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Nederlandstalige samenvatting

Het mid-infrarood golflengtebereik is zeer interessant voor spectroscopische

toepassingen. Dit is te danken aan (a) een grotere absorptiedoorsnede van

moleculen in vergelijking tot het nabij-infrarood golflengtebereik en (b) het

specifieke vingerafdrukspectrum van individuele moleculen. Spectroscopische

systemen bestaan uit een lichtbron, een interactiepad en een detector. Met de

uitvinding van de quantum cascade lasers (QCLs) en interband cascade lasers

(ICLs) werd het mogelijk om een mid-infrarood lichtbron te maken op basis van

halfgeleiderchips. De implementatie van deze chips om een breed afstembare

lichtbron te maken in het mid-infrarood vergt nog steeds het gebruik van een

bewegende tralie of ’grating’ waardoor de complete verpakking van dit toestel

vrij groot uitvalt.

Fotonische integratie van licht-emitterende III-V epitaxiale materialen met pas-

sieve PICs heeft het mogelijk gemaakt om draagbare lasermodules te maken in

het nabij-infrarood golflengtebereik. Omwille van massaproductiecapacitei-

ten en de mogelijkheid om een groot aantal golfgeleidercircuits op een kleine

oppervlakte te integreren is silicium-op-isolator (SOI) het materiaalplatform

bij uitstek geworden voor het nabij-infrarood golflengtebereik. Men zou dus

een gelijkaardig CMOS-compatibel golfgeleiderplatform willen vinden voor het

mid-infrarood golflengtebereik met hetzelfde voordeel van lage productiekost.

Dit golfgeleiderplatform kan enerzijds passieve golflengteselectieve compo-

nenten bevatten die terugkoppelen naar de mid-infrarode actieve laser chips.

Anderzijds kan dit platform golflengtefilters bevatten die dienst doen als spec-

trometers in toekomstige lab-on-a-chip spectroscopische systemen.

Platform voor Passieve Golfgeleiders

De standaard SOI-golfgeleidercircuits die gebruikt worden voor het nabij-

infrarood golflengtebereik bestaan uit een toplaag van silicium met een dikte

tussen 220 nm en 400 nm en een hieronder begraven 2 µm dikke oxidelaag

(BOX). De eerste uitdaging om SOI-golfgeleiders te gebruiken in het mid-

infrarood golflengtebereik bestaat erin dat de BOX laag sterk begint te absorbe-



xxvi NEDERLANDSTALIGE SAMENVATTING

ren voor golflengtes vanaf 4µm. Men moet dus andere beschikbare materialen

onderzoeken die transparant zijn in het mid-infrarood golflengtebereik. Dit

platform moet naast transparantie nog aan twee andere voorwaarden voldoen.

Ten eerste moet de fabricageprocedure voldoende eenvoudig zijn en geen kri-

tische stappen bevatten die tot falen kunnen leiden. Ten tweede moet het

mogelijk zijn om de golfgeleiders te fabriceren in een CMOS compatibele pro-

ductielijn om de totale productiekosten minimaal te houden, wat te danken is

aan de massaproductiecapabiliteit.

In de laatste jaren werden verschillende componenten op een reeks van golfge-

leiderplatformen gedemonstreerd. Op SOI werden componenten zoals AWGs,

PCGs, MZIs, ring resonatoren, roosterkoppelaars, thermo-optische fasever-

schuivers en dergelijke gedemonstreerd tot op een golflengte van 4 µm. Om

deze componenten te gebruiken voor golflengtes langer dan 4 µm kan men

proberen om de BOX laag van SOI golfgeleiders te verwijderen. Deze aanpak

heeft echter een serieuze tekortkoming omdat de vrij-hangende golfgeleiders

mechanisch minder robust zijn.. Verder is het niet mogelijk om brede, plaatvor-

mige componenten te maken. Er is onderzoek geweest naar andere, waardige

alternatieven voor dit platform. Silicium-op-saffier is een mogelijkheid, maar

die is jammer genoeg enkel transparant tot 5µm. Silicium nitride of golfgeleider

platformen op basis van chalcogeniden zijn ofwel niet compatibel met CMOS

processen of hebben uiterst complexe fabricageprocedures met kritische stap-

pen die vaak tot falen leiden tijdens de productie. Germanium-op-silicium

daarentegen, voldoet aan al de voorwaarden om een geschikt golfgeleiderplat-

form te zijn voor het mid-infrarood golflengtebereik omdat het een veel groter

transparantiebereik heeft, een rechttoe rechtaan fabricageschema heeft en vol-

ledig CMOS compatibel is. Daarom hebben we gekozen om met germanium-

op-silicium te werken voor ons golfgeleiderplatform.

Fabricageschema

Het fabricageschema voor germanium-op-silicium golfgeleiders is schematisch

voorgesteld in Fig. 1.

De eerste stap is de epitaxiale groei van een dunne germanium film op een (100)

silicium substraat (in imec). De golfgeleiderpatronen zijn overgebracht met

i-line contact lithografie in metaal (Ti-Cr) door middel van een lift-off proces

op de germanium laag. Deze metalen golfgeleiderpatronen worden vervolgens

droog geëtst in een RIE systeem met CF4:O2 plasma en het gedefinieerd patroon

wordt daarbij overgezet in germanium. Het metaal wordt achteraf verwijderd in

een waterstoffluoride oplossing (HF). Met deze plasmatechniek verkrijgt men

golfgeleiders met ruwe zijwanden die niet perfect vertikaal zijn zoals men kan
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Figuur 1: Fabricageschema voor Ge-op-Si geïntegreerde fotonische circuits. (a)

Epitaxiale groei van germanium film op een Si (100) 200 mm substraat,

(b) definitie van metalen masker met i-line contact lithografie en lift-off

en (c) droog etsen van germanium film en het verwijderen van het meta-

len masker.

zien in Fig. 2, maar we hebben ondervonden dat dit de eindkwaliteit van de

componenten niet sterk ondermijnt.

Gerealiseerde optische functies

Om te beginnen hebben we aangetoond dat de golfgeleiderverliezen in de buurt

van 3-4 dB/cm lagen voor volledig (2 µm dik) en partieel (1.5 µm dik) geëtste

golfgeleiders voor TE en TM polarisaties. We hebben golflengte-(de)multiplexers

gebaseerd op MZIs, AWGs en PCGs ontworpen en experimenteel gerealiseerd.

De MZIs waren gemaakt met splitsers en samenvoegers op basis van MMIs met

een gemeten insertieverlies van -0.5 dB en een extinctie-verhouding van -20

dB. Een 5×200 GHz AWG is gerealiseerd met een insertieverlies van -2.5 (-3.1)

dB voor TE (TM) polarisatie en de overspraak 20 dB (16 dB). Een PCG met zes

kanalen en een kanaalspatiëring van 25 nm is gerealiseerd met verschillende

roosters (vlak facet, totale interne reflectie facet, DBR facet) en voor het DBR

facet was het insertieverlies -4.9 dB (-4.2 dB) voor TE (TM) polarisatie en de

overspraak 22 dB (23 dB). Een microscoopafbeelding van de gefabriceerde AWG

en PCG is getoond in Fig. 3.

We hebben ook een thermo-optische faseverschuiver gerealiseerd die het mo-

gelijk maakt om het spectrum van de golflengtefilters af te stellen. Een gewone

faseverschuiver gemaakt met het Ge-op-Si platform bleek zeer inefficiënt te zijn

met een verbruik van 700 mW voor een 2π fase verschuiving. Om de efficiëntie

te verhogen hebben wij de structuur ondergeëtst met de FIB en dit resulteerde

in een veel lager verbruik van 80 mW. Om het verbruik te verminderen op een

elegantere manier introduceren we een thermische isolator in het warmtepad
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Figuur 2: Gekliefd facet van een Ge-op-Si golfgeleider, geëtst in een CF4:O2

plasma in 40:10 verhouding met een vermogen van 600 W en een druk

van 10 mtorr. Het metalen masker was verwijderd met HF.

Figuur 3: Microscoop afbeedling van (a) gefabriceerde 5×200 GHz AWG en (b)

een zes kanalen PCG met kanaalspatiëring van 25 nm
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Figuur 4: Verbruikt vermogen in functie van de lengte van het warmte-element

voor een Ge-op-SOI thermo-optische faseverschuiver (a) met onderlig-

gend oxide en (b) nadat dit ondergeëtst werd.

van de component. Om dit te bereiken hebben we huisgemaakte germanium-

lagen epitaxiaal gegroeid op SOI wafers. De golfgeleiderverliezen zijn hierdoor

wat hoger (7 dB/cm), wat betekent dat een verdere optimalisatie van het groei-

proces nodig is maar het benodigd vermogen voor een 2 π fase verschuiving is

nu 105 mW en dit werd verder verlaagd tot 16 mW door de onderliggend oxide-

laag (BOX) te verwijderen. Het verloop van het benodigd vermogen in functie

van de lengte voor een Ge-op-SOI thermo-optische faseverschuiver is getoond

in Fig. 4 (a) en (b) respectievelijk met en zonder het verwijderen van het onder-

liggend silicium oxide.

Conclusies

Uit de bovenstaande discussie kan men afleiden dat germanium-op-silicium

een beloftevol kandidaat blijkt te zijn om de dezelfde rol te vervullen in het

mid-infrarood golflengtebereik zoals SOI in het nabij-infrarood golflengtebe-

reik. De fabricageprocedure is rechttoe rechtaan en kan geïmplementeerd wor-

den in een CMOS productielijn. Het gebruik van standaard processen in een

CMOS lijn kan zeker de performantie van passieve golfgeleider filters verbete-

ren en potentieel ook de golfgeleiderverliezen alsnog verbeteren. Dit zou ons

ook toelaten om componenten te realiseren die uiterst smalle afmetingen no-

dig hebben zoals ring resonatoren die niet optimaal ontworpen konden worden

in deze thesis omwille van de beperkingen van de beschikbare lithografie. Op

basis van deze componenten zou men dan draagbare lasermodules of complete

spectroscopische systemen kunnen realiseren die werken in het mid-infrarood

golflengtebereik en die geïntegreerd zijn op germanium-op-silicium golfgelei-

dercircuits.





English summary

The mid-infrared wavelength range is of interest for spectroscopic sensing ap-

plications. This interest is related to (a) a large absorption cross section of

molecules compared to the near-infrared wavelength range and (b) the spe-

cific fingerprint absorption spectrum of individual molecules. Spectroscopic

systems contain a light source, an interaction path and a detector. Light gen-

eration in the mid-infrared wavelength range using semiconductor chips was

made possible by the invention of quantum cascade laser (QCLs) and interband

cascade lasers (ICLs). The implementation of these chips to realize widely tun-

able sources however still uses a mechanism involving a moving grating, which

makes the complete package bulky.

Photonic integration has enabled the realization of hand-held laser modules in

the near-infrared wavelength range as the light emitting III-V epitaxial materials

can be integrated with passive PICs which provide the required feedback. Be-

cause of their mass-manufacturability and the ability to pack a large amount of

waveguide circuits in small space, silicon-on-insulator (SOI) has now become

a material platform of choice in the near-infrared wavelength range. One can

therefore envisage the use of a CMOS compatible waveguide platform for the

mid-infrared wavelength range which would have a similarly lower production

cost. This waveguide platform could either contain the passive wavelength se-

lective devices which provide feedback to the mid-infrared gain chips or they

could contain wavelength filters to act as spectrometers which pave the way for

a hand-held lab-on-a-chip spectroscopic system.

Passive Waveguide Platform

The standard SOI waveguide circuits used for the near-infrared wavelength

range consist of a top silicon layer of thickness ranging from 220 nm to 400

nm and a 2 µm thick buried oxide (BOX). The first challenge in using the SOI

waveguide platform for the mid-infrared wavelength range is that the BOX layer

starts to absorb heavily after 4 µm wavelength. One then needs to investigate

available materials which are transparent in the mid-infrared wavelength range.
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Apart from transparency, there are two key requirements which the waveguide

platform needs to meet. Firstly, the fabrication scheme of the waveguide cir-

cuits should be straight-forward and shouldn’t contain critical failure steps.

Secondly, it should be possible to fabricate the waveguide circuits in a CMOS

pilot line in order to keep the overall cost of production to be minimal because

of the mass-manufacturing capability.

