnetooptic effect in the isolator configuration illustrated in fi-
gure 3.1 and studied throughout this work, only affects TM-light and is zero for
TE-polarization. TE light therefore only adds to the noise of the signal and might
lead to gain saturation, this way reducing the performance of the isolator. Polari-
zation selective gain can be realized by building in strain in the MQW.

In this section we shortly review the principles behind strained multiple quantum
wells and discuss the development of the gain region for the TM-mode waveguide
isolator.

3.1.1 Strained quantum wells: a short review
3.1.1.1 Introduction

In order to understand the effect of introducing strain in the active layers we start
from the expression of the gain G as a function of the photon energy E [3]:

eh

GE)= ——
(B) = 2Eceom} n2

2 IMr|? prea(E)(fe — fo), 3.1)
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where ¢is the electron charge, 1 is Plank’s constant, 1, is the group velocity, n is the
refractive index of the crystal, ¢ is the speed of light in free space, ¢ is the vacuum
permittivity, mo the electron mass, [Mr|? is the transition matrix element, p,..q the
reduced density of states, and f. and f, the electron and hole Fermi functions. In
the case of bulk semiconductors p,..q is calculated as:

prea( E) = dr <2;Z;> " VE-T,, (32)

with E, the bandgap energy and m,. the reduced effective mass:

-1
m, = (1 n 1) , (33)
Me My

where m. and m, are the effective masses of an electron and a hole respectively.
From the gain function 3.1 and using the concept of quasi-Fermi levels E. and
E ¢, the requirement for optical gain (G > 0) at an energy E = hv is:

Eje—Epy > E> E,, (3.4)

that is the quasi-Fermi level separation must be wider than the bandgap energy.
It can be shown that the requirements for optimum gain performance — minimal
transparency current density and maximal differential gain — are a small effective
mass and a symmetric band structure with m, = m,,. Bulk III-V semiconductors
are characterized by a conduction band with a small effective mass m., a degen-
erate valence band at the zone center with heavy effective mass at the bandgap
E;, and a spin split-off valence band at energy E, + A,,. In other words, bulk III-
V semiconductors do not fulfill these optimum gain requirements. Furthermore,
at long wavelengths the complex valence subband structure facilitates substantial
non-radiative recombinations through Auger processes and intervalence band ab-
sorption [4].

3.1.1.2 Quantum well active structures

A logical continuation in the efforts striving for improved performance of long
wavelength semiconductor lasers was the trend to shrink structures to smaller
dimensions. For layer thicknesses in the order of the De Broglie wavelength of
confined carriers (A = h/p ~ 200-3004, p = momentum) the kinetic energy for mo-
tion normal to the direction of the interfaces (z-direction) becomes quantized into
discrete energy levels. Every quantum number corresponds to one conduction
band and three valence band levels, the light hole (lh), the heavy hole (hh) and
the split-off (so) band. A typical energy scheme of a quantum well is depicted in
figure 3.2. Due to the quantization of the kinetic energy, the density of states is
modified from the three dimensional case (equation 3.2) to [3]:

drm; ) 1
h? d.’

where d. is the well thickness and m; | the effective mass for the i-level parallel to
the quantum well (QW) interface. This shows that in a QW the density of states is

Pred = (35)
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Figure 3.2: Energy scheme (left) and density of states (right) for a quantum well of e.g. InGaAsP
embedded in InP. Due to the confinement, for motion normal to the interfaces, the kinetic
energy of carriers is quantized into discrete energy levels. The density of states for non-
quantized carriers is shown by the dashed curves, the quantization changes them to the
solid step-like curves.
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Figure 3.3: Schematics of band filling, gain formation under increased injection, and gain-current
characteristics for semiconductor lasers with bulk (top) and quantum well (bottom) ac-
tive layers (CB = conduction band, VB = valence band).

independent of the carrier energy and is determined by the effective mass in the
QW plane (x-y plane). A direct result of the modified band structure is a change of
the gain spectrum and the gain-current relation, as is illustrated in figure 3.3. For
bulk active layers the spectral gain bandwidth increases with carrier density and
above transparency the peak gain is linearly proportional to the injection current.
In contrast, the step-like density of states in quantum well active layers causes a
steep onset of the gain at the bandgap energy. Plotted against the injection current
the gain becomes positive for smaller values of the injection current compared
to bulk active layers. At high injection currents the gain shows a tendency to
saturate, which is expressed by a logarithmic gain-current relation [5, 6, 7]:
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i Jtr

(3.6)

where | and [, are the injection and the transparency current density respectively,
7; is the internal quantum efficiency, and (3 is the differential gain.

Near transparency the differential gain in a quantum well structure is enhanced
with respect to a bulk active layer. This increase can be attributed to a modifi-
cation of the transition matrix element |Mr|. The transition matrix element is a
measure for the strength of stimulated electron transitions in a given material. In
zinc blende bulk semiconductors the transition matrix element is isotropic, mean-
ing that the gain does not depend on the optical polarization — the angle between
the electron wave vector k and the optical field vector E. This is no longer the case
for quantum well structures. We distinguish two polarization states, with either
the electric field (TE) or the magnetic field (TM) lying in the quantum well xy-
plane. The corresponding transition strengths are different for heavy holes and
light holes [8]:

3 + 3cos?0

|M1ThE\2 = foe,hhMbQ,hh
|Mz€E‘2 = %iﬂOe’thilh
MM = %@,hhﬂﬁhh
|MBMP = HzﬂOe,thilhv (3.7)

where M, ; is the isotropic bulk transition matrix element, and O; ; the overlap
integral of the two quantum well envelope wave functions with a value between
0 and 1. 0 is the angle of the electron k vector with the k, direction and is equal to
zero at the zone center I'.

In unstrained quantum wells the lh-hh degeneracy is lifted due to a difference
in effective mass of the subbands, with the hh-levels getting on top. If we con-
sider the limit where there is no overlap between the conduction band and the
lh-valence band Bloch wave function (O, = 0), then the overlap O, 5 of the
electron-heavy hole transition equals 1. From expression 3.7 it can be deduced
that at the band edge (" point, cos 6 = 1) only the TE-gain is different from zero
and the corresponding transition strength equals 1.5 times that in bulk material.
This proves that the use of quantum wells enhances the optical gain. In reality, the
hh-lh splitting is small in unstrained quantum wells, leading to hh-lh band mix-
ing. This introduces electron-light hole transitions, reducing the overall transition
matrix element.

Later in this section we will discuss the influence of strain on the hh-lh splitting,
but it can already be remarked from the transition matrix 3.7 that if the light-hole
transitions are favored — that is if the lh-levels form the valence band maximum
— TM-polarized gain is dominant with the transition matrix element at the band
edge [M};M|? = 2M} ,, against [M{,F|* = 0.5M3 ;,, for TE-polarization.
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We have mentioned earlier that the gain performance of an active structure
rises with increasing symmetry of the electron and hole effective mass. To con-
clude this paragraph on unstrained quantum wells, we prove this statement for
quantum well active material. The modal gain per quantum well from the lowest
energy subband transition can be derived as [9]:
MMMy

(3.8)

Gmaz ~ ————.
max mc + mv
Furthermore, for a nearly symmetric band structure, the transparency carrier den-
sity per quantum well can be expressed as Ny, ~ /m.m, [10]. Consequently, the

maximal differential gain at transparency is given by:

dG  Graw /Moy

— = . 3.9
dN N{;r Me + My ( )

From these expressions it can be seen that the transparency carrier density reduces
and the differential gain increases with decreasing hole effective mass. For equal
electron and hole effective masses the differential gain is maximal.

3.1.1.3 Strained quantum wells

The conclusion of the previous paragraph on quantum well material is that a ma-
ximal polarization-selective gain can be obtained by increasing the hh-lh subband
splitting and equalizing the electron and hole effective masses. Reshaping of the
band structure to obtain a higher symmetry between the valence band and the
conduction band by growing active material lattice-mismatched to the substrate
has been proposed in the mid-80’s [10, 11, 12]. For sufficiently thin layers below
the critical thickness [13], the resulting biaxial in-plane strain causes tetragonal
deformation of the cubic symmetry of the crystal lattice, modifying the valence
subband structure but hardly affecting the conduction band. For growth on (001)
substrates, a simple strain tensor ¢ is obtained with the only non-vanishing com-
ponents given by:

ewm = €yy = 6” = - a_ 5 (3.10)

and
=€l = —2—2¢, 3.11
€ €1 L (3.11)

where x and y are taken in the growth plane and z perpendicular to the growth
plane. a5 and a. are the relaxed lattice parameters of the substrate and the epitax-
ial layer respectively, and C;; are components of the elastic stiffness tensor. For
a. > a,, thatis ¢ < 0, the epitaxial layer is under biaxial compressive strain, while
for a; > a. the strain is tensile. The total strain can be decomposed in a purely
hydrostatic component:

AV
€hy = - = €xx + €yy + €22 = 2€ + €L, (3.12)
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and a purely axial component:

€ax = €2z — €zz = €L — €| (3.13)

The hydrostatic strain component shifts the conduction band by the energy:

O0E.(z,y) = acepy- (3.14)

The valence bands are modified as:

6Ehh(x7 y) = _Pe - Qe
6Elh($7 y) = _PE + Q67 (315)
where
P = —Qy€hy
Q. = b (3.16)

a. and a, are the conduction-band and valence-band hydrostatic deformation po-
tentials and b is the valence-band shear deformation potential. For the InGaAsP
and InAlGaAs material systems 4, is positive while a. and b are negative, and the
ratio %f is in the order of 0.5 [14]. These expressions show that the hydrostatic
strain component affects the bandgap. The most important effect for semiconduc-
tor lasers and amplifiers however arises from the axial component which affects
the splitting between the heavy-hole and light-hole valence subband. Remem-
ber that the quantum size effect lifts the degeneracy of the valence subbands at
the band edge, causing the hh-band to form the valence band maximum in un-
strained quantum well active layers. In the case of compressive strain (¢ < 0), Q.
is negative which enhances this hh-lh splitting largely. This eliminates the band-
mixing, which results in a reduction of the effective mass in the in-plane direction.
For tensile strain, Q. is positive, hence the lh-levels are lifted with respect to the
hh-states. In bulk material, this brings the lh-levels on top of the valence band,
again causing a reduction of the in-plane valence band effective mass. In quan-
tum wells the quantum confinement is counteracting this strain-induced valence
band modification, which may result in an asymmetric bulk-like band structure
with even an indirect valence band maximum [4]. Therefore, sufficiently high le-
vels of tensile strain must be built-in to elevate the lh-level to the top of the valence
band. This implies that relatively thick wells need to be used for a defect-free ten-
sile strained quantum well structure.

The principle of strain induced band structure engineering is schematically de-
picted in figure 3.4, for a bulk active layer. Figure 3.5 shows three examples of the
in-plane energy dispersions for the valence subbands in the quantum wells grown
under 1.6% tensile strain (left), lattice matched (middle) and 1.2% compressive
strain (right) in the In,Ga;_,As/InGaAsP material system, clearly illustrating the
strain-induced increase of the hh-lh splitting and the large reduction of the effec-
tive mass in the compressive strain case. An example of the evolution of the band
structure with the amount of built-in strain is given in figure 3.6. Varying the Ga
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Figure 3.4: Schematic representation of the (bulk) band dispersion of a strained 11I-V semiconductor
under compression, lattice matching, and tension.

content of In; _,Ga,Asg 7P 3 quantum well material, grown on an InP substrate,
results in compressively (x < 0.32) or tensile strained (x > 0.32) gain material,
with the hh-levels or the lh-levels at the top of the valence band, respectively. For
very high strain levels, the conduction band offset AE, — the difference between
the conduction band positions of the well and the adjacent layer — becomes nega-
tive, due to the difference in the hydrostatic deformation potentials [14]). In these
so-called type II quantum wells, the electrons are confined to the barrier or sepa-
rate confinement heterostructure layers, whereas the holes remain confined to the
wells.

In conclusion, band structure reshaping by building in strain, either compres-
sive or tensile strain, in a quantum well active layer structure lowers the in-plane
valence band effective mass, hence increases the symmetry between the valence
band and the conduction band. This largely enhances the gain performance of
the structure. Furthermore, strain can increase the splitting between the heavy-
hole and light-hole subbands and as such enables for polarization-selective gain;
TE-gain for compressively strained structures and TM-polarized gain favored for
active layers with (a large enough) built-in tensile strain. The latter is exactly what
we want to obtain for the TM-mode amplifying waveguide optical isolator. In the
next section we will discuss the tensile strained multiple quantum well structures
developed for this specific application.

We end this section with the remark that the decrease of the effective mass of
the valence band in strained-layer quantum wells is expected to enhance the per-
formance of active structures further by reducing optical and carrier loss mecha-
nisms such as the non-radiative Auger recombination and the intervalence band
absorption. This is attributed to the fact that the carriers are confined to smaller
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Figure 3.5: Calculated band structure of 1.6% tensile-strained (x = 0.32), lattice-matched (x = 0.53),
and 1.2% compressively strained (x = 0.7) InyGay_.As/InGaAsP in the left, middle,
and right figure, respectively. The well width L. is chosen for emission at 1500nm

wavelength. The solid and dashed lines denote the hh and Ih subbands, respectively [4].
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values of the k-vector, causing a large reduction in the number of transitions in-
volved in Auger recombination and intervalence band absorption [4].

3.1.2 Gain material for the TM-mode isolator

The development of tensile strained multiple quantum well (MQW) gain mate-
rial at 1300nm wavelength has been described earlier by Vanwolleghem [15], both
from a theoretical and an experimental point of view. Tensile strained MQW struc-
tures in In;_,Ga,As,P;_, and In;_,_,Ga,Al,As material systems have been in-
vestigated experimentally, with measurements of the differential gain and the ex-
ternal quantum efficiency as a function of the applied strain and the number of
quantum wells. We will not repeat this work here, but instead give a summary of
the main results. Especially the experimental gain-current density relations of the
different quantum well structures are of interest here, since they serve as impor-
tant input in the simulations of the amplifying waveguide optical isolator.

The most common III-V semiconductor material system for light emission in
the telecom wavelength window (1310nm - 1550nm) is In; _, Ga, As,P; _,-InP. The
InGaAsP strained quantum wells have been grown by gas source molecular beam
epitaxy (GSMBE) under standard growth conditions. By optimizing the (com-
pressive) strain compensation in the barrier layers up to fifteen 12nm-thick QWs
with a tensile strain of -1.1% can be stacked. X-ray diffraction, room-temperature
photoluminescence measurements and transmission electron microscopy obser-
vation indicate good structural properties of these heterostructures [16]. The gain
performance of the quantum well active layers can straightforwardly be evalu-
ated through laser measurements. Broad-area lasers have been fabricated with an
amplifying core comprising -1.1% tensile strained InGaAsP quantum wells emit-
ting at 1310nm confined by +0.3% compressively strained barriers (A, = 1060nm)
and enclosed within two undoped lattice-matched InGaAsP separate confinement
heterostructure (SCH) layers (A, = 1030nm). The number of wells varies up to 15
(3, 6,9, 12, 15). TM-polarized lasing has been observed on all samples. The thres-
hold current density was found to be minimal for 6 QWs and equal to 0.8kA /cm?,
measured on 600um x 50um broad area lasers. The T, characteristic tempera-
ture! is 75K in the range of 20°C - 80°C. With these numbers the tensile strained
MQW material has a performance comparable to standard compressively strained
InGaAsP/InP 1300nm TE-lasers [17, 18, 19]. Based on the evaluation of the thres-
hold current density and the external quantum efficiency as a function of the
cavity length an estimation of the internal optical loss can be made [3], and the
gain-current density relationship can be deduced. This last expression is plotted
in figure 3.7 for 3 QWs and 6 QWs, with indication of the fitted logarithmic re-
lationship (equation 3.6). It can easily be seen that the differential gain and the
transparency current both increase when shifting from 3 to 6 wells, which is as
can be expected due to the increased confinement of the optical mode in the ac-

I The threshold current density of a laser obeys the following phenomenological relation:

T
Jin = Jm:xp() . (3.17)
To



3.1 TM-selective gain material: tensile strained quantum wells 3-11

50 -
+~3QWs -6 QWs

40 -
/E\ p—
S Gunog = 43.7 In(J/401)
< B =109 cm/kA
]
c’ =
T 20 - Grnog = 29.3 In(J/355)
g B = 82 cm/kA
£

10

0 ‘ | | |
0 300 600 900 1200

current density (A/cm?)

Figure 3.7: Modal gain-current relationship obtained via threshold measurements of broad area
lasers with different lengths for the 3QW and 6QW samples (at room temperature).

tive layers [20]. At quantum well numbers higher than six, the total threshold
current density increases [16], hence the gain performance reduces.

While these demonstrated gain levels are promising and, as is discussed in
chapter 4, have allowed for the first demonstration of the concept of the TM-mode
amplifying waveguide optical isolator, a substantial improvement is required to
obtain optical transparency for realistic injection current values. Therefore, we
have shifted our attention from the conventional In;_,Ga,As,P1_, QW active
material system to the In;_,_,Al,Ga,As system. The latter material system has
been reported to provide superior gain performance and reduced temperature
sensitivity [21, 22]. This can be attributed to a better electron and hole confinement
in the wells as a result of increased band offsets and a more favorable band-offset
ratio. The difference between the bandgap of the barriers and the bandgap of the
wells AE, is divided between the conduction and the valence bands, denoted as
the conduction band offset AE, and the valence band offset AE, respectively.?
The ratio ﬁg: , termed the band-offset ratio, has a characteristic intrinsic value
for a particular well-barrier system. In quantum well structures, carrier leakage
through the barrier layer is one important factor limiting the performance, espe-
cially at high current density or high temperature. Due to the difference in effec-
tive mass, the electron, with its lighter effective mass, requires a tighter confine-
ment than the hole. Hence, the requirement AE, > AFE, enhances the active layer
performance. In addition, the value of the valence band offset A E,, should not be
too high, to allow for the heavier holes to equally occupy all the QWs [22], espe-
cially for an active region containing a large number of wells. The conventional
InGaAsP-InP QW material system has a small band-offset ratio of about 0.67 or
a conduction band offset of E. = 0.4 E;. In contrast, the band-offset ratio of the

2The bandgap energy obviously varies for the different transitions between the discrete energy
levels in the quantum confined layers, i.e. electron-heavy hole (c-hh) or electron-light hole (c-lh) tran-
sitions.



3-12 Design of the amplifying waveguide isolator

InAlGaAs-InP QW system is much larger with ﬁgz =257 or E. = 0.72E,, which
results in a better electron confinement and an equal hole filling in the QWs. We
remark that these values of the band offsets are calculated with respect to InP bar-
riers and are average numbers. The band offset can be modified to some extent by
varying the alloy composition [14].

The high band-offset ratio has potentially another important implication for the
gain performance of InAlGaAs QWSs. Due to the low valence band offset it is very
likely that the heavy-hole valence band offset between well and barrier becomes
negative and the heavy holes are located in the barrier. The result of this mecha-
nism — called type Il behavior — is that the negative influence of hh-carriers on the
lh-band curvature at the band edge can be completely eliminated, resulting in a
large decrease of the in-plane effective mass of the light holes. As explained ear-
lier, this enhances the differential gain and lowers the transparency current den-
sity. Type II band line-up for the heavy holes cannot be induced in the InGaAsP
QW system for realistic strain values.

Apart from a more favorable band offset ratio, the In;_,_, Al,Ga,As quaternary
alloy system has the advantage over In;_,Ga,As,P;_, of a higher flexibility to
control the properties of the heterostructure. Indeed, if we assume the notation
(Al,Gai—),In;_,As, the amount of strain is mainly determined by the num-
ber u — the indium mole fraction — while the bandgap wavelength can be ad-
justed by varying the Al/Ga ratio, described by z. This is due to the fact that
the lattice constant of GaAs and AlAs differ only by 0.12%. Figure 3.8 shows the
strain and bandgap energy versus the gallium (x) and arsenic (y) mole fraction
for the In;_,Ga,As,P;_, material system (left) and versus the gallium (x) and
aluminium (y) mole fraction for In; _,_,Al,Ga,As (right) [14]. In the top graphs
the contours of constant strain and bandgap energy are plotted, while the lines in
the bottom figures are contours of constant x and y values. In these figures the
bandgap with the smallest energy is presented (i.e. c-hh for compressive strain,
c-lh for tensile strain) and the bandgap shift due to strain effects is taken into ac-
count. The strain is calculated with respect to InP and negative values of strain
are tensile. These plots clearly illustrate the fact that in the Al-based system the
strain and bandgap energy can be controlled separately through the Al/Ga ratio,
respectively the In mole fraction.

A third advantage of the In;_,_,Al,Ga,As active system is from a pure techno-
logical point of view. The fact that the Al-based system contains only one group V
element (As) facilitates to obtain abrupt QW interfaces. In the In;_,Ga,As,P;_,
system As-P exchanges are often observed, which can cause undulations of the
QWs interfaces [16].

In conclusion, despite the fact that the aluminium element is more difficult to
handle, shifting from In; _,Ga,As,P;_, to the In;_,_,Al,Ga,As material system
holds the promise of the large improvement of the active region performance re-
quired to realize a TM-mode amplifying waveguide optical isolator.

Our co-workers at Alcatel-Thales III-V Lab have developed tensile strained
InAlGaAs-InP MQW active structures, emitting around a wavelength of 1300nm
[23]. The material has been grown by metal-organic vapor phase epitaxy (MOVPE).
The quality of the fabricated structures has been checked and confirmed through
high resolution X-ray diffraction, and the absence of degradation has been ob-
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Figure 3.8: Strain and bandgap enerqy versus Ga (x) and As (y) mole fraction for the
Iny_.GayAs, P1_,, material system (left) and versus the Ga (x) and Al (y) mole fraction
for Iny o, Al,Ga, As (right). In graphs (a) contours of constant strain and bandgap
energy are plotted while in (b) the lines are contours of constant x and y values.

served even at very high strain values of -1.65% [23]. The QW tensile strain
has been varied between -0.72% and -1.65%, partially compensated by the fixed
+0.64% compressive strain in the barrier layers. The optical performance has again
been evaluated by measurements on fabricated broad area lasers. The active re-
gion consists of six 10nm-thick, undoped In; _,_,Al,Ga,As tensile strained wells
surrounded by seven 20nm-thick Ing g2Alg 30Gag.0sAs barriers. Lattice-matched
InAlGaAs and InGaAsP layers of 40nm thickness serve as separate confinement
heterostructure layers (SCH) above and below the MQW active region, respec-
tively. This asymmetric choice of SCH layer material might enhance the carrier
injection in the active region. Indeed, the high conduction band offset of InAl-
GaAs on InP and the high valence band offset of InGaAsP on InP increase the
barrier height for electrons and holes respectively, resulting in a better carrier con-
finement in the MQW region sandwiched between both SCH layers. Experiments
show that the improvement with respect to symmetric InGaAsP SCH layers is
negligible, but that with two InAlGaAs SCH layers the performance decreases
significantly [24].
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Photoluminescence measurements have indicated that the first electron-light hole
(c1-1h1) and the first electron-heavy hole (c1-hhl) transitions are present, with a
wavelength separation that obviously increases with strain. The c1-1h1 transition
becomes dominant at a tensile strain of -0.3%. Furthermore, tensile strain higher
than -0.77% results in a type II band line-up for heavy holes.

Broad area lasers, with a stripe width of 100um, with different cavity lengths
have been cleaved and the threshold current density and the external quantum
efficiency have been recorded at various controlled temperatures. For the higher
strain-valued lasers a characteristic temperature T, of 80K has been found, which
illustrates the decrease of the temperature sensitivity with respect to the InGaAsP
QW system where a Ty of 75K has been found. The experimental threshold and
efficiency data combined with the logarithmic gain model of equation 3.6 yield
a room temperature transparency current density of 350A/cm?, i.e. 58.3A/cm?
per well, a value which is quasi-independent of the amount of strain.> Remember
that for the 6QWs InGaAsP-InP broad area lasers a transparency current density of
400A /cm? has been extracted. The evolution of the differential gain [ with tensile
strain is plotted in figure 3.9. Increasing the strain clearly enhances the differen-
tial gain, with a doubling when moving from -0.72% to -1.65%. This improvement
can only be explained by an increase of the c1-lh1 transition strength as a function
of strain, as was theoretically predicted in section 3.1.1. The differential gain of
253cm/KA is an increase by more than a factor 2 compared to the 6QWs InGaAsP
active structure. Whereas in figure 3.9 the differential gain seems to ‘saturate” at
high strain values, it should not immediately be concluded from this one series
of measurements that the upper limit performance has been reached. Variation of
the number of quantum wells is one possible way to further optimize the tensile
strained InAlGaAs QW active material.

In summary, tensile strained multiple quantum wells have successfully been de-
veloped in the InAlGaAs-InP material system. Experimental results on broad area
lasers confirm the theoretically predicted enhanced performance with respect to
InGaAsP QW active material. The Al-based system outperforms the traditional P-
based system, with a higher differential gain, reduced transparency and threshold
current densities and an increased internal efficiency. Furthermore, an extensive
strain study on InAlGaAs QWs has confirmed that the TM differential gain in-
creases largely as a function of the amount of tensile strain.

We conclude this section on QW gain material with the following remark re-
garding the gain-current density relation used during the isolator simulations.
Not one but two subsequent runs of the InAlGaAs tensile strained active material
have been completed. All results mentioned so far are from the second (more op-
timized) run. However, at the time of designing the isolator demonstrators only
the first run was fabricated and characterized. The corresponding relationship be-
tween gain and current density is plotted in figure 3.10, measured on broad area
lasers with six 10nm-thick -1.25% tensile strained In;_,_,Al,Ga,As wells, sur-

3This value is the total transparency current density Jo instead of the radiative transparency current
density J: appearing in equation 3.6, which are related as: Jo = ‘;t"' , with n; the internal quantum

i

efficiency.
4The last two parameters have not been discussed here. In references [16, 23, 15] the experimental
results are given that validate this statement.
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Figure 3.9: Evolution of the gain performance of the 1300nm InAlGaAs material system as a func-
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Figure 3.10: Modal gain-current relationship of 6QWs -1.25% tensile strained InAlGaAs-InP ac-
tive material (first run) obtained via threshold measurements of broad area lasers with
different lengths (at room temperature).

rounded by 20.8nm-thick +0.6% compressively strained barriers. The differential
gain of 186cm /KA clearly is lower than the value of an equally strained structure
of the second run, given in figure 3.9. We believe this is mainly due to an over-
estimate of the internal loss when using threshold current density and external
quantum efficiency data measured on very short cavity lasers (down to 95um). In
any case, the possibly underestimated gain-current density relationship of figure
3.10 has been used in the calculations. Combining this with the calculated value
of the TM modal confinement in the 6 quantum wells (I'ras6qws = 0.14) yields
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the following expression for the fundamental QW material gain Gy, (in units of
1/cm) in terms of the total injected current density J;o; (expressed in kA /cm?):

653 6 Jtot 6 Jtot
Comat = | — = 4660n [ — : 3.18
‘T T, "(Nw 0.352) ”(Nw 0.352) (3.18)

with N,, the number of wells in the MQW core. This equation obviously assumes
that the injection and the internal quantum efficiency are independent of the num-
ber of wells, and that the carrier concentration is uniformly distributed over the
wells, which is a safe assumption for a number of wells not much exceeding ten.
This experimentally determined gain-current relationship has been used as input
for the isolator design calculations.

3.2 Ferromagnetic metal choice

Ferromagnetic metals, with their high optical absorption at telecom wavelengths,
have only recently been considered for magnetooptic devices operating in the in-
frared spectral range. Instead, this class of materials has been studied for decades
in the area of magnetooptic recording with visible wavelengths as the region of
intrest. As a consequence, very little is known about the magnetooptic proper-
ties of ferromagnetic metals at telecom wavelengths, except for an old Russian
research initiative [25, 26]. In addition, for magnetooptic recording the Kerr ro-
tation ®x (defined in equation 2.34) is the important parameter, whereas for the
isolator application the Kerr ellipticity angle:

\I/K:Re( @n > (3.19)

n? —1

is equally important, but far less tabulated in literature. Therefore, to enable ac-
curate design of the waveguide isolator, the only valid option was to characterize
these materials ourselves. These experiments have been done in collaboration
with IEF [27]. For the selection of candidate materials we must rely on the tabu-
lated values of the Kerr rotation ®x at visible wavelengths. Based on this data
the Co,Fe;_, alloy system turns out to be the most promising. In table 3.2 the
magnetooptic Kerr rotation of some Co,Fe;_, compositions is given, as measured
by Bushow [28]. These numbers suggest that the equiatomic CosoFes is magne-
tooptically the strongest. Experiments discussed later in this section indicate that
CosoFes is indeed the preferred alloy for the InP-based waveguide optical isola-
tor.

3.2.1 Experimental extraction of the permittivity tensor elements
of ferromagnetic metals

The elements of the permittivity tensor of a magnetooptic material depend on the
magnetization M as:

€ik = € — jeiniaigMy + Gigim MMy, (3.20)
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Pk (deg) Pk (deg)
Alloy A=633nm )\ =3830nm
Fe -0.41 -0.53
Fe75C025 —0.42 -0.46
Fe50C050 -0.51 -0.60
FGQ5CO75 -0.48 -0.58
Co -0.30 —0.36

Table 3.1: The polar Kerr rotations (at normal incidence) at two wavelengths for a few members of
the CozFe1_4 alloy system [28].

where ¢;;; is the antisymmetric 3D-order pseudotensor (the Levi-Civita tensor).
The first term of the right-hand side is the zeroth-order permittivity tensor in-
cluding optical anisotropy, a;, is the gyrotropy tensor defining the gyration vector
81 =@gM,, and the third term includes the fourth-order tensor ;1 which de-
scribes the quadratic magnetic optical anisotropy. The polar tensors €, a;, and
dikim are defined by the crystallographic symmetry [29]. In this work we only
consider sputtered polycrystalline ferromagnets which can be considered as opti-
cally isotropic with negligible magnetic optical anisotropy. In this case a material
is described by two complex constants: the dielectric permittivity constant € and
the magnetooptic Voigt parameter Q. The latter is related to the magnitude of the
gyration vector g as Q = 5. As such, the optical and magnetooptic characteri-
zation of these magnetooptic materials comes down to the measurement of two
complex parameters. These values can be obtained through (generalized) ellip-
sometry.

The idea behind ellipsometry is the extraction of the optical properties of a stack
of materials through the measurement of the change of the polarization state un-
dergone at reflection off this stack by an incident light beam of a known specific
polarization state, and with a known wavelength and incidence angle. In the case
of optically isotropic materials this change, characterized by the rotation angle of
the polarization ellipse ¥ and the phase difference A between s and p waves after
reflection, relates to the Fresnel coefficients as:

tan¥ exp(jA) = 3 (3.21)
Numerical fitting of the obtained data to an optical model yields accurate values
of the optical constants and thicknesses of the layer stack. If the stack contains a
magnetooptic layer — in which case the technique is called generalized ellipsome-
try — the reflectivity matrix is a 2 x 2 complex matrix:

R = ( Tﬁs "ps ) (3.22)

and the observed phase shift now represents the combined effects of reflection
and magnetooptic rotation. A multitude of methods exist to separate the two ef-
fects [30, 31]. Our co-workers at IEF have performed the (magneto-)optic characte-
rization of the ferromagnetic metals using a technique of photoelastic modulated
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7 7

| Composition n K g g \

CogoFe1q 4.65+0.1 4.82+0.03 -1.7£0.2 -1.05+£0.1

CospFeso 324+0.08 4.5+0.04 -1.7+£02 -1.7£0.1
Fe 3.82+0.27 3.5+0.05 -1.44+0.3 -0.75+0.17

Table 3.2: Extracted values of the optical and magnetooptic parameters for three Co,Fei_.. compo-
sitions at 1310nm.

ellipsometry. For a detailed description of the measurement setup, the experi-
ments and the numerical fitting procedure we refer to their work [27, 15]. The
complex refractive index n-jx and the gyrotropy constant g = ¢’-jg” of three alloys
of the Co,Fe;_, system have been determined experimentally and the results are
given in table 3.2.1. The main uncertainty on the magnetooptic data stems from
the uncertainty on the values of the refractive index. In the next section we evalu-
ate the magnetooptic quality of these three compositions and deduce which is the
preferred material for the amplifying waveguide optical isolator.

Important issue to interpret the experimental data is the sign convention that is
used for the optical and magnetooptic constants. With both e and ¢ complex quan-
tities it has to be decided whether to take a positive or a negative imaginary part.
A second sign choice is whether to use a plus or a minus sign for the off-diagonal
element ¢,,,. Atkinson [32] argued on the basis of the casuality principle that a log-
ical sign scheme exists. If we assume the time dependence of the electromagnetic
fields to be described by exp(+jwt) this scheme reads:

60 _ 6/O —jGHO — (n _jH)Q,

g = ¢ —-id",
e +jg 0

¢ = e| —jg &€ 0 |]. (3.23)
0 0 el

The sign of the other magnetooptic off-diagonal elements ¢,, and ¢,, obviously
follow from that of ¢,, through antisymmetric cyclic permutation of the Levi-
Civita tensor.

3.2.2 Discussion of the ferromagnetic materials

From the experimental metal properties tabulated in table 3.2.1 the following re-
flections can be made about the quality of the tested Co,Fe; _, alloys. Based on the
magnitude of the gyrotropy constant |g| it can be concluded that the equiatomic
composition CosoFes( is magnetooptically the strongest among the three examined
alloys, next is the Co-rich material and pure iron (Fe) seems to be the weakest.
However, this does not at all ensure that the same "sequence’ holds for the ap-
plication of these materials in a waveguide optical isolator. Indeed, as has been
proven in chapter 2 (see equation 2.114) the non-reciprocal phase shift Ag is pro-
portional to the Voigt parameter Q = % rather than to the gyrotropy constant g
alone. In addition, specifically for the amplifying waveguide optical isolator the
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Composition % % % (%)
CogoFe1p -0.0220 -0.0387j  0.088 9.2
CosoFesq -0.0344 -0.0710; 0.167 18.2

Fe -0.0324 -0.0495;  0.119 12.6

Table 3.3: Magnetooptic performance parameters for three Co,Fe1_.. alloys. The last column gives
the upper limit of the isolation-to-loss ratio, calculated according to equation 3.24.

isolation-to-loss ratio is determined by the ratio % of the magnetooptic metal.
Remember from chapter 2 that a fundamental limit on this figure-of-merit (FoM)
function is expressed by:

Aa — _772 (3.24)
o nKk + 1

max lg]

The third column of table 3.2.2 gives the values of 1% for the three ferromagnetic
alloys, and in the last column the corresponding upper limit on the isolation-to-
loss ratio is tabulated. Based on the numbers in table 3.2.2 it can again be con-
cluded that CosoFes is the preferred metal alloy. Furthermore, despite a much
lower magnitude of the gyrotropy constant a non-reciprocal device with an iron
film as the source of the non-reciprocity performs potentially better than one with
the Co-rich alloy. Potentially, as there are two other important issues that should
be taken into account when making the ferromagnetic metal choice for the wave-
guide isolator; the phase relation between the gyrotropy and the modal electric
field amplitude and the polarization of the TM mode in the metal layer, both
of which depend heavily on the optical and/or magnetooptic parameters of the
metal. We shall now discuss these, starting with the phase relation.

Equation 2.112 for the non-reciprocal loss shift A« expresses that A« depends si-
nusoidally on the phase angle of the gyrotropy constant Zg and the phase angle
of the transverse electric field amplitude of the unperturbed TM guided mode at

the metal interface /E.") (z,4) as:

_gllBY (@) 2

Aa
Zva6|n6ff|

sin(Zg + 24E0 (z:4)), (3.25)
with Z,,q. the vacuum impedance and 7. ¢ the effective index of the unperturbed
guided mode. To maximize A« the phase angle of ¢ must therefore obey the
condition:

Lg = g — 2/EO) (z:4) + m. (3.26)
Now, as elaborated in chapter 2 the phase of the transverse electric field ampli-
tude can be altered by changing the cladding material, but remains quasi-constant
when changing the thickness of the cladding. Furthermore, the optical constants
of the metal alloy also have a (moderate) influence on the value of AEQ(CO)(:EH).
To evaluate the intrinsic quality of the three Co,Fe;_, alloys with respect to this
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Figure 3.11: Evolution of sin(Zg + 2/E (241)) [equation (3.25)] with the refractive index of
the cladding layer of a four-layer magnetooptic slab waveguide. The different graphs
correspond to a different Co,Fe1_, alloy as the top layer. The right graph is a detailed
view for InP-related cladding layers.

phase condition, a four-layer slab waveguide has been simulated with each of the
three metals as a top layer. The waveguide core is a 300nm passive InAlGaAs
layer (111,41Gaas = 3.5).°> The refractive index of the substrate and the buffer ma-
terial is being altered between 1.0 (air) and the core index and the corresponding
change of the sine factor of equation 3.25 is being monitored. The thickness of
the buffer layer between the core and the metal is practically arbitrary for these
simulations and is fixed at 500nm. The simulation results are plotted in figure
3.11, with on the right a detailed view for InP and InP-related cladding materi-
als (N7np,1300nm = 3.2). It can be seen that for all three alloys the variation of the
sine factor is similar, with a maximum of one at intermediate cladding indices,
passing through zero around 7.4 = 3.0 and evolving towards another maximum
(in absolute value) at a low contrast between core and cladding. Zooming in on
the index range relevant for InP-based devices (right graph) shows that the three
alloys have a perfect phase match at the same index value close to the core index
of 3.5. This refractive index value can be tuned to some extent by changing the
core index and thickness.® The main difference between the alloys is the width of
the maximum; Fe and CosoFeso have a much broader maximum than the Co-rich
metal. For an actual device, for which the cladding index cannot simply be chosen
arbitrarily due to the requirement of lattice-matching, this is obviously an advan-
tage. In any case, from figure 3.11 it can be concluded that an InP cladding is for
none of the examined materials the best option. Instead a higher index material
should be chosen. In the next section, we will discuss how the addition of a ohmic
contact layer enhances the performance by optimizing the phase relation between
gyrotropy and electrical field.

5This can be considered as a suitable one-layer equivalent of the 9 well InAlGaAs MQW region
used as the core of the actual amplifying waveguide optical isolator.

SHowever, it must be remarked that specifically for the amplifying waveguide optical isolator the
composition and the thickness of the MQW active core region have been optimized for maximal gain
performance, hence should not be considered as variable.
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Figure 3.12: Evolution of the magnitude of the polarization factor |x| with the refractive index of
the cladding layer of a four-layer magnetooptic slab waveguide. The different graphs
correspond to a different Co.Fe1_,. alloy as the top layer.

On the lower index side the variation is slow and there is a very large difference
between the three alloys, with Fe as the best performing material. This is an im-
portant observation in view of the realization of a high index-contrast isolator.
One could for example think of a (passive) non-reciprocal component based on
a silicon-on-insulator (SOI) waveguide covered with a ferromagnetic metal film.
This idea is elaborated in chapter 6.

The second issue to be discussed is the polarization of the TM guided mode in
the metal cladding. Remember from chapter 2 that this polarization, described
by the ratio of the longitudinal electric field component E. to the transverse field
component E, denoted as y and constant in the top and bottom cladding of a slab
waveguide, must be as close as possible to a circular polarization, which implies
that the magnitude of x must approach one. In section 2.3 it has been derived
that |x| is entirely determined by the complex refractive index of the metal and
the modal effective index. As such, we expect the polarization factor to differ
significantly for the three Co,Fe;_, alloys. Indeed, identical simulations as the
ones used to evaluate the phase relation result in the plots of figure 3.12 describing
the evolution of |x| with the buffer material index for a four-layer slab with a
Co,Fe;_, alloy as the top layer. It needs no explanation that pure iron is by far
the preferred material from a polarization point of view, followed by CosoFesg.
The slight decrease of |x| as a function of the cladding index is entirely due to a
corresponding rise of the modal effective index. The aspect of modal polarization
in the metal hence additionally favors Fe with respect to CogoFe;o — apart from
the higher value of %.

So far we have only examined the quality of the ferromagnetic metal alloys
from a rather fundamental approach. The implications of the metal choice on the
practical performance of an amplifying waveguide isolator will be highlighted
later in this chapter when we treat the entire design of the isolator layer structure
(section 3.4). However, it shouldn’t come as a surprise that the general trends ob-
served here are repeated in the practical figure-of-merit functions. We can there-
fore consider this study of Co,Fe;_,-alloys as finalized. In conclusion, the opti-
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cal and magnetooptic parameters of three Co,Fe;_, compositions have been ex-
perimentally extracted. Specifically for structures with a low index contrast the
equiatomic CosoFes( alloy is by far the best option, both from a purely magne-
tooptic point of view, i.e. highest Q-value, as for application in an optical isolator,
i.e. highest %—Value.7 Moreover, it has been proven that looking solely at the
off-diagonal magnetooptic perturbation to the permittivity tensor, described by g,
doesn’t necessarily lead to the correct conclusion about the quality of a material
for a non-reciprocal device. Instead the diagonal permittivity elements — the opti-
cal parameters of the material — play an equally important role. As such Fe would
be preferred over CoggFe;(, despite the much lower magnitude of the gyrotropy
constant |g|. A third point that determines the suitability of a ferromagnetic metal
is its interaction with the guided mode, which is reflected by the modal polariza-
tion in the metal and phase relation between the electric field amplitude and the
gyrotropy.

Apart from Co,Fe;_,-alloys, manganese-based compounds have been investi-
gated as the source of the non-reciprocal phase shift, more specifically MnAs and
MnSb. The optical and magnetooptic parameters of MnSb have been determined
experimentally using the ellipsometer described earlier. Despite a significant un-
certainty on the extracted values,® these measurements show that both the real
and imaginary part of the gyrotropy constant of MnSb are only a few percent of
the corresponding values of CosoFeso, at 1300nm wavelength. For MnAs, we rely
on experiments done by Amemiya [33]. With a gyrotropy g constant at 1300nm
equal to -0.1+1.2j [34], it can be concluded that also MnAs does not at all outper-
form the equiatomic CosoFesg.

3.3 Magnetooptic metal contact optimization

The simplest amplifying waveguide optical isolator configuration operating for
TM-polarized light is illustrated in figure 3.1. In this scheme the magnetooptic
metal not only acts as the source of the non-reciprocal effect, but also serves as
the electrical contact for the underlying semiconductor optical amplifier. Conse-
quently one of the issues that needs to be treated is the development of an ohmic
contact for application in the amplifying waveguide optical isolator. In this section
we will discuss why this is not a trivial task and show that a compromise is to be
made between good electrical behavior and good (magneto)-optical performance.

The physical parameter that describes the quality of a metal-semiconductor
contact is the contact resistivity p., defined as:

pc[aj}l kT (327)

% V=0 - qJs
with | the current density and V the voltage across the contact, [, the satura-

tion current of the metal-semiconductor contact, k the Boltzmann constant, T the
temperature and g the electron charge. If the contact resistivity is low (order

"Despite its less favorable polarization factor compared to pure iron.
8Probably related to the oxidation of the capping layer
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] Layer Material Thickness (nm) |
Metallization Au 100
MO metal CO50F€50 50
Contact Ing 54Gag agAs variable
Contact In0.81G30.19A50_41P0.59 variable
Cladding InP 400
SCH Ing.s6Gag.14As0.32P0.68 0
Barrier InAlGaAs (Mg = 1100nm, +0.62% strain) 20
Well InAlGaAs (A\; = 1288nm, -1.6% strain) 10x9
Barrier InAlGaAs (A\; = 1100nm, +0.62% strain) 20x9
SCH Ing 86Gao.14As0.32P0.68 0
Cladding InP 1000
Substrate InP

Table 3.4: Details of the isolator layer structure used in the simulations for the magnetooptic metal
contact optimization.

107°Qcm?) - or equivalent the saturation current high — implying that the con-
tacted device is not substantially influenced by the metal-semiconductor contact,
the contact is said to be ohmic. The saturation current increases with diminish-
ing barrier height between metal and semiconductor and with increasing dopant
levels of the semiconductor layer in contact with the metal. The latter is due to
the increase of the tunneling current contribution to the saturation current. Due
to pinning of the Fermi level in III-V semiconductors [35], the barrier height and
consequently the contact resistivity are quasi independent of the work function of
the metal, hence the unusual choice of the contact metal — a ferromagnetic metal
— is not expected to deteriorate the contact quality. Furthermore, as one can ex-
pect that the p-barrier height is about one third of the bandgap energy [36], a
semiconductor contact material with a small bandgap is preferable for an ohmic
electrical contact. The material lattice-matched to InP with the lowest bandgap
is Ing 53Gag.47As, hence the standard electrical contact of an amplifying device is
composed of a highly doped Ing 53Gag.47As layer (100nm to 150nm thick) between
the cladding and the metal. For the amplifying waveguide isolator the situation
is more complicated. As the isolator performance is determined by the overlap of
the guided mode with the ferromagnetic metal, it is essential that the semiconduc-
tor contact structure absorbs as little as possible. After all, any absorption in the
contact layers enhances the overall modal loss of the device without contributing
to the non-reciprocal loss shift. Therefore, with the complex refractive index of
Ing 53Gag.a7As n-jk = 3.6-j0.207 [37] at 1300nm wavelength, a standard contact is
not suitable for the isolator. Instead we propose a contact scheme consisting of an
Ing 81Gag.19As50.41Po 59 layer topped with a (thin) Ing 53Gag.47As layer, both hea-
vily doped. The absorption of Ing g1Gag.19Asg.41P0.59 at 1300nm is low compared
to Ing 53Gag.a7As: n-jk = 3.37-j0.0027 [37] [38], including the free carrier absorption
due to the high doping (N = 2x10'°cm~3). In the remainder of this section we will
discuss what the thickness of these layers must be to obtain an ohmic contact for
the amplifying waveguide isolator.
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The influence of the contact scheme on the (magneto)-optical performance is
determined through simulation of an isolator benchmark example with a variety
of Ing 53Gag.47As and Ing s1Gag.19As0.41Po.59 layer thicknesses. The layer struc-
ture, tabulated in table 3.3, consists of a tensile strained InAlGaAs-InP multiple
quantum well region with 9 wells and a 400nm-thick InP buffer layer separating
this core from the contact structure. The ferromagnetic metal is a 50nm CosgFesq
film. As we want to calculate the influence of the contact scheme on the isola-
tor independently of its specific layer structure, the relevant figure of merit (FoM)
here is the isolation-to-loss ratio £2. We simulate the InAlGaAs quantum wells as
passive waveguide layers, i.e. kow = 0.

The modal loss obviously increases monotonously with increasing thickness of
the absorbing Ing 53Gag.47As layer. The non-reciprocal loss shift A« is calculated
with the perturbation formula derived in chapter 2:

EQE:O) . 2

Ao = WIE (@) sin(Zg 4+ 24E0 (x:4)). (3.28)
Z vac |ne ff |

with Z,,. the vacuum impedance, EQ(L.O)(XH) the transverse electric field ampli-

tude at the semiconductor-metal interface and .+ the effective index of the TM-

guided mode of the waveguide device. With the complex argument of g for

CosoFeso equal to —*, Aa is maximal if the complex argument of Eéo)( Xi+) equals

3% +p7, with p aninteger. In figure 3.13 the absolute value of sm(zg+2zE§P (zit))
(equation (3.28)) is plotted as a function of the two contact layer thicknesses.
Variation of these layers clearly allows for tuning of the phase of the transverse

electric field component Egco)(xpr). With every thickness of the absorbing layer
below 80nm corresponds a quasi-transparent layer thickness that maximizes the
sine factor and consequently the non-reciprocal loss shift A«. For absorbing layer
thickness values of a few tens of nanometers — the range important for the am-
plifying waveguide isolator — there is a broad maximum around InGaAsP-layer
thicknesses in the order of 150 to 200nm. Maximizing A is therefore a matter of
choosing the quasi-transparent contact layer "thick enough’.

It is now straightforward to understand the evolution of the isolation-to-loss ra-
tio with variation of the contact layer thicknesses, as plotted in figure 3.14. The
isolation-to-loss ratio is maximized by minimizing the absorbing layer and by
choosing a thickness combination that maximizes the sine factor of equation 3.28.
As such, a 'thick’, quaternary contact gives the highest (magneto)-optical perfor-
mance.

As explained before the electrical quality of the metal-semiconductor contact
increases with decreasing bandgap energy of the semiconductor in contact with
the metal. Hence, from electrical point of view a quaternary contact might not be
preferred. The contact resistivity of five contact schemes with different values of
the absorbing ternary and quasi-transparent quaternary layer thickness has been
tested (table 3.3): a ternary InGaAs sample (T), used as a reference, two quater-
nary InGaAsP structures (Q1 and Q2) and two hybrid schemes (H1 and H2) with
a 'thick” quaternary layer topped with a ‘thin” ternary layer.

9The validity of this approach is confirmed in section 3.4.1.
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Figure 3.13: Evolution of sin(Zg + 2/E™ (z41)) [equation (3.28)] with variation of the InGaAs
absorbing and InGaAsP quasi-transparent layer thickness.
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Figure 3.14: Evolution of the isolation-to-loss ratio (in %) with variation of the InGaAs absorbing
and InGaAsP quasi-transparent layer thickness.
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| Label Composition Thickness (nm) |
T Ino.53Ga0.47As 100
H1 = Ing81Gag.19AS0.41P0.59 / Ing.53Gag.47As 100 / 15
H2  Ing.g1Gap.19As0.41P0.59 / Ing.53Gag.azAs 100 / 5
Q1 Ing.81Gag.19AS80.41Po.59 100
Q2 Ing.81Gag.19As0.41Po.59 50

Table 3.5: Specifications of the studied contact schemes
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Figure 3.15: Electrochemical capacitance-voltage (ECV) profile of a hybrid contact comprising ter-
nary and quaternary layers. For an accurate measurement of the p-type dopant level,
layers of 300nm thickness have been grown.

For the extraction of the electrical quality of the five contact structures, cross-
bridge Kelvin resistors (CBKR) have been fabricated. Among all types of test
structures the CBKR provides the best compromise between ease of extraction
and sensitivity to parasitic current crowding effects, at least when aided with 2D
numerical simulations [39]. In a 2D model of the test structure, the voltage (V)
distribution is described by the relation:

V R;

Pc

ViV = (3.29)

with R, the sheet resistance of the semiconductor layer. Solving this boundary
value problem with a MATLAB algorithm enables very accurate extraction of the
contact resistivity. Our numeric tool takes into account the influence of possible
processing imperfections such as misalignment of the lithography mask and un-
deretching of the semiconductor mesa.

Be p**-doped Ing 51Gag.19ASp.41Po 59 (NBe =2x 1019C1’1’173) and Ing 53Gag 47As
(Npe = 3x10"cm™3) layers have been grown using gas source molecular beam
epitaxy (GSMBE) on an InP substrate. Whereas such high dopant levels are stan-
dard for Ing 53Gag 47As, this is not the case for Ing.g1Gag.19As0.41P0.59. The high
dopant concentration could be achieved by growing the quaternary material at
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Figure 3.16: Extracted contact resistivity for different rapid thermal processing temperatures, for all
five contact structures under study.

low temperature (T, = 460°C). A 50nm thick CogoFe;9g MO metal layer10 was sput-
tered and topped with a Ti/ Au protective bilayer (40nm/150nm). Rapid thermal
processing (RTP), which is known to improve the contact quality [40], was carried
out at 250°C, 350°C and 450°C, in a forming gas (N2:H2) atmosphere (duration:
30 seconds).

The experimental verification of the high concentration dopant profile of the ter-
nary and quaternary contact layers is given in figure 3.15. The carrier concen-
tration profile has been measured with the electrochemical capacitance-voltage
(ECV) technique [41]. The characterization sample is a three layer stack compris-
ing a (Be-doped) InP layer, a 300nm quaternary Be-doped Ing s1Gag.19As0.41Po.59
layer and a 300nm ternary Be-doped Ing 53Gag.47As layer.

The values of the contact resistivity obtained via resistance measurements and
subsequent fittings to the mathematical model are plotted in figure 3.16. As antici-
pated a quaternary contact (Q1 and Q2) has a contact resistivity beyond the accept-
able value of 1075Qcm?. The quality of a standard electrical contact (T scheme)
can however well be approached by topping a 100nm Ing g1Gag.19Asp.41Pg 59 layer
with a 15nm Ing 53Gag.47As layer (H1 scheme) and performing RTP at 350°C (p., 1
=1075Qcm?).

In table 3.3 the calculated values of the isolation-to-loss ratio for the five contact
schemes are given. This shows that the (magneto-)optical performance of the H1
scheme is 39% better than that of the standard ternary contact. As we want to
estimate the implications of using the hybrid contact scheme on the practical per-
formance of the isolator, the InP cladding thickness has been optimized for each of
the five contact schemes, with minimal transparency current as the FoM-function
(see section 3.4 for the optimization procedure). The gain-current density rela-
tion of equation 3.18 has been used for the 9QWs InAlGaAs active region. The

10 At the time of the electrical contact resistivity measurements, CoggFe1¢ was the only ferromagnetic
alloy that had been studied, and CosoFeso was not yet identified as an alternative. However, as men-
tioned earlier, the electrical contact quality varies minimally with the metal choice due to Fermi-level
pinning, hence we can safely assume that the experimental results are valid for the other Co;Fe; .-
alloys.
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Label Isolation-to Transparency Length
loss-ratio (%) current (mA/dB) (um/dB)
T 8.8 9.42 327
H1 12.2 6.76 238
H2 12.8 6.50 225
Q1 13.1 6.38 218
Q2 12.2 6.88 239

Table 3.6: Isolator performance for the five contact schemes.

corresponding forward transparency current and the device length, both per unit
(dB) of optical isolation are tabulated in table 3.3 (with 2pm ridge width). It can
be concluded that an isolator with the hybrid H1 contact scheme performs more
than 37% better than with the standard contact T and less than 10% worse than
with the best (magneto)-optical scheme Q1 (neglecting the electrical quality).

This completes the study of an ohmic electrical contact for the optical isolator.
Our findings can be summarized as follows. A standard ternary electrical contact
leads to unacceptably high losses in a TM-mode amplifying waveguide optical
isolator, hence the development of a suitable contact scheme is highly important.
From (magneto)-optical point of view a quasi-transparent quaternary contact is
preferred, but this does not result in an ohmic contact. By appropriately combi-
ning ternary and quaternary layers, we have designed a contact scheme with an
electrical quality similar to a standard contact with only a minimal decrease in
(magneto)-optical performance.

3.4 Optimization of the amplifying waveguide opti-
cal isolator

In the previous sections three main building blocks of the amplifying waveguide
optical isolator have been studied and optimized: the TM-gain performance of the
amplifying core, the choice of the magnetooptic ferromagnetic metal and the opti-
cal, magnetooptic and electrical behavior of the metal-semiconductor contact. The
remaining degrees of freedom for the isolator optimization are the thicknesses of
both separate confinement heterostructure (SCH) layers that surround the ampli-
fying core and of the superstrate layer between the guiding region and the con-
tact structure. As mentioned earlier the composition of the SCH guiding layers —
Ing 86Gag.14As0.32Po.6s — has been optimized for an efficient carrier injection hence
has not been modified in the design of the amplifying waveguide optical isolator.
The composition of the superstrate layer can be considered as variable and the im-
pact of this material choice is discussed in this section. Initially we start with the
structure summarized in table 3.4, with an InP cladding layer between the guid-
ing core and the magnetooptic metal. The isolator optimization study has been
done in collaboration with Vanwolleghem [42].
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] Layer Material Thickness (nm) |
Metallization Au 100
n=0.403-8.25j
MO metal Co,Fe;_, (x=90, 50, 0) 50
n,g — table 3.2.1
Contact Ing 54Gag 46 As 15
n=3.6-0.2j
Contact Ing 81Gao.19A50.41Po.59 100
n=3.37
Cladding InP variable
n=3.203
SCH Inolgﬁcao,MASOAggPoﬁg variable
n=3.34
Barrier InAlGaAs (Ag = 1100nm, +0.6% strain) 20
n=3.46
Well InAlGaAs (A\y = 1288nm, -1.25% strain) 10x9
n=3.57+jk
-m2
k = 0.00482In (g Jeoe[Afem’]
Barrier InAlGaAs (A\y = 1100nm, +0.62% strain) 20x9
n=3.46
SCH In0_86G30.14ASO.32P0.68 variable
n=3.34
Substrate InP
n=3.3203

Table 3.7: Details of the 9QWs tensile strained InAlGaAs-InP multiple quantum well isolator layer

structure.
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3.4.1 Optimization method and waveguide model

In this section all simulations have been done with a slab waveguide solver —
hence 2D effects are neglected — extended with the first-order perturbation algo-
rithm to calculate the non-reciprocal effects. As it is the purpose of this section to
design a practical optical isolator a corresponding figure of merit (FoM) must be
chosen. As elaborated in section 2.2.2 the general formula of this FoM reads:

Jg"ansp (3 30)
(ln%?O) )m+n Agmtrn

FO]\/[pract,mn =

with Aa the non-reciprocal loss shift and J¢rqnsp the current density required for
transparency of the forward propagating mode. Here we will only consider the
cases of m=0,n=1 and m=1,n=1. In the first case the FoM equals the total current
required for transparency in the forward propagation direction, per decibel of iso-
lation and per micrometer of ridge width. The second case minimizes the product
of the current times the length of the non-reciprocal device, again per decibel of
isolation and per micrometer of ridge width. Which FoM is suitable depends on
the specific requirements of the design. If a minimization of the power consump-
tion is utterly important the first FoM is obviously the preferred one. The second
FoM on the other hand results in a trade-off between low current injection and
a short device. In what follows we discuss the implications of the actual choice
of the FoM function. The experimental values of the optical and magnetooptic
parameters of the Co,Fe;_, compositions (tabulated in table 3.2.1) and the expe-
rimental relation between the material gain and the total injected current density
(equation 3.18):

(3.31)

- 6 Jtot [kA/sz]
Gmat]l/cm] = 466in <9 0.352

are used as input for the optimization calculations.

The transparency current density J;,.qnsp is found by inverting relation 3.31, where
the required material gain G,,,; is related to the imaginary part of the refractive
index in the quantum wells kow at forward transparency as:

47

Gat[l/cm] = Nl

10*kqw . (3.32)

The calculation of kg takes a considerable amount of calculation time, which
makes the optimization process slow. A much faster method would be to model
the amplifying waveguide optical isolator as a passive metal-clad lossy TM-wave-
guide. The required modal gain for transparency then obviously equals the modal
loss in the forward propagation direction:

Ax

GZ;L](\)/{i(Jtransp) = Omod = 0 — 7 (333)
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Figure 3.17: Confirmation of the validity of the model that approximates the slab SOA-isolator as a
passive lossy waveguide. (left) The non-reciprocal loss shift Acvand (right) the forward
transparency current Jiransp are quasi-identical with the active (kqw # 0) and the
passive perturbation (kqw = 0) waveguide model.

with a the modal loss of the unperturbed TM mode. Furthermore, the TM modal
gain is related to the material gain in the quantum wells by:

GIM(T) =Y T Groari( ), (3.34)

where

[ Jow. now, (BY)? — (E)?)da

7™ Z R
Zyae [ BV HY dz

, (3.35)

with Eg;o), H;O) and Ego) the field components of the unperturbed TM-mode [43].
If we assume a homogeneous carrier injection in the quantum wells, which is a
valid assumption if the number of wells is not too large, then a global multiple
quantum well TM confinement factor can be defined as I'"™ = . T'7M_ The
required material gain can then easily be derived to be:

g — A2

GrM (Jiransp) = ﬁ (3.36)

Together with the gain-current density relationship 3.31 this yields the transpa-
rency current density. The validity of the passive waveguide model is examined in
figure 3.17. The non-reciprocal loss shift (left graph) and the forward transparency
current density (right graph) are plotted for a range of InP superstrate thicknesses,
calculated both on an active (kgw # 0) and a passive (kow = 0) waveguide isola-
tor. The fact that both graphs coincide (almost) perfectly confirms the accuracy of
the passive perturbation model.
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Figure 3.18: Forward transparency current for a scan of the two-dimensional SCH parameter space
for a CosoFeso amplifying waveguide optical isolator; the InP superstrate is kept con-
stant at 300nm.

3.4.2 Calculations

On the basis of this waveguide model the device structure of table 3.4 has been op-
timized. This three-dimensional non-linear optimization problem can be tackled
with a conjugated gradient minimization algorithm, as the FoM functions have
a sufficiently smooth dependence on the three optimization parameters, without
other local extremes. A typical scan of the SCH parameter space is depicted in
figure 3.18. The forward transparency current (expressed in mA /pm/dB of isola-
tion) is plotted for the layer structure of table 3.4 with CosoFeso as the ferromag-
netic contact layer for an InP superstrate layer thickness of 300nm. This example
illustrates the smoothness of the FoM function and the existence of a single opti-
mum for each value of the InP superstrate thickness.

Each of the FoM-functions has been minimized in the SCH parameter space —
with t7,p constant — for a range of superstrate thickness values. This has been
repeated for the three ferromagnetic metal alloys considered in this work. The
outcome of the calculations is plotted in figure 3.19, the transparency current on
the left and the length-current product on the right. The minimum in each of
these plots thus corresponds to the absolute minimum of the FoM throughout the
entire 3D parameter space, and as such represent the optimum design for that
particular choice of FoM and Co,Fe;_, composition. These are indicated with
arrows. Figure 3.20 plots the device length and transparency current, both per
decibel of optical isolation, corresponding to the points in figure 3.19. The arrows
correspond to the absolute minima of the two FoM functions. In table 3.4.2 the
results of the optimization calculations are tabulated: the dimensions of the three
design parameters and the corresponding isolator performance figures for both
FoM functions and the three ferromagnetic metal compositions.
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Figure 3.19: Variation as a function of the InP superstrate thickness of the optimum values of
the two considered FoM-functions — (left) 1, (right) IxL — minimized within each
(tscrw,tscm)-plane. The arrows indicate the absolute minima.

One other layer whose thickness might be varied is the quaternary InGaAsP
contact layer. Remember from section 3.3 that this layer must be thick enough
to maximize the magnetooptic effect. Figure 3.14 indicates that for a 15nm In-
GaAs absorbing layer a thickness of 100nm is actually just too small to achieve
the maximum in the isolation-to-loss ratio. Consequently, an increase of the In-
GaAsP layer might result in the enhancement of the isolator performance. The
optimization calculations have therefore been repeated with the thickness of the
quaternary contact layer as an additional design parameter. The results are plot-
ted in figure 3.21 for the CosoFeso composition. For each of the InP superstrate
thickness values the FoM functions have been minimized in the 3D parameters
space (trnGgaasp.tuscu tiscm). To guarantee the electrical quality of the contact a
minimal value of 100nm has been set for the thickness of the quaternary contact
layer. The curves for a fixed InGaAsP layer of 100nm are added as a reference.
The possible improvement of the I-FoM-function is limited to 2.3%.

3.4.3 Discussion of the simulation results

The results of the optimization reveal several important characteristics of the am-
plifying waveguide optical isolator. In this section, we discuss the attainable prac-
tical performance of the device and its design tolerance.

Looking at the FoM-functions plotted in figure 3.19, it can be seen that, starting
from a thick InP buffer layer of 500nm, the performance can be improved, irre-
spective of the choice of the FoOM-function, by placing the metal closer to the guid-
ing core (and simultaneously adjusting the thicknesses of the SCH layers). Contin-
uing to decrease 1, p below a certain optimal thickness, causes the FoM-function
to increase again. In order to understand this trend we rewrite the FoM-expression
3.30 in terms of the forward modal loss that needs to be compensated. With the
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Figure 3.20: Transparency current [mA/um/dB] (top graph) and isolator length [mm/dB] (bottom
graphs) corresponding to the design points of figure 3.19; (left) I-FoM, (right) LxI-

FoM.
FoM I
trnp  tscHi  tscHu I L
(nm) (nm) (nm) (mA/um/dB) (mm/dB)
C090Fe10 450 0 5 7.15 0.47
CO50F€50 400 4 11 3.14 0.20
Fe 405 6.5 10 4.47 0.29
FoM LxI
tinp  tscmi  tscHw I L
(nm) (nm) (nm) (MmA/pm/dB) (mm/dB)
CogoFe1p 360 4 15.5 10.16 0.23
CO50F€50 320 3.5 7.5 4.68 0.10
Fe 325 45 12.5 6.50 0.14

Table 3.8: Results of the optimization of the Co,Fe1_. InAlGaAs amplifying waveguide optical iso-
lator.
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aid of the logarithmic gain-current density relation of the quantum well active
material:

Gmat = GO In (J) 5 (337)

Jo
and keeping in mind that at the transparency point the forward loss « is related
to the material gain as o = I'G,,,4¢, the expression for the practical FoM-function
becomes:

T erp(Z5F)
FoM, ract,mn — . 2 . (338)
p (ln%(l)o) )ern Aaqmtn

Both the non-reciprocal loss shift Aa and the modal loss o decrease as a func-
tion of t;,p as a consequence of the lower overlap of the guided mode with the
metal layer, but their ratio £2 - the isolation-to-loss ratio — remains quasi-constant
throughout the entire parameter space (t;np,tuscu tiscr). The general shape of
the FoM-plots of figure 3.19 can now readily be explained. Consider a structure
with a thick InP buffer layer, for which A« and « are small. Keeping in mind that
the I-FoM (m=0,n=1) depends inverse linearly on A« and exponentially on ¢, it is
clear that if the InP thickness is reduced the dominator in formula 3.30 increases
more rapidly than the numerator. This leads to a reduction of the current required
for transparency. Below a critical thickness the exponential in the numerator be-
comes dominant, which results in an increase of the transparency current.

For the LxI-FoM (m=1,n=1) the situation is equivalent, but this time the FoM-
function is inverse quadratically dependent on the non-reciprocal loss shift due
to the explicit inclusion of the device length, which is inversely proportional to
Aca. Consequently, the denominator of equation 3.30 remains the dominant factor
for tr,p-values that are below the point of optimal current. Physically, this means
that the increase of the transparency current can be compensated by a reduction
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of the device length. But also in this case, below some optimal InP thickness, the
required current increases faster than the device length decreases.
Table 3.4.2 illustrates that the use of the L xI-FoM leads to an optimal design point
with a shorter device length than with the I-FoM. This obviously comes at the
price of a higher transparency current. However, the numbers in this table show
that the relative increase of the current is lower than the relative decrease in device
length. For example, for CosoFeso, the current increases by approximately 33%,
while the length decreases by 50%. Whether one or the other FoM-function is pre-
ferred above the other depends on the specific situation; if device dimensions are
the dominant issue minimization of Lx[ is the way to do, if minimal power con-
sumption is the most important the transparency current I should be optimized.
In any case, the calculations indicate that the best obtainable performance for a
25dB waveguide isolator with the layer structure of table 3.4, is either a device
of 5mme-length consuming 78.5mA (per micrometer ridge width) or a device of
2.5mm length consuming 117mA of current (per micrometer ridge width).!!

We have already stressed several times the importance of phase matching be-
tween the gyrotropy constant ¢ and the transverse electric field amplitude at the

magnetooptic metal interface E{” (x;1), described by the sine-factor in the expres-
sion of the non-reciprocal loss shift:

O(, . 2
Ao = @) G o 2/ BO (). (339)
Zvac‘”neff' ’

It is worth calculating this sine-factor for the optimized InAlGaAs MQW isolator
structure, to establish a possible route towards further optimization. Keeping in
mind the conclusions of section 2.3 it should not come as a surprise that its value
fluctuates minimally throughout the 3D (t;,,p,tuscH.tisc )-parameter space. The
main variation occurs for a thickening of the upper SCH layer compared to the —
lower refractive index — InP buffer layer, for as this causes a change of the core-
cladding contrast. In any case, for the six optimized designs tabulated in table
3.4.2 the sine-factor has a value that exceeds 0.98 and even 0.99 for Cos¢Fesq and
Fe, hence the virtual improvement by adjusting the phase of the electric field is
negligible. Note that it is actually the improvement of the phase matching that
causes the performance enhancement if the thickness of the quaternary InGaAsP
contact layer is truly optimized (figure 3.21).

With respect to the choice of Co,Fe;_ alloy, the optimization calculations en-
tirely confirm the observations made earlier in section 3.2; irrespective of the FoM-
function, the equiatomic composition CosgFesq easily outperforms pure Fe and
the Co-rich alloy. Fe, despite its much lower magnitude of the gyrotropy constant
results in a much higher isolator performance than CoggFe;o. In the rest of this
section we will solely discuss device structures with CosoFesq as this is obviously
the metal that should be used in a practical situation.

1TAll these numbers are the result of one-dimensional slab waveguide calculations. As will be
pointed out in section 3.5, two-dimensional (2D) effects occurring for realistic ridge widths have a
significant influence on the isolator performance. The phrase “per micrometer ridge width” should
therefore be approached with caution. In chapter 4, when calculating the theoretical performance of
the actually fabricated devices, the 2D effects will be taken into account.
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Figure 3.22: Equi-FoM contours for the CosoFeso InAlGaAs waveguide isolator in the neighborhood

of the optimum design point. The outer contour represents an increase of 10% of the
absolute minimum value; the spacing of the contours is 1%. Subplots (a) (b), and (c)
are for the I-FoM function and for the optimum thickness of, respectively, (a) InP layer,
(b) lower SCH layer, and (c) upper guiding layer. The same applies for the subplots

(d)-(f) but for the LxI-FoM.
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3.4.4 Tolerance study
3.44.1 Layer thickness

An important aspect of the isolator design is the tolerance of the predicted per-
formance with respect to the layer structure variables. To get a clear idea of the
different tolerances, the two merit functions are evaluated in the neighborhood
of the optimum design points for the equiatomic alloy. This is depicted in figure
3.22. The FoM-function is contour plotted as a function of two of the three thick-
ness parameters — t1, p, tsc i and tsc g, — with the third one fixed at its optimum
value (see table 3.4.2). Each subsequent contour corresponds to an increase of 1%
of the minimum of the considered FoM-function; the outer contour represents a
deviation of 10% from the optimum.

The top plots (figures 3.22a. and 3.22d.) teach us that the optimally designed de-
vice is robust with respect to SCH layer thickness variations. At the optimum InP
buffer thickness, this guiding layers can take any value between Onm and 50nm
without causing an increase of more than 10% of the FoM-function. It is however
a different story for an InP thickness away from the optimum, as can be derived
from the middle graphs of figure 3.22. These contour plots show that the thick-
ness of the InP superstrate layer t;,, p and the upper SCH layer tsc u,, are strongly
correlated. In fact, within a 10% margin of the FoM minimum, the design points
in the (t;np,tscmy)-plane obey the relationship tr,p + tscm, = constant. On the
other hand, the bottom contour plots of figure 3.22 (c. and f.) clearly illustrate
that the device has only a minimal dependence on the thickness of the lower SCH
layer, with contours that are almost horizontally oriented. This is the direct con-
sequence of the fact that the non-reciprocal waveguide is intrinsically asymmetric
and of the plasmonic amplitude enhancement of a TM mode at the interface be-
tween a strongly absorbing metal and a dielectric [44], illustrated by the plots of
the modal electrical field profile in figure 3.23. As a result of these phenomena, the
lower SCH has a minimal influence on the balance between the confinement in the
active region and the confinement in the magnetooptic metal. In other words, the
isolator performance is primarily controlled by the thicknesses of the layers be-
tween the guiding core and the magnetooptic metal.

3.4.4.2 Metal indices

A second issue to be studied is the tolerance of the isolator performance with re-
spect to uncertainties on the metal indices. While standard ellipsometry easily
achieves accuracies on the complex refractive index of just a few percent, the gy-
rotropy constant g can only be determined with an accuracy of 10% or worse (see
table 3.2.1).