In recent years, there have been demonstrations of various devices on a range

of waveguide platforms. On SOI, devices such as AWGs, PCGs, MZIs, ring res-

onators, grating couplers, thermo-optic phase shifters etc. have been demon-

strated till a wavelength of 4 µm. To extend the operation beyond 4 µm, one

can think about removing the BOX from the SOI waveguides. This approach

however has a serious drawback as the free standing waveguides are prone to

collapsing and moreover its not possible to realize wide slab based devices.

There has been work done on various other waveguide platforms like silicon-

on-sapphire, which is transparent only up to 5 µm and silicon nitride or chalco-

genide based waveguide platforms which either have fabrication schemes

containing critical failure steps or are not CMOS compatible. Germanium-

on-silicon fits all the requirements for a suitable waveguide platform for the

mid-infrared wavelength range since it has a very wide transparency window, a

straight forward fabrication scheme and is completely CMOS compatible. We

therefore chose germanium-on-silicon as our waveguide platform of choice.

Fabrication Scheme

The fabrication scheme of germanium-on-silicon waveguide circuits is detailed

in Fig. 5.

The first step is the epitaxial growth of a germanium film on a (100) silicon

substrate (in imec). The waveguide circuits are transferred using i-line contact

lithography and metal (Ti-Cr) liftoff on the germanium film which is subse-

quently dry etched in a RIE system using CF4:O2 plasma. Although this par-

ticular fabrication scheme results in rough waveguide side walls which are not

perfectly vertical as shown in Fig. 6, we observed that it doesn’t severely degrad-

edevice performance.

Realized devices

To begin with, we demonstrated that the waveguide losses are in the range of

3-4 dB/cm for fully (2 µm layer thickness) and partially (1.5 µm etch depth)

etched waveguides for TE and TM polarization. We designed and experimen-

tally demonstrated wavelength (de)multiplexers based on MZIs, AWGs and
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Figure 5: Fabrication flow for Ge-on-Si integrated photonic circuits. (a) Epitax-

ial growth of germanium film on a Si (100) 200 mm substrate, (b) metal

mask definition using i-line contact lithography and lift-off and (c) dry

etching of germanium film and removal of metal mask.

Figure 6: Cleaved facet of a Ge-on-Si waveguide etched in a CF4:O2 plasma in

40:10 ratio at a power of 600 W and pressure 10 mtorr. The metal mask

has been removed using HF.
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Figure 7: Microscopic image of (a) fabricated 5×200 GHz AWG and (b) six

channel PCG with 25 nm channel spacing.

PCGs. The MZIs were realized using MMIs as splitters and combiners and

showed an insertion loss of -0.5 dB and extinction ratio of -20 dB. A 5×200 GHz

AWG was realized with an insertion loss of -2.5 (-3.1) dB for TE (TM) polariza-

tion and cross talk of 20 dB (16 dB). A six channel PCG with 25 nm channel

spacing was realized using various gratings (flat facet, total internal reflection

facet, DBR facet) and it was found that for a DBR facet, the insertion loss is

-4.9 dB (-4.2 dB) for TE (TM) polarization and the cross talk is 22 dB (23 dB). A

microscopic image of the fabricated AWG and PCG is shown in Fig. 7.

We also realized thermo-optic phase shifters which would make spectrum tun-

ing of the wavelength filters possible. It was found that a regular phase shifter re-

alized on germanium-on-silicon waveguides is very inefficient resulting in 700

mW power consumption for a 2π phase shift. To increase the efficiency, we per-

formed an undercut using FIB which lowered the power consumption to 80 mW.

There is another elegant way of lowering the power consumption by deliberately

introducing a thermal insulator in the heat path. To achieve this, we performed

epitaxial growth of germanium films on a SOI wafer. Although the waveguide

losses of such waveguides were found to be higher (7 dB/cm), which means fur-

ther optimization is needed on growth, the tuning power was found to be 105

mW for a 2 π phase shift which was lowered to 16 mW for a phase shifter where

the underlying oxide was removed. The behavior of tuning power as a function

of length for a Ge-on-SOI thermo-optic phase shifter is shown in Fig. 8 (a) and

(b) respectively with and without removal of the underlying silicon oxide.
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Figure 8: Tuning power as a function of heater length for a Ge-on-SOI thermo-

optic phase shifter (a) without undercut and (b) with undercut.

Conclusion

One can deduct from the above discussion that germanium-on-silicon shows

promise to play the same role in the mid-infrared wavelength range as SOI

has played for the near-infrared wavelength range. The fabrication process is

straight forward and can be transferred to a CMOS pilot line. Use of standard

tools in a CMOS pilot line could potentially also improve waveguide loss and

definitely improve the performance of passive waveguide filters. It would also

allow the realization of devices which require a narrow feature size e.g. ring

resonators, which couldn’t be designed optimally in the course of this thesis

because of lithographic limitations. Based on these devices one can then also

envisage the realization of hand-held laser modules or complete spectroscopic

systems operating in the mid-infrared wavelength range, which are integrated

in germanium-on-silicon waveguide circuits.





1
Introduction

“The secret of getting ahead is getting started. ”

– Mark Twain
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1.1 Mid-infrared Spectroscopy

Spectroscopy is the study of the interaction of electromagnetic waves with mat-
ter. There are different kinds of spectroscopic techniques associated with var-
ious parts of the electromagnetic spectrum as depicted in Fig. 1.1. One of the
most interesting parts of the electromagnetic spectrum is the infrared region,
and the associated vibrational spectroscopy. The vibration of atoms about their
mean positions in a molecule can give rise to a change in the dipole moment,
which is similar to the fluctuations in the electric field of incoming electromag-
netic radiation. Thus an interaction can occur and energy can be absorbed or
emitted by the molecule. This gives rise to a specific absorption/emission spec-
trum for each molecule. The vibration spectrum of each molecule is unique and
hence serves as a fingerprint to identify it [1].

The infrared region is further divided in near (1-3 µm), mid (3-12 µm) and
far (12-100 µm) infrared regions. The mid-infrared region is of particular in-
terest because many atmospheric gases and liquids have fingerprint spectra in
this wavelength range. This is shown in Fig. 1.2 which shows the absorption
cross section in logarithmic units of various gases in the atmosphere as a func-
tion of wavelength. Also, it can be observed that the strength of the absorption
lines increases exponentially as one migrates from the near-infrared to the mid-
infrared wavelength range.

To demonstrate the fingerprinting nature of the absorption spectrum, the
absorption strength of two isotopes of CO2, namely C12O2 and C13O2, is shown
in Fig. 1.3. It can be seen that although the shape of the spectrum of both
molecules is quite identical, the spectrum is substantially shifted in wavelength.

Apart from atmospheric gases, many liquids which one would like to detect
have a characteristic absorption spectrum in the mid-infrared. This is shown
in the FTIR spectrum of cocaine and glucose in Fig. 1.4(a) and (b) respectively.
We list some strong transitions in the mid-infrared wavelength range featuring
some interesting functional groups in table 1.1.

It can be seen from table 1.1 that each functional group has characteristic
absorption bands associated with it. These absorption bands differ in width
(e.g. the =C-H stretch of the alkene group has a narrow feature while the C-O
stretch of the alcohol group has a very wide feature). The same chemical bonds
also can show a different fingerprint depending on which group they are asso-
ciated with (e.g. the C-H stretch has a very sharp feature at 3.03 µm for alkynes
while it has a broader feature between 3.33 and 3.51 µm for alkanes and 3.32
and 3.51 µm for aromatics).
It’s clear from this discussion that mid-infrared spectroscopy allows not only the
detection of specific molecules but also allows to clearly distinguish between
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Figure 1.2: Absorption cross section (in cm2) of atmospheric gases (in logarith-

mic scale) as a function of wavelength (from [2]).

Figure 1.3: Absorption spectrum of the two isotopes of CO2 (from [3]).

them using analytic sensing.

1.1.1 Mid-infrared light generation

Any spectroscopic system would need a light source to produce the electromag-
netic wave at the desired wavelength. Lasers are coherent emitters of electro-
magnetic radiation and are used widely in various applications such as data-
com, telecom, data storage etc.. A laser consists of a gain medium where popu-
lation inversion is achieved that is sandwiched between mirrors which bounce
light back and forth in an optical cavity. Traditionally, the gain medium con-
sisted of crystals such as ruby, Nd-YAG or gas mediums such as He-Ne, Ar or
CO2. Advances in the semiconductor field however quickly introduced the III-V
semiconductor gain media where light generation is realized by transitions of
electrons from the conduction to the valence band. The principle of operation
of these lasers is quite straight forward. An energy gap is created between the
conduction and valence band and the electrons are excited from the valence
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Figure 1.4: FTIR absorption spectrum of (a) Cocaine and (b) Glucose (from [4]).

band to conduction band. The transition of the electrons back in the valence
band creates a photon as shown schematically in Fig. 1.5. The energy (and
therefore the wavelength) of this created photon is determined by the band-
gap. This method is utilized to generate light in the visible or near-infrared (up
to 3 µm)wavelength region from InP & GaSb-based III-V materials. However
one runs into several complications as the desired emission wavelength is in-
creased. The performance of such diode lasers quickly degrades, mostly related
to strong Auger recombination in narrow bandgap materials, as one increases
the emission wavelength. Thus for many decades light generation in the mid-
infrared wavelengths was done using bulky lasers (liquid nitrogen cooled) or in-
coherent broadband light sources such as globars and a novel idea was needed
which allowed one to efficiently generate mid-infrared light on a semiconductor
chip.

The solution to this can be found in one of the most basic problems of quantum
mechanics - the particle in a box. It is known that the number of energy levels
inside a potential well are defined by it’s width. One could then think about gen-
erating light inside an energy band (conduction band or valence band) itself if
its thickness could be adjusted such that the energy levels would split. If an elec-
tron relaxes from a higher energy level to the lower energy level within the band,
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Functional
Group

Characteristic
Absorption
Band (cm−1)

Characteristic
Absorption
Band (µm)

Alcohol

O-H 3200-3600 2.77-3.125

O-H 3500-3799 2.63-2.85

C-O 1050-1150 8.69-9.52

Alkane

C-H 2850-3000 3.33-3.51

Alkene

=C-H 3010-3100 3.22-3.32

Alkyl Halide

C-F 1000-1400 7.14-10

C-Cl 600-800 12.5-16.6

Alkyne

C-H 3300 3.03

Amine

N-H 1600 6.25

Aromatic

C-H 3000-3100 3.32-3.51

Carbonyl

C=O 1670-1820 5.49-5.98

Ether

C-O 1070-1150 9.34-9.52

Nitro

N-O 1515-1560 &

1345-1385

6.6-6.41 &

7.22-7.43

Table 1.1: Table listing the characteristic absorption bands of various func-

tional groups (from [5]).

it would create a photon. The first idea of achieving light generation by these in-
tersubband transitions was proposed by Kazarinov and Suris in 1971 utilizing a
photon-assisted tunneling transition [7]. This idea resulted in the demonstra-
tion of quantum cascade lasers. In recent years another type of semiconductor
mid-infrared laser also started gaining attention; the interband cascade laser. In
the following section we will briefly introduce these laser types.



INTRODUCTION 7

Figure 1.5: Schematic diagram explaining the working principle of a tradi-

tional semiconductor laser relying on band-to-band transitions [6].

1.1.1.1 Quantum Cascade Lasers

The idea of light generation by intersubband transitions was first verified by
Faist et. al. in 1994 in Bell labs where they demonstrated the generation of co-
herent 4.3 µm radiation at cryogenic temperatures using intersubband transi-
tions and called the device a Quantum Cascade Laser (QCL) [8]. The cascading
principle of the intersubband transitions is shown in Fig. 1.6. A QCL consists
of an quantum well active region and an n-type electron injector region typi-
cally grown using molecular beam epitaxy (MBE). The injector region consists
of several wells and barriers which create minibands separated by minigaps. If
an electrical bias is applied, the electrons are injected from the ground state of a
miniband to the uppermost level of the active region (denoted by level 3). Stim-
ulated emission can therefore be obtained by the intersubband transition from
level 3 to level 2. The electron then decays via phonon scattering to the ground
level (denoted by level 1) of the active region from where it enters the miniband
in the next stage via resonant tunneling. This process is repeated (cascaded) and
another photon is emitted. A QCL typically contains 20 - 100 stages such that a
substantial number of photons are generated per electron. As can be seen, the
level 3 of the active region is not aligned with the miniband of the next stage
and hence has a reasonably large lifetime (τ ∼ 10 ps) and thus can accumulate
electrons. Level 2 doesn’t sustain population since decay to level 1 takes place
via a fast non-radiative transition and subsequent tunneling in the succeeding
miniband (τ ∼ 1 ps).

There has been significant progress in both the design and performance of QCLs
in the last decades [9], [10]. Both the active and the injector regions can be de-
signed as a superlattice containing their own minibands and minigaps or by
using the so-called bound-to-continuum scheme where lasing is achieved via a
transition from a discrete upper state to a superlattice miniband [11]. Another
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Figure 1.6: Schematic diagram explaining the working principle of a quantum

cascade laser relying on intersubband transitions [8].

design replaces the injector regions altogether and works on the principle that
the ground state of the active region gets aligned to the upper state of the next
stage on application of suitable bias [12]. QCLs offer the following benefits as a
light source for the mid-infrared wavelength range.

1. One can choose the peak wavelength of emission by tailoring the design
of the active region.

2. QCLs are transparent on both sides of the central frequency (i.e they ex-
hibit a lorentzian gain spectrum) unlike traditional band-to-band semi-
conductor lasers which absorb all photons with energy larger than the
bandgap. Therefore many different types of active regions can be cas-
caded together allowing either muliwavelength lasing [13] or provide
broad band gain [14].

3. Since QCLs are semiconductor lasers, arrays of integrated single wave-
length lasers can be realized on a single chip [15].

It is also worth mentioning that due to the quantum mechanical selection rules,
QCLs emit light with a polarization perpendicular to the layer structure which
is usually referred as the transverse magnetic (TM) polarization. Another point
worth noting is that the required electrical fields to align the injector and the
active regions are of the order of 50 kV/cm−1 (∼ 0.5 V per stage), which results
in high power consumption. This in turn makes heat dissipation also an issue
in QCLs and effective heat management is a key aspect of QCL design [16].
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1.1.1.2 Interband Cascade Lasers

Another approach to mid-infrared light generation in semiconductor quantum
wells was proposed by R.Q.Yang in 1995 which utilizes the transition between
the electron state in the conduction band and the hole state in the valence band
in a Sb-based type-II quantum well [17]. As the light is generated via a transition
between the bands, this structure is called a Interband Cascade Laser (ICL). An
ICL still retains the advantages of band gap engineering which allows for cas-
cade injection and tailoring of the emission wavelength but since the transi-
tions are interband, one can bypass the loss coming from fast phonon scatter-
ing. Moreover Auger recombination is reduced because of the type II nature of
the transition. As a result of this, mid-infrared light generation is possible us-
ing ICLs at a much lower power budget. Roughly speaking, ICLs can operate at
threshold power densities 30 times lower than that of QCLs [18] and light gen-
eration in the 3-6 µm wavelength range in CW operation at room temperature
has been shown [19] and devices are commercially available.

1.1.2 Mid-ir light sources - state of the art

As discussed above, light generation in the mid-infrared wavelength range is
possible on a chip scale using either QCLs or ICLs. In order to reach a wide tun-
ing range, these lasers are typically assembled in two configurations as men-
tioned below

1. External cavity feedback lasers: This broadly tunable laser source con-
sists of a semiconductor gain chip and a movable grating mounted in the
Littrow configuration for providing feedback as depicted in Fig. 1.7 [20].
For mode hop free tuning, one not only has to rotate the grating but also
has to adjust the cavity length. The rotational and longitudinal move-
ment of the external grating needs to be controlled precisely for fine wave-
length tuning and hence requires sensitive motion controllers. This in
turn makes the entire package bulky and unsuitable for hand-held appli-
cations.

Figure 1.7: A schematic diagram explaining the working principle of an exter-

nal cavity quantum cascade laser.
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Such instruments are available today from companies such as DayLight
Solutions Inc. [21] which provides modules covering a wide wavelength
range from 3.25 µm to 12 µm.

2. DFB array: Another way of achieving single mode operation over a wide
wavelength range is by realizing an array of DFB lasers. These DFB lasers
can be typically tuned in a narrow wavelength range (0.1 - 0.3 µm) by
changing the operating temperature. Depending on the application, one
can either work with a single DFB laser or an array. However if one needs
to collect the output of all the lasers at a single point then a setup requir-
ing a lens and grating needs to be assembled [22] which again makes the
overall package bulky. These DFB arrays are available from various com-
panies such as ThorLabs (single DFB lasers) [23] or EOS photonics (DFB
laser arrays) [24].

1.2 Applications of widely tunable mid-infrared lasers

1.2.1 Trace Gas Sensing

The present spectroscopic systems for mid-infrared trace gas sensing consist of
a broadly tunable laser source and an interaction path as depicted in Fig. 1.8.

Figure 1.8: A schematic diagram of the mid-infrared spectroscopic sensing sys-

tem.

Many detection techniques exist, an interesting approach being photo-
acoustic spectroscopy (PAS). In this case, the interaction path is a multi-pass
gas cell where the absorption of laser light creates a change in pressure which
is then translated in sound. Ideally PAS is a background free detection tech-
nique as the signal only comes from the absorbing gas however there are other
sources of noise such as absorption of the gas cell windows (coherent noise) and
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Molecule Detection Limit (SNR = 1)

NO[ [25]] 15 ppb

CH2O[ [26]] 150 ppb

NO2[ [27]] 0.5 ppb

N2O[ [28]] 80 ppb

NH3[ [29]] 30 ppb

Hexamethyldisilazane[ [30]] 200 ppb

O3[ [31]] 100 ppb

Table 1.2: Table showing the amount of gas required to produce a signal to

noise ratio of 1.

external noise (incoherent noise). To get rid of these unwanted signals, one can
introduce a sharply resonant acoustic transducer (such as a quartz tuning fork)
in the gas cell. As the design of this sensing scheme is quite straight forward, it’s
becoming widely implemented for mid-infrared spectroscopy.
There are many other techniques mostly used for trace gas detection which
involve a high finesse optical cavity. These techniques require a very precise
alignment of the mid-infrared tunable lasers with the optical cavity in order to
minimize the losses.
Using these techniques, it has been shown that detection of various trace gases
at very low concentrations is possible as detailed in the table 1.2.

1.2.2 Liquid sensing

Detecting liquids in the mid-infrared wavelength range is relatively easier than
detecting (trace) gases as one is typically looking for stronger and broader ab-
sorption features. However, one has to take into account the strong absorption
of water in the mid-infrared. Therefore, the path lengths cannot be too long
(∼several tens of microns in water rich solutions). Here QCLs have an advantage
over blackbody sources, due to their much higher power spectral density, allow-
ing higher SNR in the measurements. Wide tunablity of the source is however
a prerequisite. Such systems are being commercialized e.g. by QuantaRed [32]
which utilize QCLs and a flow cell to detect oil in water. Another application to
detect biological liquids such as glucose in human epidermis requires a similar
scheme as for trace gas detection involving an externally tunable QCL and a PA
cell. Glucose levels of 100 mg/dl have been sensed using this techniques [33].
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Figure 1.9: Graph showing atmospheric transparency in the near and mid-

infrared wavelength range.

1.2.3 Remote Sensing

Remote sensing in the mid-infrared wavelength range is another attractive ap-
plication. The earth’s atmosphere is transparent in certain windows (3-5 µm
and 8-12µm) as shown in Fig. 1.9. In these wavelength windows trace molecules
such as explosives (e.g. TNT) can be detected remotely [34].

1.2.4 QCL Microscopy

Another application based on EC-QCLs is microscopy in the mid-infrared wave-
length range. In many applications such as tissue analysis, infrared microscopy
can provide much more information than a simple visual microscopic inspec-
tion [35]. Traditionally this type of microscopy has been carried out using FTIR
systems which consist of a broadband source, moving mirrors and cryogenic
detectors. As a result, the entire system becomes bulky. Also given the low power
spectral density of these sources the throughput is very low. The advent of QCLs
paves a way to reduce the size of the system. As QCLs have higher power spec-
tral densitiy, one can use microbolometers focal plane arrays operating at room
temperatures for infrared microscopy [36]. As of today, there is a tabletop prod-
uct called Spero from Daylight Solutions Inc which makes infrared microscopy
possible with high spectral and spatial resolution at a higher throughput.
It’s clear from this discussion that many attractive applications can be realized
by using EC-QCLs. However the most expensive part in all these systems is still
the EC-QCL itself. The remaining parts (e.g. the PA cell) are usually very cheap
and thus at this point one needs a way to miniaturize the EC-QCL itself to make
it low cost. If the system would moreover have no moving parts it would even
allow for hand-held applications.
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1.3 Photonic integration for the mid-infrared

Photonic integration has enabled the realization of complex optical functionali-
ties on mm scale semiconductor chips. The major focus of photonic integration
has been in the telecom wavelength range centered around wavelength of 1300
nm and 1550 nm. Various platforms exist to implement such PICs on: silica-on-
silicon [37], III-V semiconductors [38], Lithium Niobate based [39] and polymer
based [40].
The Silicon-on-Insulator (SOI) waveguide platform has emerged as an attrac-
tive candidate for realization of PICs operating at telecom wavelengths because
it can be mass manufactured in the CMOS pilot lines used for manufacturing
electronic ICs with minimal technological changes [41]. Moreover since the in-
dex contrast between waveguide core (Si, n = 3.42) and cladding (SiO2, n = 1.42)
is quite high, compact devices with very tight bends can be realized. For the
telecom wavelength range, many components such as filters, interferometers,
wavelength divison multiplexers have been realized in SOI PICs. Moreover SOI
PICs have been used to realize compact laser and detector modules where III-V
epitaxially grown layers have been integrated using bonding techniques or flip-
chip integration.
This leads to the thought that photonic integration could also be used to minia-
turize the mid-infrared spectroscopic systems or laser modules making them
both low cost and compact. However none of the traditional waveguide plat-
forms are suitable for mid-infrared photonics (except for III-V semiconductor
technology) primarily because of being non-transparent beyond the near-ir (al-
though SOI itself has an operational range till 4 µm wavelength and we will see
in detail in the next chapter how it has been utilized to realize interesting func-
tionalities in the mid-infrared wavelength range). Photonic integration can be
envisaged to be used for the miniaturization and cost reduction of mid-infrared
laser modules and spectrometers or for the miniaturization of complete mid-
infrared spectroscopic systems, as will be discussed below.

1.3.1 Realization of widely tunable integrated lasers

As discussed in section 1.2 above, the present day widely tunable mid-infrared
lasers are based on external feedback. One can think about providing the feed-
back to the semiconductor gain chip from another passive semiconductor chip
containing wavelength selective devices. In order to do so, one would need to
identify a passive waveguide platform and also the possible ways of integrating
mid-infrared laser sources with passive PICs. The schematic diagram in Fig. 1.10
illustrates this principle showing a QCL gain chip integrated via flip chip bond-
ing to a PIC which provides feedback using two tunable ring resonators.
As we will see in further chapters it was not possible to fabricate ring resonators
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Figure 1.10: Schematic diagram showing a possible way of realizing a widely

tunable mid-infrared laser.

in this thesis due to technological limitations. While ring resonators allow one
to achieve strong spectral filtering, it’s also possible to provide wavelength selec-
tive feedback based on cascaded MZIs as shown in Fig. 1.11. A standard FP QCL

Figure 1.11: A schematic diagram showing cascaded MZIs with different path

length difference terminated by a 1×2 MMI whose outputs have been

connected to each other. The circuit could be used to select only a de-

sired part of the incoming wavelengths.

laser has a reflectivity of ∼30% at each of the facets. If a wavelength selective
feedback from an external cavity present on a PIC is desired then the reflection
from the facet of the FP cavity has to be reduced which could be done by using
an AR coating and angling the facets. Adding a PIC in front of this facet would
then dominate the reflection which is proportional to (a) the coupling loss in-
troduced at the interface of the QCL FP laser and the PIC and (b) the insertion
loss of the filter functions implemented on the PIC. For optimal performance,
an overall reflectivity of at least 10% would be desirable.
Alternatively one can envisage the integration of an array of DFB lasers with an
integrated optics multiplexer to reach a similar functionality as schematically
shown in Fig. 1.12. In this scheme any light which is lost due to coupling and
insertion loss of the multiplexer would result in lowering of the output power
and hence the sensitivity of the sensing system in which the device will be used.
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Figure 1.12: A schematic diagram showing a wavelength (de)multiplexer inte-

grated with an array of DFB QCLs.