It can be checked that uncertainties on the optical constants of the metal of this
order of magnitude do not influence the device performance by more than a few
percent. If we therefore safely assume that the optical indices are correct, the influ-
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Figure 3.23: Plots of the amplitude of the transverse E. (left) and longitudinal E. (right) electric
field amplitude of the TM guided mode of the metal-clad waveguide isolator, illustrating
the asymmetric modal profile and the plasmonic amplitude enhancement at the metal-
dielectric interface. The bottom plots show the corresponding profile of the real part of
the permittivity constant.
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ence of variations in the value of the magnetooptic constant can easily be studied
in our perturbation model since the perturbation integral:

8 [ 9B EL ds

Ao = — Re
Zpac I [EéO)Héo) B E@(,O)HQE;O)} ds

(3.40)

does not have to be re-evaluated. Indeed, as we consider the magnetooptic per-
turbation to be constant throughout the metal, g can be pulled out of the integral
and the non-reciprocal absorption shift A« can be written as:

Aa = Re[gA], (3.41)
with

(0) ;7(0)
Ey B d
A= JJ S ; (3.42)

Zac\ f] [EQ(CO)HZSO) _ E;(,O)HaEO) ds

or, in terms of the real and imaginary parts of g =g¢"-jg™:

Aa = g'Re[A] + ¢" Im]A]. (3.43)

The uncertainty on the non-reciprocal loss shift can directly be calculated from the
uncertainties on ¢" and g”, using the well-known relationship for the propagation
of (uncorrelated) errors over a sum:

T = au +bu = 02 = a’o? + b?o?, (3.44)

with o; the uncertainty on parameter i. If we consider that the structure is opti-
mized such that both terms in equation 3.43 have the same sign, it follows that
the relative uncertainty on Aa, oan/Aq, is never higher than the highest relative
uncertainty on either ¢’ or g”. Furthermore, the uncertainty on the non-reciprocal
loss shift results in an uncertainty on the other device performance figures I and
L, which are inverse linearly related to A«. These uncertainties can be derived via
the relationship:

z=aut® = 72 = p7. (3.45)
x u
The relative uncertainty on I and L is therefore equal to that on Aa.
In conclusion, the highest relative uncertainty on the real or imaginary part of
the gyrotropy g gives an absolute upper limit on the relative uncertainty on the
device performance.

3.4.4.3 Operation wavelength

A final tolerance aspect that needs to be studied is the wavelength sensitivity.
Contrary to waveguide isolator configurations that employ the non-reciprocal
phase shift in transparent garnet media, the amplifying waveguide optical iso-
lator concept is not based on any interference effect, hence it can be expected that



3.4 Optimization of the amplifying waveguide optical isolator 3-41

the device is intrinsically broadband. The two main parameters that determine
the wavelength dependence are the gain spectrum of the multiple quantum well
core and the wavelength dispersion of the optical and magnetooptic constants of
the ferromagnetic metal. For a standard multiple quantum well (MQW) semicon-
ductor optical amplifier (SOA) the gain spectrum is traditionally not much wider
than 20-30nm. As it is safe to assume that the optical nor the magnetooptic indices
of the Co,Fe;_, alloys will vary importantly over such an interval, it can be ex-
pected that the bandwidth of the MQW gain limits the bandwidth of the isolator.
The wavelength dependence of the device has been studied experimentally and
the measurements confirm this theory, as is discussed in chapter 4.

Here we want to explore whether the waveguide structure itself adds to the wave-
length dependence. Assume a spectrally homogenous gain — described by the em-
pirical relationship 3.31 — and zero dispersion of the permittivity of all materials
of the isolator over a 30nm wide wavelength window centralized around 1300nm,
and recalculate for each wavelength the two practical FoM-functions with their
corresponding optimized layer structure at 1300nm. Within this spectral window
I and LxI vary by less than 4%. This shows that the optimization calculation is
very robust with respect to the wavelength.

With the wavelength A appearing in the formula for the non-reciprocal loss shift
Aa (equation 3.40), this parameter itself depends stronger on the operation wave-
length, but the effect is partially canceled out due to the similar wavelength de-
pendence of the modal loss . In fact, the isolation-to-loss ratio is quasi-indepen-
dent of the wavelength (if the material dispersion is neglected).

3.4.5 Influence of the cladding material

Earlier, in section 2.3, we have pointed out the large influence of the choice of the
cladding material on the non-reciprocal loss shift Aa. The main cause for this is
the major dependence of the phase of the transverse electric field amplitude at
the metal interface on the refractive index of the adjoining cladding layers. Fur-
thermore, as the reciprocal modal absorption is independent of the phase of the
electric field, the isolation-to-loss ratio % — the fundamental FoM-function — is
also highly dependent on the refractive index of the cladding layer between the
core and the magnetooptic metal.
On the other hand, the isolation-to-loss ratio £ is quasi-independent of the di-
mensions of the superstrate layer between the core and the metal due to its linear
dependence on both the non-reciprocal loss shift A« and the modal loss «. This
can clearly be seen on figure 3.24. In this graph the variation of the isolation-to-
loss ratio is plotted with the refractive index of the cladding material — where the
substrate and the superstrate material are the same — and with the thickness of
the superstrate layer between guiding core and magnetooptic metal. The simula-
ted layer structure consists of the InAlGaAs 9QW stack sandwiched between two
cladding layers. The thickness of the SCH layers is fixed at Onm. Directly on top
of the superstrate is a 50nm CosoFes film, hence the electrical contact structure is
left out, in order to really investigate the influence of the cladding material.

In the rest of this section we look into the influence of the cladding material
on the practical figures of merit FOM,qct,mn. After all, the situation differs from
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Figure 3.24: Variation of the isolation-to-loss ratio £2 with the refractive index of the cladding
material (superstrate and substrate) and with the thickness of the superstrate layer
between the guiding core and the magnetooptic metal.

inverse of transparency current (dB/mA) inverse of current-length product (dB#mA/mm)
700 700
3 04 € 4
£600 £600 35
2 L
© © 3
i 03 =
» 500 » 500
5 & 2.5
s oz = 2
240 “ 2400
@ 17 1.5
2 2
3 300 0.1 %300 i
£ £ 0.5
20? 1.9 4 20? 1.9 34

refractive |ndex claddmg refractive |ndex claddlng

Figure 3.25: Variation of the inverse of the practical FoM functions with the refractive index of the
cladding material (superstrate and substrate) and with the thickness of the superstrate
layer between the guiding core and the magnetooptic metal — (left) the inverse of the
transparency current and (right) the inverse of the current-length product both per dB
of optical isolation and per micrometer of ridge width.

the %—case; the FoMy,;4ct,mn-functions depend exponentially on the modal loss
a and inverse linearly (I-FoMqct,01) or quadratically (LxI-FoMp,qct,11) on the
non-reciprocal loss shift Aa. In addition, these FoM-functions are also strongly
influenced by the confinement I' of the guided mode in the amplifying waveguide
core:

Jp y exp(4oT)
)ern Aaern .

FoMpract,mn = (3.46)

10
( in(10)
As such it can be expected that the thickness of the cladding layer does have an
important impact on the value of these practical FoM functions, apart from the
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material choice of the cladding material. In figure 3.25 the variation of (the inverse
of) both practical FoM functions (left graph I, right graph LxI) with the refractive
index of the cladding material and with the thickness of the superstrate layer is
plotted, for the waveguide layer structure described above. These plots clearly
show the presence of two local optima for both practical FoM-functions. The first
local optimum is for cladding indices in the neighborhood of 3.3 for a total clad-
ding thickness of 600nm and 500nm for respectively the I-FoM and the LxI-FoM.
This is obviously the optimum discussed in the previous paragraphs. However,
there is another —global — optimum, which corresponds to a refractive index of the
cladding of approximately 2.45 for a thickness of 300nm (I-FoM) and 250nm (Ix L-
FoM). The important observation is that the device performance at this last point is
remarkably higher than at the previously known local optimum; the transparency
current decreases by 38% (accompanied by a length reduction) and the current-
length product reduces by 62%. This improvement can be attributed to a larger
confinement I' in the waveguide core for the lower index cladding, reducing the
transparency current density according to equation 3.46. While this clearly opens
up a way towards device improvement, the practical realization of this idea is not
an easy task. While materials can be found with a refractive index around 2.45 at
1300nm wavelength, these are electrical insulators. An important issue that needs
to be solved is therefore how to achieve current injection in the amplifying MQW
core. Although we will not elaborate this idea more in detail, it serves as the per-
fect example of the subtlety of the interaction between the different parameters of
an amplifying waveguide isolator.

3.5 Simulation of a two-dimensional magnetooptic
cross-section

So far the non-reciprocal waveguide has always been assumed to be a one-dimen-
sional (1D) slab layer structure. This is obviously only a first order approximation
of the ridge waveguide structure that the device actually is. Figure 3.26 illustrates
the cross-section of a ridge waveguide isolator. For the study of the physical prin-
ciples of the magnetooptic waveguide the 1D approximation proves to be accurate
enough. However, the calculation of the actual theoretical performance figures
requires the inclusion of the effects of the two-dimensionality (2D) of the ridge
waveguide structure. To this end, the 2D perturbation formula 2.102 has been im-
plemented in the commercial full 2D optical mode solver FIMMWAVE [45]. The
algorithm, written in a PYTHON [46] programming environment, defines the 2D
cross-section of the unperturbed waveguide structure in IMMWAVE and com-
mands the mode solver to calculate the corresponding guided modes. The result-
ing field profiles of the unperturbed TM-mode, E; and H; (i = x,y,z), are imported
in PYTHON and the TM phase shift is calculated according to equation 2.102.

The integrals are calculated numerically used a 2D extension of the Simpon’s
rule [47]. Consider the function F = f(x,y) over the rectangle R = [(x,y): x; < x
< Xe, Yb < Y < Yel. The interval [xp, x.] is subdivided into 2m subintervals [x;_1,

Te—Tp

x;]#™ of equal width h = Z¢—* by using the equally spaced sample points x; = xo +

2m
ihfori=0,1,...,2m and with xy = x; and x2,,, = x.. Analogously for the y-coordinate
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Figure 3.26: Schematic layout of a ridge waveguide optical isolator.

where the interval [y, y.] is subdivided into 2n subintervals [y;_1, yj]?ﬁl of equal
width k = -2 by using the equally spaced sample points y; = yo + jk forj =0, 1,
..., 2n and with yo =y and ya,, = y.. The 2D Simpson’s rule reads:

//f(x,y)dA: zQ/ny(x,y)dxdy:SZD(f,h,k)+O(h4)+O(k4), (3.47)
zl yl
where
SAD(f,K) = ghh lf(:»:b,yb) 1@y + Few) + fe)
n n—1
4 f(@n,ya5-1) +2) f(@,4a5)
Jj=1 j=1

n n—1
+4Z f(@e,y2j—1) +2 Z f(@e, y25)

Jj=1 j=1
m m—1
+4Zf(332i717yb) +2 Z J (w25, yp)
=1 i=1
m m—1
+4Zf($2i71,ye) + 2 Z f(z2i, xe)
1=1 i=1
+162 (Z f($2i—1,y2j—1)>
j=1 \i=1
nj—l m n m—1
+82 <Z f(l'Qi—lnyj)) +38 (Z f($2iay2j—1)>
j=1 \i=1 j=1 \i=1
n—1

+4i <,_ f(xzuwj))]. (3.48)
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] Layer Material Refractive index  Thickness (nm) |
Metallization Au 0.403-8.25j 100
MO metal CosgFeso 323-45] 50
Contact Ing 54Gag 46 As 3.6-0.2j 15
Contact Ino_glcao_lgAS()AlPOﬁg 3.37 100
Cladding InP 3.2 400
SCH Ino_86Ga0_14ASO.32P0_68 3.34 20
Barrier InAlGaAs (A; = 1100nm) 3.46 20
Well InAlGaAs (A, = 1288nm) 3.57 10x9
Barrier InAlGaAs (A; = 1100nm) 3.46 20x9
Cladding InP 3.2 3000

Table 3.9: Details of the isolator layer structure used for the study of 2D effects. The refractive
indices are tabulated for a wavelength of 1300nm and are taken from [48]. The index of
CosoFeso has been determined experimentally (see section 3.2). The quantum wells are
simulated as passive layers (koW = 0.0).

The influence of the 2D structure on the device performance has been investigated
through the simulation of a benchmark isolator example. The layer structure is ta-
bulated in table 3.5. The etch depth is set at 300nm, for which a 2/m ridge wave-
guide is monomodal for TM polarization. Just as in section 3.4 the quantum wells
have been simulated as passive layers (kgw = 0.0) and the modal loss caused by
the absorbing contact layer and the metal films has been calculated. In figure 3.27
the variation of the non-reciprocal absorption shift A« (left) and the reciprocal
modal loss ag (right) with the ridge width are plotted. As a reference the results
of the 1D slab calculation are included. As a 1D slab structure is essentially the
limit of a ridge waveguide structure with infinite ridge width the 2D simulation
results should converge towards the slab performance figures, which, according
to figure 3.27, is indeed the case. These graphs show that a decrease of the ridge
width results in a decrease of both the non-reciprocal loss shift and the recipro-
cal modal loss. This is due to the corresponding decrease of the confinement of
the guided mode in the absorbing regions of the waveguide. The decrease in the
losses is such that the fundamental figure of merit - function, the isolation-to-loss
ratio % = %—Aifa/w remains quasi-constant, as is illustrated in figure 3.28. The
practical figure of merit functions defined in section 2.2.2 however, depend non-
linearly on the two loss values hence are significantly different in a 2D narrow
ridge waveguide (order 2;sm width) from the 1D slab case. The quantitative im-
pact depends on the specific isolator structure and will therefore be discussed for
each of the isolator designs in chapter 4.
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Figure 3.28: Illustration of the marginal dependence of the isolation-to-loss-ratio on the ridge width
of the shallowly etched amplifying waveguide optical isolator.



3.6 Conclusion 3-47

3.6 Conclusion

At the end of this chapter we have obtained a completely optimized TM-mode
amplifying waveguide optical isolator, the result of an extensive theoretical and
experimental study of the main building blocks of this component. Very high
quality TM-selective gain material has been developed. Tensile strained multiple
quantum well structures, both in the traditional InGaAsP-InP system and in the
improved InAlGaAs-InP system, have been demonstrated and characterized, in-
cluding a strain study of the gain performance. For the issue of the ferromagnetic
metal choice, the transition metal alloy system Co,Fe;_, has been characterized
at 1300nm wavelength with respect to its optical and magnetooptic properties.
Based on the non-reciprocity study of chapter 2 it could be established that the
equiatomic CosgFeso compound is by far the preferred choice for an InP-based
isolator employing the non-reciprocal loss shift. Furthermore, an ohmic electrical
contact has been developed that has only a minimal influence on the isolator per-
formance. The solution is to use a hybrid InGaAs/InGaAsP highly p-doped con-
tact scheme. Assembling all these elements into one device forms the basic layer
structure of the optimized isolator. Using slab waveguide isolator simulations
based on the perturbation-based algorithm, we have studied the influence of the
thickness of the cladding layers (buffer and SCH) on the device performance, ul-
timately leading to two optimized designs, corresponding to two practical figure-
of-merit functions. To finalize this chapter we have studied the simulation of the
actual two-dimensional cross-section of the amplifying waveguide optical isola-
tor. Calculations show that 2D effects occurring for realistic ridge widths have a
significant influence on the device performance.

The next chapter is devoted to the experimental study of the amplifying wave-
guide isolator. As we will follow a chronological approach in this discussion, de-
vices with less optimized choices for the different building blocks will be treated
(InGaAsP instead of InAlGaAs, CoggFe; instead of CosgFesg,...). The material
properties listed before will serve as the input to calculate the theoretical perfor-
mance figures of these isolator demonstrators.
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Characterization of the amplifying
waveguide isolator

N the previous chapter the optimization of the main building blocks of the

waveguide optical isolator and the actual design of this component have been
addressed. Here, we elaborate on the experimental work that has been carried
out. We start by explaining the fabrication of the shallowly etched ridge wave-
guide isolators and by highlighting the characterization methods and experimen-
tal set-up. Next, a chronological overview is given of the different non-reciprocal
structures that have been developed. Starting point is the first experimental ver-
ification of the isolator concept. We show how subsequent improvements have
resulted in a progressive increase of the performance. The final result is the de-
monstration of a transparent monolithically integratable waveguide isolator with
a performance that is more than 80 times better than that of the first non-reciprocal
device.
In the last main section of this chapter we focus on the realization of an amplifying
waveguide optical isolator with an integrated electromagnet, which addresses the
issue of low magnetic remanence of these isolator structures.
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4.1 Fabrication of ridge waveguide isolators

One of the main advantages of the TM-mode amplifying waveguide optical iso-
lator scheme is the ease of fabrication. As the device basically is a semiconduc-
tor optical amplifier (SOA) with a sputtered metal contact, standard SOA /laser
fabrication can be used and we can profit from the extensive know-how on this
processing. The only additional processing step is the deposition of the ferromag-
netic metal film. The initial processing sequence is summarized below. A more
detailed description is given in appendix A.

The deposition of the ferromagnetic film is done in a custom-made magnetron
sputtering system. The deposited Co,Fe;_, film is polycrystalline with a grain
size of some tens of nanometers. During sputtering of the ferromagnetic metal, a
magnetic field of 1000e is being applied oriented perpendicular to the waveguide
stripes. This is done to induce in-plane magnetocrystalline anisotropy in the poly-
crystalline ferromagnetic layer [1] to counteract the shape anisotropy caused by
the high aspect ratio of the ferromagnetic strip (see section 2.4.4.2).

1. etching of the ridge waveguides

2. spinning of the current isolation layer + etching of the current injection win-
dows

3. metallization via a lift-off process (30um wide metal stripes: 50nm Co,Fe;_,
+ 40nm Ti + 150nm Au)

4. additional steps: electro-plating, substrate thinning and back contact depo-
sition

The specific configuration of the amplifying waveguide isolator however adds a
difficulty to the fabrication of the devices. Because the cladding thickness between
the core and the metal is thin, the etch depth of the ridge waveguides is inherently
small. In other words, the aspect ratio of the ridge — the ratio of the ridge height to
the width — is low compared to that of standard ridge lasers or SOAs. This places
very stringent requirements on the alignment of the photo-resist mask that de-
fines the window in the current isolation layer. Misalignment of the mask causes
the plasma etched window to be partially located next to the ridge. In the case
of a very shallowly etched ridge, the chances are high that the thin current isola-
tion layer (polyimide or benzocyclobutene (BCB)) is completely removed, causing
deposition of (ferromagnetic) metal next to the ridge. This is obviously highly un-
wanted as it leads to an increase of the internal loss of the device. Of course with
a high aspect ratio ridge misalignment of the lithography mask also causes a mis-
aligned window, but with a negligible impact on the device due to the thick iso-
lation layer. Figure 4.1 illustrates the difference in impact of mask misalignment
between waveguide ridges with high and low aspect ratios.

To overcome these inaccuracies a number of modifications to the fabrication pro-
cess have been tested. For the second run! of non-reciprocal devices it has been
decided to make the current isolation window substantially smaller than the ridge

Iwhich we call the first run of the second-generation (see section 4.3.2)



4.1 Fabrication of ridge waveguide isolators 4-3

high aspect ratio low aspect ratio

0O,:CF, plasma 0,:CF, plasma

I i
/1| /J\

photo-resist

polyimide

after plasma etch
& resist removal

@ after metallization @
electroplated Au —___ (lift-off defined)

contact_,
metallization

Figure 4.1: Illustration of the effects of a misalignment of the isolation mask on high and low aspect
ratio ridges. A misalignment might lead to part of the contact window opening up next
to the ridge, which for a low aspect ratio ridge can have dramatic consequences (after [2]).

width. This largely reduces the impact of mask misalignment. A big disadvan-
tage of the partial coverage of the ridge with ferromagnetic metal is the fact that
the strength of the non-reciprocity is only a fraction — the covered width divided
by the total ridge width — of the maximum value.

A second possibility to improve the isolator fabrication is to use the ferromagne-
tic metal strip as the etch mask for the ridge waveguide definition. First, ferro-
magnetic metal strips with a width equal to the required waveguide ridge width
are deposited onto unprocessed wafer material. Subsequent etching of this mate-
rial creates ridge waveguides that are automatically completely covered with the
ferromagnetic metal. This processing scheme is illustrated in figure 4.2. The fer-
romagnetic metal film is covered with a protective Ti/ Au bilayer before etching.
A second metallization step is required to define the electrical contact pads. For
more details on this fabrication method we refer to appendix A.

The modified processing sequence has been applied for the fabrication of all non-
reciprocal devices since the third run?. In figure 4.3 scanning electron microscope
(SEM) images of cross-sections of such components are shown. Clearly, complete
covering of the waveguide ridge with metal has successfully been obtained and
the actual ridge width is in good agreement with the design value. Close inspec-
tion of the metal stack on top of the waveguide ridge reveals a minor residual
fabrication error, i.e. an imperfection of the lift-off step. The consequences are a

2which we call the second run of the second-generation (see section 4.3.3)
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Figure 4.2: Modified processing sequence of the optical isolator, using the ferromagnetic metal as an
etch mask for the ridge waveguide definition.
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Figure 4.3: Scanning electron microscope images of the cross-section of the non-reciprocal devices of
the third generation, fabricated with the modified processing scheme.
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slight increase of the ridge width and the fact that the metal film is not in con-
tact with the semiconductor at the (lateral) edges. Note that the rough ‘cut’ of the
metal layers on the right part of figure 4.3 results from the cleaving of the wave-
guide facets.

We end this section on the fabrication of ridge waveguide isolators with the
following remark on the thickness of the Co,Fe;_, layer. In all practical devices
the Co,Fe;_, film has been limited to a thickness of 50nm. This limit is imposed
by technological constraints. At higher thickness values tension in the film de-
taches the metal from the semiconductor during cooling after sputter deposition.
It can however be proven that at 50nm the Co,Fe;_, film is close to being opti-
cally opaque. Nevertheless, for certain applications (see section 4.4) it is preferable
to have a thicker Co,Fe;_, layer. One solution could be to deposit the metal in
several subsequent steps.

4.2 Characterization of optical isolators

In this section an overview is given of the characterization methods and tools
that have been used for the experimental determination of the performance of the
fabricated devices.

4.2.1 Characterization methods

The basic specifications of the stand-alone optical isolator that need to be char-
acterized are the optical isolation ratio (in dB/cm) or the isolation (in dB) and
the bias current needed to achieve transparency in the forward propagation direc-
tion. Depending on the quality of the device a number of extraction techniques are
available and have been applied during this work. In this section these methods
will be discussed.

4.2.1.1 Non-reciprocal amplified spontaneous emission

In case the internal loss of the isolator waveguides is very high it is not possible to
get close to the transparency point with realistic bias currents. This implies that it
is not possible to evaluate the transmission of light through the device. However,
the performance of the non-reciprocal device® can also be characterized on the ba-
sis of the emitted amplified spontaneous emission (ASE), both qualitatively and
quantitatively. An extensive study of this is given in reference [2], hence we will
limit ourselves to summarizing the outlines here.

TM-polarized spontaneous emitted light generated in the amplifying waveguide
interacts with the magnetized metal contact and experiences a non-reciprocal loss
shift. The strength and the sign of this shift are determined by the off-diagonal el-
ements of the permittivity tensor of the metal ¢;;(M) which scale linearly with the
magnetization vector M, as thoroughly discussed in section 2.1.1.2. The detected
output power therefore also scales with M. This implies that if the ferromagnetic

30ne can only use the term ‘optical isolator’ once transparency in one propagation direction is
achieved.
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Figure 4.4: First qualitative demonstration of the optical isolator concept; TM-power is proportional
to the magnetization, while TE-light remains unaffected by the magnetic field. First-
generation CogoFe10/InGaAsP device (3QW, trnp = 250nm, L = 800pm, w = 2.5um, |
= 5kA/em?) [3].

film is looped through its magnetic hysteresis loop — through variation of an exter-
nally applied magnetic field — this hysteresis should be reflected in the measured
optical intensity. At the same time, as there is no magnetooptic Kerr effect for
TE-polarization in this configuration, the response of TE-ASE on a variation of the
external magnetic field should be zero. This guarantees the absence of magnetic
effects in the mechanical parts of the experimental set-up. Observation of the hys-
teresis shape for TM-polarization is therefore an unambiguous qualitative proof
of the presence of the magnetooptic Kerr effect. A measurement example is illus-
trated in figure 4.4. As a matter of fact this was the first ever observation of the
desired non-reciprocal effect on the novel isolator configuration, demonstrated by
Vanwolleghem [2, 3].

In addition, as the TM-ASE hysteresis loop is the direct translation of the magnetic
hysteresis loop of the magnetic metal strip, its properties such as coercitivity and
the magnetic squareness are identical, hence it is straightforward to estimate the
magnetic quality of the ferromagnetic film.

Detection of the emitted amplified spontaneous emission not only results in a
qualitative proof of the non-reciprocal effect, but can also be used to extract quan-
titative information. This can be understood from figure 4.5, on which the TM
ASE hysteresis loops are plotted for a range of bias current density values. In-
creasing the current obviously increases the global intensity of emitted light, but
also the magnitude of the non-reciprocal effect increase. This is the manifesta-
tion of the enhanced contribution of ASE generated deeper inside the device, as
the current injection increases. Because this light has traveled a longer distance
through the device the observed non-reciprocity is higher. As such, several mea-
surement points are available for the same effect. The important quantity is the
so-called ASE ratio, that is the the ratio of the output power at magnetic satura-
tion in both lateral directions. Measurement of this ASE ratio as a function of the
injected current and on devices with different lengths, combined with fitting to
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a suitable theoretical ASE model, allows for qualitative extraction of the strength
of the non-reciprocal effect. Additional information that follows from this fitting
is the value of the gain parameters Gy and ], of the logarithmic relation between
modal gain and the injected current.

The ASE-based method has been used during the first research steps towards an
amplifying waveguide optical isolator.

25 kA/cm?
0.0026 W
. —22.5 kKA/lcm?
= — — 20 kA/cm?
£ 0.0022
5 - T~ —17.5 kKA/lcm?
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applied magnetic field (Oe)

Figure 4.5: TM ASE hysteresis measurements on the same device as in figure 4.4 for varying injec-
tion current densities [4].

4.2.1.2 Non-reciprocal lasing

The ASE-based characterization method is laborious and requires fitting to a the-
oretical model. An easier method is therefore desirable. If the pump current is
high enough the device approaches optical transparency. In an as-cleaved opti-
cal isolator optical feedback comes into play and the device essentially becomes
a Fabry-Pérot cavity with an internal loss that depends on the propagation direc-
tion of the light. At sufficiently high currents there can be on-set of lasing. In this
above-threshold regime the non-reciprocal loss shift A« and the isolation ratio IR
are described by the expressions:

2

Aall/mm] = Wln(p)
IR[dB/mm]| = lnt?O)L[Tim]m(p) (4.1)

with only the cavity length L and the ratio of the forward to the backward emitted
power p as required parameters. The proof of these formulas is given in appendix
B. As this method of non-reciprocal lasing requires nothing but a measurement
of the output power of a (non-reciprocal) laser for two different directions of an
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externally applied magnetic field, it is a fast and robust way of characterizing the
most basic property of an optical isolator, i.e. the optical isolation ratio.
Furthermore from the experimental value of the threshold current Iy, an esti-
mate of the forward transparency current I;;.qnsp, r Of the device can be made:

Itransp, fw = dLJoexp [l”(lﬁz’uf) + 2Arcj4 - r;Ll”(%)} 4.2)

with d the width of the waveguide ridge,* L the cavity length, A and ], the para-
meters of the gain relation of the quantum well material, I" the confinement of the
optical mode in the quantum wells and R the facet reflectivity. This expression is
elaborated in appendix B. Anyhow, the threshold current is an upper limit of the
transparency current and is in long cavity devices not so different from the actual
value.

4.2.1.3 Transmission measurement

The non-reciprocal laser technique described in the previous paragraph is a handy
tool for fast characterization of an amplifying waveguide optical isolator. How-
ever, an optical isolator is a device used in transmission, hence should be eval-
uated as such. A stand-alone isolator is tested by coupling TM-polarized light
from an external laser to the waveguide and measuring the output signal while
electrically biasing the device. This signal consists of the transmitted laser light
and the generated amplified spontaneous emission (ASE). The broadband ASE
contributes to the noise on the signal and is expected to decrease the optical sig-
nal to noise ratio (OSNR). The optical isolation is by definition the difference in
transmitted power between forward and backward direction:

I50[dB] = Pj,[dB] — Py |dB). (4.3)

With a large contribution of the ASE to the total signal it is necessary to look at
the spectral picture of the emitted power for a correct determination of the optical
isolation. After all the difference between forward and backward ASE-power is
lower than the difference on the transmitted light.

4.2.2 Characterization setup

Characterization of the amplifying waveguide optical isolator comes down to the
detection of light emitted by or transmitted through the amplifier-based wave-
guide device, under the application of a magnetic field. As such, the measurement
setup basically is a SOA setup extended with an electromagnet. This is illustrated
in figure 4.6. The heart of the setup is the photonic chip mounted on a sample
holder. The device is cleaved and possibly provided with anti-reflection coatings
on the waveguide facets. The electrical pumping of the SOA is done via probe
needles placed on the front and back contact of the active component. The tempe-
rature of the chip is controlled and stabilized with a thermoelectric cooler (TEC). A

4Actually d is the effective width of the ridge waveguide, taking into account the lateral current
spreading.
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Figure 4.6: Schematic illustration of the isolator characterization setup.

(tunable) laser input signal is coupled to the device via a lensed fiber. The output
light can be captured either with a free-space detector or a spectrum analyzer. In
principle the output intensities at both facets need to be compared. This however
requires that the coupling efficiencies between chip and detector are identical at
both sides, which is extremely difficult to realize. The fact that the magnetooptic
effect is symmetric with respect to the zero-magnetization state provides a solu-
tion. An equivalent experiment is to compare the output intensities at one facet
for magnetization in both lateral directions (M = +M and M = -M). As it is the
ratio of both intensities that contains the useful information, the requirement for
the identical coupling is eliminated.

For a more detailed description of the measurement setups we refer to appendix
C.

4.3 Experimental results

In this section we give a detailed and chronological overview of the measurement
results. As an introduction and for the sake of completeness we shortly summa-
rize the work described earlier in the PhD of Vanwolleghem [2], that is, the first
demonstration of the isolator principle and the first iteration in the optimization.
We also evaluate the shortcomings of these devices and describe opportunities for
improvement. Next, we continue with two subsequent optimization steps.

4.3.1 First demonstration - generation I

At the time of developing a device for the first demonstration of the amplifying
waveguide optical isolator concept, choices had to be made on the materials used
in this device. For the amplifying core, it was decided to develop TM-selective
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| Label [ tijnp (nm) tsom, (nm) tsom, (nm) [ Aa (dB/mm) gow (cm™ ') |

3QWs 450 120 100 19-28 3000
3QWn 300 150 150 3.0-5.0 5000
3QWr 250 155 170 4.0-6.0 6000
6QW 300 100 50 40-55 3000
9IQW 300 50 50 35-55 1700

Table 4.1: Overview of the specifications and the theoretically predicted performance of the first-
generation isolator demonstrator designs. The two values for the non-reciprocal loss shift
correspond to the lower (Q = 0.02+0.02j) respectively upper limit (Q = 0.03+0.03j) on Q.

multiple quantum well (MQW) material in the common InGaAsP-InP material
system. For the magnetooptic metal the CogoFe;y compound was chosen, a choice
which was merely based on previous expertise with deposition of this material.
The ohmic metal-semiconductor contact structure as described in chapter 3 was
already developed, although it was unknown at that time what the influence of
this contact structure would be on the magnetooptic performance of the isolator.
Instead, the optimization aimed for a low contact resistivity combined with mini-
mal extra absorption. As elaborated in chapter 3 the design of the isolator layer
structure includes the determination of the thickness values of the separate con-
finement heterostructure layers (SCH) surrounding the MQW section and of the
InP cladding layer between the active core and the contact structure. The design
of the first isolator demonstrator was seriously complicated due to the fact that
important simulation parameters such as the optical and magnetooptic parame-
ters of CogoFe19 were unknown at that time. Instead, a not too optimistic value of
the MO constant Q of CogoFe;o and the refractive index of pure Cobalt (Co) were
used.’ The outcome of these simulations was a set of five designs, given in table
4.1, each of which have been fabricated and subsequently characterized. gow is
the TM material QW gain needed for transparency in the forward propagation
direction. In table 4.2 the layer structure of the first-generation non-reciprocal de-
vices is given.

The first ever verification of the amplifying waveguide optical isolator concept
was done on these fabricated devices, by measuring the TM- and TE-ASE re-
sponse to looping the magnetic contact through its entire hysteresis loop, as was
illustrated before in figure 4.4. With respect to quantitative characterization of
the first generation non-reciprocal devices it needs to be noticed that the levels
of material gain required for forward transparency are too high to achieve trans-
parency. The ASE-based characterization method was therefore the only possible
way of extracting the device performance. As explained before, measuring the
emitted non-reciprocal ASE on devices with different lengths at various bias cur-
rent levels enables for the determination of the non-reciprocal loss and the modal
gain characteristics of the devices. The experimental values are tabulated in table
4.3. The last column shows the theoretical non-reciprocal loss shift, calculated af-
terwards with the experimental optical and magnetooptic constants of CoggFe1o.

5The estimated upper and lower limit for Q are 0.03+0.03] respectively 0.02+0.02j. The subsequently
extracted value equals 0.022+0.039j
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] Layer \ Composition Refractive index  Thickness (nm) |
MO metal CogoFe1g 3.29 — 5.545 50
Q = (0.02,0.03)
+(0.02,0.03)j
Contact layer Ing 54Gag 46As 3.6 —0.25 15
Ng. =3 x 10 cm—3
Contact layer 11'10_81Ga0419ASQ_41P0459 3.37 100
Ng. =2 x 109 cm—3
Cladding InP 3.203 table 4.1
Upper SCH Ino_gGao.lASO.21P0_79 3.28 table 4.1
Barrier (X4 — 10) In0_93Ga0A07ASO_22P0_78 3.29 22
e =+40.3%
Well (><3 — 9) In0,48Ga0,52Aso,7gP0,22 3.34 — k‘j 12
e=-11%
Lower SCH Ing.9Gag.1Asg.21Po.79 3.28 table 4.1
Substrate InP 3.203

Table 4.2: Slab layer structure of the first-generation InGaAsP isolator demonstrator. The refractive
index values are taken from [5]. For the optical constants of the magnetooptic layer the
values of pure Co have been used [6]. The uncertainty in the magnetooptic Voigt para-
meter Q of CogoFe1o is reflected by the variation considered in the real and imaginary
parts of Q. These have been obtained by considering a 50% uncertainty on both real and
imaginary parts of the constant for pure Co (found in [7]). e is the amount of built-in
strain in the wells and the barriers (e > 0 compressive strain, e < 0 tensile strain). k is
determined by the current injection in the amplifying region.

Label A B AIn(J)-B(1/mm) | Aaneas Agim,
(1/mm) (1/mm) (for J = 20kA/cm?) | (dB/mm) (dB/mm)
3QWn 4.0 42.0 -30.0 44 7.6
3QWr 45 21.0 -7.5 2.0 9.3
6QW 8.4 52 -26.8 6.5 8.7

Table 4.3: Experimental performance of the first-generation non-reciprocal devices. In the last col-
umpn the reassessed theoretical non-reciprocal loss shift, calculated using the known optical
and magnetooptic properties of CogoFeo.

While there clearly is a discrepancy between the experimental values and those
predicted by theory, the difference is not an order of magnitude. These results
can therefore be considered as a very good start in the development of an optical
isolator.

4.3.2 Improved non-reciprocal devices - generation II: first run
4.3.2.1 Description

One way to increase the performance of the amplifying waveguide optical isolator
is to improve the quality of the amplifying core material, as this lowers the current
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[ Label | tyop (nm)  tson, ((m)  tson, (nm) [ Aa (dB/mm) T, (kA/cm?) |

@) 345 0 15 4.7 4.87
R1 295 0 15 7.41 16.9
R2 280 0 15 8.5 28.2

Table 4.4: Design values of the 3 second-generation 9QW InAlGaAs CogoFe1o demonstrators.

required for forward transparency. At the time of designing the second-generation
of non-reciprocal devices tensile strained InAlGaAs-InP MQW material had been
demonstrated and the corresponding gain-current relationship had been experi-
mentally determined. On top of that the entire permittivity tensor of CogoFeiq
had been extracted. This extra input enabled much more accurate simulation of
the isolator layer structure compared to the first-generation devices. The specifi-
cations and theoretical performance of the 3 second-generation non-reciprocal de-
vices are tabulated in table 4.4. All details on the layer structure can be found in ta-
ble 4.5. The calculations that have led to these values are extensively described by
Vanwolleghem [2], hence shall not be repeated here. However, in view of further
development of the isolator it is worth formulating the following comments. The
'O’ design is the result of optimization with the following figure-of-merit (FoM):

| Layer | Composition Refractive index  Thickness (nm) |
MO metal CogoFeqg 4.65 — 4.82j 50
Q=0.022+0.039j
Contact layer Ing 54Gag 46As 3.6 —0.25 15
Ng. =3 x 10" cm—3
Contact layer | Ing.g1Gag.19As0.41P0.59 3.37 100
Ng. =2 x 10 cm—3
Cladding InP 3.203 table 4.4
Upper SCH In0‘86G30‘14ASO,31P0‘69 3.34 table 4.4
Barrier (X 10) Ino_ggGa0_07ASO_22P0_78 3.29 20
e = 40.6%
Well (X9) In0_34Alo_14Ga0_52As 3.57 — k‘j 10
e=-125%
Lower SCH II’10,86G3014ASO,31P0,69 3.34 table 4.4
Substrate InP 3.203

Table 4.5: Slab layer structure of the second-generation InAlGaAs isolator demonstrator. The re-
fractive index values are taken from [5] and the optical and magnetooptic constants of
CogoFero follow from experimental characterization (table 3.2.1). The extinction coeffi-
cient of the wells k is related to the current density through the experimental relation
3.18.