1.3.2 Realization of mid-infrared spectrometers

A true lab-on-a-chip spectroscopic system should essentially contain all the el-
ements (light source, gas or liquid cell, detector or spectrometer) on a single
chip. Two examples are given below in Fig. 1.13. In the first example, the out-
put of an integrated mid-infrared LED is split in two arms one of which serves
as reference while the other interacts with the desired gases or liquids. These
arms are connected to spectrometers whose output is connected to photode-
tectors. The output of these photodetectors allow one to identify which species
are present and at which concentration. Another example could be envisaged
where the output of a tunable laser as realized in Fig. 1.10 is connected to an on-
chip chopper (which could be realized using thermo-optic phase shifters). The
output of the chopper is connected to two arms one of which acts as reference
and another as the sensor. The output of these arms are connected to single
photodetectors and a differential measurement of the output of these detectors
would allow the detection of molecules again.

1.4 Scope of this thesis

This thesis details the results obtained for passive mid-infrared photonic inte-
grated circuits in the Photonics Research Group at Ghent University. From the
discussion above, we can deduce that PICs would pave way for compact and low
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Figure 1.13: Two examples to realize mid-infrared lab-on-a-chip systems.

cost mid-infrared spectroscopic modules. This thesis focuses on the identifica-
tion and demonstration of a suitable passive waveguide platform: germanium-
on-silicon. The organization of the thesis is as follows: in chapter 2, we discuss
various possible waveguide platforms for the mid-infrared wavelength range
showing results obtained by various research groups worldwide. We discuss
the associated pros and cons with each waveguide platform and conclude that
germanium-on-silicon would be the most logical choice. In chapter 3, we dis-
cuss the fabrication flow for germanium-on-silicon waveguide circuits which
is followed by a discussion on the design and experimental results of various
passive waveguide devices in chapter 4. We also discuss the limitations in the
performance of devices due to available fabrication tools. In chapter 5 we in-
troduce the thermo-optic phase shifters and demonstrate that by clever design
one can substantially lower the power consumption. Finally in chapter 6, we
discuss the future prospects and provide some guidelines on what could be the
next step towards the realization of widely tunable integrated mid-infrared light
engines and spectroscopic systems.
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2
Waveguide platforms for the

mid-infrared

“You have to learn the rules of the game. And then you have to play better than
anyone else."

– Albert Einstein
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2.1 Introduction

As we described briefly in the previous chapter, the established and traditional
waveguide platforms for integrated photonics will not be suitable for mid-
infrared photonics. Although material transparency is the first criterion for
constructing a waveguide platform, there are other important requirements
which must be explored before zeroing in on a particular waveguide platform.
The very first consideration which must be kept in mind is that the materials
are physically stable and can be handled easily (e.g. KBr is known to have a
wide transparency from visible to mid-infrared wavelengths however it absorbs
water vapor present in the atmosphere and thus becomes unusable after cer-
tain time [1]). Another boundary condition which can be put for choosing the
appropriate waveguide platform is that the materials can be processed in a
standard CMOS line. CMOS lines are primarily used for producing large scale
electronic circuits based on silicon. The large scale manufacturing capabil-
ities make the overall cost of an electronic chip (and hence also a photonic
chip)affordable. Another important consideration is that the fabrication pro-
cess should be straight forward such that high yield can be obtained. In this
chapter, we will first begin by having a look at the limitations of the SOI waveg-
uide platform and then we shall have a look at the possible waveguide platforms
for the mid-infrared wavelength range and discuss pros and cons associated
with each one of them.

2.2 SOI waveguide platform

As explained briefly in the first chapter, SOI has now emerged as an important
platform for operation in the telecom wavelength range around 1.3 µm and 1.55
µm. There are several reasons listed below why this material platform has be-
come so attractive.

1. CMOS compatibility: The electronic industry uses SOI to manufacture
integrated circuits on a full wafer scale. The tools which are used to pro-
cess these electronic chips can be utilized to manufacture photonic cir-
cuits requiring little additional technology development. This also makes
these photonic chips cost efficient, when produced in large volumes.

2. Material transparency: Both silicon and silicon dioxide are fully trans-
parent for operation in the telecom wavelength range which implies that
the losses in the photonic circuits are determined by scattering loss due to
waveguide roughness (fabrication dependent) and free carrier absorption
loss due to doping.
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3. Large index contrast: The refractive index contrast between silicon (n =
3.42) and silicon dioxide (1.42) insures that circuits can be made with very
tight bends (5 µm bending radius). This results in compact circuits mean-
ing a large number of photonic devices can be packed in a very small area.

Because of the above mentioned points, significant amount of research has
taken place on the SOI waveguide platform and many optical functionalities
(low loss waveguides, WDM devices, resonators) [2] along with high speed
modulators [3] and germanium photodetectors [4] have been realized on a
photonic chip. Also, the integration of active devices such as lasers and pho-
todetectors using adhesive or molecular bonding on SOI chips [5] has resulted
in small scale tunable lasers and complete lab-on-a-chip systems. The standard
photonic SOI waveguide platform consists of a device silicon layer of thickness
between 220 nm and 400 nm and a buried oxide of thickness 2 µm.
If we could utilize the SOI waveguide platform in the mid-infrared wavelength
range, it would require little further technology development and we can tap all
the above mentioned advantages.

2.2.1 Mid-infrared SOI waveguide platform

The advantages offered by the SOI waveguide platform has caused researchers
to investigate the use of the SOI waveguide platform for the mid-infrared wave-
length range. Various photonic components like grating couplers,ring res-
onators, MZIs, AWGs, PCGs have been demonstrated up to a wavelength of 3.8
µm [6], [7], [8], [9]. However beyond 3.8 µm, the very first problem one encoun-
ters is that the buried oxide starts absorbing heavily. The absorption loss as a
function of wavelength for SiO2, Si and Ge is shown in Fig. 2.1(a), (b) and (c)
respectively [10]. It can be seen that while silicon and germanium are trans-
parent in the mid-infrared wavelength range, SiO2 absorbs heavily. This means
that the waveguide losses will start going up considerably as the wavelength of
operation is increased. Another source of loss in integrated waveguides is the
leakage of the waveguide mode to the substrate. As the substrate is the same
material as the guiding core in SOI waveguides, the mode propagating in the
waveguide core can leak in the substrate. A thick buried oxide layer therefore is
required to prevent this leakage. As described above standard SOI waveguides
contain a layer of 220 nm to 400 nm Si and a 2 µm buried oxide. A simula-
tion of the leakage loss has been performed using Fimmwave [11] as shown in
Fig. 2.1(d) for a fully etched 400 nm Si waveguide on a 2 µm BOX as a function
of wavelength. The width of the waveguide was adjusted to be single mode for
TE polarization at each wavelength. It can be seen that after 4µm wavelength,
the leakage loss becomes substantial. Another possible challenge which can
arise in using the SOI waveguide platform for the mid-infrared is the efficient
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Figure 2.1: Absorption loss of (a) thermal SiO2, (b) crystalline silicon, (c) crys-

talline germanium as a function of wavelength and (d) substrate leak-

age loss of a fully etched 400 nm thick Si waveguide as a function of

wavelength.

coupling of an on-chip light source to the waveguide. As described above, lasers
can be integrated with SOI chips using bonding techniques or by flip chip in-
tegration. Given the high power dissipation of mid-infrared laser sources, flip
chip integration is preferred and requires butt coupling between the silicon
passive waveguide structure and the III-V laser waveguide. However, the mode
mismatch between the light source and the standard SOI waveguide becomes
significant resulting in a poor coupling. This is discussed later in chapter 6.

2.3 Search for alternate waveguide platforms

The discussion in the previous paragraphs confirms that a novel waveguide
platform needs to be identified for the mid-infrared wavelength range. Let’s
begin by having a look at the conditions this new waveguide platform needs to
fulfill.

1. Transparency in the wide mid-infrared: The materials which constitute
the waveguide platform must be transparent in a wide wavelength range
such that they can be utilized at the wavelength of choice.

2. CMOS compatibility: It should be possible to fabricate the waveguide cir-
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cuits in a standard CMOS pilot line. CMOS compatibility will enable mass
manufacturing and the overall cost of the photonic chip will be reduced
significantly.

3. Simple fabrication scheme: The fabrication scheme of the waveguide
platform should be straightforward. Preferably the fabrication scheme
should not contain a critical failure step.

Let’s now have a look at possible alternate waveguide platforms based on the
above mentioned points. A very nice review of the possible waveguide plat-
forms for the mid-infrared wavelength range has been given by Richard Soref
in [12] and [13]. Silicon itself has a large transparency window from 1.1 µm to
8 µm and therefore it would be appealing to build a waveguide platform which
is based on silicon provided it satisfies the last two points as well. Table 2.1 de-
scribes various materials with their transparency windows.

Material Transparency Window (µm) Refractive Index

Silicon 1.2 - 8.0 3.45

Germanium 1.7-14.0 4

Silicon Nitride 0.4 - 5.0 1.8

Chalcogenides 1.0 - 14.0 2.0

Sapphire 0.4 - 5.5 1.6

Silicon Dioxide 0.4 - 3.8 1.4

Table 2.1: Table describing the transparency windows and refractive indices of

various materials [10], [12], [13]

There has been quite some work on waveguide platforms based on these ma-
terials around the world. We discuss below each of the cases and highlight the
pros and cons for each one of them.

2.3.1 Free standing Silicon

The free standing silicon waveguide platform takes advantage of the fact that
silicon itself has a very wide transparency window. If the underlying oxide in the
SOI waveguide platform can be removed then the resulting waveguide platform
will allow operation over a broad wavelength range (in principle till about 8µm).
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Figure 2.2: Schematic diagram showing the fabrication process for Free stand-

ing Si waveguides. (a) A SOI wafer, (b) Rib waveguide definition and

etching of holes around the waveguide and (c) under etching the buried

oxide with HF.

Figure 2.3: Schematic diagram showing the fabrication process of free stand-

ing silicon waveguides using molecular bonding. (a) Trench etching

in the silicon wafer, (b) molecular bonding of the SOI wafer with Si

wafer and substrate removal and (c) waveguide etching on top of trench

(from [14])

2.3.1.1 Fabrication Scheme

There are two fabrication schemes for this waveguide platform as schematically
depicted in Fig. 2.2. In the first scheme, rib type waveguides are defined on a SOI
wafer and then holes are etched around the waveguides to access the underlying
oxide. An exposure to hydrofluoric (HF) acid then etches away this underlying
oxide without attacking the silicon layer [15], [16]. A SEM image of such a free
standing waveguide fabricated by the author can be seen in Fig. 2.4(a). The top
silicon was 1.5µm thick of which 1 µm was etched to form rib type waveguides.
A slightly different version of this fabrication scheme requiring only one etch
step using a sub-wavelength grating as cladding has been developed in [17] as
seen in Fig. 2.5(a). This scheme makes the structure a bit more mechanically
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stable. In the second scheme as shown schematically in Fig. 2.3, a bulk Si wafer
with trenches is directly bonded with the device Si layer of a SOI wafer. The
substrate of the SOI wafer and the buried oxide are then removed from the SOI
wafer and waveguides are fabricated on the Si device layer. A SEM image of a
fabricated waveguide can be seen in Fig. 2.4(b) [14].

2.3.1.2 Realized Devices

Free standing waveguides in principle can be made very low loss as silicon etch-
ing is a very well studied process in both electronics and photonics. A waveg-
uide loss of 3 dB/cm was reported in [15] where an all pass ring resonator with a
Q-factor of 8100 was also demonstrated along with a grating coupler operating
at a wavelength of 2.75 µm. Similar waveguide loss (2.8 dB/cm at 3.39 µm) was
also reported in [14]. In [16] a waveguide loss of 27 dB/cm at 3.39 µm and 36
dB/cm at 5.2 µm and the Q-factor of all pass ring resonators was reported to be
11000 and 6800 respectively.