Aa?
FoMy = ———
Jtransp

(4.4)

)

which means that the product of the length and the transparency current has been
minimized, as elaborated in chapter 2. The 2 other designs, 'R1” and "R2’, do not
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Figure 4.7: Scanning electron microscope images of the cross-section of the first run of the second
generation non-reciprocal devices.

maximize this or any other practical FoM but have been found by decreasing the
InP cladding thickness starting from the ‘O’-point. The non-reciprocal loss shift
and the reciprocal absorption increase accordingly. As such the purpose of the R1
and R2 designs was to demonstrate very high non-reciprocity with more or less
realistic transparency current values.

Another route towards improvement is to find a ferromagnetic metal with
improved optical and magnetooptic properties, resulting in lower optical loss
and/or higher non-reciprocity. As reported by Zvezdin [8] the equi-atomic CosoFes
compound shows a higher value of the Kerr rotation in the visible wavelength
range. As the dispersion of magnetooptic effects can be substantial, this increase
cannot be directly interpolated to the infrared wavelength range and it is therefore
not at all certain that the equi-atomic alloy has a higher Kerr rotation at 1300nm
wavelength. Furthermore, not only the Kerr rotation but also the Kerr ellipticity
plays an important role in the metal-clad isolator. Still, it was decided to fabri-
cate a number of second-generation isolators with a CosgFesg film as the source of
the magnetooptic effect. It was only later that experimental determination of all
elements of the permittivity tensor, as described in chapter 3, confirmed that the
material properties of CosoFeso are much better for use in the isolator scheme.

The second-generation devices have been fabricated as described in section 4.1,
with wide waveguide ridges that are only partially covered with the ferromagne-
tic contact. Electron microscope images of two of these devices are depicted in
figure 4.7.

4.3.2.2 Characterization

The fabricated non-reci-procal devices have been characterized using the non-
reciprocal lasing technique described earlier. Table 4.6 gives an overview of some
observed trends. The most important result is that a high non-reciprocal loss shift
of 3.47dB/mm has been observed — on a CogoFe;o device — which is an improve-
ment by 75% compared to the first-generation. With respect to the ferromagnetic
metal choice, we remark that a real comparison between CogoFe;g and CosoFesq
devices was not possible due to processing imperfections. However, as indicated
in the bottom part of table 4.6, first measurements on CosoFeso devices indicate
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] Family | Ao (dB/mm) |
@) 1.95
CogoFeqg, 7um R1 1.52
R2 3.26
5.m 347
COgoFel(), R1 7/1,1'1‘1 1.52
9um 1.09
C090Fe10 1.95
RZ, 5'um CO50F€50 2.82

Table 4.6: Experimental non-reciprocal loss shift values obtained on the isolators of the first run of
the second-generation.

that a shift towards the equi-atomic Co,Fe;_, compound leads to an improve-
ment of at least 45% in terms of the isolation ratio (in dB/mm).

The specific fabrication method of the second-generation devices has some
important effects on their performance. First of all, the non-reciprocal compo-
nents are only partially covered with ferromagnetic metal, which reduces the non-
reciprocal loss shift largely. On top of that the ridge waveguides are wide, hence
bimodal or even multimodal. Multimodality is in itself obviously unwanted for
the optical isolator as the light of the (integrated) laser diode might couple to the
different guided modes of the isolator. Even more important is the fact that the
non-reciprocal loss shift of a higher order mode is smaller than that of the funda-
mental mode. The reason for this is that the lateral confinement of higher order
light in the ridge is lower, hence there is less overlap with the ferromagnetic metal.

4.3.3 Generation II: second run
4.3.3.1 Description

As explained in section 4.1 an improved fabrication method has been developed
to overcome the problems of partial coverage and misalignment of the ferromag-
netic metal encountered with the standard laser processing. The improved pro-
cessing procedure, based on the use of the contact metal as the etch mask should
result in the accurate fabrication of narrow, hence monomodal, waveguide isola-
tors. Furthermore, the ferromagnetic metal parameter extraction (table 3.2.1) and
the first-run isolator experiments (table 4.6) have indicated that the CosoFeso com-
position is essentially better suited for the waveguide isolator than CogoFe;.

As we were convinced that the second-generation layer structure had not been ex-
ploited to its limits, we decided to do a second processing run on the same wafer
material, using the modified processing sequence and with CosoFeso metal con-
tacts. To have an idea of the theoretical performance non-reciprocal slab wave-
guide simulations with this structure have been performed.® The description
and theoretical performance of the second-run layer structure are given in table
4.7. Comparison with the values in table 4.4 shows that, even though the layer

6Remember that the layer structure design has been carried out for the CogoFe1 alloy.
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| Label | t;,p (nm) tscpm, (nm) tscm, (im) | Aa (dB/mm) Ji, (kA/cm?)

@) 345 0 15 7.55 2.34
R1 295 0 15 11.9 4.94
R2 280 0 15 13.62 7.65

Table 4.7: Design values of the 3 second-generation 9QW InAlGaAs CosoFeso demonstrators.

1Hm
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Figure 4.8: Scanning electron microscope images of the cross-section of the second run of the second
generation non-reciprocal devices. Bad directionality of Ti deposition causes fabrication
inaccuracies.

structure is not optimized for CosoFeso, the performance of the second-generation
waveguide isolators is substantially improved when using CosoFeso as the mag-
netooptic metal contact, with a non-reciprocal loss shift that is 60% higher and a
transparency current density of less than half the value of the CoggFe;q case.

As indicated in the SEM images of figure 4.8 the fabrication is however not
perfect, with again ridge waveguides that are substantially wider than designed,
i.e. 3.7pum instead of 2.5um. This fabrication error can be explained from bad di-
rectionality of the sputtering of at least one of the metal layers, causing metal to
be deposited underneath the photo-resist, as illustrated in figure 4.9. Here, the
Ti film has caused the imperfection. As such, the side part of the ridge is only
covered with Ti and not with the ferromagnetic CosoFeso, which increases the loss
without contributing to the magnetooptic effect. Due to these fabrication errors
the ridge waveguides support two guiding modes instead of being monomodal,
which would have been the case with a 2.5y¢m wide stripe. The calculated opti-
cal and magnetooptic parameters of the guided modes are given in table 4.8 for
the R2 design.” These values have been obtained through simulations with a 2D
mode solver extended with the perturbation-based algorithm for magnetooptic
waveguide calculation (see section 3.5). The exact cross-section (ridge width, etch
depth and partial coverage with ferromagnetic metal), derived from SEM images
of the fabricated devices, served as input for these simulations. The extinction
coefficients have been calculated with the multiple quantum well core considered
as a passive, transparent stack. In other words, only the absorption in the metal
layers and the ternary contact layer have been accounted for. As anticipated, the

7As it was the goal at this stage of the research to demonstrate as high as possible non-reciprocity
almost all experiments on the second run components have been done on the R2 layer structure.
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Figure 4.9: Illustration of increased metal film width due to bad directionality of metal deposition or

sputtering.
[ Mode | n k Aa (dB/mm) Ji (kA/cm?) |
0 3.317 0.0025 10.59 11.2
1 3.312 0.0014 4.66 10.0

Table 4.8: Calculated properties of the two guided modes of a 3.7 um wide ridge waveguide with layer
structure R2. A 2.5pum wide metal contact is positioned central on the waveguide.

non-reciprocal loss shift on the first order mode is much lower than that on the
fundamental mode due to the lower overlap of the first with the ferromagnetic
metal. However, the low lateral confinement of the odd first order mode within
the pumped guiding region — 9.7% against 16.9% for the zeroth order mode — en-
hances the required bias current density, making the required current injection
almost the same for both guided modes despite the much higher extinction coef-
ficient of the fundamental mode.

4.3.3.2 Characterization

We start this section with the characterization of the actual modal structure of the
fabricated non-reciprocal devices. This is done by measuring the far-field pattern
of the emitted ASE — or the laser signal if above threshold. A free-space detector
is rotated in y-z plane — coordinate system as indicated in figure 4.10 — at a fixed
transverse (x-axis) position at the center of the output beam, while the distance
between the detector and the output facet is kept constant. The detected power
as a function of the rotation angle gives the angular pattern of the light intensity.
Figure 4.11 shows the evolution of this far-field pattern with increasing current
injection. The threshold current I, equals 230mA and the magnetization is set to
zero, as we focus on the performance of the waveguide device as a normal Fabry-
Pérot laser. These graphs show that the output signal is a complicated mixture of
two lateral guided modes, where both the fundamental and the first order mode
have an important contribution.

With the non-reciprocal lasing technique the optical isolation ratio of the non-
reciprocal structures has been determined. Devices with a length of 490xm have
been electrically pumped and the output power has been detected on a free-
space detector for magnetic saturation in either lateral direction. A measurement
example performed on a device of type R2 (table 4.7), is shown in figure 4.12. The
output power versus current — the so-called LI-curve — is drawn in the left part of
the figure. The corresponding power ratio evolution is shown on the right. The
ratio above threshold equals 1.6, which on a 490um long device, corresponds to
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Figure 4.10: Schematic illustration of the setup used to measure the far-field pattern.

an optical isolation ratio of 8.33dB/mm according to formula 4.1.

As elaborated in section 4.2.1.2 is it possible to make a fairly accurate estimate of
the forward transparency current from the experimental threshold current, using
equation 4.2. The experimental threshold current equals 210mA. The calculated
value of the optical confinement factor is 0.15, calculated with a 2D optical mode
solver. The gain parameters can be found in section 3.1 and the facet reflectivity
for the fundamental TM mode equals 0.28. The corresponding value for the for-
ward transparency current is 166mA.

This result is a major improvement with respect to the first run of devices with a
2.4 times higher isolation ratio. However, comparing this to the theoretical value
of 10.6dB/mm shows that there still is a discrepancy by a factor 1.27. It is straight-
forward that this is mainly due to the bimodality of the ridge waveguide. It is
however possible to filter out the first order mode to a certain extent by measur-
ing the optical output power with a monomode lensed fiber instead of a free-space
detector. It can be expected that the power ratio increases significantly. The corre-
sponding experimental result is presented in figure 4.13, with on the left graph the
LI-curves for forward and backward propagation and on the right the correspond-
ing power ratio. For comparison the ratio detected with a free-space detector is
also given. The experimental power ratio measured with a lensed fiber equals
1.82, which corresponds to an optical isolation ratio of 10.6dB/mm. This is an-
other significant improvement and compared to the first run the performance is
three times better. In addition, this experimental result is in perfect correspon-
dence to the theoretical performance.

As the second-generation non-reciprocal devices of the second run can easily be
brought to lasing it should be possible to characterize them with a transmission
experiment. TM-polarized incident light from an external cavity tunable laser
(6dBm output power) is coupled to the waveguide, with the wavelength set close
to that of the peak gain of the active material. The output signal is picked up with
a single mode lensed fiber and detected with a spectrum analyzer at a resolution
bandwidth of 0.5nm. The cleaved waveguide facets are uncoated and the length
equals 380um. Figure 4.14 shows the experimental nonreciprocal loss shift for an
incident wavelength of 1290nm. The bias current is 175mA and is pulsed (pulse
width 0.1us, duty cycle 10%) to avoid heating due to the imperfect mounting of
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Figure 4.11: Evolution of the far-field pattern with injected bias current of the second-generation
second-run devices (Ity, = 230mA, w = 3.7 um).
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Figure 4.12: Non-reciprocal lasing experiment on devices of the second-generation second-run, mea-
sured with a free-space detector. The left picture shows the evolution of the output
power with increasing bias current for forward and backward propagation. The right
graph gives the corresponding power ratio. The ratio of 1.6 corresponds to an optical
isolation ratio of 8.33dB/mm.
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Figure 4.13: Non-reciprocal lasing experiment on devices of the second-generation second-run, mea-
sured with a monomode lensed fiber. The left picture shows the evolution of the output
power with increasing bias current for forward and backward propagation. The right
graph gives the corresponding power ratio and that measured with a free space de-
tector for comparison. The ratio of 1.82 corresponds to an optical isolation ratio of
10.6dB/mm.
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Figure 4.14: Transmission experiment on a 380um long non-reciprocal device of the second-
generation second-run. The spectrum of the output signal is plotted at saturation mag-
netization in both lateral directions. 3.77dB of isolation is equivalent to an isolation
ratio of 9.9dB/mm.

generation I, run 1 generation I, run 2

2000000044
r 1 r T T T 1

-650 0 650-900 -450 0 450 900
applied magnetic field (Oe) applied magnetic field (Oe)

Figure 4.15: Comparison of the magnetic properties of the ferromagnetic metal strip of the first and
second run of second-generation non-reciprocal devices. The output power is measured
while looping the metal through its hysteresis loop.

the devices. The difference in power level between the "forward” and ‘backward’
signal equals 3.77dB which, for a length of 380um, is equivalent to an isolation
ratio of 9.9dB/mm. This is in fairly good agreement with the experimental value
obtained via the non-reciprocal lasing technique.

An intrinsic consequence of the fabrication method that uses the contact metal
as the etch mask is that the width of the ferromagnetic strip is very small, in the or-
der of 2pm. In other words, the aspect ratio of this strip — the ratio of the length to
the width, is very high. As pointed out in section 2.4 this directly implies that the
effect of shape anisotropy is huge, making the lateral direction a hard axis. In other
words, the magnetic remanence is minimal. The impact of the high aspect ratio on
the magnetic properties can be visualized with the ASE-hysteresis curves of the
non-reciprocal devices. In figure 4.15 such graphs are plotted for the first (left) and
the second (right) run of the second-generation demonstrators, measured on com-
ponents with a length of 500um. For the first run, standard laser processing has
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been used, leading to 30um wide CoFe contacts. The squareness of the magnetic
contact — the ratio of the remanent magnetization to the saturation magnetization
— is clearly close to 1. As a consequence these “isolators” operate without appli-
cation of an external magnetic field. With the adapted fabrication method the
measured squareness is below 0.1. As such, operating the non-reciprocal device
without application of an external magnetic field is not an option as this implies a
poor performance of less than 10% of the potential isolating effect.

A number of solutions have been identified to enhance the remanent isolation per-
formance. The possibility that is the easiest to implement is to replace the gold of
the second metallization by the ferromagnetic metal. This way the effective width
of the contact is much larger, if no cracks occur in this metal film. The first run
of the second generation shows that this is possible if special care is taken of the
planarization. Prerequisite for this solution is that the CoFe stripes defining the
ridge waveguides aren’t covered with a protective Ti/Au bilayer before etching.
This might cause problems if the ferromagnetic film itself is etched away during
the ridge waveguide definition.

A second solution is to integrate a magnet, either a permanent magnet or an elec-
tromagnet, in the vicinity of the isolator contact. In section 4.4 the development
of an amplifying waveguide optical isolator with an integrated electromagnet is
extensively discussed.

Another possibility is to use other magnetic materials with high magnetocrys-
talline anisotropy to balance the shape anisotropy. However, no such material has
been identified with high magnetooptic parameters.

The remanence properties of the isolator could also be improved by adding an
antiferromagnetic layer in between the ferromagnetic film and the Ti/Au con-
tact. Through a phenomenon called exchange bias [9], the antiferromagnet shifts
the hysteresis loop to higher fields, such that at zero magnetic field, the magne-
tic stripe is still magnetized. Since exchange bias is a surface effect where the
shift scales with the inverse thickness of the ferromagnetic layer, the ferromagne-
tic layer needs to be very thin, i.e. less than 10 nm. A dramatic consequence is
that the optical mode feels the presence of the antiferromagnetic layer, hence the
non-reciprocity of the optical waveguide decreases.

In the frame of this work only the second possibility has been examined experi-
mentally.

4.3.3.3 Conclusion generation II: second run

The extensive characterization of the second-generation optical isolators has made
clear that, while the demonstrated levels of non-reciprocity are very high, the cor-
responding transparency current is about an order of magnitude above the ac-
ceptable value for a practical device. With no obvious improvements at the gain
material side nor in the choice of the ferromagnetic metal, the remaining option
was to reconsider the design procedure of the isolator layer structure. This has
resulted in a third generation of optical isolator devices, as will be described in
the next section. Furthermore, as the importance of lateral monomodality of the
waveguide isolators had been clearly demonstrated, further perfection of the fab-
rication method was necessary.
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4.3.4 Generation III
4.3.4.1 Description

The design of the second generation of amplifying waveguide optical isolators
has two important shortcomings; first of all the layer structure was not at all opti-
mized for the equi-atomic CosoFeso, but instead for CoggFe;o of which it has been
shown that it is not the best choice for the isolator. Secondly, the R2 design, on
which the best measurement results have been realized, focussed on achieving an
as high as possible isolation ratio with a realistic forward transparency current.
This approach does not necessarily minimize any of the practical figures of merit
described in section 2.2.2. This is illustrated in figure 4.16 where the transparency
current (in mA /dB), the product of the length times the transparency current (in
mm/dB x mA /dB) and the isolation ratio (in dB/mm) are plotted for a variation
of the InP cladding thickness on a benchmark optical isolator structure. The ferro-
magnetic metal is CosoFes, the thickness of the SCH layers is kept constant at Onm
and the ridge width is fixed at 2um. The performance of the second-generation
R2 design is indicated. The corresponding current-length product is 14% higher
than the minimal value and the transparency current is even 121% higher than in
the optimized case.

While maximizing the isolation ratio was appropriate in the first stages of the de-
velopment of the optical isolator, the final goal is to maximize the practical perfor-
mance, i.e. to minimize a parameter such as the transparency current or the device
length. As it is our primary target to demonstrate a transparent amplifying wave-
guide optical isolator, we have to consider the minimization of the forward trans-
parency current as the design criterion for the third-generation layer structure.
It is obvious that for the third generation devices the CosgFesq alloy is used and
that the amplifying core is a tensile strained multiple quantum well InAlGaAs-
InP structure. With respect to the previous devices the built-in tensile strain is
higher, -1.6% instead of -1.25%, which should result in a higher differential gain,
as demonstrated in section 3.1. Just as in the previous designs the thickness of the
SCH-layers and of the top cladding layer are the parameters that can be varied to
optimize the figure of merit. In addition, for the third generation of isolators it has
been examined whether a variation of the transparent quaternary contact layer
thickness could deliver an improvement of the device performance. A conjugated
gradient minimization algorithm has been used to find the optimized combina-
tion of thickness values. This has resulted in the two designs tabulated in table
4.9, with design D4P the one with an optimized contact thickness and D3P the
design with the 15nm/100nm contact bilayer. The waveguide core has been as-
sumed to be passive, an approach which has been validated in section 3.4.1. The
current injection required for forward transparency has been calculated as:

—pylem ™
LiranspmA] = JiranspLw = 5.28 Lw exp(imﬁr), (4.5)
with w and L the waveguide ridge width (in ym) and the length (in mm) respec-
tively and I" the confinement of the guided mode in the quantum wells. In this
equation the experimental gain-current relation of the -1.25% tensile strained ma-
terial has been used as a best guess of the -1.6% strain gain parameters. The third-
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Figure 4.16: Simulation of a benchmark optical isolator structure illustrating that the optimized
design according to a practical figure of merit does not necessarily correspond to a high
isolation ratio; at the top the minimization of the transparency current is plotted, below
the minimization of the current-length product.

generation values of table 4.9 are the result of 1D slab waveguide calculations. As
pointed out earlier, the lateral variation of the ridge waveguide structure has a
non-negligible influence on the isolator performance, hence a magnetooptic per-
turbation calculation of the actual isolator cross-section is required. As this 2D
calculation is extremely slow, a global optimization is however not appropriate.
Instead we have used the slab results as a starting point and have investigated
with the 2D-tool how the isolator performance parameters change for a varia-
tion of the thickness of the InP superstrate layer. A realistic ridge width of 2um
is considered and an etch depth of 300nm, for which the waveguide is laterally
monomodal in TM-polarization. In table 4.10 the results of this 2D optimization
process are summarized for both isolator designs D4P and D3P; the optimized
thickness values of the InP cladding together with the corresponding theoretical
performance of a CosoFeso amplifying waveguide isolator are tabulated. It can be
seen that the optimized operation point of the 2D calculations is at a somewhat
lower cladding thickness. This follows from the fact that in the actual 2D situ-
ation the modal confinement in the metal is lower, which implies a decrease of
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| Layer Material D4P (nm) D3P (nm) |
MO metal CosgFeso 50 50
Contact Ing 54Gag 46 As 15 15
Contact In0,81Ga0.19ASO.41P0,59 170 100
Cladding InP 335 400
SCH IH0,86G30,14A50432P0,68 33.5 11
Barrier = InAlGaAs (A, = 1100nm, +0.62% strain) 20 20
Well InAlGaAs (Mg = 1288nm, -1.6% strain) 10x9 10x9
Barrier InAlGaAs (A\y = 1100nm, +0.62% strain) 20x9 20x9
SCH Ing.86Gag.14As0.32P0.68 13.5 4
Cladding InP 1000 1000
Substrate InP

Table 4.9: One dimensional design values of the third-generation 9QW InAlGaAs CosoFeso demon-
strators, for two different designs labeled D4P and D3P. In the D4P-calculations 4 para-
meters have been varied: both SCH layers the InP cladding and the quaternary contact
layer, while for the D3P design only the first three have been modified.

] \ D4P1D D4P2D D3P 1D D3P 2D ‘

trnp (Nm) 335 310 400 375
Transparency current (mA /dB) 6.14 8.04 6.28 8.07
Length (mm/dB) 0.21 0.23 0.2 0.22

Table 4.10: Theoretical specifications for the third generation InAlGaAs CosoFeso demonstrators
following the 1D and 2D optimizations, together with the corresponding calculated iso-
lator performance. The ridge width is set at 2pum.

both the non-reciprocal loss shift A« and the reciprocal loss «. Keeping in mind
that the transparency current depends linearly on A« and inversely proportional
to the exponential of oy, it can be deduced that the minimum in transparency
current indeed shifts to smaller cladding thickness values. Furthermore, the mi-
nimal transparency current is significantly higher when accounting for 2D effects.
This can directly be attributed to the lower confinement of the optical mode in
the amplifying part of the multiple quantum well core; 16% instead of 19.5% with
the slab calculations. Finally, the reduction of the value of Aa causes about 10%
increase of the length of the isolator in the realistic 2D situation.

With a slight modification of the Ti deposition method the inaccuracies encoun-
tered in the previous devices could be avoided, resulting in a good fabrication
quality of the third-generation demonstrators. Shallowly etched ridge waveguide
isolators with a width of 2.0pum are illustrated in figure 4.17. Measurements have
confirmed the lateral monomodality of these devices. Closer inspection under the
scanning electron microscope (SEM) however reveals an inaccuracy in the fabri-
cation that has an important impact on the isolator performance. On the SEM
images the multiple quantum well stack and the metal layer structure can clearly
be distinguished. As such the total thickness of the cladding layers can accurately
be measured, which gives an indication about the accuracy of the metal organic
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Figure 4.17: Electron microscope images of a cross-section of the third generation amplifying wave-
gquide isolators, with indication of the measured total layer thickness between the guid-
ing core and the metal; the left picture is design D4P and the right image is design

D3P.
| | D4P design DA4P actual D3P design D3P actual |
toiad tora (M) | 5285 492 501 476
Isolation (dB) 4.35 6.5 4.58 6.0
Current (mA) 35 57 37 51

Table 4.11: Calculated performance of a third generation isolator with the optimal (‘design’) and the
actual ("actual’) dimensions of the layer structure, for a length of Imm.

vapor phase epitaxy (MOVPE) growing process. For the D4P design, the mea-
sured thickness equals 492nm, as can be seen on the left image of figure 4.17,
while the design value is 528.5nm. In the case of the D3P design the actual thick-
ness is 476nm and the optimized value is 501nm. These deviations have a signifi-
cant influence on the isolator performance; the magnetooptic metal is closer to the
guiding core, hence both the non-reciprocal and the reciprocal loss are higher and
consequently the figure of merit — in this case the forward transparency current —
deviates to a certain extent from its minimal value. Assuming it is the InP thick-
ness that is smaller than the theoretical optimum, the impact of this fabrication
error can be modeled. In table 4.11 the optical isolation (dB) and the transparency
current (mA) of a Imm long optical isolator are tabulated, both for the design
point and for the actual structure. As anticipated, both the optical isolation and
the forward transparency current, the figure of merit of the isolator, increase sig-
nificantly.

4.3.4.2 Characterization

The basic performance figures for the amplifying waveguide optical isolator are
obviously the optical isolation and the amount of current required for transpa-
rency in the forward propagation direction. The latter is equivalent to the inser-
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Figure 4.18: Transmission experiment on a 2.1mm long AR-coated isolator of the third generation.
The spectrum of the output signal is plotted at saturation magnetization in both lateral
directions, showing 12.7dB optical isolation; measured with 160mA bias current and
the fiber-to-chip losses are 4 to 5 dB per facet. With the total insertion loss lower
than the coupling losses this is the first demonstration of a transparent amplifying
waveguide optical isolator.

tion loss of the device at a certain bias current level. Apart from these parameters
it is important to study some other aspects of the component such as the spectral
dependence and the influence of the bias current on the optical isolation. All of
this will be done in this section.

Optical isolation and insertion loss Consider a CosoFes optical isolator with
a D3P layer structure. The length equals 2.1lmm and the ridge width 2um. The
cleaved facets have been covered with a four-layer broadband anti-reflection coa-
ting. Figure 4.18 plots the results of a transmission experiment on this compo-
nent. TM-polarized laser light from an external cavity tunable laser (output power
-10dBm) is coupled in the device through a lensed fiber and the output signal is
picked up with an identical lensed fiber and evaluated on a spectrum analyzer
(resolution bandwidth 0.1nm). The laser wavelength is fixed at 1288nm. The in-
jected current equals 160mA. The difference in optical intensity at the laser wave-
length between forward and backward propagating signals — the optical isolation
—amounts up to 12.7dB. The total insertion loss in the forward direction — the in-
ternal losses combined with the fiber-to-chip coupling losses — equals 4.6dB, while
the fiber-to-chip coupling loss is measured to be 4 to 5 dB per facet. As such, this
result proves on-chip amplification at the bias current of 160mA. The experiment
depicted in figure 4.18 is the first — and so far only — worldwide demonstration of
a transparent monolithically integratable waveguide optical isolator.

The actual transparency point was found to be at 155mA of current injection, at
which an optical isolation of 13.0dB has been measured. Comparing these expe-
rimental results with the theoretical values (12.6dB and 107mA)? shows that the
correspondence on the optical isolation is very good, but that the actual bias cur-
rent level required for transparency is 49% higher than the theoretically predicted

821 times the values tabulated in the last column of table 4.11
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Figure 4.19: Transmission experiment on a 4.5mm long isolator of the third generation with as-
cleaved facets. A record optical isolation of 23.0dB has been demonstrated at a pulsed
bias current (duty cycle 10%) of 500mA.

value. This indicates that either the internal loss of the waveguide is higher than
calculated or that the current injection is less efficient or a combination of both.
This issue is further examined in the next paragraph.

For a practical optical isolator an isolation level of at least 20dB would be required.
On the basis of table 4.11, a device with a length of 3.1mm can be expected to show
this level of performance. As it was our primary goal to demonstrate an optical
isolation of at least 20dB, measurements have been done on a 4.5mm long device.
The facets are left uncoated and the layer structure is of design type D4P.° The
outcome of a transmission experiment on this component is plotted in figure 4.19.
The isolator is biased in pulsed regime (duty cycle 10%, pulse width 0.1us) to
avoid heating.!” The experimental optical isolation amounts up to 23dB, which is
by far the highest value ever obtained on this configuration of waveguide isolator.
In comparison, Shimizu has demonstrated a TE-polarization isolator with 10.3dB
of optical isolation [10]. With respect to the insertion loss, we need to remark
that the waveguide facets are uncoated, hence a contribution of the Fresnel losses
equal to 3dB has to be added to the fiber-chip coupling losses (4 to 5 dB per facet)
to obtain the total coupling loss. With a forward intensity of -27dBm and a laser
input power of -10dBm, the on-chip loss at 500mA current injection can therefore
be estimated at 5dB. Clearly, the D4P devices operate worse than what can be
expected from the calculations, although it is not clear why. Because of the good
performance of the D3P isolators (figure 4.18) it was however decided not to spend
more time on this discrepancy. The result plotted in figure 4.19 should therefore
only be considered as the demonstration of a very high optical isolation of 23dB.

Transparency current While the experimental level of optical isolation corre-
sponds well to the calculated value, the measured forward transparency current

9We experienced that the D3P design components perform significantly better than the D4P devices,
but due to a lack of material the latter had to be used for the 4.5mm long isolators.
19The current is injected through a single probe needle with consequently a very high current density
at the injection point.
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is significantly higher. In this section we will investigate the origin of this dis-
crepancy. First of all the inspection of the cross-section of the ridge waveguides
shows that there are no major inaccuracies in the fabrication, hence the increased
transparency current doesn’t originate from fabrication errors.

A significant underestimate of the actual transparency current comes from the
fact that in the design calculations it has been assumed that every injected carrier
contributes to the signal amplification, while an amount of carriers actually re-
combines spontaneously or non-radiatively (Schockley-Read-Hall and Auger re-
combination). In the next paragraph we will develop a rate equations model of the
SOA-based isolator that includes spontaneous and non-radiative recombination.

A second contribution comes from a deviation of the current injection effi-
ciency in the device. For the design of the isolator layer structures a gain-current
relationship has been used that was obtained from measurements on 6 quantum
well broad area lasers. The waveguide isolators differ however from these test
lasers in two ways. First of all the number of quantum wells is higher — 9 instead
of 6. Remember that we have modified the extracted gain-current relationship for
this under the assumption that the injection and internal quantum efficiency are
independent of the number of wells. If this assumption is however not entirely
correct the actual efficiency factor 7;,; is lower than anticipated. Secondly, the iso-
lator devices are shallowly etched 2m wide ridge waveguides instead of broad
area components. It is well known that shallowly etched ridge waveguide active
devices suffer from leakage current phenomena due to the lateral carrier diffu-
sion. As a direct result the actual injection efficiency is significantly lower than
assumed in the design of the layer structure.

In addition there might be an increase of the internal loss of the isolator. This
can be the result of imperfections of the fabricated device — for example deviations
of the cladding layers thicknesses — or due to uncertainties on material parame-
ters, especially the optical constant of the ferromagnetic metal. One particular
contribution to the loss that we have looked into is that of the intervalence band
absorption (IVBA) in the highly p-doped contact layers,!! which can be approxi-
mated as a linear function of the dopant concentration p; [11]:

arvpa,i = kppi, (4.6)

with i = InGaAs or InGaAsP and k,, the IVBA coefficient, which is material and
wavelength dependent. In p-doped InP and related materials this IVBA coeffi-
cient equals k, = 13x10~*8c¢m? [12]. The refractive indices of the contact layers
have been corrected for IVBA and the waveguide isolator performance has been
recalculated. However, the impact of these extra loss terms on the overall internal
loss appears to be negligible compared to the very high absorption in the ferro-
magnetic metal.

A last issue that we want to address here is that of longitudinally inhomo-
geneous current injection. In all calculations regarding the required bias current
for forward transparency it has assumed that the current injection in the SOA is
longitudinally homogeneous. In other words, current injected through a needle is

HThese material dependent loss terms are not included in the experimental gain-current relation-
ship 3.18. After all, this equation has been derived from measurements on lasers, on which the modal
overlap with the contact layers is negligible.
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Figure 4.20: Schematic longitudinal view of the amplifying waveguide isolator and its equivalent
electrical network. The resistance values Ry and Ry are related to Ra., and Rsoa. The
distributed diode symbols the pn-heterojunction.

presumed to distribute homogeneously along the (electro-plated) gold strip before
crossing the barrier between the metal and the semiconductor. For this scenario to
be the case the electrical resistance of the gold stripe should be low compared to
the resistance of the metal-semiconductor contact of the SOA. In the opposite case
of longitudinally inhomogeneous current injection, the overall gain in the wave-
guide at a certain bias current level can seriously be decreased. This originates
from the sublinear (logarithmic) relation between material gain and bias current;
gain saturation at positions with high injection current densities results in a lower
value of the total gain. This phenomenon can be modeled with the equivalent
electrical network of the amplifying waveguide isolator illustrated in figure 4.20.
The resistances R; and R, are related to two resistance values that can experimen-
tally be determined, i.e the resistance of the gold strip R4,, measured between
node 1 and 2 on figure 4.20, and the total resistance of the isolator Rsp4, mea-
sured between node 3 and 4. The electrical network can be solved with the aid of
the current and voltage laws of Kirchoff. Fitting to the experimental values of R 45,
and Rgo 4 results in the correct values of R; and Rs. The outcome is a longitudinal
profile of the current injected in the quantum well region. With the help of the
experimental gain-current relation, this directly leads to the longitudinal modal
gain profile along the device. Figure 4.21 shows two examples. The longitudinal
current flowing through the distributed diode and the resulting gain profile cor-
responding to resistance values equal to R4, = 0.3Q2 and Rgpoa = 3.0€2 (top) and
R4y =30.0Q2 and Rspa = 3.0Q (bottom) have been plotted. The total bias current
is 150mA and the length is 2mm, both of which are realistic values for the ampli-
fying waveguide optical isolator of the third generation. The gain-current density
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Figure 4.21: Two examples of the longitudinal current and gain profile for Ra, = 0.3Q and
Rsoa =3.0Q (top) and Ray, = 30.0Q and Rso 4 = 3.0 (bottom).

relation of the quantum well region is the one described by equation 3.18 and the
modal confinement in the quantum wells equals 0.16. In the first case the current
is indeed quasi-homogeneously distributed, while this is not at all the case when
the resistance of the gold stripe exceeds that of the current injection in the diode.
Integrating the gain over the entire device length shows the impact of inhomoge-
neous current injection on the total gain. In figure 4.22 the evolution of the total
gain with increasing injected current is plotted in both the homogeneous (R4, =
0.3Q, Rgoa = 3.002) and the inhomogeneous case (R4, = 30.0Q, Rsoa = 3.012) for
an internal loss of 117cm ™. The required current to overcome this internal loss
increases with 18mA, almost 20%, as a consequence of inhomogeneous current
injection.