2.3.1.3 Limitations

The limitations of this waveguide platform are related to both fabrication and
the type of devices which could be realized. From a fabrication point of view,
in the first scheme, the free standing waveguides are prone to collapsing during
oxide removal using wet HF etching. This happens because when the liquid is
being dried, the contact angle between silicon and water becomes less than 90◦

which results in an attractive force between the device layer and the substrate. A
possible solution could be to use vapor phase HF or critical point drying. At crit-
ical point, the transition from liquid to gas phase can be done without a change
in surface tension and hence there are no issues with stiction. In the second
scheme the waveguides are required to be defined only on the top of etched
trenches in the handle silicon wafer. From the design point of view, a common
disadvantage associated with both these schemes is that this waveguide plat-
form makes it very difficult to realize devices like MMIs, AWGs, PCGs etc. which
contain a larger multimode slab region that is difficult to make free standing.
Also, this waveguide platform will be transparent only up to a wavelength of 8
µm.

2.3.2 Silicon-on-Sapphire

Silicon-on-Sapphire (SOS) is another silicon based waveguide platform which
can be used in the mid-infrared wavelength range. SOS is in fact used as alter-
native for SOI wafers by electronics industry for specific applications like radio
frequency circuits.
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Figure 2.4: SEM images showing a free standing Si waveguide fabricated using

(a) oxide undercut and (b) molecular bonding (from [14]).

Figure 2.5: (a) SEM image showing the free stading waveguide with a sub-

wavelength grating as cladding (from [17]). The inset shows the cleaved

facet. (b) A false colored SEM image of a silicon on sapphire waveguide

(from [18])

2.3.2.1 Fabrication scheme

The fabrication of SOS waveguide circuits looks straightforward. A layer of sil-
icon is grown epitaxially on a sapphire substrate and then waveguide patterns
are defined in this top silicon layer using dry etching techniques [18], [19]. The
difficulty however lies in the annealing of the Si films to reduce the threading
dislocation density to sufficiently low levels. A false colored SEM image of such
a fabricated waveguide can be seen in Fig. 2.5(b).
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2.3.2.2 Realized devices

This waveguide platform can also be considered as CMOS compatible and there
is an added advantage that there is no light leakage to the substrate. However
apart from side wall roughness and absorption by surface states, another source
of loss is the material quality of epitaxially grown silicon. The reported waveg-
uide losses range from 2 dB/cm at 5.18 µm [20] to 4.3 dB/cm at 4.5 µm [18]. All
pass rings with Q-factors as high as 151000 and photonic crystal cavities with
Q-factor of 13600 were demonstrated in [21] and [22].

2.3.2.3 Limitations

The biggest limitation of the SOS waveguide platform is its operational wave-
length range which is limited by the transparency of the sapphire substrate as it
starts absorbing beyond 5 µm. Moreover it would be difficult to realize efficient
thermo-optic modulators in this waveguide platform as sapphire has a ther-
mal conductivity of 34 W/(m.K) which would mean that the heat is efficiently
sunk in the substrate. As the SOI waveguide platform is suitable till about 4 µm
and realization of efficient thermo-optic modulators is possible, this waveguide
platform extends the operational wavelength range marginally.

Figure 2.6: A SEM image of silicon on porous silicon waveguide from [23]

2.3.3 Silicon-on-Porous Silicon

Porous silicon is an interesting material which is formed by electrochemical
partial dissolution of silicon. Depending on the preparation conditions, the re-
fractive index of porous silicon can be tuned from a value of 1.4 to 3 [24]. There-
fore waveguides can be fabricated using a layer of silicon and porous silicon. An
approach to fabricate such waveguides has been discussed in [23] where pro-
ton irradiation, etching in a solution of HF, water and ethanol and annealing
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was performed to make the silicon porous underneath the waveguide with a re-
fractive index of 1.4. A major issue with this waveguide platform is the damage
which is introduced in the silicon crystal during ion implantation which is re-
sponsible for higher waveguide losses. A SEM image is shown in Fig 2.6. The
waveguide loss was found to be 3.9 dB/cm at 3.39 µm which is attributed to sur-
face roughness. There have been no reports to our knowledge on any devices
based on this waveguide platform.

2.3.4 Silicon Pedestal Waveguides

Silicon pedestal waveguides are based on a novel fabrication technique and are
fully composed of silicon.

2.3.4.1 Fabrication Scheme

As schematically shown in Fig. 2.7, the fabrication begins by depositing a ther-
mal oxide on top of a silicon wafer. The thermal oxide and silicon are patterned
using dry etching, following which a thin PECVD conformal oxide is deposited.
The PECVD oxide is then etched anisotropically using dry etching and an un-
dercut is then performed using SF6 plasma [25]. If proper undercut parameters
are chosen then the structure will support a guided mode in the top silicon.

2.3.4.2 Realized devices

The only contributing source of loss in silicon pedestal is silicon etching. As
a result, low loss waveguides (2.7 dB/cm at 3.7 µm ) have been demonstrated
along with a Y branch splitter [25].

2.3.4.3 Limitations

The major limitation of this waveguide platform comes from the complicated
fabrication scheme. Moreover slab based devices can’t be realized as the wider
slabs which are supported by a thin pillar would be mechanically unstable and
also require larger undercut than single mode waveguides.

2.3.5 Silicon nitride based waveguide platforms

There have been reports on silicon-nitride based waveguides in past years as
high quality silicon nitride is transparent till 5.5 µm. There have been two ap-
proaches to utilize silicon nitride for mid-infrared photonic integrated circuits.
In the first approach, SiN is used as a cladding layer while in the second it’s used
as the waveguide core.
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Figure 2.7: Schematic diagram for the fabrication of pedestal waveguides.

(a) Patterned photoresist on a silicon wafer with thermal oxide, (b)

anisotropic etching of silicon oxide and silicon, (c) PECVD oxide depo-

sition, (d) Anisotropic PECVD oxide removal and undercut using SF6,

(e) Removal of silicon oxide by HF dip and (f) a SEM image showing

such a waveguide from [25]

2.3.5.1 Fabrication scheme

As shown schematically in Fig. 2.8, the first approach requires the growth of a
thick SiN layer on a SOI wafer which is then adhesively bonded to a Si substrate.
The SiN surface is coated with a spin-on-glass (SOG) layer while the Si substrate
contains layers of PECVD oxide and SOG. The SOI substrate and the buried ox-
ide is then removed using grinding and etching [26]. Waveguides are patterned
on this transferred silicon film as can be seen in a SEM image in Fig. 2.9(a). The
second approach requires the deposition of a thick LPCVD silicon nitride film
on silicon dioxide [27] which is then patterned into waveguide circuits.

2.3.5.2 Realized Devices

There have been demonstrations of low loss waveguides in both fabrication
schemes with losses of 5.2 dB/cm at 3.39 µm in the first fabrication scheme [26]
and 2.1 dB/cm at 3.7 µm [27]. Although directional couplers have been demon-
strated using SiN as waveguide core [27], their implementation in devices like
ring resonators or MZIs to our knowledge has not been realized.
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2.3.5.3 Limitations

The first waveguide platform faces the problem that the silicon nitride qual-
ity is always an issue using PECVD. The incorporation of hydrogen in the films
causes strong absorption in the mid-infrared [28], [29]. While better quality fims
can be obtained using LPCVD as done in [27], the high strain in the material
prevents the growth of thick layers beyond a few microns which is typically re-
quired for mid-infrared waveguides. Although claims have been made that the
nitride films are transparent up till 8 µm, the longest demonstrated wavelength
of operation to our knowledge is 3.75 µm on silicon nitride based waveguides.
Also, in the scheme where SiN serves as waveguide core, it would be difficult to
realize efficient thermo-optic phase shifters as the thermo-optic coefficient of
SiN is one order of magnitude less as compared to silicon.

Figure 2.8: Schematic diagram showing the fabrication scheme for silicon on

silicon nitride waveguides. (a) Deposition of a thick silicon nitride film

on SOI wafer, (b) bonding after spin coating adhesive SOG layer and (c)

substrate removal from the SOI wafer (from [26]).

2.3.6 Hollow Core Waveguides

Hollow core waveguides contain an air filled core which is surrounded by a se-
ries of coatings which confine the light within the core. Light is guided either
by having a Bragg cladding or with an anti-resonance reflecting optical waveg-
uide (ARROW) structure [30]. The Bragg cladding comprises of two layers of
different materials (called a bilayer) which reflect incident light for any angle or
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polarization. To increase reflection, the number of bilayers can be increased.
ARROW claddings confine light in the core by interferometric effects where the
thickness of the two cladding layers is chosen in such fashion that the reflected
light is at the antiresonance of the Fabry-Perot cavity formed in the layer stack.
Although these hollow core waveguides do make an interesting case as an alter-
native waveguide platform, they have a very challenging fabrication scheme. It
begins with deposition of dielectric layers on a substrate and then a sacrificial
layer of aluminium is deposited and patterned which is followed by growth of
dielectric layers. The aluminium layer is then removed using selective wet etch-
ing as can be seen in Fig. 2.9(b) [31]. Waveguide losses for telecom wavelength
range were found out to be 2.6 dB/cm [32]. To our knowledge, there has been no
experimental demonstration for the mid-infrared wavelength range however it
has been shown by using 3-D beam propagation simulation in [30] that losses
as low as 0.06 dB/cm can be achieved at a wavelength of 3.39 µm.

Figure 2.9: SEM image of (a) Silicon on silicon nitride waveguide fabricated by

wafer bonding (from [26])and (b) hollow core waveguide(from [31])

2.3.7 Chalcogenide based waveguide platforms

Chalcogenides are glasses containing elements like S,Se and Te which can be
transparent in a very wide wavelength range [33]. Also, their refractive indices
can be tailored by changing the composition. There have been several waveg-
uide platforms reported based on chalcogenide glasses.

2.3.7.1 Fabrication Scheme

As shown in Fig. 2.10, As2S3 waveguides have been prepared by using a micro-
molding technique using PDMS [34]. A PDMS mold is prepared on SU-8 wave-
guides and then transferred to a GaAs substrate. As2S3 solution is filled in the
hollow channels and baking results in solid waveguides. Also, as depicted in
Fig. 2.11, As2Se3 waveguides have been prepared by evaporation and lift off on
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a Ge23Sb7S70 cladding [35]. Another way to fabricating As2S3 waveguides is spin
coating a layer in SiO2 channels [36].

2.3.7.2 Realized Devices

As chalcogenides can be made widely transparent, waveguides with losses as
low as 0.7 dB/cm at 5.2µm are reported [35] along with an all pass ring resonator
with Q factor 200000.

2.3.7.3 Limitations

The biggest limitation of chalcogenide based waveguides is that the overall fab-
rication process remains quite complicated and moreover is not CMOS compat-
ible. Therefore this waveguide platform won’t be able to tap the full advantage
of CMOS pilot lines.

Figure 2.10: Fabrication scheme for As2S3 waveguides on a GaAs substrate. (a)

SU-8 is patterned using lithography on a silicon substrate and a PDMS

mold is spin coated on top, (b) the PDMS mold is stamped on a GaAs

substrate and the As2S3 solution is filled in the channels by capillary

action and (c) hard baking results in solid waveguides after which

PDMS mold is peeled away (from [34]).
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Figure 2.11: Schematic fabrication scheme for As2Se3 on Ge23Sb7S70 wave-

guides. (a) A Ge23Sb7S70 film is deposited on thermal oxide grown

on a silicon wafer, (b) image reversal lithography is performed and

As2Se3 films are evaporated and (c) an over-cladding of Ge23Sb7S70 is

deposited to prevent surface oxidation (from [35]).

2.3.8 Silicon on CaF2 Waveguides

Transfer printing technology [38] allows one to achieve the desired combina-
tion of thin films on top of each other. Usually this technique is employed for
realizing flexible electronic circuits [38] but can also be utilized to chose the
desired core and cladding in an optical waveguide [39]. Mid-infrared Si wave-
guides have been created using this technique as described in [37].

2.3.8.1 Fabrication Scheme

The fabrication flow is depicted in Fig 2.12. A pattern of holes is defined on a
SOI die using lithography and dry etching. These holes provide access to the
buried oxide where an undercut region is created by partial etching in HF solu-
tion. A photoresist layer is then spin coated on top which fills the holes and the
undercut region. Flood exposure of resist causes development all across the die
except for the areas where the resist is beneath silicon. A complete removal of
the buried oxide is then done using HF etching after which the underlying resist
acts as pedestal support for the silicon film. A PDMS film is then laminated to
the silicon device layer and when it’s peeled, the silicon layer is removed with it.
The silicon film is then pressed to a CaF2 substrate (transparent in a wavelength
range of 400 nm to 9 µm) completing the transfer. Desired patterns can be then
defined on this transferred silicon film.
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Figure 2.12: Fabrication flow for silicon on CaF2 waveguides. (a) SOI die, (b)

complete etching of silicon layer, partial undercut and photoresist fill-

ing in undercut region, (c) complete removal of oxide, (d) lamination

of PDMS film, (e) peeling of PDMS and placing the silicon layer on

CaF2 substrate and (f) removal of PDMS film. Desired waveguide pat-

terns can be etched on this silicon film (from [37])

2.3.8.2 Realized Devices

As is the case with all silicon based waveguide platforms, optimal silicon etching
would allow one to achieve low loss waveguides. Waveguide losses of 3.8 dB/cm
at 5.2 µm were reported along with an all pass ring resonator of Q factor 37000.