To assess whether this effect is significant in the fabricated devices, we have mea-
sured the actual values of Rgp4 and R 4,,. While Rso 4 is consistently in the order
of 31}, the observed value of R 4, is not at all a linear function of the distance be-
tween the two measurement points on the gold contact, but instead is randomly
distributed between 3 and 159. As such, the degree of inhomogeneity cannot
readily be estimated. However, the following experiment shows that this effect
is not at all negligible. In figure 4.23 the output power of a 2mm-long AR-coated
third-generation isolator device is plotted as a function of the position of the cur-
rent injection probe needle on the top gold contact. For position 0 the needle is
the nearest to the output facet at which the intensity is detected, for position L the
furthest. The injection current is fixed at 160mA. The detected ASE-power varies
largely with the needle position, which gives clear evidence of the presence of
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Figure 4.22: Evolution of the total gain with injected current; illustration of the decrease of the modal
gain due to inhomogeneous current injection. The homogeneous case corresponds to
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Figure 4.23: Evolution of the emitted optical power of an AR-coated isolator waveguide with posi-
tion of the current injection needle.

longitudinal inhomogeneity of the current injection. This, together with the large
variation in the observed R 4,, value suggests that the top gold contact is not at all
a smooth low resistivity film, but instead consists of a series of gold islands linked
through high resistance paths. To estimate the impact of the inhomogeneous cur-
rent distribution on this structure, an effective resistance should be determined.
To this purpose the experiment depicted in figure 4.23 has been repeated for a
number of current values. Furthermore a simple ASE model has been assumed
that relates the optical intensity to the gain:

P= /OL exp(Gz)dz, 4.7)
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where G is the modal gain:

G= Fg (Ja @a fneedle) -, (48)
Ry

with the material gain ¢ depending on the current density J, the position of the
probe needle x;,ccqie and % the ratio of the resistances R, and R; of the equiva-
lent electrical network (figure 4.20).12 Fitting this model to the experimental data
with g—‘f as the variable parameter results in an effective resistance value Ry, for
the top contact, provided Rso 4 is known (= 3(2). The extracted effective resistance
R 4, equals 129. The corresponding effect of the inhomogeneous current injection
on the transparency current is a minimal increase of 2mA if the 2mm device is
electrically pumped at the center of the waveguide. If on the other hand the cur-
rent is injected at one of the facets (position 0 or L), the required value rises by no
less than 65mA.

At least as important is the non-uniformity of the longitudinal gain profile intro-
duced by the injection inhomogeneities, especially in a transmission experiment,
as it modifies importantly the signal amplification and the emitted ASE. In the
next paragraph a mathematical model of the isolator will be developed. To ac-
count for the effect of injection inhomogeneities, the calculation of the longitudi-
nal current profile has been implemented in this model. The position of the injec-
tion needle is considered as a variable parameter and the experimental resistance
values R4, = 129 and Rgp4 = 32 are used.

The problem of inhomogeneous current injection can obviously be reduced by
contacting the device through a multiple of wire bonds. Another possible solution
might be to anneal the gold contact to smoothen the film. This however should be
done with care, as annealing at elevated temperatures can deteriorate the ohmic
contact quality.

Injection current dependence The optical isolation of a light wave transmitted
through an isolator device is expressed as:

Py [mW]
Is0[dB] = Py [dB] — Pyy|dB] = 10log™® | =L 1) 49
soldB] = Py [dB] - P [dB] = 1010 (00 ) 49
Under the assumption of the absence of gain saturation and amplified sponta-
neous emission and of a uniform gain profile this can be rewritten as:

Pinexp(Gyw,L) )

4.1
Pinexp(beL) ( 0)

IsoldB] = 1010910<
with P;,, the intensity of the input signal, L the length and G¢,, and Gy,, the modal
gain in the forward and backward propagation direction respectively:

A A
Gf'w = FGmat —aop+ 70[ be = FGmat — Qg — 7a7 (411)

121t can indeed be proven that it is % that determines the level of inhomogeneity.
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Figure 4.24: Experimental study of the variation of the optical isolation with total injected current.
(left) Optical intensity of forward (+Msa:) and backward (-Mga:) propagating light
and (right) the corresponding optical isolation as a function of the total injection cur-
rent in the isolator component. The optical isolator is a 2.1mm long third-generation
device with specifications as tabulated in table 4.9.

with G4 the material gain in the quantum wells, I' the modal confinement in
the multiple quantum well region, a the modal loss in the absence of a magnetic
field and Aa the non-reciprocal loss shift. The optical isolation of the transmitted
signal hence becomes:

Iso[dB] = 10log*° (ezp(AaL)). (4.12)

According to this expression the optical isolation is independent of the amount of
current injected in the device. The reality however is a lot more complex, as is il-
lustrated by the experimental result shown in figure 4.24. The measurements have
been performed on D3P devices (see table 4.11) with a length of 2.1mm and with
the cleaved facets covered with a four-layer broadband anti-reflection coating. On
the left graph the evolution of the optical intensity of a transmitted signal trav-
eling in forward (+M,,:) and backward (-M,,:) direction with the total injected
current is plotted. TM-polarized input light (-10dBm power) from an external
cavity tunable laser has been used and the output signal has been evaluated on a
spectrum analyzer (resolution bandwidth 0.1nm). The measurement points in fi-
gure 4.24 correspond to the power measured at the lasing wavelength of 1288nm.
The right plot of figure 4.24 depicts the corresponding optical isolation Iso as a
function of the injected current. This value clearly remains not at all constant, in-
dicating that gain saturation and the presence of spontaneous emission do have a
non-negligible influence on the isolator performance.

To understand the experimentally observed evolution of the optical isolation with
the injected current the amplifying waveguide isolator has been modeled with
a one-dimensional longitudinal multi-section single mode Finite Difference Time
Domain (FDTD) SOA model based on traveling wave field equations and longi-
tudinal carrier density equations [14]. This model assumes perfect anti-reflection
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Figure 4.25: Schematic layout of the multi-section SOA-isolator with indication of the optical pow-
ers as used in the FDTD SOA-model and of the (fixed) magnetization M.

coatings at the waveguide facets such that feedback can be neglected. The follow-
ing set of equations has been used:

ON(z,t)  I(t)Min; ) 3
ot = qudp  ANGEH - BNzt - ONT(z1)
G(z,t)
- Puig. P, P 41
hl/sigwd[ sig,i(2,t) + Pasgg(2,t) + Pasgep(z,1)](4.13)
P.. .
%;(Z,t) = (G(Z7t)_aint,i)Psig,i(Z,t) Z:f,b (414)
dp%;‘(z»t) = (G(2,t) — @inss)Pasps(z:t)

1
—i—ihusig Bsp BN? (2, t)wd (4.15)

_dPaspy(2,1)

e = (G(z,t) — aint,p)Pases(2,t)

1
+5hvsig BspBN? (2, t)wd, (4.16)

with

Tgoln (L](\fo’t))
N is the carrier density, I the total injected current, 7;,; the current injection effi-
ciency, Psigi, Pases and Pasgy the optical power of respectively the signal and
the forward and backward traveling amplified spontaneous emission (ASE) and
G the modal gain. P;n(z,t) equals the total optical power at the longitudinal po-
sition z at the moment ¢. Figure 4.25 shows the convention made here for these
optical powers, with an indication of the (fixed) direction of the magnetization M.
Quint,; 1s the internal loss in the forward (i=f) or the backward (i=b) direction:
A A
Qint,f = Qo — 70[ Qint,pb = Q0 + 7a~ (4.18)

The description of the other symbols is given in table 4.3.4.2. The recombination
constants A, B and C are material properties and are not exactly known for the
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| Symbol Description Value
A Schockley-Read-Hall recombination constant 108 s~ 1
B Radiative recombination constant 10719 cm3s~1
C Auger recombination constant 10729 cm®s~!
Bep Spontaneous emission coupling coefficient fitted
| S Saturation power fitted
g0 Differential gain coefficient fitted
g Internal loss fitted
Ao Non-reciprocal loss shift fitted
r Confinement factor 0.16
No Transparency carrier density 1.4 x 10 cm =3
Ninj Current injection efficiency fitted
w Active layer width 2 pm
d Active layer thickness 9 x 10 nm
L Device length 2100 pm
Vsig Signal frequency 232.7 x THz
q Electric charge per electron 1.60218 x 1019 C
h Planck’s constant 6.62607 x 10~3*Js

Table 4.12: Physical parameters of the SOA-based isolator and their values used in the isolator
model.

waveguide isolator. Values from literature have been taken as best guesses [15].
By numerically solving equations 4.13 through 4.17 the response of the SOA-
isolator to an input signal — propagating through the device in either the forward
or the backward direction — can be obtained. To account for the longitudinal vari-
ation of the carrier density the SOA is segmented into a number of small sections,
with a length of 10pm. The carrier density in each section is considered to be
constant. This multi-section model enables to take into account the effects of lon-
gitudinal spatial hole burning (LSHB) and of inhomogeneous current injection.
Even though semiconductor optical amplifiers do not have a strong lasing mode,
LSHB can still be induced by intense ASE that propagates in the active layers as
well as by the injection of an optical signal [16]. To account for the presence of in-
jection inhomogeneities the mathematical model developed earlier in this section
has been implemented in the isolator rate equations. Consequently, the injection
current density | depends on the longitudinal position, i.e. | = J(z).

The parameters of the logarithmic gain-carrier relationship (equation 4.17), Ny
and gy have been deduced from the experimental gain current density relation
obtained on 6QWs broad area lasers:

_ J _ Jtot
Gmat = G() n (Jo) = 466 In <0528) . (419)

If we assume perfect injection efficiency of the broad area lasers, the current den-
sity and the carrier density are related as:
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J = (AN + BN?+CON?)qd
Jo = (ANy+ BNE + CN})qd, (4.20)

which transforms equation 4.19 into a gain-carrier density relation. Fitting to the
logarithmic expression:

N
9= goln (NO) , (4.21)

directly results in a value for the differential gain coefficient go. This value is ob-
viously highly dependent on the A, B and C coefficients, which are not exactly
known. Therefore, the obtained value is considered as a starting point and a cor-
rection factor has been added to the model, the value of which follows from fitting
to the experimental data. The effects of gain saturation are included in the gain
calculation via the saturation power P,,;, which equals the total optical power at
which the gain is reduced to half the value in the absence of light.

To simulate the injection current dependence of the amplifying waveguide op-
tical isolator the steady state regime of the SOA model is applicable, in which the
carrier density equation 4.13 reduces to:

Ininj

0 = quar ~ANG) - BNU() - ONY(2)
_lml[Psig,i(z) + Pases(z) + Pases(2)]. 4.22)

The total optical output power — the sum of Py;4;, Pasrf and Paggs at the output
facet —is calculated for a range of current injection values, both for a signal injected
in the forward P;, s and in the backward Py, ;, direction'®. With an appropriate
choice of the model parameters the experimental graphs of figure 4.24 should be
reproduced. The Nelder-Mead simplex algorithm [17] has been applied to solve
this multi-dimensional non-linear problem. The cost function that has been mini-
mized is the sum of the square of the deviations between the experimental points
- plotted in figure 4.24 (left) — and their corresponding theoretical values. The
quantities that have been fitted are the spontaneous emission coupling coefficient
Bsp, the saturation power P, the injection efficiency 7;,;, the correction factor
to the differential gain and the position of the current injection needle, just as the
internal loss oy in the absence of a magnetic field and the non-reciprocal loss shift
Aq. Their optimized values are given in table 4.3.4.2. Remark that the differential
gain go is of the same order as the values reported in literature [18]. Further-
more, the internal loss ap and the non-reciprocal loss shift A« are close to the
design characteristics, and only the current injection efficiency 1;,; appears to be
much smaller than anticipated. The calculated emitted power as a function of
the injected current corresponding to these isolator parameters is plotted in the
left image of figure 4.26 both for forward and backward modal propagation. The

13 At the right facet in the forward and the left facet in the backward case as indicated in figure 4.25
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Symbol Value
Bsp 1.6 x 10~°
| S -2 dBm
0 2050 cm !
Qg 132 ecm—!
Ao 15cm™!
MNing 0.274

Xneedle 0.57L

Table 4.13: Fitted values of the SOA-based isolator parameters.
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Figure 4.26: Theoretical evolution of the emitted power (left) and the corresponding optical isolation
(right) with injection current. The light grey curve corresponds to the transmitted
signal, the dark grey graph to the forward ASE and the sum of both is plotted in black.
The black circles are the experimental data points.

light grey curve is the signal intensity, in dark grey the ASE power at the signal
wavelength is plotted and the black graph is the sum of both. The black circles
are the experimental data points. Clearly, there is a good correspondence between
the theoretical model and the experimental data. The difference between forward
and backward intensities — the optical isolation — is depicted in the right part of
figure 4.26, with the same color code.

The optical isolation on the transmitted signal remains constant for low current
values and gradually decreases at high injection. This phenomenon can be at-
tributed to gain saturation; at a certain current value the optical power of the
guided mode is higher in the forward propagation direction, causing a higher de-
gree of gain saturation than for backward propagation. Equation 4.12 becomes:

IsoldB] = 10log'® (ezp((Aoz +T'(Gmat,f — Gmat,b))L))a (4.23)

with Gyt r and Gyae,p the material gain in forward and backward direction and
where Gyt f < Gmat,p. As such, the isolation decreases. The non-reciprocal ef-
fect on the ASE-power is low at low pump current and increases with the electri-
cal injection. This evolution originates from the fact that with higher current the
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Figure 4.27: Spectral dependence of the optical isolation and forward modal loss of the waveguide
isolator; measured with 200mA bias current.

ASE-power contains light from further down the waveguide which has traveled
a longer distance, hence has experienced a stronger non-reciprocal effect. At high
pump values also the ASE gets saturated. Combining both signals results in the
black curve of figure 4.26, which clearly reproduces the observed trend.

In conclusion, the observed optical isolation of an amplifying waveguide optical
isolator is largely dependent on the current injection. In the low pump region
the presence of spontaneous emission reduces the isolation, while at high current
values gain saturation has a annihilating influence. Around the forward transpa-
rency point — here at 155mA — both effects are small and the optical isolation goes
through a maximum.

Spectral behavior One of the advantages of the amplifying waveguide isola-
tor concept over the interferometer based isolator schemes is the fact that this
approach is in principal spectrally broadband due to the absence of interfering
signals. In order to examine the wavelength dependence, we have repeated the
above described transmission experiment for different values of the tunable laser
wavelength. Measurements have been done on 2.3mm D4P isolators with anti-
reflection coated facets. The bias current is kept constant at a value of 200mA to
ensure optical transparency at the central wavelength of 1285nm. As is illustrated
in figure 4.27 the optical isolation varies by less than 2.5dB over a wavelength
range of 30nm, while the forward modal loss varies by more than 25dB, making
this the dominant influence on the spectral behavior. The wavelength dependence
of the loss is obviously mainly related to the gain spectrum of the quantum well
material. The intrinsic material dispersion of the ferromagnetic metal is believed
to be the main cause of the variation of the optical isolation. Simulations shows
that there is a small additional contribution due to the spectral variation of the
modal electric field.

In conclusion, the wavelength dependence of the amplifying waveguide optical
isolator is predominantly determined by the gain spectrum of the multiple quan-
tum well material, which causes an increase of the modal loss away from the gain
peak wavelength (at a certain current injection level).
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Figure 4.28: (left) Relation between the power of the injected signal and the emitted signal, both
corrected for fiber-chip coupling losses; the bias current is set at 160mA. (right) The
resulting evolution of the optical isolation with input power.
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Figure 4.29: Spectra of the emitted light of a third generation waveguide isolator for three diffe-
rent intensities of the laser signal, for (left) forward propagation and (right) backward
propagation. The injected current is fixed at 160mA.

Input power saturation If the power inside an amplifying device is high the am-
plifier saturates. This can be attributed to the fact that in the case of high optical
power the stimulated recombination rate is high, causing the excited state concen-
tration to decrease. Therefore, the gain G drops and the output power saturates.
This relation can be expressed as:

Gp=o

_Hp.i,,,

(4.24)

and is characterized by the saturation power P, defined as the power at which
the gain reduces to half the value in the absence of light. Gain saturation occurs
at high values of the injection current because the optical power increases largely
with propagation through the device. Likewise, gain saturates at elevated power
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Figure 4.30: Calculated evolution of the emitted optical power with input signal intensity and the
corresponding optical isolation. The circles represent the experimental data points.

of the input signal. In this paragraph we investigate the impact of input power
saturation on the operation of the amplifying waveguide optical isolator. Remem-
ber from a previous paragraph that gain saturation causes the degradation of the
optical isolation at high current injection levels.

The input power saturation of the isolator has been studied experimentally by per-
forming a non-reciprocal transmission experiment for a series of signal powers.
The test device is 2.1mm long with a D3P design'* and with anti-reflection coat-
ings deposited on the waveguide facets. The current injection is kept fixed at
160mA which is the transparency current for a tunable laser power of -10dBm.
The experimental results are illustrated in figure 4.28. The left plot shows the rela-
tion between the power of the injected signal and the intensity of the light emitted
at the signal wavelength. All values have been corrected for fiber-to-chip coupling
losses, equal to 5dB per facet. Gain saturation clearly has an influence, causing
the output power to saturate. The most important question is whether the input
power saturation also modifies the optical isolation — the difference between the
signal intensity in forward and backward direction. The observed trend is plotted
in the right part of figure 4.28. The level of optical isolation appears to rise with in-
creasing input power. This evolution is counter-intuitive, because in the forward
direction the power is higher, hence, according to equation 4.24, gain saturation
is expected to have a larger influence. However, inspection of the emitted spec-
tra at different input powers clarifies the mechanism behind this rising trend. In
figure 4.29 the observed emission spectra for forward (left) and backward (right)
propagating light and for three different input powers are given. The important
thing to notice is that the ASE power decreases severely with increasing input
power. As elaborated earlier, the presence of spontaneous emission reduces the
optical isolation, hence as the input power increases so does the observed optical
isolation.

4This device is nominally identical to the one used in the previous experiments but is not exactly
that one.
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Obviously this trend should be reproducible with the rate equations model of
the waveguide isolator. The model has been evaluated for different signal powers
and with a fixed injection current of 160mA. Identical values for the SOA para-
meters have been used (see tables 4.3.4.2 and 4.3.4.2), except for the position of
the probe needle which has been considered as a variable parameter. Accurate
fitting to the experimental data points has been obtained, as is illustrated in figure
4.30. The only modification with respect to earlier calculations is that the current
is injected closer to the output facet, Xpecare = 0.29L instead of xceqre = 0.57L.

Reliability study In order to make an estimate of the robustness of the fabri-
cated amplifying waveguide optical isolators two reliability related issues have
been examined experimentally. First of all, it is imperative that the performance
of the isolator doesn’t degrade as a result of the temperature elevation during the
laser diode module packaging. The corresponding temperature step is assessed
at 300°C during 5 minutes. The performance of an “as-fabricated” and a — nomi-
nally identical — "packaged” device have been compared using the non-reciprocal
lasing characterization technique.!® The corresponding LI-graphs and power ra-
tio curves are plotted in figure 4.31, showing that there is only a minor difference
between both cases. In fact the optical isolation seems to improve slightly. It is
not clear whether the measured difference originates from fabrication variations
or whether there is an actual improvement. Anyhow, the bottomline is that the
influence of the exposure to packaging conditions is minimal.

Another point that has been examined is the influence of the operation tem-
perature on the isolator performance. All experimental results described so far
have been performed with the environment temperature kept constant at 20°C by
means of a thermo-electric cooler on the sample holder. In a practical situation,
cooling the device means an extra cost, hence is highly unwanted. In order to esti-
mate the performance of such an uncooled isolator, non-reciprocal lasing measure-
ments have been done with the environment temperature fixed at 80°C. A com-
parison between 20°C and 80°C is given in figure 4.32. The LI-graphs on the left
clearly show that the temperature influences the gain performance of the quantum
well region; the threshold current I;;, increases from 40mA to 142mA, and the ex-
ternal quantum efficiency 74 decreases to some extent. This is the normal behavior
of gain material, for which the temperature evolution of the threshold current and
the external quantum efficiency are described by the phenomenological relations:

T =T
Iy, = Ith,oexp (To> Nd = 1d,0€xP <T1> (4~25)

with Ty and T; the corresponding characteristic temperatures. The right part of fi-
gure 4.32 compares the optical power ratio between forward and backward propa-
gating light at both environment temperatures. The value in the above threshold
regime is identical, which is a clear proof that the optical isolation doesn’t change
with the operation temperature, at least up to 80°C. In conclusion, the temperature
dependence of the amplifying waveguide optical isolator is solely determined by

151deally the performance of the same device before and after exposure to the packaging conditions
should be compared. The permanent mounting on the characterization setup prohibits this, so nomi-
nally identical devices have been used.
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Figure 4.31: Non-reciprocal lasing experiment on optical isolators exposed to packaging conditions,
showing that the influence on the isolator performance is minimal.
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Figure 4.32: Non-reciprocal lasing experiment on optical isolators at operation temperature of 20°C
and 80°C.

the temperature dependence of the gain material, meaning that only the insertion
loss is influenced but not the optical isolation.

Dynamic measurements Another important aspect of the amplifying wavegui-
de optical isolator is its response to a dynamic input signal. After all, as indicated
in the introductory chapter, active devices need to be protected against optical
feedback at data rates of 2.5Gbit/s and more. The isolator itself is operated stat-
ically, i.e. its injection current remains constant over time. In this paragraph we
make a qualitative study of the transmission of a modulated signal.

For these experiments the non-reciprocal measurement setup has been extended
with a 10Gbit/s optical modulator generating non-return-to-zero (NRZ) signals,
an optical receiver and a digital sampling oscilloscope to visualize the results.
Qualitative investigation of the response of the component to a dynamic signal
can be done by the inspection of the eye-diagram measured at the isolator output
and comparing it to the one generated by the input signal. The device under test
is a 2.3mm-long AR-coated D4P waveguide with a transparency injection current
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of 210mA and an optical isolation of 9.35dB. Due to the high fiber-to-chip losses
on the setup'® — 17dB in total for the two waveguide facets — the actual output
power of the isolator is close to the lower limit of the optical receiver. Therefore,
to approach the same receiver sensitivity for the reference measurement the input
signal has been attenuated by 17dB before being coupled to the receiver. The ex-
perimental results are shown in figure 4.33 with on left the input signal and on
the right the eye diagram for the same signal after being transmitted through the
optical isolator. We clearly observe an open eye pattern, which shows that the de-
veloped waveguide isolator is compatible with modulation speeds at least up to
10GDbit/s.

The addition of noise to the signal originates from the amplified spontaneous
emission intrinsic to a semiconductor optical amplifier based component.

Figure 4.33: Measured eye diagrams of a 10Gbits/s NRZ signal before (left) and after (right) trans-
mission through a 2.3mm-long isolator which is electrically pumped to forward trans-
parency (210mA).

4.3.4.3 Variation of the ferromagnetic metal: CoFe:B

Even if the theoretical performance of CosoFesg isolators could be achieved, its
transparency current is at least a factor 3 too high to be suitable for practical ap-
plications. The most obvious way to enhance the performance is to find a ferro-
magnetic material with either a stronger magnetooptic response or a lower op-
tical absorption, or a combination of both. Promising candidates are the amor-
phous CoFe-based alloys. These materials, of which CoFeB, FeSi and CoMg are
some examples, are known to have a lower electrical conductivity than their pure
metallic counterparts, hence possibly a lower optical absorption. If this reduction
exceeds the possible decrease of the magnetooptic strength, amorphous CoFe-
alloys could enhance the performance of the amplifying waveguide optical iso-
lator. With CosoFesq the best performing ferromagnetic metal composition so far,

16These measurements have been done in the framework of a collaboration with the research group
of Nakano [19] at Tokyo University. The specificities of the corresponding setup are described in
appendix C.
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it is fair to assume that the chemical formula of the amorphous alloy should not
deviate too much from CosgFesg.

The material at our disposal for magnetron sputter deposition is CosoFesoB2g.
Non-reciprocal ridge waveguides with a 50nm Co4gFesB2o-film as the top contact
have been fabricated on epitaxial wafer material with a third-generation isolator
layer structure (see table 4.9, design D3P). The characterization has been done
with the method of non-reciprocal lasing. The extracted isolation ratio (see equa-
tion 4.1) equals 1.61dB/mm, which, compared to the 6.32dB/mm obtained from a
similar experiment on a CosgFesp-isolator, is a reduction by almost a factor 4. The
forward transparency current reduces by shifting from CosoFeso to CosoFes0Bao,
but only in the order of 20%. The conclusion is that the isolator performance has
diminished.

We Dbelieve that the large reduction of the optical isolation strength is mainly
attributed to the intrinsically lower magnetooptic strength of the B-substituted
alloy; Buschow [20] has reported that the addition of boron to pure cobalt re-
duces the Kerr rotation at 633nm, while for Fe,B;_.-alloys the Kerr rotation goes
through a maximum for x = 0.8 and reduces almost to zero for x = 0.4."7 Addi-
tionally, it should be kept in mind that the layer structure is not optimized for the
B-substituted material. A change of the complex optical and magnetooptic con-
stants can influence the phase matching between the modal electric field and the
gyrotropy constant importantly —as extensively discussed in chapter 2 — hence the
intrinsic quality of CosoFesoBag for the isolator application might be larger.
Anyhow, in view of the huge reduction of the isolation-to-loss ratio, it is fair
to conclude that even with an optimized layer structure the use of amorphous
CoyoFeq0Bag would not lead to a structural improvement of the isolator perfor-
mance with respect to CosoFesg.

4.34.4 Conclusion generation III

The third generation of non-reciprocal waveguide devices has brought us a large
enhancement of the demonstrated performance. Compared to the second gene-
ration the building blocks of the component have not been modified — the device
is a CosoFesp-covered InAlGaAs multiple quantum well structure. Instead, the
improvement is entirely attributed to the shift towards a waveguide design that
optimizes the practical performance of the device. The result is the first demon-
stration of a transparent monolithically integratable optical isolator. Furthermore,
the experimental performance of 13.0dB isolation in a 2.1mm long isolator with
155mA of current required for forward transparency is the highest level of op-
eration ever obtained on this type of device. The correspondence between the
measured and the theoretically predicted values is good, especially for the optical
isolation.

Apart from the optical isolation and the transparency current a multitude of para-
meters have been investigated, both experimentally and mathematically. It should
not come as a surprise that the amplifying heart of the isolator implies that the iso-
lator suffers from the typical phenomena encountered in a semiconductor optical

17 Although the magnetooptic properties at 1300nm are not necessarily the same as those in the
visible wavelength range.
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Optical isolation 13dB
Transparency current 155mA
Injection current range  150mA - 160mA T
Central wavelength 1288nm
Wavelength range > 30nm
Operating temperature 15°C - 80°C *
Data rate compatibility > 10GDbit/s

1 Outside this injection current range the optical isolation decreases significantly
due to the influence of ASE.
¥ QOutside this temperature range the device has not been tested.

Table 4.14: Experimental characteristics of 2mm-long third-generation amplifying waveguide opti-
cal isolators. The wavelength and temperature interval correspond to ranges in which

the optical isolation doesn’t change significantly. In these ranges the gain performance
varies however importantly.
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Figure 4.34: Evolution of the demonstrated level of forward transparency current with time.

amplifier such as gain saturation, the degradation of the optical signal-to-noise ra-
tio, the performance decrease with temperature and a limited spectral width. The
optical isolation itself is less sensitive with respect to the operation wavelength
and the temperature. However, the presence of spontaneous emission has a high
impact on the observed optical isolation. The experimental characteristics of the
third-generation amplifying waveguide optical isolators are summarized in table
4.14.

At the end of this section it is worth reviewing the evolution in demonstra-
ted performance of the non-reciprocal device since the first demonstration. From
the experimental results of the previous generations the interpolated values of the
forward transparency current, which we consider the figure of merit to be mini-
mized, can be calculated. The evolution of this parameter is plotted in figure 4.34,
illustrating that five years of research on this type of component have resulted in
an improvement of the performance by more than a factor 80.

The demonstrated performance is however at least a factor of 6 too low to be suit-
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able for practical applications — 50mA of current injection in a 25dB-isolating de-
vice can be considered the practical upper limit. The extensive research performed
on the third generation of TM-mode optical isolators has indicated that there is no
direct route towards further major improvement of this component. Only a better
control of the thickness of the waveguide layers could lower the transparency cur-
rent to a certain extent. The most straightforward increase of performance would
be realized by identifying a magnetooptic material with better material properties
or the development of a higher gain multiple quantum well material. From the
discussion in chapter 3 it should however be clear that the current choices are al-
ready best-in-class and no alternatives have been identified so far. One other solu-
tion would be to shift from a shallowly etched ridge waveguide isolator towards a
buried heterostructure. With an intrinsically much higher lateral contrast between
the core and the cladding, the modal confinement in the amplifying core increases,
which lowers the material gain required for transparency. Furthermore, the core
width of a buried structure is much lower, which further reduces the transparency
current. The development of such a buried isolator will be described in chapter 5.

4.4 Integrated electromagnet

44.1 Gold stripe electromagnet
4411 Introduction

In an earlier paragraph we have discussed the difficulty to obtain a high value of
the magnetic squareness of the ferromagnetic metal stripe due to the high aspect
ratio of this stripe. One solution is to integrate a magnet — either a permanent
magnet or an electromagnet — in the vicinity of the ferromagnetic contact. This
section is devoted to the development of an electromagnet integrated with an am-
plifying waveguide optical isolator.

The cross-section of the isolator with an integrated electromagnet is schematically
depicted in figure 4.35. The electromagnet is a gold stripe oriented along the lon-
gitudinal z-direction, galvanically isolated from the isolator contact pad. A longi-
tudinal current flowing through the electromagnet induces a magnetic field that
points laterally at the isolator contact — parallel to the ferromagnetic metal surface
and perpendicular to the light propagation direction. The direction of the magne-
tic field obviously reverses when the current flow direction is reversed.

Apart from being a solution for the magnetization difficulties, such an integrated
electromagnet is interesting as it enables to generate a magnetic field with an ar-
bitrary field direction. This can for example be used to create the radially oriented
magnetic field needed in a ring resonator based isolator, as will be discussed in
chapter 6. Finally, we remark that in the configuration of an amplifying wave-
guide optical isolator with an integrated electromagnet the internal loss of a semi-
conductor optical amplifier can be modified in a non-reciprocal and dynamical
way.
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Figure 4.35: Schematic cross-section of the amplifying waveguide isolator with integrated electro-
magnet.

4.4.1.2 Magnetic design

The parameter that determines the performance of the integrated electromagnet is
the amount of current required to realize magnetic saturation of the ferromagnetic
metal contact. The suitable figure of merit for the electromagnet is therefore the
magnitude of the lateral magnetic field per unity of current flow (in Oe/mA). The
design parameters are the width and the thickness of the gold film, the distance
separating the gold stripe and the ferromagnetic metal contact and the lateral vari-
ation of the magnetic field.

Simulations comprise solving the Biot-Savart law at a certain distance to a current
carrying strip. Consider the situation sketched in figure 4.36; an infinitely thin
plate with a width d and an infinite longitudinal length (z-axis) carries a current
I along the longitudinal z-direction. The angles ¢ and # determine the projection
of the vector r onto the xy- and xz-plane respectively. The magnetic induction dB
(in Tesla T) at a point p induced by the current element Idl at a distance r from p
reads:

Figure 4.36: Schematic drawing of the configuration considered in the magnetic field simulations.
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with (9 the magnetic permeability of the vacuum. Integration over all the current

elements of the strip yields the total field B in point p. This field can be decom-
posed into a transverse (x-direction) and a lateral (y-direction) component:
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with ¢mez and ¢, determined by the exact location of point p and by the width
d of the current carrying strip. The integration limits for the angle ¢ are 5 and
-5 due to the infinity of the strip in the longitudinal z-direction. The magnetic
field H (in Oe) at point p can easily be found by multiplying the B, and B, values
(in tesla) by 10* (see table 2.4.1). Repeating the calculation for a range of points
p yields the plots illustrated in figure 4.37, showing the lateral (y-direction) varia-
tion of both magnetic field components at a realistic distance (x-direction) of 1m
from the current strip, for a strip width of 5m. The magnetic field is expressed in
Oe per milliampere of current flowing through the strip. Remember that for the
TM-mode isolator a lateral magnetic field is required in the vicinity of the ferro-
magnetic metal contact. Graph 4.37 indicates that for a symmetrically positioned,
2pm wide isolator contact the variation of the lateral magnetic field strength is less
than 5%, even for a narrow current strip of 5um. Keeping in mind that the elec-
trical field strength of the fundamental guided mode is low at the lateral edges of
the metal film, this means that the influence of the lateral variation of the magnetic
field on the generated magnetooptic effect can be neglected. In what follows we
therefore consider the magnetooptic film to be a point, symmetrically positioned
in the y-direction with respect to the current carrying strip.

All of this immediately leads to the design of the integrated electromagnet,
which is nothing but a current carrying (gold) strip. In figure 4.38 the lateral mag-
netic field strength is plotted for a variation of the width of the electromagnet
and of the distance between the electromagnet and the magnetooptic metal film.
The generated magnetic field is quasi-independent of the distance to the electro-
magnet for gold strip widths of several micrometers. This is an advantage for the
fabrication because the use of a thick separation layer between the isolator con-
tact and the electromagnet reduces the risk of short-circuiting both metal layers.
The optimal parameters of the electromagnet are a width of 5um positioned at a
distance of 1um from the surface of the magnetooptic metal contact. For this con-
figuration a lateral magnetic field of 10e per milliampere of current injection is
generated. For the first generation of isolators with an integrated electromagnet
restrictions on the available contact lithography masks prohibited to have an elec-
tromagnet width below 30um. The generated magnetic field is therefore limited
to 0.20e/mA - a factor of 5 below the optimized value — which must however be
suitable for a proof-of-principle experiment.
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Figure 4.37: Variation of the transverse (x-direction, grey) and lateral (y-direction, black) field com-
ponent with lateral position at a transverse distance of 1pum from the current strip.
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Figure 4.38: Simulation of the lateral magnetic field (y-direction) as a function of the width of the
electromagnet gold strip and the distance (x-direction) from the electromagnet, ex-
pressed in Oe per milliampere of current injection.

In this simple calculation the influence of the film thickness on the magnetic field
profile has not been taken into account. However, as long as the film thickness
is much lower than the lateral film width, it has no significant influence on the
magnetic field. One argument that justifies an increase of the gold film thickness
is that the thicker the film is, the lower its electrical resistance, hence the lower the
heat dissipation in the electromagnet.
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Figure 4.39: Scanning electron microscope images of the cross-section of the amplifying waveguide
optical isolator with integrated electromagnet, illustrating the successful fabrication.

4.4.1.3 Experimental results

Based on the design considerations of the previous paragraph and within the lim-
itations of the available lithography masks a first generation of optical isolators
with an integrated electromagnet has been fabricated. For the isolator fabrication
itself the optimized procedure — as elaborated in section 4.1 — has been followed
except for the fact that the second metallization layer has been deposited asym-
metrically with respect to the waveguide ridge, in correspondence to figure 4.35.
The current isolation layer used in this processing is benzocyclobutene (BCB),
known for its excellent planarization properties. On top of the isolator bias con-
tact a 30pm wide and 215nm thick gold stripe has been deposited, serving as the
electromagnet. Both metal stripes are separated by a 1um thick BCB layer. Iso-
lators with a length of 1.3mm have been cleaved and mounted on the dedicated
setup for characterization. The quality of the fabrication can be assessed through
electron microscope images of a cross-section of the optical isolator (figure 4.39).
The left image of figure 4.39 shows good agreement between design and fabri-
cation. When zooming in on the ridge waveguide (right image of figure 4.39)
it can be seen that the definition of the ridge is not perfect, with a ridge width
that is slightly wider than designed and with some roughness present at the side
of the ridge. These inaccuracies will obviously influence the performance of the
waveguide isolator, but should not change the operation of the integrated electro-
magnet.

For the characterization of the optical isolator with an integrated electromag-
net the non-reciprocal lasing technique explained earlier in this chapter has been
used. To be able to evaluate the performance of the integrated electromagnet, the
amplifying waveguide isolator was initially characterized with an external elec-
tromagnet. The laser threshold current equals 103mA and the lasing wavelength
is 1288nm. In figure 4.40 the emitted power is plotted as a function of the exter-
nally applied magnetic field for a bias current of 140mA - well above threshold
—on a 1.3mm-long isolator. The corresponding maximal isolation, at saturation
magnetization, is 6.2dB. This graph shows that the remanent isolation — at zero
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Figure 4.40: Optical power emitted by the isolator as a function of the externally applied magnetic
field at a bias current of 140mA (= above threshold).
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Figure 4.41: Optical isolation of the fabricated 1.3mm long devices as a function of the magnetic
field strength.

magnetic field - is only 8.5% of the maximum value. Furthermore, it becomes
clear that the saturation magnetic field amounts up to 5300e. Based on the theo-
retical calculations plotted in figure 4.38 it can directly be derived that for the fab-
ricated integrated electromagnets a very high current of 2650mA would in theory
be required to obtain magnetic saturation of the magnetooptic metal film. With
the aid of the non-reciprocal lasing formula (equation 4.1) the optical isolation of
the fabricated isolator devices can be related to the strength of the magnetic field,
as plotted in figure 4.41.