2.3.8.3 Limitations

Although this method allows one to transfer silicon to any substrate with wide
transparency range, the fabrication scheme of these waveguides remains quite
complicated rendering mass manufacturing difficult. Moreover these wave-
guides require the definition of holes to lift the silicon meaning that slab type
devices can’t be lifted easily.
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Figure 2.13: (a) Schematic diagram of a GeSn plasmonic waveguide and (b)

a multi-layer plasmonic waveguide along with the simulated mode

profiles (from [40] and [41])

2.3.9 Surface Plasmon Waveguides

Surface plasmons (or surface plasmon polaritons, SPP, to be precise) are elec-
tromagnetic excitations that propagate along the interface of a metal and a
dielectric. Using Maxwell’s equations it can be proved that surface plasmons
can exist at the boundary of two materials if their dielectric constants (ε) have
opposite signs which is the case at the interface of a metal (ε < 0) and a dielec-
tric (ε > 0). In this configuration, an electro-magnetic wave is generated in the
dielectric and an electron plasma is generated in the metal; both of which are
exponentially decaying [42]. Several potential candidates have been proposed
in the literature.
As discussed above, CMOS compatibility will be a key aspect to the waveguide
platform as it will enable mass manufacturing. However most metals which are
typically used in plasmonics (such as silver and gold) are not allowed in CMOS
pilot lines because of contamination issues. In an all silicon platform, there
can be two ways of achieving a negative dielectric constant namely by heavily
doping the silicon or other CMOS compatible materials selectively and by using
silicides such as PtSi2,NiSi,Pd2Si,WSi2. It has been shown in [43] that these SPP
waveguides can operate in the mid-infrared wavelength regime.
Fig 2.13(a) shows the schematic diagram of the proposed GeSn plasmonic
waveguide along with the simulated mode profile at 8 µm [40] where a heavily
doped strip of GeSn is sandwiched between lightly doped GeSn strips. It has
been shown that for doping values greater than 1020cm−3 the waveguide will
operate in the 1 - 5 µm wavelength range while for lower doping levels it can
work in the 7 - 15 µm wavelength range.
Another approach to realize SPP waveguides has been proposed in [41] where
a SiN insulating layer is sandwiched between a metallic layer (Ag) and a high
index dielectric substrate (Si). The fundamental transverse magnetic mode is
confined in the insulating material. To increase the confinement and avoid
substrate leakage at longer wavelengths, this structure is made five layered
consisting of Ag,SiN gap, Si, SiN and then the thick dielectric Si substrate. A
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schematic diagram of such a waveguide is shown in Fig. 2.13(b) along with the
electric field distribution of the TM00 mode at a wavelength of 4.0 µm.
Although plasmonic waveguides do offer some interesting capabilities, the dif-
ficulty to fabricate (because of very high doping levels and CMOS incompatible
metals) and relatively high losses makes them less attractive than dielectric
waveguide structures.

2.3.10 Germanium-on-Silicon

Ge-on-Si is quite an interesting waveguide platform for the mid-infrared wave-
length range. It’s fully CMOS compatible as both germanium and silicon are
used heavily by the CMOS industry. The fabrication process as described in the
next chapter is quite straightforward. The first work on Ge-on-Si waveguides
was done by EPFL and they reported a waveguide loss of 2.5 dB/cm at a wave-
length of 5.8 µm [44], in which case epitaxially grown germanium films were
etched in desired patterns. The results for waveguide losses and the realized
photonic components obtained in this work are detailed in the forthcoming
chapters. There are two slightly different versions of this waveguide platform.
In the first version, germanium films are grown in the trenches etched in SiO2

matrix on a silicon wafer as schematically shown in Fig. 2.14. This requires a
CMP step to polish the germanium facets [45]. Although waveguides have been
made using this technology [46], to our knowledge no loss values have been
reported. A major issue in following this type of approach is that integrated
photonic circuits require waveguides of different widths which can result in dif-
ficult control on the growth and CMP. A SEM image of such a waveguide can be
seen in Fig. 2.15(a). The second version of this waveguide platform has been
developed by CEA-LETI. In their approach, instead of growing an epitaxial layer
of germanium directly on silicon, a graded layer of SiGe is grown with silicon
percentage decreasing towards the middle of the waveguide [47]. Also, a sili-
con top cladding is used. A SEM image can be seen in Fig. 2.15 (b) showing the
composition profile of the waveguide. Although the waveguide losses are quite
low (1 dB/cm at 4.5µm), the index contrast becomes low, resulting in waveguide
bends on the order of 500µm meaning that the waveguide circuits will consume
a lot of space if complicated circuits are designed.
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Figure 2.14: Schematic fabrication diagram of Ge-on-Si waveguide circuits in

Si trenches. (a) Trenches are defined in a SiO2 layer, (b) germanium

is overgrown resulting in facets and (c) CMP is performed to polish

the waveguide top. The oxide can be removed afterwards if desired

(from [46].)

Figure 2.15: SEM image of (a) germanium film after CMP in SiO2 trenches

(from [46]) and (b) a graded SiGe waveguide along with a composi-

tion profile (from [47]).

Table 2.2 describes the various waveguide platforms discussed above along with
the wavelength window of operation, reported waveguide losses and the pho-
tonic devices which have been realized on them.
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Waveguide
Platform

Operation
Window
(µm)

Reported Waveg-
uide Loss

Realized Devices

SOI 1.2 - 3.8 0.6 dB/cm @ 2.1

µm [6], 0.6 dB/cm

@ 3.39 µm [23], 1.8

dB/cm @ 3.8 µm [8],

1.5 dB/cm @ 3.8

µm [48], 2.8 dB/cm

@ 3.39 µm [14]

Grating Cou-

plers [6],MMIs,Ring

Resonators [8],

Cascaded ring

resonators [49]

, Thermo-optic

phase shifters [50],

Photonic Crystal

Waveguides [51],

Angled MMI [52],

AWG, PCG [9]

Free Standing

Si

1.2 - 8.0 3 dB/cm @ 2.75 µm

[15], 27 dB/cm @

3.39 µm, 36 dB/cm

@ 5.2 µm [16], 2.8

dB/cm @ 3.39 µm

[14]

Grating Cou-

plers,Ring Res-

onators [15], [16]

Silicon-on-

Sapphire

1.2 - 5.5 4.3 dB/cm @ 4.5 µm

[18], 2 dB/cm @ 5.18

µm [19], 4 dB/cm @

5.5 µm [20]

Grating Cou-

plers [53], Ring

Resonators [54],

[21], [20], Photonic

Crystals [22]

Silicon on

porous sili-

con

1.2 - 8.0 3.9 dB/cm @ 3.39

µm [23]

No realized devices

Silicon

Pedestal

Waveguide

1.2 - 8.0 2.7 dB/cm @ 3.7 µm

[25]

Y Branch Split-

ters [25]

Silicon Ni-

tride Waveg-

uide

1.2 - 5.0 5.2 dB/cm @ 3.39

µm [26], 2.1 dB/cm

@ 3.7 µm [27]

Directional Coupler

[27]

Hollow

Waveguides

Very wide

transmission

window

NA No fabricated de-

vices for mid-

infrared wave-

lengths

Continued on next page
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Continued from previous page

Waveguide
Platform

Operation
Window
(µm)

Reported Waveg-
uide Loss

Realized Devices

Chalcogenide

based Wave-

guides

1.0 - 14.0 1.8 dB/cm @ 2.8 µm

[36],9.5 dB/cm @ 4.8

µm [34], 0.7 dB/cm

@ 5.2 µm [35]

Ring Resonators [35]

Si on CaF2 1.0 - 8.0 3.8 dB/cm @ 5.2 µm

[37]

Ring Resonators [37]

Germanium

on Silicon

1.7 - 8.0 6 dB/cm @ 1.9 µm,

2.5 dB/cm @ 3.8

µm [55], 0.6 dB/cm

@ 3.8 µm [56],

2.5 dB/cm @ 5.8

µm [44],1 dB/cm

@ 4.5 µm, 2 dB/cm

@ 7.4 µm [47], 3

dB/cm @ 5.3 µm

(this work)

Y junctions, cross-

ings, couplers [47].

MZIs, AWGs, PCGs,

Thermo Optic Phase

Shifters (this work)

Table 2.2: Table describing the various waveguide platforms, their trans-

parency windows, reported losses and the realized devices for the mid-

infrared wavelength regime.

2.4 Conclusion

In this chapter, we began by discussing the reasons why SOI has become the
preferred waveguide platform for telecom wavelength range applications. We
then looked into the possibility of using the SOI waveguide platform in the mid-
ir wavelength range and concluded that due to the underlying oxide absorp-
tion, it would be challenging to extend the operational wavelength beyond 4
µm. The criteria for alternative waveguide platforms for the mid-ir wavelength
range were then defined and it was concluded that while CMOS compatibility
of the waveguide platform would enable mass manufacturing, it’s equally im-
portant to have a simple fabrication flow. Various mid-infrared waveguide plat-
forms along with their fabrication flow, results obtained till date and the limita-
tions associated with them were then discussed. From this discussion because
of it’s ease of fabrication, wide transparency in the mid-infrared and most im-
portantly CMOS compatibility, Ge-on-Si emerges as a very promising candidate
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which can take over from the SOI waveguide platform for operation beyond 4
µm wavelength.
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3
Ge-on-Si Waveguide Platform

“When it is obvious that the goals cannot be reached, don’t adjust the goals,
adjust the action steps."

– Confucius
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3.1 Introduction

We saw in the previous chapter that the Ge-on-Si waveguide platform has in-
teresting properties which makes it very attractive for application in the mid-
infrared wavelength range. In this chapter, we will begin by having a look at the
optical characteristics of the Ge-on-Si platform and then discuss in detail the
fabrication flow which was developed in this thesis.

3.2 Silicon & Germanium optical characteristics

Both silicon and germanium are chemical elements found in the fourth group
of the periodic table with atomic numbers 14 and 32 respectively and have four
valence electrons in their outer shell. Silicon was first prepared by Berzelius in
1823 and is the second most abundant element in the earth’s crust. The exis-
tence of germanium was first predicted by Dmitri Ivanovich Mendeleev to fill
in the gap between silicon and tin. Mendeleev called it ekasilicon. Germanium
was finally discovered in 1885 by Clemens Winkler who named the element in
the honor of his homeland, Germany. Isolated silicon and germanium are semi-
conductors and are heavily used in electronic industry. The very first transistors
were built on germanium. However silicon soon took over semiconductor in-
dustry because of the excellent and stable oxide it possesses. Another major
reason for switching from germanium to silicon was that since germanium has
a lower bandgap (0.67 eV as compared to 1.12 eV of silicon) the leakage cur-
rents are much higher. Today however germanium transistors are being pur-
sued again because of the higher mobility of carriers and a major area of focus
is SiGe devices which provide best of both materials.
We will keep our focus on the optical characteristics of germanium and silicon.

We first begin by having a look at the refractive indices of these materials as a
function of wavelength at different temperatures. This is shown in Fig 3.1 (a)
and (b) [5]. It can be seen that germanium has a higher refractive index than
that of silicon and thus a waveguide can be constructed using these two materi-
als using germanium as the waveguide core. As mentioned above, both of these
materials are semiconductors. Semiconductors are usually doped with atoms of
other materials having either fewer or extra electrons in their outer shell in order
to change the electrical properties of the semiconductor. These atoms create
carriers which are free to move within the band. A free carrier (electron or hole)
can absorb light and be excited to a higher state within the same band. This phe-
nomenon is called free carrier absorption (FCA) and is an important source of
loss especially in the mid-infrared. The free carrier absorption for both n and p
doped silicon and germanium is shown in Fig 3.1 (c) [1],(d) [2],(e) [3] and (f) [4].
FCA is directly proportional to the level of doping and scales roughly quadrati-
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Figure 3.1: Refractive index of (a) silicon and (b) germanium as a function of

wavelength at different temperatures. FCA absorption for (c) n doped

silicon [1], (d) n doped germanium [2], (e) p doped silicon [3], (f) p

doped germanium [4]

cally with wavelength. This means that for low loss waveguides, we should keep
the doping levels as low as possible. Since the goal of this thesis was to evalu-
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ate the Ge-on-Si waveguide platform for the mid-infrared wavelength range, we
didn’t carry out any intentional doping. However to realize devices which can
operate at high speed (such as switches, modulators), dopants could be intro-
duced in a standard CMOS pilot line as per the requirements.

3.3 Fabrication flow for Ge-on-Si waveguides

The fabrication flow of the Ge-on-Si waveguides is schematically described in
Fig 3.2. We will analyze each of the steps in detail below.

Figure 3.2: Fabrication flow for Ge-on-Si integrated photonic circuits. (a) Epi-

taxial growth of germanium film on a Si (100) 200 mm substrate, (b)

metal mask definition using i-line contact lithography and lift-off and

(c) dry etching of germanium film and removal of metal mask.

3.3.1 Epitaxial Growth

The first step in the fabrication flow is the epitaxial growth of germanium on a
200 mm silicon wafer which is carried out in a 200 mm CMOS pilot line in imec.
There is a difference of 4.2% between the lattice constants of silicon and ger-
manium. The epitaxial growth of films with lattice constants different than that
of the substrate is classified in three categories (a) island growth (Volmer - We-
ber) (b) layer growth (Frank - Van der Merwe) and (c) a combination of island
and layer (Stranski-Krastanov) [6]. Island growth happens when the atoms of
the deposited film are more strongly bound to each other than to the substrate
while for layer growth it’s vice-versa. The Stranski-Krastanov (SK) mechanism
is a mixture of island and layer growth and in this case after forming a cou-
ple of monolayers the subsequent layer growth becomes unfavorable because
of the overall surface tension and islands form. Germanium epitaxial growth
on silicon substrates has been widely studied in microelectronics industry and
it has been known that it occurs because of the SK mechanism. As described
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above, free carrier absorption is directly proportional to the doping. Therefore
to keep the free carrier absorption losses to minimum, we chose the wafers with
lowest possible doping available. The silicon wafers had a background n-type
doping of 5 × 1014 cm−3. Germanium growth is carried out on this low doped
silicon substrate at 450◦C by atmospheric chemical vapor deposition. GeH4 (1
% in H2) is used as a Ge precursor. No additional dopant is introduced at the
time of germanium film growth. The temperature of 450◦C is chosen because
it suppresses the islands which are formed during the germanium layer growth.
This grown germanium film has a major issue associated with it. The lattice
mismatch between silicon and germanium introduces threading dislocations
(TD) at the silicon-germanium interface which will cause absorption of light
and hence increase waveguide loss. To reduce the number of defects, the wafers
are annealed at 850◦C in N2 for three minutes. This annealing is a thermally ac-
tivated process following an Arrhenius law and increases the glide speed of the
TD. The grown germanium film has a threading dislocation density (TDD) of 2
× 1010 cm−2 while the annealed film has TDD of 4 × 107 cm−2 [7]. Since we are
working in the mid-infrared wavelength range, a minimum thickness of germa-
nium has to be grown in order to support an optical mode. We chose a thickness
of 2 µm (the details behind this choice will be explained in the next chapter).

3.3.2 Lithography and Dry etching

Lithography and dry etching are used to realize desired patterns with precision
on the semiconductor substrates. The concept of lithography is simple enough;
a light sensitive organic polymer (called photoresist) is spin coated on the sur-
face forming a thin layer. This resist is then exposed selectively by shining light
through a mask which contains the desired pattern. The exposed resist is de-
veloped in a basic solution diluted with water. After development the pattern
from the mask is transferred to the photoresist on top of the semiconductor
substrate. To realize an optical waveguide, we now desire to transfer this pat-
tern on the thin film itself. This can be achieved by selectively removing the
thin film by etching it using a mask. There are two important aspects of etch-
ing. The first is the selectivity towards the mask. A good etchant will etch the
material at a rapid rate as compared with the mask. Failure to do so will result
in a situation where all the mask has been etched and the material has not been
etched completely. The second is the directionality of the etch which is decided
by the type of environment used for etching. Etching can be done in either a
"wet" or a "dry" environment. Wet etching involves the use of liquid etchants
which work through chemical processes and therefore result mostly in smooth
side walls. These etchants can also be made very selective however a major issue
associated with them is that the etching profile is typically isotropic i.e. there is
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no directionality (although there are some etchants e.g. KOH which etches Si
only along a particular crystal plane). This isotropic etching means that the ar-
eas below the mask will also get etched and therefore the final pattern will have
a much smaller width as compared to that of the mask. This can create seri-
ous issues in case of (photonic) integrated circuits as the final structures will be
further apart from each other than intended, downgrading the device perfor-
mance. To avoid these problems, plasma etching systems are used in modern
day CMOS pilot lines. A plasma etching system consists of two electrodes across
which high electric field generated by a RF generator operating at 13.56 MHz is
applied. A mixture of gases is filled between these electrodes and some of the
gas ions are ionized producing free ions and electrons, thus creating a plasma.
Due to the difference in the mobilities of electrons and ions, during the first few
cycles more electrons are collected near the electrodes and hence a voltage bias
develops between the plasma and the electrodes. If both the electrodes have the
same area then the voltage drop on the electrode itself would be zero meaning
no etching would occur. Therefore, one of the electrodes is made smaller in area
which results in a large voltage drop across it (because the current density must
be higher at smaller electrode to maintain continuity throughout the system).
There are two etching mechanisms in a plasma system. The free radicals present
in the gas mixture contribute to the chemical etching of materials. Free radicals
are electrically neutral species that have incomplete bonds which makes them
highly chemically reactive. The free radicals in the plasma react with the mate-
rial to be etched and the byproduct is a volatile species that leaves the surface.
The chemical processes as described above produce an isotropic profile which
is undesired. The ions present in the plasma cause physical etching of the ma-
terial. Due to the voltage difference between electrodes as described above, the
positive ions are accelerated towards the wafer surface causing etching by phys-
ical sputtering resulting in an anisotropic etch profile.
In practice what happens is that the ions and the free radicals which are present
in the plasma do not act independently from each other. The chemical com-
ponents and the physical components work complimentary to each other to
etch the material. It has been proposed that the ion bombardment enhances
one of the steps (surface adsorption, removal of byproduct etc.) of the chemical
process. As a result of this, both good selectivity with respect to the mask and
directionality are obtained. As explained above, the ions are accelerated in be-
tween the electrodes hence a large voltage bias is desired to achieve sufficient
acceleration which results in directional profiles. Another very important pa-
rameter to achieve directionality is the pressure of the gases in the chamber. A
lower pressure means ions undergo less collisions among themselves and are
directed towards the surface to be etched. A rule of thumb which can therefore
be applied to achieve highly anisotropic profiles is to operate the etching sys-
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tem at high power and low pressure.
After presenting a brief overview of the basics associated with lithography and
the dry etching, let’s have a closer look at the strategies undertaken for realiz-
ing Ge-on-Si photonic integrated circuits. Due to the reasons explained above,
we will be carrying out dry etching of the 2 µm thick germanium film in a reac-
tive ion etching (RIE) system. Therefore we begin by doing a literature review of
the dry etching conditions needed to produce an anisotropic profile for germa-
nium films. A review of selective etching of germanium over silicon is presented
in [8] where various gases like a mixture of CF4 and O2, CF2Cl2 and CF3Br were
used at different pressure and power to etch germanium films. The RIE power
used in [8] was kept at 200 W and it was observed that although fluorine based
plasma can etch germanium selectively over silicon, it can’t achieve directional
etching. Cl2 has been used to pattern a film of 310 nm thick germanium film
highly anisotropically using a metal Ti mask [9]. Another approach to achieve
an anisotropic etch profile using HBr has been discussed in [10] where an ICP
system was used at a power of 800 W. A 40:10 mixture of CF4 and O2 was used
also in [11] to pattern 100 nm germanium films.
As can be deducted from the discussion above, the studies on germanium etch-
ing limit themselves to films of thicknesses of the order of hundreds of nanome-
ters. A new etch recipe therefore needed to be developed for etching of 2 µm
germanium films. Since we only had access to a RIE system with fluorine based
gases (CF4 and SF6), they were the main focus of study. For SF6, it was found
that the selectivity between germanium and silicon is close to one and hence
both the materials get etched. Moreover as can be seen in Fig. 3.3(a), there is a
large amount of undercut below the mask while using a SF6 plasma at a power
of 200 W and pressure of 30 mtorr. Adjustments in power and pressure didn’t
improve this undercut and hence SF6 etching was not pursued further. As dis-
cussed in [8] and [11], germanium can be etched selectively with respect to sili-
con in a CF4:O2 plasma. The reason behind this is that the activation energy for
the Ge-Fluorine etching reaction is lower than that of the Si-Fluorine etching
reaction. The addition of O2 to the plasma helps in oxidizing the germanium
surface. Germanium is more easily oxidized than silicon and the GeOx Fy layer
is more reactive than a SiOx Fy layer, resulting in higher selectivity.

We started to optimize the etching recipe by choosing a mixture of 40:20 of the
CF4:O2 plasma at a pressure of 50 mtorr and a power of 100 W as described
in [11]. Although the side walls were smooth, it was found that there is huge
undercut below the mask (the mask was 1.75 µm wide and has been removed)
as can be seen in Fig 3.3(b). As discussed in the beginning of this section that
lower pressure and higher powers result in anisotropic profiles, we optimized
the pressure of the RIE chamber to be 10 mtorr and the power to be 600 W
(which is the limit of our RIE system) and the etching rate of germanium was
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Figure 3.3: SEM image showing germanium etching profile in (a) SF6 plasma

at a power of 200 W and pressure 30 mtorr and (b) CF4:O2 plasma of

40:20 composition at a power of 100 W and pressure of 50 mtorr.

Figure 3.4: SEM image showing (a) damaged top surface of a germanium

waveguide patterned using a photoresist mask and (b) the side wall

roughness which is introduced in the metal mask while doing lift-off.

found to be 130 nm/min while that of underlying silicon substrate was found to
be 30 nm/min. In the beginning, we were using a photoresist mask. However
as seen in Fig. 3.4(a), it was found that this photoresist mask eroded completely
before fully etching the germanium film in the plasma at such high powers and
therefore the top of the waveguide was also etched. A usual option is to uti-
lize a hard mask consisting of either PECVD SiOx or SiNx . The etching rates
of these dielectric masks is about 300 nm/min in the developed etching recipe
which means that we will need a very thick masking layer, patterning which
in itself would be a big challenge. We therefore decided to opt for a Ti/Cr mask
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Figure 3.5: Cleaved facet of a Ge-on-Si waveguide etched in a CF4:O2 plasma

in 40:10 ratio at a power of 600 W and pressure 10 mtorr. The metal

mask has been removed using HF.

which was patterned using a lift-off technique. A disadvantage of this technique
was that the liftoff introduced a roughness on the metal film which can be seen
in Fig 3.4(b). This roughness was then transferred to the waveguide circuits as
can be seen in Fig 3.5. However we will see in next chapter that this side wall
roughness doesn’t affect our device operation considerably. After dry etching,
the metal mask was removed by putting it in an HF solution which dissolves Ti
and removes the top Cr layer as well. The samples were then thinned down and
cleaved at the desired location.

3.3.2.1 Routes to improve dry etching

There are many strategies which could be used to improve dry etching such that
the side wall roughness of the waveguides is reduced. As discussed previously,
the roughness from the metal mask defined via lift-off is transferred to the wave-
guides and hence replacing the metal mask by either a photoresist or a dielectric
mask would be desirable. The first way could be to reduce the amount of O2 in
the CF4 plasma which would reduce the removal rate of a photoresist mask and
introduce a side wall passivator like H2. Another possibility would be to use a
CHF3:O2 plasma where H atoms would be produced during ionization. Third
possibility is to use a CF4 plasma to break through the native oxide formed on
the germanium surface and then use a Cl2:N2 plasma in ICP. The Cl2 plasma
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etches the germanium while N2 increases the side wall passivation by polymer
formation [12].