Next, the integrated electromagnet has been characterized by applying current to
the gold strip while electrically pumping the isolator above threshold. To avoid
heating, the electromagnet is driven with a pulsed current (500mA, pulse width
0.3ps, duty cycle 3%). The chip temperature is controlled with a thermoelectric
cooler at a value of 20°C. The isolator bias current is continuous wave (CW) and
fixed at a value of 140mA. The output signal is evaluated on a digital sampling
oscilloscope, as is illustrated in the left graph of figure 4.42, with indication of the
on-set and off-set of the electromagnet current pulse. The black and grey lines
correspond to an electromagnet current flow in opposite longitudinal directions,
generating a magnetic field oriented in opposite lateral directions. The intensities
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Figure 4.42: Proof-of-principle experiment of an isolator with an integrated electromagnet; (left) the
response of the optical isolator to an electromagnet current pulse (500mA, pulse width
0.3us). The black and grey lines correspond to opposite longitudinal current flow direc-
tions. The isolator is electrically pumped with 140mA of current (= above threshold).
(right) The corresponding ratio of the intensity at 'forward’ to that at "backward’ cur-
rent injection

are normalized to compensate for variations in the fiber-to-chip coupling. At the
on-set of the current pulse the emitted power rapidly increases or decreases, de-
pending on the current flow direction. This is a clear proof of the on-set of the
non-reciprocal loss shift. After the off-set of the pulse, the emitted power quickly
becomes identical again in both cases, followed by an oscillation of the intensity
which we believe is the recovery from heating of the device. The fact that this
recovery is identical for both current injection directions is another indication that
the observed splitting of the output power is only due to the magnetic field gen-
erated by the current flow in the electromagnet. This experiment is the first de-
monstration of an amplifying waveguide optical isolator with an integrated elec-
tromagnet.
As clearly illustrated in the right graph of figure 4.42 the ratio of the intensity at
"forward’ to that at ‘backward’ current injection remains constant during the pulse
and equals 1.11, which for an isolator of 1.3mm length corresponds to an isolation
of 0.91dB, as can be calculated from formula 4.1. This isolation is 15% of what has
been observed at saturation magnetization with an externally applied magnetic
field. From figure 4.41 it can be derived that the lateral magnetic field that has
actually been generated in our experiment equals 460e or 0.0920e/mA, which is
a factor of 2.2 lower than the theoretical value. With a projected current injection
of 5760mA to achieve magnetic saturation, the level of performance is two orders
of magnitude away from practical application. Decreasing the width of the gold
strip would increase the generated magnetic field significantly. Still, at a minimal
value for the electromagnet width of 5m 530mA is required for magnetic satura-
tion, and that is the most optimistic — theoretical — value. Therefore other methods
to improve the device need to be explored.

So far we have only looked into the maximization of the current-induced mag-
netic field. However, what really matters for our application is the internal mag-
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netic field inside the (magnetic) metal contact, and the magnetization, which is the
material response to this field. As extensively discussed in section 2.4.4.2, surface
effects in samples with finite dimensions introduce demagnetizing fields which
counteract the externally applied field inside the sample. As a result the total in-
ternal magnetic field is smaller than the applied (or current-induced) magnetic
field, which in turn reduces the magnetization. Now, as discussed in chapter 2
below saturation the non-reciprocal loss shift varies linearly with the magnetiza-
tion, i.e. g =aM. In other words, if demagnetization effects can be reduced or even
avoided, the electromagnet current required to generate a certain optical isolation
level would decrease.

A solution is to increase the width of the ferromagnetic metal contact to a value
that is a multitude of the original width. As the strength of the demagnetizing
field decreases with distance from the sample edge, the magnetization in the cen-
ter (in the lateral direction) of the metal contact is enhanced. This is obviously
the only region of importance of the metal contact, as the optical mode overlaps
locally with the metal. For example, increasing the Co,Fe;_, contact width from
2pm to 20pm multiplies the magnitude of the lateral magnetization at the cen-
ter by a factor 10. Simulations have been done with a 30um wide electromag-
net metal strip. Disadvantage of this approach is that, in order to ensure that
the current-induced field is oriented along the lateral direction, the width of the
current-carrying (gold) strip must be larger than the width of the ferromagnetic
metal contact, which limits the reduction of the electromagnet current. While this
is in theory an elegant solution to improve the quality of the integrated electro-
magnet, the flatness of the metal film has to be extremely good to avoid ‘edges’
and the associated demagnetizing fields, especially locally at the ridge waveguide.
As illustrated on the microscope images of the first generation non-reciprocal de-
vices, this is not at all an easy task. We will not investigate this option further, but
instead focus on another, more practical idea, which is the subject of section 4.4.2

4.4.2 Current injection along ferromagnetic metal
4.4.2.1 Experimental observation

Most of the fabricated isolator devices with an integrated electromagnet perform
at a level comparable to the one illustrated in figure 4.42, except for one compo-
nent which operates notably better. The experimental result is plotted in figure
4.43. The measurement procedure is the same as before and the isolator bias cur-
rent is set at 140mA. The ratio of the intensity at "forward’ to that at ‘backward’
current injection equals 1.64, which for an isolator of 1.3mm length corresponds
to an isolation of 4.3dB, or 70% of the value at saturated magnetization. In other
words, this device operates a factor 4.7 better than its nominally identical neighbo-
ring components. In an attempt to validate this anomalous result we repeated the
measurements for different values of the electromagnet current injection. In figure
4.44 the corresponding evolution of the optical isolation with injected (pulsed)
current is plotted (bottom axis). For comparison the optical isolation as a function
of the strength of an (externally applied) magnetic field is also drawn (top axis).
The fact that it is possible to match both graphs perfectly is a clear argument that
the observed result is valid, hence that on this particular device a much higher
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Figure 4.43: (left) (Relative) intensity emitted by the (best performing) optical isolator at a bias
current of 140mA (= above threshold) and (right) corresponding ratio of the intensity
at 'forward’ to that at "backward’ current injection
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Figure 4.44: Evolution of the optical isolation with injection current in the electromagnet and with
externally applied magnetic field.

local magnetic field is created as a result of the current injection. Figure 4.44 also
indicates that with a current injection of 500mA the achieved magnetic field is just
below half the value needed to saturate the ferromagnetic film. This is equivalent
to an externally applied magnetic field of 2250e or 0.450e/mA. Comparison of
this value to the outcome of the theoretical calculations (figure 4.38) learns that
the operation of this particular device must be fundamentally deviating from the
one considered in the simulations.

4.4.2.2 Principle of operation

Consider the limiting case of an integrated electromagnet with no current isola-
tion layer (tgcp = 0). In other words, there is only one metal strip both for the
electrical pumping of the isolator and for the generation of a magnetic field. At
first sight, keeping in mind the simulation results plotted in figure 4.38, this con-
figuration does not perform significantly better than the case of separated metal
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strips. The only obvious advantage is that the fabrication is simpler with two
processing steps less to be executed. However, calculations done with Comsol
Multiphysics [21] show that there is a large increase of the magnetization induced
in the ferromagnetic CosoFes film compared to the case of an isolated electro-
magnet. To understand this, think of a two-layer stack with one magnetic (u,
>> 1) and one non-magnetic (4, = 1) material. Assume infinite dimensions in
one direction, which we refer to as the longitudinal direction, a width of seve-
ral micrometers and a thickness of 100nm. This is a good approximation of the
isolator-electromagnet configuration. Now, assume first that both layers are gal-
vanically isolated and that a longitudinal current is flowing through the upper,
non-magnetic material. Obviously, this is the equivalent of the 'normal’ electro-
magnet case. The current flow induces a primarily lateral oriented magnetic field
in the magnetic strip, which is counteracted to some extent by demagnetizing
fields caused by magnetic surface charges. In reality, both metal layers are how-
ever not electrically isolated and the longitudinal current will also flow through
the magnetic layer. The current distribution depends on the difference in electri-
cal resistivity of the films. As the electrical properties vary largely with deposition
quality and film thickness, it is not possible to quantify exactly what fraction of
the current flows through the magnetic CosoFes( layer. However, with the volume
resistivities of gold and CosoFeso of the same order of magnitude — p4, = 2.2 x
1078Qm [22], pCosyFeso = 7 X 10~80m [23] (both at 20°C) — it can be concluded that
a non-negligible current will flow through the CosoFes contact film. This current
obviously also induces a magnetic field, inside and outside the magnetic layer.
To understand how this extra field — the so-called self-field'® — contributes to the
total internal magnetic field and the corresponding magnetization, consider the
situation in which current is only flowing through the magnetic strip, along the
longitudinal z-direction. In addition, assume for a moment that the magnetic per-
meability of the layer is 1, i.e. that the magnetization is zero, which avoids the
presence of demagnetizing fields. It is well known that the magnetic field in
a current-carrying thin sheet, of which the metal contact film is an example, is
mainly oriented along the longest direction (in this case the lateral y-direction),
except at the sheet ends. This lateral field component is quasi-constant in the late-
ral y-direction and varies linearly along the shortest, transverse x-direction, going
through zero at the center of the sheet — again except for positions close to the
sheet ends. This is visualized in figure 4.45 where the lateral magnetic field com-
ponent is depicted for a homogenous current injection of 100mA in a 50nm thick
and 2pm wide strip, which are the actual dimensions of the isolator metal contact.
Notice the different scale of abscise and ordinate.

Now, if the relative permeability equals its real value, p,, core = 5000, it is expected
that demagnetizing fields modify the internal magnetic field inside the sample.
This is indeed the case, but the influence is marginal compared to the decrease
in a sample placed in a uniform applied magnetic field. This can intuitively be
understood by comparing the magnetic surface charges in both situations. On
the left drawing of figure 4.46, the magnetization inside a sample placed inside a
uniform magnetic field — such as the one induced by the integrated electromagnet

18In magnetoresistive read heads this self-field plays an important role, as it reduces the magnetore-
sistive response [24].
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Figure 4.45: Filled contour plot of the lateral magnetic field component induced by current flowing
through a thin sheet. The scale of abscise and ordinate are different. Calculations have
been done with Comsol Multiphysics [21].
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Figure 4.46:

The different influence of surface charges in the case of an external uniform magne-
tic field (left) and a current-induced magnetic field (right) in a thin magnetic sheet.
The upper drawings illustrate the magnetization inside the sample, the lower part the
magnetic surface pole density o.
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Figure 4.47: Filled contour plots of the lateral magnetization of a CosoFeso film (pr,cosoFesy =
5000) in an external applied magnetic field (top), and as the response to the current-
induced magnetic field (bottom), illustrating the difference in demagnetization effects.
Notice the increase by a factor 100 of the maximum value of the lateral magnetization.
The scale of abscise and ordinate are different.
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— is plotted, while the right picture shows the magnetization due to a current
flow in the sample. The length of the arrows is proportional to the magnitude
of the local magnetization. We have neglected here the influence of the transverse
magnetic field component and the scale of the x- and y-axis are again different.
The corresponding surface pole density o = n - M, with n a unit vector normal to
the surface, follows immediately and is plotted in the bottom part of figure 4.46.
The demagnetizing field at a certain position r is influenced by all surface poles,
according to the expression [25]:

Hir) = = //n' M) g2 (4.28)
 An |r — 7|3 ’ ’
The specific profile of the surface pole density in the current-carrying thin sheet,
therefore yields only small demagnetizing magnetic fields. This should be visible
in the magnitude of the magnetization. Indeed, if we place the magnetic strip
in a uniform lateral external magnetic field, effects of demagnetization cause the
lateral magnetization inside the magnetic strip to vary along the lateral direction
with a maximum at the center of the sample, as can be seen in the top part of figure
4.47. The magnetization as a response to a current flow in the strip, plotted on the
bottom side of figure 4.47, remains quasi-constant in the lateral direction due to
the low demagnetizing fields.!* The maximum value of the lateral magnetization
in the current-carrying case is as much as 100 times larger than in the case of the
external magnetic field. Both values can be compared as we have set the external
magnetic field strength equal to the highest field value induced by the current
flow in the strip. Simulations have been done with the same specifications as the
ones used for figure 4.45.
Now, return to the isolator application. Remember from chapter 2 that the
non-reciprocal loss shift A« is expressed by the perturbation integral:

8w [ [ 9B EL dzdy

Aa = — e
ZvaeA If [EQ(EO)HZSO) _ EéO)Hg(CO) dzdy

, (4.29)

with the gyrotropy g(M) varying linearly with the magnetization, g(M) = aM(x,y)
(below magnetic saturation) and all field values depending on the transverse and
lateral coordinates x and y. This expression shows how Aa depends on the mag-
netization weighted by the electric field product EVEY. Ideally, the lateral mag-
netization should therefore be high at positions x and y where the magnitude of
the field product is high. We can assume that EVEY decreases monotonously
with depth in the ferromagnetic metal film,2° hence it is advantageous to have a
magnetization profile that is maximal at the metal-semiconductor interface. This
is exactly the case if the ferromagnetic film itself is used as the electromagnet, as

19But obviously goes through zero in the transverse direction.

20This assumption is rigorous for the evanescent tail of a guide mode in non-dissipative media. In
structures containing absorbing materials the propagation vector has complex values, hence the field
profiles in the outer cladding layers are not purely exponential and the product E(IO)E,(ZO) has sign
changes in these layers. For simplicity reasons we consider here that the phase of the electric field
changes only slowly with depth in the metal, such that ESEY has a fixed sign in the the region with
non-negligible magnitude.
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Figure 4.48: Profile of the magnetization in the CosoFeso film induced by current flowing in both the
magnetic and the non-magnetic metal layer (black line) and by current flowing solely
through the non-magnetic Au film (gray curve).

can be derived from figure 4.47. It can therefore be expected that this configuration
is more efficient than that of a gold-electromagnet in terms of the non-reciprocal
absorption shift per unit electromagnet current.

In a practical device, the thin 50nm CosoFesq film is always covered with a gold
strip that is several hundreds of nanometers thick and tens of micrometers wide.
This extra metallization layer allows for electrical contacting of the isolator and
protects the ferromagnetic layer against oxidization. In other words, a practical
optical waveguide isolator has a metal layer configuration that is exactly the limit
of an isolator with an integrated electromagnet mentioned earlier. We can con-
clude from the previous discussion that for this structure there will be two contri-
butions to the magnetization in the magnetooptic metal contact, each with a dis-
tinct spatial distribution. The relative importance of each contribution depends
on the fraction of the longitudinal current that flows through the top gold layer
and through the CosoFesq layer.

Consider as an example a 2um-wide and 50nm-thick CosoFeso film, topped
with a 5pm-wide and 400nm-thick gold film. Furthermore, assume a longitu-
dinal current injection of 500mA and a current density in the gold that is three
times higher than that in the CosgFeso due to the higher electrical resistivity of
the latter. The corresponding lateral magnetization profile along the thickness of
the CosoFesq film is represented by the black line on figure 4.48. We compare
this result to the situation where the 500mA of current is only sent through the
gold strip, for which the calculated magnetization profile is described by the grey
curve. Due to the difference in sheet resistance and the small dimensions of the
ferromagnetic metal strip as compared to the gold layer the amount of current
flowing through the CosgFes stripe is low. The simulation results show that even
in this case the maximum lateral magnetization is more than six times that of a
purely gold electromagnet. The plots in figure 4.48 show that the magnetization
in the CosoFeso-current case is quasi-symmetric with respect to the middle of the
ferromagnetic film. The (minor) deviation from perfect symmetry originates from
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Figure 4.49: Theoretical enhancement of the non-reciprocal loss shift A« by current flowing through
the ferromagnetic metal contact of an optical isolator as a function of the InP cladding
thickness. The reference value for Ac is that for the case of current flowing solely
through the non-magnetic Au contact layer.

the contribution of the current flowing through the top gold layer to the magneti-
zation.

To estimate the actual influence of the different magnetization profile formula 4.29
should be evaluated with a x-coordinate dependent gyrotropy g(M) = aM(x).?!
The outcome of such calculations is shown in figure 4.49, where the non-reciprocal
loss shift A« is plotted as a function of the InP cladding thickness, with the gold-
electromagnet situation as the reference, i.e. Aaay—cicctromagnet = 1. The theore-
tical performance enhancement of the isolator with an integrated electromagnet
from current injection in the ferromagnetic metal contact is almost 300%. The rise
of the plot with larger InP thickness can be attributed to the fact that the penetra-
tion depth of the guided mode in the metal is smaller, hence the overlap with the
region of positive magnetization is relatively larger. In section 4.4.2.4 we look into
the optimization of the metal structure so as to optimize the useful magnetization.
This simulation example shows that the effect of current flowing through the fer-
romagnetic layer of the isolator contact can introduce a significant increase of the
‘practical’ magnetization, hence of the efficiency of the integrated electromagnet.
As such it provides a possible explanation for the performance enhancement of
the single device mentioned at the start of this section.

4.4.2.3 Electrical behavior

In this electromagnet scheme there are two current flows through the metal struc-
ture. On one hand there is the electromagnet current that flows longitudinally
from one device facet to the other. On the other hand there is the SOA pump
current which distributes through the metal layers before diffusing into the semi-
conductor. It is important to examine whether the electromagnet current has an
influence on the pump current flow and consequently on the longitudinal current

21Due to the small lateral demagnetizing fields the magnetization profile is quasi-independent of
the lateral y-coordinate, hence 1D calculations can be applied.
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Figure 4.50: Equivalent electrical circuit of an optical isolator with the magnetooptic metal contact
serving both as the ohmic electrical contact and as the integrated electromagnet. 1;s,
and Lg s correspond to the isolator bias current and the electromagnet current respec-
tively, R. and Ry, are the metal-semiconductor contact resistance and the resistance of
the metal film, and diodes D, D,,, and Dy, denote the multiple-quantum well amplify-
ing region.

injection profile in the SOA heterostructure. Consider therefore the equivalent
electrical scheme of the optical isolator with the magnetooptic metal film used as
the integrated electromagnet (figure 4.50). The current values I;5, and Iz, de-
note the isolator bias current and the electromagnet current respectively, R, and
R, correspond to the metal-semiconductor contact resistance and the resistance
of the metal film, and diodes D¢, D,,, and D,, denote the longitudinally distributed
multiple-quantum well amplifying region. Depending on the electromagnet cur-
rent I pys the current flowing through each diode changes, as is illustrated in figure
4.51 for a total bias current I;s, = Ip, + Ip,, +Ip, of 150mA, and resistance values
R. = 6.0Q and R, = 6.09. These last values correspond to the experimental ones
mentioned in paragraph 4.3.4.2 for a 2mm long device. Upon a change of the flow
direction of the electromagnet current, the diode D; curve becomes the D; and
vice versa. Notice that with a perfectly conducting metal (R,,, = 0.0) the influence
of electromagnet current is zero.

These calculations show that the additional longitudinal current flow introduces
a large inhomogeneity of the current injection in the SOA. As elaborated in sec-
tion 4.3.4.2 this results in a decrease of the gain at a given pump current level.
Additionally, the modification of the injection profile by the electromagnet makes
it particulary difficult to asses the operation of the electromagnet. After all, re-
member that we compare the light emitted at one facet for both electromagnet
current flow directions. For a regular electromagnet any change in intensity is
due to the non-reciprocal effect. Not in this case however; the injection profile of
the SOA changes upon electromagnet flow reversal, with consequently a change
of the emitted ASE, even without a magnetooptic effect. The solution is to cha-
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Figure 4.51: Evolution of the current flowing through diodes D, Dy, and Dy, with the longitudinal
electromagnet current, flowing from front to back facet. The total isolator pump current
Liso equals 150mA.

racterize the devices far above threshold to minimize the influence of the emitted
ASE.

One solution for this issue is to inject the isolator current at a multitude of longi-
tudinal positions. As such, the longitudinal pump current flow is limited, with
consequently a reduced interaction with the electromagnet current.

4.4.24 Design

Earlier, it has been shown how the use of the ferromagnetic metal layer as an in-
tegrated electromagnet enhances the generated non-reciprocal loss shift A« per
unit of electromagnet current. In this section we explore the limits of this configu-
ration.

From the perturbation formula 4.29 it follows that the magnitude of A« is deter-

mined by the overlap of the field product EYEY and the magnetization profile.

With E&O)E,(ZO) decreasing monotonously with depth in the ferromagnetic metal
film and the magnetization profile being quasi-antisymmetric with respect to the
middle of the ferromagnetic film, the integrand that determines the non-reciprocal
loss shift changes sign in the middle of the metal layer. In other, words, any light
penetrating deep into the metal gives a negative contribution to the value of Ac.
The obvious solution is to increase the thickness of the CosoFesg layer. Actually,
due to the linear magnetization profile every increase of thickness causes an im-
portant enhancement of the performance. However, there is a technological con-
straint on this, as explained in section 4.1; a value of 100nm should be considered
as the upper limit on the thickness of the Co,Fe;_; layer. A second possibility for
improvement is to increase the portion of current flowing through the ferromag-
netic metal. After all, the magnetic field induced in a current carrying structure
scales to the current flowing through that structure. The first option is to increase
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the thickness of the CosgFes( layer, but the maximum value is limited. Second
method is to reduce the cross-section of the gold contact layer. Finally there is
also the possibility to replace the gold by a contact material with a higher electri-
cal resistivity. Both last modifications increase the overall resistance of the metal
structure which might lead to temperature related issues.

Assume now a 100nm thick CosoFesq film and keep the rest of the metal structure
identical to that of the example discussed in section 4.4.2.2. For this configuration
it can be calculated that an enhancement of the non-reciprocal loss shift of 13.8 can
be realized compared to a gold-electromagnet. In other words, the increase of the
ferromagnetic metal film thickness from 50nm to 100nm increases the efficiency
of the CosgFeso-Au-electromagnet by a factor 3.5.
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4.5 Conclusion

In this chapter the practical realization of the amplifying waveguide optical iso-
lator has been discussed. The evolution of the fabrication of the waveguide com-
ponents has been pointed out, and the different characterization methods have
been explained. Next, the development of the isolator has been elaborated in a
chronological order, starting from the first-ever demonstration. Continuous im-
provement of the component’s building blocks combined with the increased un-
derstanding of the isolator operation have resulted in the demonstration of a de-
vice with a performance that exceeds that of the first component by more than a
factor 80. The result is a monolithically integratable optical isolator that is trans-
parent in one direction while showing 13dB of loss in the opposite propagation
direction. Furthermore, a rate equations model of the component has been devel-
oped which allows for the explanation of less-intuitive observations such as the
major dependence of the isolation on the pump current. In addition, other aspects
such as the spectral dependence and the dynamic behavior have been studied.
The last part of this chapter was dedicated to the development of an isolator with
an integrated electromagnet. The design, fabrication and proof-of-principle have
been described and an elegant concept for a major improvement has been iden-
tified; using the isolator contact itself as the integrated electromagnet, by intro-
ducing an extra longitudinal current flow, largely enhances the efficiency of the
electromagnet.
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Monolithically integrated laser-isolator
device

HE fundamental advantage of the amplifying waveguide optical isolator over

the traditional garnet-based approach is that the isolator can straightforwardly
be integrated with its laser source, in a monolithic way. In this chapter, we will
focus on the development of such a monolithically integrated laser-isolator com-
ponent.
The integrated laser-isolator device is realized in a buried heterostructure techno-
logy, in order to show an industrially viable process, as is motivated in the first
paragraph of this chapter. We start our discussion with the design of the buried
isolator layer structure. Next, we subsequently describe the integration process,
the technological difficulties that have been encountered and the modifications
done to overcome these issues. Finally, the characterization results on the inte-
grated laser-isolator device are presented.
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Figure 5.1: Schematic cross-section of a buried heterostructure laser.

5.1 Introduction

In the previous chapters the concept of a TM-mode amplifying waveguide optical
isolator has extensively been elaborated. The combination of the development of a
high TM-selective gain material, an appropriate choice of the ferromagnetic metal
and a good understanding of the design rules of the layer structure has lead to the
demonstration of a 2.1mm-long isolator, transparent in the forward propagation
direction and showing 13dB loss in the backward direction, for a limited current
injection level of 155mA. All of this has been realized in a shallowly etched ridge
waveguide configuration. The next step in the development is to prove that such
a waveguide structure can monolithically be integrated with a DFB laser source.
DEFB laser sources are most often based on buried heterostructure (BH) technology,
for as BH lasers have merits of low threshold currents, high oscillation frequen-
cies and stable beam pattern characteristics compared to ridge structure lasers.
The cross-section of such a BH laser — more in particular a so-called etched mesa
buried heterostructure — is schematically drawn in figure 5.1. The amplifying core
is limited to a narrow strip, surrounded in both the lateral and the transverse di-
rection by cladding material with a lower refractive index. As such, strong lateral
and transverse confinement of the light is ensured.

In order to demonstrate an industrially viable fabrication process and to realize
a system compatible device, it was decided to develop the integrated DFB laser-
isolator component using a buried ridge stripe (BRS) technology, a technology
which has already been transferred to an industrial application scale. A schematic
layout of the integrated laser-isolator device is drawn in figure 5.2. The laser and
isolator part differ only in the thickness of the InP top cladding, the presence of a
grating layer and the composition of the contact metal.
Apart from the industrial compatibility of a buried isolator configuration and the
possible reduction of the transparency current, this scheme has additional advan-
tages. First of all, as the top surface of the structure is flat the alignment problems
of the ferromagnetic metal — discussed earlier in section 4.1 — are avoided and it is
possible to have a wide metal stripe contact. As pointed out in section 2.4, this en-
sures that the magnetooptic effect is high at magnetic remanence, hence avoiding
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Figure 5.2: Schematic layout of the monolithically integrated laser-isolator device. The illustration
at the top shows a longitudinal cross-section, the bottom figures depict a transverse
cross-sectional view of the laser (right) and isolator (left) section. Layer structure (a)
corresponds to a standard current injection scheme, while (b) shows a configuration for
lateral current injection.

the need for an external magnet, either a permanent magnet or an electromagnet.
Another issue, related to future applications, is that the BRS technology allows to
include coupling adapters, enabling easy packaging of the component.

5.2 Design

As mentioned in chapter 3, the actual design of the isolator layer structure is done
by means of 1D slab waveguide simulations. While this slab layer structure is a
fairly good approximation of the shallowly etched ridge waveguide isolator, this
is not at all the case for the buried ridge stripe device, as the high index contrast in
the lateral direction between the amplifying core and cladding makes the structure
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Figure 5.3: Schematic layout of the actual isolator section with the standard current injection
scheme.

explicitly two-dimensional. Consequently, in order to really estimate the perfor-
mance of the buried ridge stripe isolator, additional 2D simulations are inevitable.
The design procedure is therefore as follows; first we design the isolator layer
structure with the 1D slab solver and afterwards the influence of 2D effects is esti-
mated using the 2D mode solver extended with the perturbation-based algorithm
for magnetooptic waveguide simulation (see section 3.5). We distinguish two dif-
ferent current injection schemes for the BRS isolator: standard current injection
(figure 5.2(a)) and lateral current injection 5.2(b)). The design of the correspond-
ing layer structures is the subject of this section.

5.2.1 Standard current injection

The most straightforward buried ridge waveguide isolator structure is illustrated
in figure 5.2(a). The cross-section is identical to the one of the ridge waveguide
isolator except for the fact that the quantum well part is limited in the transverse
direction and encapsulated in an InP medium. Furthermore, no waveguide ridge
is etched. It has to be remarked that the actual layout of the fabricated isola-
tors with the standard current injection scheme is different from what is shown
in figure 5.2(a). A more correct schematic layout of the actual isolators is given
in figure 5.3; for the metallization steps, the masks of the lateral current injec-
tion scheme have been used but without removing the ternary contact layer on
top of the buried ridge. This implies that in a first metallization step a Pt film is
deposited, with a window centralized around the buried waveguide core. The
window in the Pt film is 2.0um or 2.5um wide corresponding to a ridge width of
0.6pm respectively 1pm.

From a 1D slab waveguide point of view, this BRS isolator structure is ob-
viously identical to the ones described in chapter 4. Logically, the same 1D de-
signs as the ones tabulated in table 4.9 are valid here. Simulation of the 2D cross
section shows that the width of the etched mesa must be 1um or less for lateral
monomodality. In table 5.1 the theoretical performance figures of a BRS isolator
are tabulated. The 2D numbers are found through 2D magnetooptic calculation
on a 1ym wide BRS waveguide. In these simulations the current leakage through
the p-n homojunctions at the side of the etched mesa has been neglected. This
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] Layer Material D4P (nm) D3P (nm) |
MO metal CosgFeso 50 50
Contact Ing 54Gag 46 As 15 15
Contact IH0,81Ga0.19ASQ.41P0,59 170 100
Cladding InP 335 400
SCH In0,86Ga0.14ASQ.32P0'68 33.5 11
Barrier InAlGaAs 20 20
Well InAlGaAs 10x9 10x9
Barrier InAlGaAs 20x9 20x9
SCH Ing.86Gag.14As0.32P0.68 13.5 4
Cladding InP 1000 1000
Substrate InP
] Parameter D4P (nm) D3P (nm) |
Transparency current 1D 3.07 3.14
(mA/um/dB) 2D 3.6 3.7
Length 1D 0.21 0.20
(mm/dB) 2D 0.19 0.19

Table 5.1: Design values and calculated performance figures of the buried CosoFeso isolator devices
with the standard current injection scheme, for two different designs labeled D4P and
D3P. In the D4P-calculations 4 parameters have been varied: both SCH layers the InP
cladding and the quaternary contact layer, while for the D3P design only the first three
have been modified and the quaternary InGaAsP layer thickness is fixed at a value of
100nm. The width of the buried core in the 2D simulations is set at 1pm.

theoretical modeling shows that a buried ridge stripe isolator configuration holds
the promise of a significant improvement of the isolator performance. If we com-
pare to the 2D-numbers of table 4.10 for a 2um ridge waveguide, it immediately
becomes clear that both the transparency current and the device length reduce in
a BRS-configuration. The origin of this is the enhanced modal confinement in the
pumped active region; I';iq4e ~ 0.14, I'pyrieqa = 0.17. It should be stressed that cur-
rent leakage in the buried case and absorption in the unpumped active region in
the ridge waveguide case are not taken into account in our calculation, hence the
actual transparency current levels might be higher.

5.2.2 Lateral current injection

The buried ridge isolator configuration allows for an alternative current injection
scheme. In this configuration, current is injected through metal contacts located
at the side of the etched mesa. The idea is that the absorbing InGaAs contact
layer can then be etched away locally on top of the mesa, as is illustrated in the
schematic cross-section of this structure in figure 5.2(b). This should result in a
decrease of the modal loss of the TM guided mode, hence an improvement of
the isolator performance. Again we have designed the isolator layer structure
with the 1D slab solver and subsequently calculated the exact 2D cross-section.
From the results tabulated in table 5.2, one can deduce that there is indeed an
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] Layer Material D4P-lat (nm) D3P-lat (nm) |
MO metal CosoFeso 50 50
Contact Ino_81Ga0_19Asol41P0_59 250 100
Cladding InP 300 420
SCH Ing.86Gag.14A80.32P0.68 40 10
Barrier InAlGaAs 20 20
Well InAlGaAs 10x9 10x9
Barrier InAlGaAs 20x9 20x 9
SCH Ing.g6Gag.14As0.32P0.68 18.5 3
Cladding InP 1000 1000
Substrate InP
] Parameter D4P (nm) D3P (nm) |
Transparency current 1D 2.83 2.94
(mA/pum/dB) 2D 3.39 3.51
Length 1D 0.19 0.19
(mm/dB) 2D 0.17 0.18

Table 5.2: Design values and calculated performance figures of the buried CosoFeso isolator devices
with the lateral current injection scheme, for two different designs labeled D4P-lat and
D3P-lat. In the D4P-lat-calculations 4 parameters have been varied: both SCH layers the
InP cladding and the quaternary contact layer, while for the D3P-lat design only the first
three have been modified and the quaternary InGaAsP layer thickness is fixed at a value
of 100nm. The width of the buried core in the 2D simulations is set at 1pm.

improvement of both the the transparency current and the isolator length, but it
is it less than 10%.

This novel buried isolator scheme has been patented by our co-workers at Alcatel-
Thales ITI-V Lab [1].

5.3 Technology

In this section we list the different processing steps in the fabrication of the mono-
lithically integrated laser-isolator device. This fabrication has been done by Alca-
tel Thales III-V Lab.! The problems and subsequent technological improvements
are discussed. The process flow is illustrated with longitudinal cross-section or
top view images.

In the framework of the European Union project IST-ISOLASER.
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2” InP substrate

Figure 5.4: Step 1 - MOVPE growth of the basic structure: InP buffer + InAlGaAs MQW + InP
spacer + InGaAsP guiding layer (for the grating) + InP cap layer.
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Figure 5.5: Step 2 - definition of the DFB grating: e-beam writing onto PMIMA resist and subse-
quent ICP etching (depth 100nm).

top view

Figure 5.6: Step 3 - BRS stripe definition: dielectric deposition, lithography, plasma etching and
soft cleaning. There is no planarizing regrowth on the grating before the stripe etching
(= modification compared to a standard DFB process).

Figure 5.7: Step 4 - shallow BRS MOVPE regrowth of the isolator stripe: InP (thickness ~ 400nm)
+ InGaAsP/InGaAs contact layer.
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Figure 5.8: Step 5 - isolator capping layer: dielectric deposition, lithography, plasma etching and
chemical etching.
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Figure 5.9: Step 6 - selective MOVPE re-growth for the DFB laser: InP + InGaAs contact layer.
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Figure 5.10: Step 7 - wafer cleaning: poly-crystal removal.

Figure 5.11: Step 8 - ohmic p-type side contact: platinum deposition.



5.3 Technology 5-9

Figure 5.12: Step 9 - contact annealing and InGaAs contact layer removing (in the configuration of
lateral current injection).
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Figure 5.15: Step 12 - titanium-gold metallization and subsequent gold electroplating. Step 13 -
wafer thinning and back side metallization.
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Figure 5.16: Polycrystalline InP grown onto the isolator section, not removed after lift-off step.

A first series of wafers has been processed according to this sequence. Based on
the technological results, a number of process-flow adaptations have been made.

Alteration of the choice of dielectric for selective MOVPE regrowth (step 6)
Non-uniform adhesion of the silicon nitride dielectric layer used to protect the
isolator part during the selective area regrowth (SAG) of the laser section has been
encountered. Consequently, large parts of the isolator section have been covered
with InP and InGaAs material. The origin of this problem is the large area size
of the isolator section; the same dielectric mask is traditionally used for SAG al-
though with a smaller area. For this application silicon nitride is therefore not
suitable and instead silicon oxide has been used in the next fabrication attempt.

Selective area etching instead of selective area regrowth Usually, in a selective
area MOVPE growth process, all islands of InP polycrystal that have grown onto
the dielectric mask can be lifted-off through chemical removing of the dielectric
(processing step 7). In the fabrication of the integrated laser-isolator device, with
the large difference in InP cladding thickness between laser and isolator part, a
thick InP layer needs to be grown selectively at the laser section. This implies
a large side contact area between the polycrystal grown onto the isolator section
and the monocrystal (re-)grown onto the laser part. The immediate result is that
at the edge between the laser and the isolator section an important amount of
polycrystalline InP kept sticking to the InP monocrystal and was not removed by
the chemical process in step 7 of the process-flow. This is illustrated in figure 5.16.
From this observation it can be concluded that selective area regrowth is not
the preferred technological method to realize the monolithically integrated laser-
isolator configuration sketched in figure 5.2. Therefore it has been decided to mod-
ify the process-flow; an InP regrowth step is done at both the laser and the isolator
section followed by selective area chemical etching to remove the excess material
on top of the BRS isolator part. Translated in terms of the process sequence given
earlier, this means that steps 5 to 7 have been altered.
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Figure 5.17: Modified step 5 - remouval of the isolator contact layer at the laser section: dielectric
deposition, lithography, etching and cleaning.
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Figure 5.18: Modified step 6 - MOCVD re-growth: InP + InGaAs.
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Figure 5.19: Modified step 7 - removal of the previous MOCVD regrowth at the isolator section:
dielectric deposition, lithography, chemical etching and cleaning.

Platinum-gold metallization instead of titanium-gold Adhesion problems of
the metal films have been encountered when using titanium-gold (TiAu) for the
metallization. If instead platinum-gold (PtAu) is used, the adhesive quality is
satisfying.

Modifying the process-flow as described has led to the realization of a series of
wafers with monolithically integrated laser-isolator devices. A microscope image
of a mounted laser-isolator device is given in figure 5.20. The DFB-laser part is
wire-bonded to a high frequency (HF) contact to allow for direct modulation.
The isolator section is wire-bonded through multiple bonds to a contact pad. The
quality of the fabrication has been examined by observation of transverse cross-
sections of the integrated laser-isolator component with a scanning electron mi-
croscope (SEM). The first row of images of figure 5.21 shows the cross-section of
both parts before the metallization steps, the bottom row depicts the fully fabri-
cated device. These pictures clearly illustrate the large difference in thickness of
the upper cladding between both parts. No fabrication inaccuracies are visible on
the cross-section images of the DFB-laser part and, as is discussed below, charac-
terization confirms that the quality is satisfying. It is however a different story for
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Figure 5.20: Microscope image of a monolithically integrated laser-isolator component, mounted on
a high frequency submount.

the BRS isolator part. The planarization of the InP top cladding layer clearly is far
from perfect, resulting in a non-flat lateral surface profile. A possible implication
for the isolator performance is a decrease of the adhesion of the metal layers. Im-
proved planarization could be achieved using well-known epitaxial solutions; a
two-steps regrowth with intermediate etching.

When zooming in onto the isolator cross-section, as illustrated in figure 5.22, an-
other, more serious issue becomes visible, i.e. the interface between the semicon-
ductor and the metal is extremely rough. Given the fact that the magnetooptic
Kerr effect is an interface phenomenon, this inaccuracy is expected to deteriorate
the performance of the isolator part importantly.

In conclusion, the integration of a DFB-laser with a BRS isolator has been suc-
cessfully realized — at least from technological point of view. A number of suc-
cessive modifications to the initial process-flow has been made to enable the in-
tegration of a standard BRS section — with an upper cladding thickness of 3pym —
with a shallow BRS isolator section with only 400nm of InP upper cladding. In the
next section, the actual performance of this laser-isolator component is extensively
discussed.

5.4 Characterization

5.4.1 DFB-laser section

We start this section by emphasizing the difference between the fabrication of
the integrated DFB-laser section and a standard DFB-process; no planarizing re-
growth step has been performed onto the grating before the buried ridge defini-
tion and etching (step 3). This step has been dropped in order to retain full control
over the thickness of the upper cladding layer of the isolator during the first full
wafer regrowth (step 4).
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Figure 5.21: SEM images of the monolithically integrated laser-isolator device. Lateral cross-
sections of the laser and isolator part illustrate the quality of the fabrication.
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Figure 5.22: SEM-picture of a detail of the cross section of the BRS isolator, illustrating the non-flat
surface and the large roughness of the metal-semiconductor interface.
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Figure 5.23: Emission spectrum of the DFB-laser section at a bias current of 80mA at 25°C. An
optical intensity of -3dBm coupled to a monomode fiber combined with 47dB side mode
suppression has been observed.

Despite this modification, good and reproducible performance of the DFB-laser
section has been experienced. The characterization has been done by detection of
the optical signal at the DFB-laser facet of the integrated laser-isolator component.
Lasing has been observed at 4 different emission wavelengths — 1296nm, 1303nm,
1310nm and 1318nm at 25°C — corresponding to different grating pitches. These
experimental emission wavelengths match to the calculated values. Longitudi-
nal single mode emission with side mode suppression ratios (SMSR) higher than
33dB and up to 47dB has been observed, as illustrated in figure 5.23 where the
emission spectrum of a single mode laser at a bias current of 80mA is shown. Be-
sides, despite the absence of a rear facet anti-reflection coating a good yield has
been obtained; 17 out of 33 of the tested lasers emitted longitudinally monomode.
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Figure 5.24: Emitted laser power versus injected current for a range of operation temperature values.
The optical intensity is detected with a photo diode at the laser facet of the integrated
laser-isolator component.
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Figure 5.25: Transmission experiment on a stand-alone BRS isolator. Forward and backward signal
coincide meaning that no non-reciprocal effect is observed.

Furthermore, as is shown in figure 5.24, the DFB-laser operates up to 85°C and
high output intensities — more than 12mW or 10.8dBm at 25°C — have been de-
monstrated.

5.4.2 BRS isolator part

Before focussing on the integrated laser-isolator device, we wanted to estimate
the quality of the isolator part. Therefore, stand-alone isolators, obtained from
the laser-isolator component by cleaving off the laser section, have been charac-
terized.

Optical transmission experiments have been performed on these buried isolators,
an example of which is shown in figure 5.25. The injected current equals 280mA
on a device with a length of Imm. The tunable laser power was set at 6dBm. The
conclusion that can be drawn from this plot is that the "forward” and ‘backward’
signal — actually positive and negative lateral magnetization — coincide perfectly,
or, in other words, that no non-reciprocal effect can be observed. This has been
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Figure 5.26: SEM-image of a detail of the cross section of a ridge waveguide isolator, illustrating
that the different layers in the metal contact can be distinguished.

confirmed by measurements of the amplified spontaneous emitted light under
magnetization reversal, as is illustrated below in figure 5.28(a). On the positive
side, the transmission experiment of figure 5.25 is a prove of amplification of the
light traveling through the device, indicating good waveguiding quality and suc-
cessful current injection into the buried quantum well core.

To gain insight in the nature of the failure of the magnetooptic effect, a series of
experiments have been undertaken. In addition to the bad metal-semiconductor
interface quality, the SEM-image of a detail of the isolator cross-section (figure
5.22) learns that the different metal layers forming the metal contact — Pt, PtAu
and CosgFeso — cannot be resolved, which indicates that the CosyFesg and PtAu
layers are intermixed. As a reference, in figure 5.26 a SEM image of a ridge wave-
guide isolator cross-section is given, where the different metal layers can easily be
distinguished.

The point of intermixing of the metals in the contact has further been examined
through secondary ion mass spectroscopy (SIMS). This technique uses the process
of secondary ion formation by bombarding the surface with a highly collimated
beam of (primary) ions. The surface emits material, a fraction of which is ion-
ized. These secondary ions are detected with a mass spectrometer to determine
the composition of the surface. The result of a SIMS experiment, with a lateral
resolution of 20pm on the isolator surface, is depicted in figure 5.27. It shows that
both iron (Fe) and cobalt (Co), the two elements of the ferromagnetic metal film,
are indeed present, but it is not possible to quantify the concentration of these el-
ements on the basis of this experiment. It can be deduced that the concentration
of Co and Fe is high between the surface (depth = Oym) and a depth of 420nm
into the material. However, the ferromagnetic layer should only be 50nm in thick-
ness and should be located at a depth of approximately 400nm — the thickness of
the PtAu layer deposited on top. This is a clear indication of the intermixing of
the CosgFes film with the PtAu and confirms the assumption made on the ba-
sis of the SEM-image (figure 5.22). A positive conclusion that can be made from
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Figure 5.27: Secondary ion mass spectroscopy of the BRS-isolator surface.

the SIMS measurement is that the metal concentration rapidly drops at the depth
where phosphor (P) is found, indicating only a minimal diffusion of metal into the
semiconductor layers. Besides, the fact that the metal concentrations of Co and Fe
are actually different from zero is likely to originate from the non-flat lateral sur-
face and large surface roughness of the metal-semiconductor interface rather than
to be an indication of diffusion of metal into the semiconductor layers.

As the intermixing of the ferromagnetic metal with the PtAu contact layer

might deteriorate the magnetic properties of the structure the magnetization of
the BRS-isolator has been investigated via alternate gradient force magnetometer
(AGFM) measurements. These experiments confirm the absence of a magnetic
signal — less than 0.5pemu has been observed. It can therefore be concluded that
the accidential mixing of the contact metals is probably the main cause for failure
of the isolator.
If this is truly the origin, a component on which no PtAu top layer has been de-
posited should perform better. AGFM measurements on a sample with isolators
of this type indicate the presence of a magnetic signal, but the magnitude is 20
times lower than the expected value — 6.5pemu instead of 120.0pemu. Add to this
the fact that the TM-polarized ASE has a flat response to a changing magnetic
field, as is illustrated in figure 5.28(b) and that on a SEM image of a cross-section
no CosgFesq is visible and it can be concluded that during the end stages of the
process-flow the majority of the CosoFeso film has accidentally been removed,
leaving only some CosoFesg at random positions on the sample.
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Figure 5.28: Detection of the emitted amplified spontaneous emission (ASE) as a function of an
externally applied lateral magnetic field for (a) a fully processed sample, (b) a sample
without PtAu contact deposition and (c) a sample with CoFe redeposition. Only in the
(c)-case the magnetooptic Kerr effect can be observed.
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Figure 5.29: Non-reciprocal lasing experiment on a stand-alone buried isolator. The left picture
shows the evolution of the output power with increasing bias current for forward and
backward propagation. The right graph gives the corresponding power ratio. The ratio
of 1.053 corresponds to an optical isolation ratio of 0.91dB/mm.

The logical next step was to repeat the deposition of the ferromagnetic metal
on samples without PtAu top layer.? The presence of a magnetooptic effect has
been tested by evaluation of the emitted ASE while varying the externally applied
magnetic field (see section 4.2.1.1). In figure 5.28 a comparison is being made of
the outcome of these experiments in the three BRS isolator cases that have just
been discussed. We remark that in these measurements the isolator sections of in-
tegrated laser-isolator components have been characterized instead of stand-alone
isolators. Both perform essentially the same in these experiments as the injected
current levels are low compared to the transparency value, hence the rear end of
the isolator does not play a role.? The current injection equals 200mA, 100mA and
100mA in respectively cases (a), (b) and (c). The (TM-polarized) ASE power has
been normalized to drop the (large) difference in absolute emitted intensity. The
large amount of noise on the top graph is a result of the very low output power, se-
riously reducing the precision of the measurement data. These ASE-graphs show
that only after repeating the CoFe deposition (case (c)) the optical intensity is sig-
nificantly modified by the presence of a magnetic field. The hysteresis-shape re-
sponse of the optical intensity to the magnetic field is clear evidence of the pres-
ence of the magnetooptic effect. This is the first (qualitative) demonstration of
non-reciprocity on a buried isolator. Now, from this one measurement it is not
possible to obtain quantitative data on the magnitude of the magnetooptic effect.
Hence, short stand-alone BRS isolators of the (c) type have been cleaved for cha-
racterization with the non-reciprocal lasing technique (see section 4.2.1.2). Before

21t has to be remarked that at the time of doing this the equiatomic CosoFes9 composition was not
available in the sputter system, hence it was opted to go for CoggFe1¢. Although this choice implies a
significantly lower theoretical optical and magnetooptic performance, it should not hinder a proof-of-
principle experiment.

3In practice the integrated laser-isolator components don’t perform identical to stand-alone isola-
tors in terms of the current injection. Current leakage to the DFB-laser section decreases the useful
current in the isolator part. This however does only alter the quantitative measurement data, but
doesn’t affect the qualitative conclusions that can be drawn on the basis of figure 5.28. The electrical
quality of the integrated laser-isolator device is discussed in detail in section 5.4.3
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we proceed with the discussion of these experiments we remark that from the
hysteresis graph of figure 5.28 information can be gathered about the magnetic
quality of the deposited CoFe film. Indeed, the hysteresis has a squareness that is
close to 1, which, keeping in mind the magnetic principles elaborated in chapter
2, indicates that the 100pum wide ferromagnetic film has a smooth lateral profile
without serious cracks.

Figure 5.29 summarizes the results of a non-reciprocal lasing experiment on 495um
long stand-alone buried isolators on which the deposition of CoFe has been re-
peated. The ratio between forward and backward signal above threshold equals
1.053, which corresponds to an isolation ratio of 0.91dB/mm. The threshold cur-
rent of 120mA corresponds to a forward transparency current of 88mA, extracted
with the help of equation 4.2 with a calculated confinement factor of 0.171. Ac-
cording to 2D simulations of a CogoFe19p BRS device with a D3P layer structure
design, the theoretical isolation ratio is 3.5dB/mm combined to a transparency
current of 37mA/mm.* Comparing these numbers to the experimental values
indicate a discrepancy of the isolation by a factor 3.85 and a 4.85 times higher
current. The increase of the transparency current is believed to result mainly from
current leakage through the p-n homojunction at the side of the buried waveguide
core. The combination of a lower isolation and a higher current, together with the
very high variation of the performance among nominally identical devices, seems
to indicate that the interface between the CoFe contact and the semiconductor
material is of inferior quality. In any case, while it is a (minor) success that non-
reciprocal lasing has been demonstrated, the experimental results show that a lot
of work still needs to be done to obtain a competitive buried optical isolator.

5.4.3 Integrated laser-isolator component

In the previous sections the quality of the two parts of the integrated laser-isolator
component has been assessed. Extensive experimental work has proven that the
performance level of the DFB-laser section is high, but that alterations to the iso-
lator section have to be made to achieve non-reciprocity. In this section we inves-
tigate some issues that are specific for the integrated laser-integrated device.

One of these aspects is the current injection in each of the two parts of the inte-
grated component. Separate pumping of the laser and isolator section is obtained
by introducing a gap between the laser gold-contact and the isolator CoFe-contact.
This is illustrated in the electron microscope image of figure 5.30, showing a top
view of the interface region between both sections with at the top of the picture the
laser and below the isolator. The electrical behavior — the I-V relationship — of the
isolator section of the integrated device has been investigated experimentally in
each of the three improvement stages mentioned earlier: the original processing,
devices without PtAu contact deposition and non-reciprocal sections with CoFe
redeposition. Remember from section 5.4.2 that only on the last class of devices
non-reciprocity has been demonstrated. The corresponding I-V plots are given in
figure 5.31. These graphs clearly show that only in the second case, without PtAu
contact, the I-V relationship is perfectly diode-like, as it should be. In the two

4This should be an underestimate, as the waveguide cladding is not a flat 400nm layer, but instead
is narrower at the side of the buried core (see figure 5.21).
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Figure 5.30: Electron microscope image of the integrated laser-isolator device (top view), illustrating
the contact separation of the two subcomponents.

other cases the metal deposition seems to cause a current leakage path. We can
exclude current leakage to the laser section as in this case the I-V characteristic
would remain diode-like. Instead, the deteriorated electrical quality can only be
attributed to current leakage over the p-n homojunction at the side of the wave-
guide core. Question remains why the deposition of an extra metallization layer,
either PtAu or CoFe, enhances this current leakage. This can only be caused by an
increase of the resistance of the current path through the laser diode with respect
to that across the homojunction. Correction of this phenomenon requires a more
detailed study of the isolator metal contact. Furthermore, it has been observed
that on stand-alone buried isolators with CoFe redeposition, the leakage path be-
comes less dominant and the CoFe-contacted section has a diode-like I-V plot with
the correct voltage jump of 0.95V at the onset of the current injection. This seems
to indicate that the leakage paths are localized at certain positions along the iso-
lator section. The inferior contact quality of the isolator section directly results in
the degradation of its function as a semiconductor optical amplifier for the optical
mode emitted by the DFB-laser section.
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Figure 5.31: Electrical performance of the integrated isolator section. The different graphs corre-
spond to the different stages of the development. Only on the ‘CoFe-redeposited’ sam-
ples non-reciprocal absorption has been demonstrated.

Figure 5.32: Schematic device geometry of a ridge waveguide laser with lateral gratings, providing
the optical feedback mechanism. The overlap of the optical wave with the lateral grating
is illustrated by the calculated intensity profile on the front facet (after [3])
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5.5 Conclusion

This chapter was devoted to the development of a monolithically integrated laser-
isolator device. In order to demonstrate the industrial viability of the component,
we have opted for a standard DFB-laser integrated with a buried optical isolator
scheme. Simulations show that, thanks to the high lateral contrast in such devices,
the guiding core width remains limited to 1;um, which lowers the forward trans-
parency current of the isolator. The fabrication of the integrated device has been
done in the industrial environment of Alcatel-Thales III-V Lab, and after a series
of process modifications, two wafers of monolithically integrated laser-isolator
components have been completed. The DFB-laser part was shown to be of good
and reproducible quality. For the isolator section, it took us additional study and
subsequent processing adaptations before non-reciprocity could be demonstrated.
Even then, the performance level is limited. Moreover, the electrical pumping of
the isolator section of the integrated device suffers from current leakage phenom-
ena, obstructing the demonstration of the actual monolithically integrated laser-
isolator component. As such, it is expected that only extensive investigation of the
metal-semiconductor interfaces and the laser-isolator contact separation can solve
these problems and enhance the performance.

One possibility to overcome the issues of the buried integrated laser-isolator com-
ponent is to develop an integration scheme on the basis of a ridge waveguide
isolator. A promising configuration for the laser part is a DFB-laser formed by a
gold-contacted ridge waveguide with a lateral grating, defined with focussed ion
beam (FIB) lithography [2], as illustrated in figure 5.32.
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Alternative applications of
non-reciprocity

N this chapter we investigate alternative non-reciprocal metal-clad waveguide

configurations. The knowledge acquired in the previous chapters is used as
the basis for this study. We subsequently discuss ring resonator-based isolator
structures and passive non-reciprocal waveguide devices.
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6.1 Ring resonator-based non-reciprocal devices

In a standing wave cavity, like a Fabry-Pérot cavity, it is not possible to enhance
the magnetooptic effect by exploiting resonance in the cavity, because light travels
the same distance in forward and backward direction — or equivalently in positive
and negative magnetization direction.! The situation is completely different in
a traveling wave resonator like a ring resonator. In a ring resonator, light prop-
agates only in one direction, clockwise or counterclockwise. With appropriate
magnetization of the metal contact on top of the ring, resonating light feels the
non-reciprocal loss shift several times and as such the magnetooptic effect is en-
hanced. In this section we subsequently discuss the simulation of this resonance
phenomenon in two different ring resonator configurations, the design of a prac-
tical device and its characterization.

6.1.1 Operating principle

We start by discussing the operating principle of ring resonator-based isolators.
Consider first a ring resonator with two bus waveguides, as illustrated in figure
6.1(a). The straight waveguides serve as evanescent wave input and output coup-
lers to the ring shaped cavity. If a signal entering port A is on-resonance with the
ring, that is if light that has traveled one roundtrip through the ring is in phase
with the incoming light, it will exit the structure through port C, called the drop
port. In the off-resonance case port B is the output port, called the pass port. Reso-
nance can be seen as the wavelength of the light that fits into the ring, or in other
words, that the length of the ring equals an integer number of modal wavelengths.
The parameters that determine a reciprocal ring are the power coupling coefficient
k, describing the coupling of the light between straight waveguide and ring, the
(possibly complex) effective index of the guided mode and the length of the ring.
The ring can be made non-reciprocal if part of the ring waveguide is covered with
a laterally magnetized magnetooptic material, in our case a ferromagnetic metal.
Obviously the length of this part and the strength of the complex non-reciprocal
effective index shift determine the performance. The ratio of the field at the drop
port C to that at the input port A can be calculated as:

Ec Ky/Ayexp (—j%) 61)
Ex  1-(1-r)Arexp(—jos)’ '
with
L Aa L
Ay = exp <a02> exp (j:2gm> ,
21 21 An,
¢i = TnefﬁOL + 772ff[/]\]}{7 (62)

and where we have assumed that the power coupling coefficient is identical for
both ring-bus couplings. L is the ring circumference and Lyp the length of the

I This property has been used in the non-reciprocal lasing characterization method, as is elaborated
in detail in appendix B.
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Figure 6.1: Schematic layout of a ring resonator (a) and an all-pass ring (b).

ring waveguide covered with a laterally magnetized ferromagnetic metal. A is the
operation wavelength and .77, -} the complex effective index of the unper-
turbed mode. An.sy -j22 is the complex non-reciprocal shift and the plus and
minus indices correspond to forward respectively backward propagation. We re-
mark that this equation is only valid if the denominator is larger than zero, i.e.
below the threshold of the ring-shaped cavity. The optical transmission is obvi-
ously directly found as:

Ie _ |E¢|?
—= = . 6.3
The analogous equations between the pass port B and the input port A are :
Ep V1—k—+v1—rArexp(—joy)
E4 1—(1—r)Arexp(—jos)
Ip |Es[*
- = . 6.4
IA |EA|2 ( )

From these equations the transmission spectrum of the ring resonator at both pass
and drop port can be calculated. Before going into the operating principle of the
ring isolator we remark that an alternative ring configuration is the one illustrated
in figure 6.1(b), with only one bus waveguide. Such a component is called an all-
pass ring. In the absence of loss in the structure all power is transmitted to the pass
port. If the ring is not perfectly transparent, a resonance pattern can be observed
in the output spectrum which originates from the fact that resonating light passes
multiple times through the ring. The field equation for an all-pass ring is:

Ep  VI—r—Asexp(—jos) (6.5)

Es 1-V1— kArexp(—jos)
In figure 6.2 the transmission spectra at the drop and pass ports of a two-bus
ring isolator and at the pass port of an all-pass ring isolator are given for forward
(black) and backward (grey) propagation. In the backward direction C becomes
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Figure 6.2: Transmission spectra at the drop and pass ports of a ring isolator and at the pass port of

an all-pass isolator. The black curve corresponds to forward propagation and the grey to
the backward direction.

the input and A the drop port or B the input and A the pass port. The ring parame-
ters are given in table 6.1.1. a has been chosen such that the ring is transparent in
the forward propagation direction,> which will be the actual working point. The
values for the non-reciprocal shift of the effective index correspond to that of the
third generation straight waveguide isolators. The optical isolation is the diffe-
rence in transmission between forward and backward light or between the black
and the grey signal in figure 6.2. Clearly, the isolation is only significant at the
resonance wavelengths, as in this case the light travels multiple times through the
ring. Furthermore, the plotted spectra show that the isolation is mainly due to
the non-reciprocal loss shift A« and that the non-reciprocal phase shift An, which
changes the resonance wavelength, has only a minor effect.

To understand the operating principle of a ring isolator, consider a wavelength at
which the resonator is on-resonance. In figure 6.3(a) the transmission to the drop
port is plotted as a function of the gain or loss inside the ring, expressed in decibel

2With transparency we mean that the material gain compensates all the internal loss in the ring-
shaped cavity, but not the coupling loss to the bus waveguide(s).
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| Symbol Value \
L 1000pm
LNR 100um
Neff0 3.322
Aneff 473 x 107°
Aa 14.8 x 10~% ym~!
K 0.05

Table 6.1: Parameters of the ring isolators used in figure 6.2.

(dB) per roundtrip. This gain value doesn’t include the coupling to the bus wave-
guide(s).> The only free parameter is the power coupling coefficient «, which is
varied between 1% and 10%. From these curves the principle of isolation enhance-
ment in a ring resonator can be understood. Assume that the ring is electrically
pumped to a level at which the loss per roundtrip for forward propagation is zero.
This corresponds to full transmission at the drop port (at the resonance wave-
length!). In this case the loss in the backward direction equals the non-reciprocal
loss shift. The corresponding transmission, which depends on the coupling coef-
ficient, is exactly the optical isolation. For example for a non-reciprocal loss shift
of -2dB per roundtrip the transmission/isolation equals -10dB, -15dB or -27dB for
a coupling of 10%, 5% or 1% respectively. In other words, due to the ring reso-
nances the observed optical isolation is largely enhanced compared to a straight
waveguide and the enhancement scales inversely with the coupling coefficient.
The same study can be done for the pass port of the two-bus resonator as illus-
trated in figure 6.3(b). For this port to operate as an isolator the backward loss
should be close to zero to obtain low transmission, while in the forward direction
gain should be provided in order to have full transmission of the signal. Another
option is to operate in an absorbing mode by providing loss in the forward di-
rection while the loss per roundtrip remains zero for backward propagation. This
can obviously be done by reversing the magnetic field direction.

The pass port of an all-pass ring isolator has a similar operating principle as can
be deduced from 6.3(c). The difference is that at 0dB gain / loss per roundtrip
the transmission is complete and that the point of total attenuation varies with the
coupling coefficient and is described by:

10
gldB] = In(10) In(l— k). (6.6)
As such, in the all-pass configuration the non-reciprocal loss shift in the ring
should be equal to this value of g, which scales inversely with the coupling co-
efficient.

In conclusion, designing a ring-based isolator comes down to the calculation of
the correct length of the non-reciprocal section of the ring corresponding to a cer-
tain power coupling coefficient and — for the drop port operation — a required op-
tical isolation level. An example is shown in figure 6.4, where the non-reciprocal
length is plotted as a function of the value of « for an isolation of 20dB, on the left

3That means that at 0dB the ring is at transparency and not at threshold.
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Figure 6.3: Transmission at drop and pass ports of a ring isolator at a resonance wavelength as a
function of the gain/loss per roundtrip, illustrating the operating principle of a ring
isolator. At the right hand side of the plot the gain is high enough to compensate the
coupling loss to the bus waveguide(s) and the threshold of the ring cavity is reached.

for the drop port and on the right for the all-pass configuration. The device is as-
sumed to be transparent in the forward direction and the optical mode parameters
are the ones of table 6.1.1.

The (all-)pass port configuration is inherently much more efficient than the
drop scheme in terms of the optical isolation enhancement. Its big disadvan-
tage however is that off-resonance wavelengths are not attenuated, hence such
an isolator protects only against back-reflected light with these wavelengths. The
solution is to cascade a pass port configuration isolator with the drop port of a
reciprocal ring resonator with the same resonance wavelengths.

6.1.2 Design

In this section we will translate the general concept of a ring isolator to a practical
device. The idea is to fabricate the ring isolator as an all-active component based
on the multiple quantum well tensile strained gain material discussed earlier in
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Figure 6.4: Length of the non-reciprocal section as a function of the power coupling coefficient «
corresponding to an optical isolation level of 20dB.

this work. Furthermore, the cladding thickness between the guiding core and the
metal contact is the same for the entire structure and equal to the thickness opti-
mized for a straight non-reciprocal waveguide. More in particular the ring isolator
wafer material is the same as that of the third generation isolator demonstrators
of chapter 4 with a layer structure as tabulated in table 4.9. While this approach
implies extra loss in the reciprocal device parts and requires electrical pumping
of the bus waveguides, it allows for simple fabrication and avoids active-passive
integration and selective area etching/regrowth.

Apart from the optical isolation an important device parameter is the pump
current required for transparency of the ring. As it is our purpose to obtain a
proof of the principle, the sole design criterion for the injection current is that the
ring can be brought to transparency with a realistic amount of current. Once the
layer structure has been fixed, this amount of current depends on the length of the
reciprocal part of the ring — contacted with a standard Ti/Au contact — the length
of the non-reciprocal part of the ring — covered with a CosgFeso/Ti/Au stack —
and the radiation loss in the bend sections.

As explained later in this section the free spectral range of the resonator places an
upper limit to the total length of the ring of a few millimeters. Keeping in mind
the experimental results of chapter 4 and the fact that the internal loss of a Ti/Au
covered waveguide is lower than that of a CosoFeso contacted waveguide, the cur-
rent required to overcome the metal absorption of the ring should be lower than
200mA, even if the entire ring is covered with the ferromagnetic metal.

The intrinsic radiation loss that occurs in bend waveguides is known to decrease
strongly with the bend radius [1]. Furthermore, the radiation loss is heavily de-
pendent on the index contrast between the waveguide core and the side-cladding.
As we don’t want to etch the quantum wells to avoid large surface defects and the
associated scattering loss, the index contrast of the isolator waveguide is small:
0.31% for a 300nm etched ridge waveguide with a third generation layer struc-
ture (see table 4.9). For this etch depth a 2um wide ridge waveguide is TM-
monomodal. With the aid of the commercial mode solver IMMWAVE the rela-
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tionship between the bend loss and the bend radius has been calculated, resulting
in a lower limit on the bend radius of 150ym. The corresponding minimal ring
circumference equals 0.94mm.

As elaborated in section 6.1.1 one of the main parameters that determine the
optical isolation in a ring isolator is the power coupling coefficient x. Remember
that the required non-reciprocal length scales with this parameter, hence small val-
ues of x are preferred. This can be obtained via evanescent coupling. Especially
in the all-pass configuration the value of the coupling coefficient is important as
it determines the roundtrip loss at which the dip in the transmission occurs. As
we will elaborate in the next section the all-pass isolator structures have a race-
track geometry. In this type of resonator the 'ring’ consists of a cascade of bend
and straight waveguides and the coupling between the bus and the ring wave-
guide mainly happens in a straight section. For this section the simple theory of
(symmetric) directional couplers can be used. More in particular we have applied
the concept of supermodes. The effective indices of the symmetric (n.f¢,4) and
antisymmetric (1. f¢,—) supermodi of the straight coupling section have been cal-
culated with a 2D mode solver for a series of widths of the gap between the bus
and the ring ridge waveguide. It has been assumed that the waveguides are elec-
trically pumped to transparency, which would be the actual operation mode of
the structure. With these effective index values the power coupling from bus to
ring can immediately be calculated as [2]:

1 1 2m
k=g = 5cos <)\(neff,+ - nefﬁ_)L) , (6.7)
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Figure 6.5: Power coupling coefficient  as a function of the gap width and the length of the straight
coupling section.

with L the length of the coupling section. In figure 6.5 the obtained power coup-
ling coefficient « is plotted as a function of the gap width and the length of the
straight coupling section. Additionally there is some coupling between the bus
waveguide and the bend sections of the ring. The correction on « for this has
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been calculated by using a cascaded coupler segment method [3], where the bend
is segmented in a number of small parts each of which can be considered as a
directional coupler. The extra coupling in the bend sections is up to a few percent.
Apart from the optical isolation and the transparency current the resonator is
characterized by the free spectral range (FSR) and the full width at half of the
maximum (FWHM) of the resonance peaks. The FSR is the distance between two
resonance peaks on a wavelength A or a frequency v scale. The FSR of a ring
resonator is expressed by:
FSRy =2 FSR, - - 6.8
)‘_ngL V_ngL’ (6.8)

with 74 the modal group index:

dne fr

ax -’
and c the speed of light in vacuum. For example, for a ring length of Imm the free
spectral range of the InAlGaAs-InP resonator isolator equals 90GHz. The FWHM
— the spectral width at -3dB of the peak transmission is related to the FSR and can
be calculated as [1]:

F 1—-(1—-k)A
FWHM = Av_ayp — iRy ( \/1(7& \7{) , (6.10)
- +

with x the power coupling coefficient and A, defined as in equation 6.2. In figure
6.6 the relative FWHM - the ratio of the FWHM to the FSR —is given as a function
of the gain per roundtrip for a number of power coupling coefficients. The FWHM
of the resonator decreases as the loss reduces, and becomes zero if there is enough
gain per roundtrip to compensate the power coupling to the bus waveguide, i.e.
at threshold of the ring laser. Once the FSR and the power coupling coefficient
 have been fixed, the FWHM as a function of the ring loss can be read off such
a graph. For a Imm ring (FSR = 90GHz) with a x-value of 10% the FWHM at
forward transparency equals 3GHz. In a resonator the FWHM limits the maximal
data rate the device is compatible with. Its value is related to the cavity photon
lifetime 7 as:

Ng = Neff — A (69)

1

= —— A1
27TAV,3dB (6 )

T

6.1.3 Contact lithography mask set

On the basis of the previous study we have designed and programmed a contact
lithography mask set with a variety of two-bus ring isolators and all-pass ring iso-
lators. To minimize reflections at the cleaved facets of the devices, the waveguides
are tilted at an angle of 7 degrees with respect to the crystal axes. The ridge width
of the straight waveguides has been set at 1.9um, that of the bend waveguides at
2.1pm. In the racetrack resonators an offset of 0.2um has been built in to improve
the coupling between the straight and the bend sections. As explained before the
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Figure 6.6: Ratio of the FWHM to the FSR as a function of the gain/loss in the ring resonator for
power coupling coefficients k = 1%, 5% and 10%.

lower limit on the bend radius equals 150um. In addition, we have fixed an upper
limit on the resonator length of 2.5mm — which corresponds to a FSR of 36GHz.
Two types of all-pass resonators have been included, of which the schematic lay-
out is depicted in figure 6.7. The grey areas are the reciprocal waveguide parts and
the black sections are covered with the ferromagnetic metal, hence can be made
non-reciprocal. The corresponding magnetization direction M is indicated on the
figure. The first type, illustrated in figure 6.7(a), has a racetrack configuration
with a straight non-reciprocal section. The power coupling coefficient has been
varied between 1% and 20% by an appropriate choice of the gap between the bus
and ring waveguides — with a minimum of 0.5um — and the length of the straight
section of the racetrack, as elaborated in the previous section. The corresponding
length of the non-reciprocal section follows from equation 6.6:

(a) (b)

uy

Figure 6.7: Schematic layout of the all-pass ring resonator structures included on the contact litho-
graphy mask.
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In(l— k)
Aa 7’
once the non-reciprocal loss shift A« is known. The second type of all-pass device
is one where the complete ring is covered with a ferromagnetic contact. The corre-
sponding required magnetization is radially oriented (see figure 6.7(b)) which can
only be realized by integrating a ring-shaped (electro-)magnet on top of the reso-
nator. This type of resonator structure can have a relatively high non-reciprocal
loss shift per roundtrip — 3 to 11dB depending on the ring length — and is de-
signed to operate as an unidirectional ring laser; because light traveling in one
direction — clockwise or counterclockwise — has a higher internal loss than the
counter-propagating light, only in one direction threshold is achieved. As a re-
sult, a laser signal is emitted at one single facet of the bus waveguide. The lasing
direction can easily be switched by reversing the current flow in the electromag-
net. Devices with a ring length varying between 630um and 1885um have been
integrated on the mask.
The two-bus ring resonators have been designed to operate in the drop port regime.
Remember from figure 6.3 that, unlike in the case of pass port operation, there is
no zero in transmission for the backward propagating light. Instead, the optical
isolation increases with increasing length of the non-reciprocal section, hence this
should be maximized. Furthermore, as we want to generate the magnetization
by applying an external magnetic field, we prefer a racetrack resonator with on
one of the straight sections a ferromagnetic metal contact. The schematic layout
of these ring isolators is sketched in figure 6.8. The bend radius has been varied
between 150pm and 250pm and resonator lengths between 1100pm and 2500pm
have been included.

Lyp = (6.12)

paSS

/Mf\\&/
drop

Figure 6.8: Schematic layout of the two-bus ring resonator structures included on the contact litho-
graphy mask.

in

Finally, some of the two-bus ring isolators and all-pass isolators have been placed
in cascade to enable attenuation of back-reflected off-resonance wavelengths.

The contact lithography mask consists of 7 layers, corresponding to subse-
quent processing steps:
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* mask layer 1: definition of the non-reciprocal waveguide sections
¢ mask layer 2: definition of the reciprocal waveguide sections
¢ mask layer 3: definition of the current isolation layer

* mask layer 4: definition of the second metallization pattern, for electrical
contacting of the active waveguides

* mask layer 5: definition of the isolation layer between the waveguide met-
allization and the electromagnet metal strips

* mask layer 6: definition of the electromagnet metal pattern

¢ mask layer 7: definition of the pattern for electroplating

A detailed description of the resonator processing sequence with this mask set
is given in appendix A. The ridge waveguide definition through etching is done
with the metal contacts as the etch mask, a technique that has previously been
applied for the straight waveguide isolators. The alignment between mask layers
1 and 2 is therefore a critical step. To deal with this, mask layer 2 overlaps with
layer 1 at the non-reciprocal sections. Furthermore, the width of the ferromagnetic
metal strips is chosen to be 0.4pm smaller than that of the strips defined by mask
layer 2. This is illustrated in figure 6.9. In addition, as we want to electrically
contact the bus waveguides separately from the ring, each device has two electri-
cal contact paths defined by mask layer 4. Finally, the width of the electromagnet
metal strips has been set at 5um, which, according to the study of section 4.4, is
the optimized value.

W mask layer 1

mask layer 2

Figure 6.9: Illustration of the overlap between mask layers 1 and 2 to minimize the impact of mis-
alignment.

6.1.4 Fabrication and measurements

With the contact lithography mask set and using the epitaxial wafer material of the
third generation straight isolators, ring isolator test devices have been fabricated.
The fabricated structures have been inspected by a scanning electron microscope
(SEM). In figure 6.10 images of cross-sections at different positions along a ring
waveguide are given. The left picture shows the coupling section of a two-bus
ring isolator. The widths of the straight bus (left) and bend ridge waveguides
(right) are in good correspondence with the design values. The gap between both
waveguides is of good quality. One serious fabrication error is the fact that the
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BCB current isolation layer is too thick. The implication is that the second metal-
lization layer - light colored on the image — which enables current injection in the
structures is almost interrupted at the waveguide ridges, which obviously dete-
riorates the current injection. This could be avoided by using a less viscous BCB
composition. The image on the right of figure 6.10 depicts a cross-section of a
non-reciprocal ring section. The additional metal layers with respect to the left
picture are clearly visible and so is the electromagnet metal strip on top. Again,
the second metallization layer is practically interrupted. Several other fabrication
runs have been undertaken but all have failed, for a variety of reasons.

B 2.05um (cs) &
1.24pm (cs)

Figure 6.10: Electron microscope images of cross-sections of a ring resonator isolator, with on the
left a coupling section and on the right the non-reciprocal part of the ring.

Initially the straight waveguide isolators included on the chip have been char-
acterized in order to compare the fabrication quality with previous runs. The
observed optical isolation is the same as that of earlier devices with the same epi-
taxial material, but the transparency current is a multiple of its former value, as
expected on the basis of the SEM images. Next, ring isolator test devices have
been characterized both based on their emitted ASE and by inspecting the trans-
mission of a (wavelength tunable) laser signal. However, resonance phenomena
have not been observed. This indicates that, despite high pump current levels —
up to 700mA for the complete device — the ring remains far from transparency. We
believe that this can be attributed to the fabrication error mentioned earlier.

6.1.5 Conclusion

In this section we have developed ring resonator-type isolators. In a drop port
configuration its operation is based in the enhancement of the non-reciprocal loss
shift in a traveling wave resonator. Using the pass port on the other hand results
in a very large optical isolation at the resonance wavelength due to the difference
in internal loss of forward and backward — or clockwise and counterclockwise —
light in the resonator. The operating principle has been elaborated and all-active
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ring-based isolators have been designed. A contact lithography mask set has been
developed and used for the fabrication of the first test devices. However, due to a
fabrication error the experimental proof-of-principle has not been achieved.

6.2 Passive non-reciprocal devices

An optical isolator is by definition a device which is optically transparent in the
forward propagation direction (and absorbing in the opposite direction). This re-
quirement of transparency implies that any internal loss must be compensated by
a gain mechanism. In other words, a ferromagnetic metal-clad isolator inherently
contains an amplifying core. In practice this limits the choice of an isolator mate-
rial system to InP and related materials, which have been discussed so far in this
work. However, it is interesting to neglect the requirement of optical transparency
and look into absorbing non-reciprocal structures. After all, other applications
such as a magnetic field sensor can do without optical transparency. This opens
up the way to other material systems.

In recent years a lot of optical functionalities have been developed in the silicon
on insulator (SOI) material system. This system, of which the structure is illus-
trated in figure 6.2, is characterized by a very high refractive index contrast be-
tween the Si core (ni550nm = 3.476) and the surrounding cladding, which is either
oxide SiOy (M1550nm = 1.444) or air. As a consequence, the guided mode is very
tightly confinement, hence very small photonic structures can be realized in this
system since the bend radius can be decreased down to a few micrometer. In ad-
dition, silicon is widely available at relatively low cost and, what is even more
important, wafer scale CMOS fabrication techniques can be employed as silicon is
the material of electronics. In recent years, essential components for optical com-
munication networks such as wavelength filters [4], heterogeneously integrated
micro-disk lasers [5] and photodetectors [6] have been studied and demonstrated.
Other applications such as low-cost biosensors [7] also have received attention.
Furthermore, as mentioned in chapter 1, SOI has recently been used for garnet-
based non-reciprocal phase shifters [8].

220nm ¢ 220nm ¢

2000nm SiO, 2000nm SiO,

Figure 6.11: Schematic illustration of the structure of silicon-on-insulator, with on the right an air-
clad structure and on the left a structure with oxide SiO» top cladding.

In this section we investigate SOI as a material system for passive, metal-clad
non-reciprocal applications.
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Air claddin Si0O; claddin
g g

C090F610 5.0% 3.0%
CO50F€50 11.5% 4.5%
Fe 10.0% 6.0%

Table 6.2: Isolation-to-loss ratio of Co,Fe1 .. covered SOI waveguides.

6.2.1 Non-reciprocal loss shift

In chapters 2 and 3 we have done an extensive study of the influence of the mate-
rial choice on the magnitude of the non-reciprocal effect. We remark that the only
figure of merit (FoM) suited for passive non-reciprocal devices is the isolation-to-
loss ratio £2 due to the absence of current injection. The non-reciprocal loss shift
Aa is expressed as:

gl (@i 2

A«
Zvrw|neff|

sin(Zg 4+ 2/EO (x:)). (6.13)

Remember that the value of the isolation-to-loss-ratio depends heavily on the cha-
racteristics of the magnetooptic material and the refractive index of the upper and
lower waveguide cladding, but is quasi-independent of the thickness of the diffe-
rent layers. In fact, it is especially the sine-factor appearing in the formula of A«
that changes largely with the refractive index of the cladding. We refer to figure
3.11 for an illustration of the evolution of this phase-related factor with the mate-
rial index of the cladding for the three Co,Fe;_, alloys studied throughout this
work. Due to this trend, it can be expected that the non-reciprocal characteristics
of a high-index contrast system such as SOI differ substantially from those of the
InP-based material discussed in the previous chapters.

Consider a SOI waveguide with an opaque Co,Fe;_, film deposited on top.
The core thickness and width are 220nm and 500nm respectively. While 1550nm
wavelength is the common operation wavelength for SOI systems, 1300nm is con-
sidered here, as the magnetooptic constants of Co,Fe;_, are only known in this
range. With the waveguide model described in section 3.4 we have calculated the
isolation-to-loss ratio. Due to the intrinsically high lateral index contrast these si-
mulations are only accurate if the 2D calculation tool is being used. The results
are tabulated in table 6.2. Unsurprisingly we need to make a distinction between
a structure with a non-zero SiO; oxide top cladding and one where the magne-
tooptic metal is the actual top cladding. In the latter case the isolation-to-loss ratio
values are comparable to the ones found in chapter 3 for InP-based structures,*
with CosoFeso the best performing material. With an oxide top cladding a Fe fer-
romagnetic film leads to the highest isolation-to-loss ratio equal to 6.0%, followed
by 4.5% for CosoFeso and 3.0% for CogoFeg. As such these values are at least a
factor two lower than what can be achieved without an oxide cladding.

4Keeping in mind the results of section 2.3, this should not come as a surprise. If a metal is directly
deposited onto the waveguide core the magnetooptic effect is mainly determined by the refractive
index of the core material, while the influence of the substrate index is low. This, together with the fact
that the indices of InP and Si are similar explains the calculated isolation-to-loss values.
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We can therefore conclude that the high index contrast characteristics of SOI do
not lead to an increase of the isolation-to-loss ratio of Co,Fe;_, covered wave-
guide.

6.2.2 Non-reciprocal phase shift

So far only the imaginary part of the non-reciprocal shift of the effective index has
been considered. As discussed in the previous paragraph, this absorption shift is
limited on a Co,Fe;_,-SOI structure. A better option might be to apply the real
part of the complex shift of the effective index, also called the non-reciprocal phase
shift. This effect can be used to realize an optical isolator in a Mach-Zehnder in-
terferometer configuration. With a proper choice of the non-reciprocal phase shift
and the reciprocal phase difference between both arms of the interferometer, con-
structive interference can be achieved in the forward direction and destructive
interference for backward propagating light. This principle, which is widely used
in ferrimagnetic garnet isolators, has recently been examined for the Co-InGaAsP-
InP material system by Shimizu [9]. Another possible configuration is a ring reso-
nator with a magnetized ferromagnetic metal film, where the non-reciprocal phase
shift creates a difference in resonance wavelength between clockwise — forward —
and counterclockwise — backward — propagation. If this structure is cascaded with
another (reciprocal) ring resonator with resonance wavelengths equal to the for-
ward resonance, it makes up an optical isolator. The magnitude of the real part of
the non-reciprocal shift An can be calculated from the magnetooptic perturbation
formula and reads in a simplified form:

_ M0~ [g][BE (i)
4m Zvac|nneff|

An cos(Lg +2/EQ (z;4)). (6.14)

The difference with the imaginary effect (equation 6.13) obviously is the cosine
factor instead of the sine factor describing the influence of the phase matching
between the gyrotropy constant and the transverse electric field component. Im-
mediate consequence is that a structure that maximizes the imaginary part effect
minimizes the real part of the effect. The InAlGaAs-InP isolator layer structure
with a CosgFesy metal contact is therefore not at all suited for an interferometer-
based isolator. The two options are to shift to a different magnetooptic material
or to modify the modal electric field. From our discussion in section 3.2 it follows
that none of the three Co,Fe;_, compositions gives rise to a high cosine factor for
an InP-based structure. The modification of the cladding material however does
have a large impact on the phase relation between the gyrotropy g and the electric
field. In figure 6.12 the evolution of the cosine factor which determines An is given
with varying cladding refractive index. The waveguide core is a 300nm thick layer
with refractive index 3.5 and the cladding thickness is 500nm, although the curve
appears to be very insensitive to changes of these parameters. This graph shows
that a high value of the non-reciprocal phase shift An requires a high index con-
trast between the core and the cladding and that CosgFesg is the preferred mate-
rial. This obviously brings us to the SOI material system with a SiO; cladding.
For example, for a structure with a 100nm thick oxide top cladding covered with
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an opaque CosgFesq film, An is 0.00177, which corresponds to a length for a non-
reciprocal phase shift of = equal to 368um. This value is three times better than
that for an InP-based structure with the same internal loss.

| & Co50Fe50 & Co90Fe10 - Fe

0.5f

cosine-factor An
o

1 15 2 25 3 35
refractive index cladding

Figure 6.12: Evolution of the cosine factor of equation 6.14 with cladding refractive index, for three
different Co,Fe1_. compositions.

However, apart from An the absorption caused by the metal plays an important
role. After all, if the total internal loss of the passive structure is too high, the
device is of no practical use. We consider -40dB to be the upper limit on the loss.
Consider a CosoFe5(-SOI waveguide of length L. The corresponding loss equals:

10
In(10)

loss[dB] = alem™'|L (6.15)

with « the modal absorption coefficient. With this length a non-reciprocal phase
change A¢ corresponds:

Ay = 2TWAHL
Re[AB|L (6.16)

with Re[Af] the real part of the complex shift of the propagation constant. Com-
bining equations 6.17 and 6.16 gives:

o 10
Re[Af) A¢ln(10) '

Now, z:fA7 is a parameter of the material system and almost independent of the
dimensions of the different layers — it is the ‘real” equivalent of the isolation-to-loss
ratio %. For the combined CosoFe5(-SOI system its value is around 21.0. In other
words, there is a one-to-one relation between the loss of a structure and the non-
reciprocal phase change that can be generated. The maximum A¢ corresponding
to a device loss of -40dB for the CosgFeso-SOI structure is 2%. This limitation im-

7.1
plies that this material system is not suitable for a Mach-Zehnder interferometer-

loss[dB] =

(6.17)
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based isolator as a non-reciprocal phase change of at least 7 is required.” Also
for a ring resonator configuration the ratio of the non-reciprocal phase shift to the
internal loss is too small.

6.2.3 Conclusion

Silicon-on-insulator (SOI) is an attractive material system for low-cost photonic
applications. We have investigated its suitability for passive metal-clad non-reci-
procal devices. With the ferromagnetic metal compositions that are currently
known the ratio between the non-reciprocal effect and the absorption caused by
the metal is however too small for practical implementation.

®In which case both arms contain a +7 non-reciprocal part and have opposite magnetization.
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7.1 Conclusion

In the introductory chapter we have distinguished a fourfold objective of our re-
search. In the next paragraphs we will review these tasks, and as such formulate
the conclusion of our work.

The subject of this research is a monolithically integratable optical isolator.
Prior to this work, the proof-of-principle of the theoretical concept had been re-
alized, a joint achievement together with Vanwolleghem. Despite a number of
improvements, the amplifying waveguide isolator configuration was merely an
academic curiosity at the start of this work. The first main objective was therefore
to evolve from a promising concept towards a device suitable for practical appli-
cations.

Initially we have distinguished how the evanescent tail of a guided mode of a ba-
sic metal-clad waveguide interacts with the magnetooptic metal. We have been
able to translate this complex interaction into some fundamental design rules.
These findings have served as the criteria for the optimization of two of the main
isolator building blocks: the choice of the ferromagnetic metal composition for
the magnetooptic contact and the development of an ohmic metal-semiconductor
contact structure specifically for the optical isolator. Extensive simulations have
subsequently resulted in the design of the actual isolator structure in terms of the
dimensions of the different layers.

An isolator demonstrator combining all knowledge has been fabricated. Experi-
ments show an isolation level of 13.0dB combined with 155mA of current required
for transparency in the forward propagation direction. This result is remarkable
as it is the first - and so far only - demonstration of a transparent monolithically
integratable optical isolator. Through interpolation it is possible to compare this
result to the first proof-of-principle experiment. Since then the performance level,
in terms of the current required for forward transparency, has been increased by
more than a factor 80. In addition, an extensive study of other device aspects such
as the spectral behavior and the current dependence of the optical isolation has
been performed. The main observation is that the amplified spontaneous emis-
sion has a large influence on the device operation.

A second part of this work consisted of the realization of an optical isolator
with an integrated electromagnet. This provides a solution for the poor magne-
tic remanence properties of the amplifying waveguide isolator configuration and
enables to apply an on-chip magnetic field in an arbitrary direction. After the
magnetic design of this structure a proof-of-principle experiment has been suc-
cessfully performed. The electromagnet current required to generate a magnetic
field strong enough to saturate the ferromagnetic isolator contact is however far
beyond the acceptable for practical applications. A largely improved configura-
tion has been identified, based on the fact that when current is flowing through
the ferromagnetic metal film itself a far more favorable magnetization profile is
being generated. An extensive theoretical discussion has been given and it has
been supported by an experimental result.

The third objective of this research was the development of an integrated laser-
isolator device. The most important advantage of the amplifying waveguide opti-
cal isolator scheme is that it can straightforwardly be integrated with a laser source
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as both devices have essentially the same structure. In accordance with standard
DFB-laser technology, the integrated device has been designed and fabricated in a
buried ridge waveguide configuration. Good operation of the laser part has been
proven, despite important changes with respect to the standard process flow. Af-
ter a series of process modifications we have managed to demonstrate the pres-
ence of non-reciprocity on the isolator part. Despite these changes the quality of
the metal-semiconductor interface remains inferior and the device suffers from
current leakage phenomena. These inaccuracies have obstructed the full demon-
stration of the integrated laser-isolator component.

The last major objective was the exploration of non-reciprocal devices that are
based on the amplifying waveguide optical isolator concept but deviate from the
straight TM-mode metal-clad semiconductor optical amplifier. These include ring
resonator-based isolators and passive non-reciprocal devices.

Resonance of light in a ring-shaped magnetized metal-clad waveguide can be ex-
ploited to realize a high performance optical isolator. A thorough theoretical study
has been made, a contact lithography mask set has been created and test devices
have been fabricated. Due to inferior quality of the current injection in the all-
active devices the experimental demonstration of the concept could however not
be achieved.

Passive metal-clad non-reciprocal devices are attractive for applications where the
optical transparency is not a requirement, such as a magnetic field sensor. The ob-
vious material system is silicon-on-insulator (SOI), characterized by a large index
contrast between the core and the surrounding cladding. The non-reciprocal loss
shift of a Co,Fe;_,-SOI structure however appears to be limited. The real part of
the complex effective index shift — the non-reciprocal phase shift — on the other
hand is significantly higher than that on an InP-based device. Calculations indi-
cate that the ratio of the non-reciprocal phase shift to the absorption in the metal
is however far too low for practical implementation.

7.2 Outlook

The amplifying isolator concept is today at a point in its evolution that it is no
longer just a promising concept but, with the performance still a factor of 6 below
the requirements, it is not ready to be transferred to practical applications. After
all, an isolator of at least 25dB is required and this device should not consume
more than 50mA of current. At the same time the route towards improvement is
far from straightforward. In this paragraph we will explore some possibilities to
enhance the isolator performance.

The two most natural ways to improve the amplifying waveguide optical iso-
lator are the development of better gain material and the choice of ferromagnetic
materials with more optimized optical and/or magnetooptic characteristics. Both
are however not obvious at all. There might be some enhancement of the gain
performance by introducing even a higher degree of tensile strain or the use of
more quantum wells, but with 9 wells at -1.64% of strain we believe we are close
to what is possible today. With respect to the ferromagnetic material, it could well
be that exists a more suitable composition, but the identification is a laborious task
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as accurate experimental determination of the optical and magnetooptic proper-
ties is required. A number of materials have been tested in this work and none
even gets close to the equiatomic Cos( Fesg alloy.

For the Cosg Feso / InAlGaAs-InP ridge waveguide isolator configuration there

is no distinctive route to realize the improvement needed for practical application
of the amplifying waveguide optical isolator. Remember from the slab waveguide
calculations of section 3.4 that even in theory 78.5mA of current per micrometer
ridge width is needed for a 25dB isolator, a value which enhances largely for ridge
widths below 2pm due to the corresponding decrease of the modal confinement.
As such, even when the device fabrication can be optimized so as to lift the dis-
crepancy between experiment and theory, the required level of performance can-
not be reached.
One solution could be to replace the InP cladding by a material with a refractive
index of 2.45. As calculated in section 3.4.5 this would result in a reduction of the
transparency current by 38%. The common materials with a refractive index in
that region are however oxides which are electrically insulating. Electrical pump-
ing of the amplifying waveguide core is therefore not possible. First task would
therefore be to identify a current conducting material with the appropriate refrac-
tive index value. In addition, a fabrication method for such an oxide cladding
quantum wells structure needs to be developed. In other words, while it would
take some effort to realize this improved isolator structure it should in theory re-
sult in a considerable performance increase.

A second option is to continue the development of a buried ridge isolator
structure. After all, due to the intrinsically higher lateral contrast than is the case
for a shallow ridge waveguide the modal confinement is higher and the ridge
width can be reduced without penalty on the transparency current per microme-
ter width. According to the 2D calculations of chapter 5.2 a buried structure with
1pum core requires 90mA current for 25dB isolation, a value that approaches the
required specifications. These specifications however neglect the current leakage
over the homojunctions at the side of ridge. Current blocking layers should there-
fore be built-in, a technique that is well known for buried DFB-lasers. Further-
more, the results of chapter 5 indicate that a more detailed study of the fabrication
of the buried isolator structure is required to obtain satisfying performance, both
in terms of optical isolation and current injection quality. However, we believe
that this buried isolator has the highest potential to be implemented one day in
commercial applications.

The third route towards improvement is that of an isolator based on a ring
resonator. In chapter 6 it has been elaborated that 25dB of isolation can in theory
easily be achieved with a ring-shaped waveguide partially covered with a magne-
tized ferromagnetic metal film. The practical realization of a ring-resonator isola-
tor requires further research effort. Shifting from all-active waveguides with a thin
InP-cladding to structures with passive bus waveguides and/or a thick cladding
layer in the reciprocal device parts, might be appropriate to reduce the required
transparency current.



Isolator fabrication and contact
lithography mask set

N this appendix we summarize the details of the amplifying waveguide optical

isolator fabrication. The processing sequences of both straight waveguide and
ring resonator-based devices are listed. In addition, the different mask layers of
the contact lithography mask set developed in this work are given.
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A.1 Waveguide isolator fabrication

The first generations of amplifying waveguide optical isolators have been fabri-
cated using standard SOA /isolator fabrication. The only additional fabrication
step is the deposition of the ferromagnetic metal layer. The processing sequence
can be summarized as:

—_

wafer preparation (natural oxide removal)
deposition 5iO,, (150 nm) as an etch mask
lithography (ridge waveguide)

etching of S5iO,: plasma etch (O5:CFy)
removal of resist

reactive ion etch (CH4:Hy)

removal of oxide: wet etch (HF)

spinning of polyimide or benzocyclobutene (BCB)

o ® N g ok W DN

lithography: definition of current windows (image reversal)

—_
e

etching of current windows: plasma etch

—_
—_

. cleaning of exposed semiconductor contact interface (sulfuric acid dip)

—_
N

. lithography: definition of 30;:m wide lift-off patterns for Co,Fe;_, metal-
lization (image reversal)

13. sulfuric acid dip (diluted 1:10). This extra step is needed because the sample
is transferred to the sputter machine in IMEC.

14. deposition of 50nm Co,Fe;_, under magnetic bias (L stripes)
15. Joule evaporation of Ti/ Au bilayer (40/150 nm)

16. lift-off in aceton

17. optional step: Au plating

18. thinning of the substrate (down to ~ 150m)

19. deposition back contact AuGe: no anneal (avoiding detrimental damage to
the Ohmic properties of the Co,Fe;_, contacts — see the results of section
3.3), no Ni (to avoid any guiding of the magnetic flux lines through the back
contact)

Later, we have identified an improved fabrication method. By using 2um wide
ferromagnetic metal stripes as the etch mask for the ridge waveguide definition,
accurate covering of the ridge with ferromagnetic metal can be guaranteed. This
modified processing sequence is listed below:
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—_

. wafer preparation (natural oxide removal)

2. lithography: definition of 2;m wide resist patterns for Co,Fe;_, metalliza-
tion (image reversal)

deposition of 50nm Co,Fe;_, under magnetic bias (L stripes)

sputter deposition and Joule evaporation of Ti/ Au bilayer (40/150 nm)
lift-off in aceton

reactive ion etch (CH4:Hs)

spinning of polyimide or benzocyclobutene (BCB)

lithography: definition of current windows (image reversal)

. ® N U kW

etching of current windows: plasma etch
10. cleaning of exposed semiconductor contact interface (sulfuric acid dip)

11. lithography: definition of 30um wide lift-off patterns for second metalliza-
tion needed for electrical contacting (image reversal)

12. Joule evaporation of Ti/ Au bilayer (40/150 nm)
13. lift-off in aceton

14. optional step: Au plating

15. thinning of the substrate (down to ~ 150m)

16. deposition back contact AuGe

A.2 Fabrication of ring isolators

Next, the different processing steps of ring resonator-based isolator devices are
summarized. Reference is made to the corresponding layers of the contact litho-
graphy mask.

1. wafer preparation (natural oxide removal)

2. lithography (mask layer 1): definition lift-off patterns for CoFe metallization
(image reversal)

deposition of 50nm CoFe under magnetic bias (L stripes)
sputter deposition and Joule evaporation of protective Ti/ Au bilayer (40/150nm)

lift-off in aceton

SR

lithography (mask layer 2): definition lift-off patterns for Ti/Au metalliza-
tion (image reversal)
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7.

8

9.
10.
11.
12.
13.
14.

15.
16.
17.
18.

19.
20.

21.
22.
23.
24.
25.

sputter deposition and Joule evaporation of Ti/ Au bilayer (5/20nm)

. lift-off in aceton

reactive ion etch (CH4:Hbs)

spinning of benzocyclobutene (BCB)

lithography (mask layer 3): definition of current windows (image reversal)
etching of current windows: plasma etch

cleaning of exposed semiconductor contact interface (sulfuric acid dip)

lithography (mask layer 4): definition of lift-off patterns for second metal-
lization needed for electrical contacting (image reversal)

Joule evaporation of Au layer (200nm)
lift-off in aceton
spinning of benzocyclobutene (BCB)

lithography (mask layer 5): definition of SOA contact windows (image re-
versal)

etching of contact windows: plasma etch

lithography (mask layer 6): definition of lift-off patterns for electromagnet
(image reversal)

Joule evaporation of Au layer (400nm)
lift-off in aceton

Au plating (mask layer 7)

thinning of the substrate (down to ~ 150m)

deposition back contact AuGe

Figures A.1 to A.7 depict the different mask layers of the contact lithography

mas
ture

k developed in this work. Apart from the ring resonator-based isolator struc-
s extensively discussed in chapter 6, the mask contains straight non-reciprocal

waveguides and the integrated laser-isolator components mentioned in the con-

clus

ion of chapter 5.
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Figure A.1: Mask layer 1: definition of Co,Fe1_» covered waveguides.
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Figure A.2: Mask layer 2: definition of Ti/Au covered waveguides.
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Figure A.3: Mask layer 3: definition of current isolation windows.
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Figure A.4: Mask layer 4: definition of second metallization pattern.
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Figure A.5: Mask layer 5: definition of contact windows.



A-10 Isolator fabrication and contact lithography mask set

Figure A.6: Mask layer 6: definition of integrated electromagnet pattern.
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Figure A.7: Mask layer 7: definition of electro-plating pattern.






Non-reciprocal lasing: calculation
details

N section 4.2.1.2 a characterization method on the basis of non-reciprocal lasing
has been introduced. In this appendix the calculation of the corresponding for-
mulas is given.
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B.1 Calculation of equation 4.1

Consider the non-reciprocal Fabry-Pérot cavity sketched in figure B.1. At lasing,
the roundtrip amplitude gain of the non-reciprocal cavity equals one, hence the
threshold condition reads:

L L
vV RyRy exp (G;> exp (GS) =1, (B.1)

with Ry and R, the reflection coefficients of the forward and the backward facet
and L the cavity length. G is the modal gain in the forward propagation direction
and Gy, the analogy for the backward direction:

A
Gf = FG*O&OJFTOZ
A
G, = FG—aO—Ta (B.2)

with G the material gain of the amplifying waveguide, I' the modal confinement
in the gain region, aq the reciprocal cavity loss and Aa the non-reciprocal loss
shift. The threshold condition can therefore be rewritten as:

VRsRy exp ([I'G — ow]L) =1, (B.3)
hence, clearly doesn’t contain any non-reciprocal contribution. This originates
from the fact that the resonating light travels the same distance in forward and
backward direction. Nevertheless, the emitted optical power is not independent
of the propagation direction. The emitted power at the forward facet P; is related
to that at the backward facet P, as:

Py = (1-Ry) P
= (1-Ry) €lP(GfL)
= (1-Ry) Ry Bxp(GfL) P,
(1—Ry)
= Ry exp(G¢L) P B.4
(1 Ry) b exp(GyL) P. (B.4)
[ 2 L . ]
Pf P,f Gf P”b
Gb |:),b Pb
Rf I:ab

Figure B.1: Schematic layout of the non-reciprocal Fabry-Pérot cavity.
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By combining this result with the threshold condition (B.3), the ratio of the for-
ward emitted power to the backward emitted power becomes:

Pf _ (1 — Rf) 1 (Aa )
P, (1-Ry) B R Ry “P\ 72 L
_ (1-Ry) |Ry (Aa )
A=) —f exp | =~ L. (B.5)

If we assume that both facet reflection coefficients are equal,! this expression re-
duces to:

P
-

This formula gives us a very simple method to extract the value of the non-reci-
procal loss shift Aa —and hence the isolation ratio IR — with only the cavity length
and the output power ratio p as input parameters:

AalL
2

p ). (B.6)

Aa[l/mm] = L[nim]ln(p)
IR[dB/mm] = lnt(l)()) L[im]ln(p). (B.7)

B.2 Calculation of formula 4.2

From the experimental value of the threshold current an estimate of the trans-
parency current of the device can straightforwardly be obtained. The threshold
condition reads:

FGthresh = a0 + Qmirror (88)

with Gypresh, the material gain needed to achieve threshold, I' the confinement of
the optical mode in the quantum wells, @, irror the mirror loss and « the modal
loss in the absence of a magnetic field, related to the forward internal loss a,, as:

with A« the total non-reciprocal absorption shift. The experimental gain-current
density relation of the amplifying core relates to any loss term « as:

a=-IG= —rGOzn(Jio) (B.10)

Due to the difference in modal profile of forward and backward propagating light the reflection
coefficients are actually not identical. As this is however a second order effect, our assumption is a
valid approximation.
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With this the threshold condition can be rewritten as:

; ns A
rem(%) - Faozn(W) - 70‘ + Comirror (B.11)
0 0

with Jipresh and Jiransp, fo respectively the threshold current density and the for-
ward transparency current density. Both A« and Jinresn — via Iihresn — can be
determined experimentally. The mirror loss is known to be related to the cavity
length L and the facet reflectivity R, of which we can assume that it is identical for
both device facets:

Cmirror = %ln(%) (B.12)

Equations B.11 and B.12 directly lead to an expression for the forward transpa-
rency current Iy qnsp, fu:

Tiewnn g = dbherp[in(SG252) + 0~ ()] @1

with d the width of the waveguide ridge.?

2Actually d is the effective width of the ridge waveguide, taking into account the lateral current
spreading.



Isolator measurement setups

N this appendix we elaborate on the details of the different characterization
setups that have been used to characterize the amplifying waveguide optical
isolators.
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C.1 Isolator measurement setups

The TM-mode amplifying waveguide optical isolator basically is a semiconduc-
tor optical amplifier (SOA) of which the properties depend on the propagation
direction of the light, if a non-zero lateral magnetization is present in the ferro-
magnetic metal contact. With lateral direction we mean perpendicular to the light
propagation and parallel to the layer surfaces. Ideally this device would work
in magnetically remanent regime, but for the characterization we apply an exter-
nal magnetic field. For the experiments performed in the frame of this work, we
employed basically two different measurement setups. For both the heart of the
setup is the photonic chip mounted on a sample holder. These devices are cleaved
and possibly provided with anti-reflection coatings on the waveguide facets. The
electrical pumping of the SOA is done via probe needles placed on the front and
back contact of the active device. The temperature of the chip is controlled and
stabilized with a thermoelectric cooler (TEC).

The first, and most frequently used setup, is equipped with an external electro-
magnet of which the magnetic field can be varied continuously between -8250e
and +8250e by means of a voltage source,! where changing the sign obviously
means reversing the magnetic field direction. This enables to measure magnetic
hysteresis curves like those depicted in figures 4.4 and 4.5. Light emitted at one
facet of the current drive device is captured with an objective lens and coupled
into an optical power meter after it has propagated through a free-space polariza-
tion filter. This setup is illustrated in figure C.1(a). Apart from the hysteresis mea-
surements, the non-reciprocal lasing experiments can also be done. Remember
that in principle the light intensities emitted at both facets need to be compared.
However, this requires that the coupling efficiencies between chip and detector
are identical at both sides, which is extremely difficult to realize. The fact that
the magnetooptic effect is symmetric with respect to the zero-magnetization state
provides a solution. An equivalent experiment is to compare the light intensities
emitted at one facet for a magnetization in both lateral directions (M = +M and M
=-M). As it is the ratio of both intensities that contains the useful information, the
requirement for the identical coupling is eliminated.

An analogous setup can be used to perform transmission measurements. At the
input side, we need a TM-polarized laser signal. An external cavity tunable laser
is normally used, to choose the signal wavelength at the peak of the SOA gain
spectrum. Moreover, using a tunable laser enables to study the spectral depen-
dence of the isolator device. Coupling of the signal to the chip is done with a
lensed fiber. The input polarization is fixed at TM with the aid of fiber optic pola-
rization controller which utilizes stress-induced birefringence to alter and control
the polarization state [1]. The laser signal emitted by the input lensed fiber is cou-
pled to the output objective lens, propagates through the free-space polarization
filter and is detected with the optical power meter. The pass-polarization of the
free-space polarization filter is fixed at TE and the polarization controller is ad-
justed so as to obtain a minimal intensity on the power meter. The input fiber is

INotice that we work in CGS units instead of SI units, as is usual in the field of magnetism. Re-
member that the relation between the magnitude of a magnetic field in A/m (SI) and in Oersted Oe
(CGS) is: 1A/m = 4710~ 30e
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not polarization-maintaining, hence the polarization state can change if the fiber is
manipulated. Therefore, as illustrated in figure C.2, during this calibration, the in-
put fiber is lifted just above the surface of the photonic chip. This entire procedure
ensures that the light coupled to the photonic chip is TM-polarized. At the detec-
tion side, once the input polarization is calibrated, the objective lens is replaced
by a lensed fiber connected to a spectrum analyzer. After all, the output light is
a mixture of amplified spontaneous emission (ASE) and the transmitted signal.
As we primarily want to examine the influence of the magnetooptic effect on the
transmitted signal, an optical spectrum analyzer is required to split both contri-
butions. At both facets the coupling between fiber and chip is optimized using
active alignment. The SOA-based device is injected with current and the lensed
fiber position adjusted such that the detected optical intensity is maximized. A
mechanical optical switch is used in the ‘input’ light path to switch between the
alignment measurement and the actual transmission experiment. On this trans-
mission measurement setup, illustrated in figure C.1(b), all static characteristics
of the non-reciprocal waveguide devices can be examined. For dynamic characte-
rization, it needs to be extended with a modulator, an oscilloscope, bit-error-rate
tester,...

This setup actually has no significant disadvantages, as opposed to the one dis-
cussed later. The main difficulty has been to avoid magneto-mechanical phenom-
ena; due to the intrinsic switching of the magnetic field, mechanical parts of the
setup might shift, with as a result the variation of the fiber-to-chip coupling with
magnetic field direction and magnitude. By using materials with a low magnetic
permeability such as aluminium, copper and plastics, magneto-mechanical influ-
ences have been eliminated.

For some of our experiments, another setup has been used.? This setup effec-
tively measures the difference between light propagating in opposite directions
for a fixed magnetic field. The lateral magnetic field is generated by a 10000e
permanent magnet. The setup is sketched in figure C.3. Light from a tunable
laser is coupled to one of the chip facets, propagates through the magnetized de-
vice, is picked up at the opposite facet and detected on a spectrum analyser or a
power meter. This is repeated for the opposite propagation direction on the chip.
Mechanical optical switches and optical circulators control the light path.> Again
lensed fibers are used for the fiber-to-chip coupling. The input polarization is con-
trolled with fiber-optic polarization controllers, and one in each input light path
is required. To fix the polarization at TM, we rely on the wavelength difference
of the gain peak of TE and TM polarization in strained quantum well gain ma-
terial, which is the direct result of the valence band splitting (see chapter 3). To
illustrate this, the photoluminescence spectra of the InAlGaAs-InP tensile strained
multiple quantum well material is shown in figure C.4, for different values of the
tensile strain. The lower wavelength peak corresponds to heavy hole-electron (hh-
c) recombination, which contributes mainly to TE-polarization, while the higher
wavelength peak is that of the light hole-electron (lh-c) recombination process,

2Measurements have been performed at the Research Center for Advanced Science and Technology
at the University of Tokyo, Japan, in the frame of a collaboration with the research group of Nakano.
This is the same group that invented the concept of an amplifying waveguide optical isolator [2].

3 An optical circulator is a device with three or more ports which has the functionality that a signal
fed into any port is transferred to the next port only.
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Figure C.1: Schematic illustration of the experimental setup on which the majority of the measure-
ments have been done.
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Figure C.2: Schematic illustration of the polarization calibration procedure.
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spectrum analyser

circulator

Figure C.3: Schematic illustration of the experimental setup used during the collaboration with
Nakano.

which mainly determines the TM-gain. Optimization of the fiber-to-chip coup-
ling is again done with active alignment.

The disadvantages related to this setup are all related to the different paths fol-
lowed by the light in forward and backward direction. The detected signals can
only be compared if the coupling loss (at two facets), the circulator loss, and other
losses along the fibers are identical, which is very difficult to achieve. In a purely
reciprocal device, the coupling loss at both facets can be (approximately) equal-
ized by adjusting the fibers so that the detected (ASE) power is the same, if neces-
sary corrected for the difference in circulator and other losses. This is however, not
at all the case for a magnetized non-reciprocal component, as the ASE emitted at
both facets is essentially different. In addition, specifically for our non-reciprocal
devices, the current injection in the longitudinal direction is inhomogenous (see
section 4.3.4.2), when pumped with a single needle on the top contact. This causes
another difference of the optical intensity between both facets. Another issue is to
ensure that the input signal polarization is identical for transmission in forward
and backward direction. All these deviations can in principle be measured sepa-
rately and be corrected for in the alignment stage of the transmission experiment.
However, it makes the measurements laborious and seriously increases the risk
of errors. Despite the difficulties, we have been able to reproduce the results ob-
tained on the first setup. Furthermore, the experiments related to the dynamic
performance, elaborated later in this chapter, have been done on the last setup

4Installing the permanent magnet after the alignment procedure is not an option as this has too
much influence on the position of the different mechanical parts.
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Figure C.4: Room-temperature photoluminescence spectra of the InAlGaAs-InP tensile strained
multiple quantum wells for various strain values. The two peaks in the spectra, cor-

responding to the hh-c and Ih-c recombinations, illustrate the splitting of the gain peak
between TE- and TM-polarization.
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