Figure 3.6: Schematic fabrication scheme of Ge-on-SOI phase shifters (a) 200

mm SOI wafer with 220 nm silicon layer, (b) epitaxial growth of 3 µm

thick silicon and 2 µm thick germanium layers, (c) waveguide defi-

nition by lift-off and dry etching, (d) lithography and metal deposi-

tion, (e) PECVD oxide deposition, (f) lithography for defining trenches,

(g) dry etching of PECVD silicon oxide and silicon and (h) removal of

PECVD oxide and buried oxide by HF dip

3.4 Ge-on-SOI

As we will see later in chapter 5, instead of growing germanium films on a sil-
icon substrate, we also grew them on SOI for realizing efficient thermo-optic
phase shifters. The fabrication scheme of the Ge-on-SOI phase shifters is de-
scribed schematically in Fig. 3.6. We began with a 200 mm SOI wafer with 220
nm silicon thickness which received an IMEC-clean [13]. 3 µm of silicon was
then grown epitaxially in a horizontal, cold wall, load lock reactor (ASM Epsilon
2000). The in-situ bake at 1050◦C removed all traces of oxygen. The silicon layer
was grown at a temperature of 1050◦C using dichlorosilane as silicon precursor
and H2 as carrier gas. The germanium layer was grown at 450◦C using germane
as precursor and H2 as carrier gas. The wafer was then annealed at 800◦ C for
three minutes to reduce threading dislocation density. The germanium waveg-
uide and heater were defined using a metal mask which was patterned using i-
line lithography and lift-off as described for Ge-on-Si waveguides. Germanium
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etching was carried out in CF4:O2 plasma and the metal was removed by a HF
dip. Metal lines on top of the germanium heaters were defined using a second
lithography step and liftoff. Trenches were then defined in the silicon substrate
using lithography and dry etching in a SF6:O2 plasma. The samples were then
thinned and cleaved. To achieve even better thermal isolation samples were put
in HF to remove the underlying SiO2. SEM images showing a Ge-on-SOI heater
waveguide and heater can be seen in Fig. 3.7.

Figure 3.7: SEM image showing the (a) cross section of a Ge-on-SOI waveguide

and (b) the top view of an undercut heater implemented in one arm of

a MZI.

3.5 Conclusion

In this chapter, we started by having a look at the optical characteristics i.e. the
refractive index and FCA absorption in Si and Ge. As Ge has a higher index
than silicon, an optical waveguide can thus be constructed using a germanium
core. We then discussed briefly the germanium growth carried out in imec and
followed it with a discussion on the possible routes to define germanium-on-
silicon waveguide circuits in our cleanroom. It was found that although one de-
sires a dielectric or a photoresist mask to define waveguide circuits, in order to
reduce side wall roughness, it’s not possible to do so with the current dry etching
recipe. Few guidelines are provided how this issue can be tackled in the future.
In conclusion, the fabrication scheme can still be optimized in terms of mini-
mum feature size and side wall roughness, doing which would be straight for-
ward in a standard CMOS fab with access to Deep UV lithography tools and ded-
icated ICP etching systems. Finally we introduced a slightly modified version
of this waveguide platform namely germanium-on-silicon-on-insulator. This
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waveguide platform required the additional growth of a silicon layer in the cur-
rent fabrication scheme but this can also be avoided by using a SOI with thicker
silicon device layer. The fabrication scheme for such waveguides can also be
transfered to a CMOS fab for higher quality.
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4
Ge-on-Si Passive Photonic Integrated

Circuits

“Strength does not come from winning. Your struggles develop your strengths.
When you go through hardships and decide not to surrender, that is strength."

– Arnold Schwarzenegger
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4.1 Introduction

In this chapter we will describe the passive photonic integrated circuits which
were simulated and measured in this thesis. The simulations were performed
using both in-house written and commercially available tools. The fabricated
PICs were characterized on a measurement system which was assembled dur-
ing the course of this thesis and we will begin by discussing the challenges faced
and the specifications of the measurement system.

4.2 Measurement System

Measurement systems to characterize near-infrared PICs consist usually of a
source and a detector with the PIC in between. The source can be either a
broad-band LED or a tunable laser and is connected to silica fibers. The sil-
ica fiber can either be polarization maintaining or the desired polarization can
be chosen by applying torque to the fiber. For coupling light in the PIC, either
a vertical or a horizontal coupling scheme is used [1]. In vertical coupling, the
fiber is positioned above a grating coupler on the PIC and light in the funda-
mental mode of the fiber couples into the fundamental mode of the waveguide
circuit. A one dimensional grating coupler typically is polarization selective. In
the horizontal coupling scheme, light is coupled from the fiber to the facet of the
waveguide. To ensure good coupling, the mode field diameters in the waveguide
and in the fiber are made similar in size. This is achieved by using a lensed fiber
and by tapering the waveguide.

The well developed field of telecom photonics has enabled the realization of
plug and play sources and detectors in addition to the availability of cheap
and robust fibers. However as mid-infrared photonics is still a young field, one
faces the following challenges in assembling a measurement system for the
mid-infrared wavelength range.

• Optical fibers: Silica fibers provide an economical, widely transparent
and robust solution for the needs of telecommunication networks. How-
ever they are not transparent for wavelengths beyond 2.4 µm and hence
alternate solutions are required. There are fibers transparent in the mid-
infrared wavelength range which are either made of chalcogenide [2] or
fluoride glasses [3]. In addition to being expensive, these fibers are frag-
ile when compared to silica fibers and are difficult to cleave requiring an
ultrasonic cleaver to produce a flat facet. Moreover these fibers contain
protective coatings whose removal is involved and typically requires the
use of solvents such as dichloromethane.

• Polarization Control: The technique of applying torque and rotating the
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fibers can’t be applied on non-silica fibers as they are typically very frag-
ile. Instead a free-space Babinet-Soleil compensator (or a combination of
wire grid polarizers) has to be used to control the polarization.

• Detector sensitivity: As we migrate from near-infrared to mid-infrared
wavelengths, the sensitivity of the detectors decreases. As a result of this
the signal to noise ratio degrades and thus techniques such as lock-in
detection need to be employed. Another issue with the detectors in the
mid-infrared wavelength range is that they are typically uncalibrated and
hence the measured powers are always relative.

The measurement system which was realized in the course of this thesis can
be seen in Fig. 4.1. We coupled light from a commercially available tunable
QCL(Daylight solutions) in an Indium Fluoride patchcord(IRPhotonics, now
ThorLabs) using a black diamond aspheric lens(ThorLabs). The coupling was
achieved by putting the FC-PC connectorized end of the patchcord in a fiber
coupler (Newport) which is not only able to move the fiber along the three axes
but also allows rotation along y and z axes. The QCL was emitting 65 mW of
power out of which 7.5 mW was coupled in the fiber. The patchcord is con-
nected to an Indium Fluoride pigtail the cleaved end of which is mounted on
a piezo-controlled xyz stage. To align this cleaved facet of the fiber with the
waveguide, ideally one would like to use a mid-infrared camera. However such
cameras are very expensive and hence we use a fiber connected red alignment
laser connected to the input InF pigtail. The output was collected again using
a cleaved fiber mounted on a piezo stage. In order to ensure maximal coupling
of the light from the fiber in the waveguides, the Ge-on-Si waveguide is tapered
to a width of 15 µm in order to match the mode field diameter (MFD) of the
InF fiber (16 µm at 5.3 µm wavelength). The output of the fiber was coupled
to an InSb detector placed inside a FTIR using an 90◦ off axis parabolic mirror.
To increase the signal to noise ratio, the output of the detector was coupled
to a lock-in amplifier. The reference to the lock-in amplifier was provided by
the TTL signal generated by the QCL controller. The TTL signal (100 KHz pulse
repetition rate) and the QCL pulses have a width of 0.5 µsec and a duty cycle
of 5 % The QCL and the lock-in amplifier are addressed by an in-house written
software which allows sweeping the laser in desired steps and simultaneous
recording of the lock-in amplifier signal.

As the fibers are not polarization maintaining, it becomes essential to set the
Babinet-Soleil compensator to choose the desired polarization. To control the
polarization in our measurements, we first obtained the signal from the lock-
in amplifier as a function of wavelength without putting any polarizer in the
path. When characterizing passive filters, usually one would observe two sepa-
rate peaks for TE and TM polarizations as seen in Fig. 4.2(a) due to the birefrin-
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Figure 4.1: Schematic representation of the measurement setup.

gence of the Ge on Si waveguides used. The Babinet-Soleil compensator is then
introduced in the beam path as shown in Fig. 4.1 and is adjusted in such a way
that one of the peaks disappears as seen in Fig. 4.2(b). A measurement is then
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Figure 4.2: Polarization control during the measurement of the PICs.

done by scanning the wavelength and recording the output signal. The polar-
ization of light at the tip of the input fiber is determined by placing a wire-grid
polarizer and a thermopile. The same procedure is then repeated for the other
polarization.

As we don’t have access to a calibrated detector in the mid-infrared wavelength
range, the transmission curves from the photonic devices are always normal-
ized with respect to the transmission from a straight waveguide present on the
same chip.From repeated measurements on the same waveguide, the variation
in the lock-in signal measured over a wavelength range from 5.2um to 5.325um
is estimated to be 0.5dB. This results in an uncertainty of +/- 1dB on the inser-
tion loss of the measured optical filters.

4.3 Selection of the waveguide platform parameters

4.3.1 Thickness of the germanium layer

As discussed before in chapter 2, we have selected the Ge-on-Si waveguide plat-
form for the realization of mid-infrared passive waveguide circuits. The thick-
ness of the germanium layer was chosen such that the fundamental TM mode
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Figure 4.3: Contour plot of the intensity of the fundamental TM mode confined

in a single mode Ge waveguide core for (a) 1 µm, (b) 1.5 µm, (c) 2 µm

and (d) 2.5 µm thick Ge layer at a wavelength of 5.3 µm.

is tightly confined inside the layer and feels the germanium-silicon interface as
little as possible in order to avoid losses coming from the defects at the interface.
TM mode operation is selected in order to be compatible with the integration
of QCLs which emit TM polarized light. A FIMMWAVE simulation showing the
contour plot of the intensity of the fundamental TM mode for different germa-
nium thickness and single mode width can be seen in Fig. 4.3. It can be ob-
served that as the thickness increases, the overlap with the germanium-silicon
interface decreases. For a thickness greater than 2 µm, the aspect ratio of the
waveguide will become too large and the fabrication would become challeng-
ing. We thus fixed the germanium thickness to be 2 µm as that provides us with
minimal overlap with silicon-germanium interface along with fabrication sim-
plicity.
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4.3.2 Single mode waveguide condition

Single mode operation condition is desirable in optical waveguides definitely
when optical filters need to be implemented. The geometry of a waveguide de-
termines the number of modes which are guided in it. In the previous section,
we have fixed the germanium layer thickness to be 2 µm. We now have two
parameters namely waveguide width and etch depth, which determine the sin-
gle mode condition of the waveguide. We performed FIMMWAVE simulations
in order to find out the combinations of waveguide width and etch depth which
would result in a single mode TM waveguide as shown in Fig. 4.4(a). Too shallow
etching leads to additional problems: the TM mode can couple to the TE guided
slab mode in the cladding resulting in slab leakage loss. Therefore, a deep etch
is preferred. It can be seen that the single mode width is directly proportional to
the etch depth and results in a value of 2.2µm for a 2µm fully etched waveguide.
An analysis on the design guidelines for germanium-on-silicon waveguides for
different waveguide geometries at different wavelengths was carried out in [4] a
graph from which showing various regions such as the TE and TM fundamental
mode regions and zero-birefringence curve at a wavelength of 5.8 µm is shown
in Fig. 4.4(b).

4.3.3 Bend radius

Integrated photonic circuits require waveguide bends. The bend radius how-
ever must be chosen carefully because tight bends give rise to radiation losses
and hence the light confined in the fundamental mode leaks away. We simu-
lated the bend losses as a function of radius using FIMMWAVE for a fully etched
Ge-on-Si waveguide and the result can be seen in Fig. 4.5(a). It can be seen that
in order to realize low loss bends we will have to increase the bend radius. We
therefore chose the bend radius to be 100 µm in order to minimize the radia-
tion losses. Such a large bend radius makes the device footprint large in com-
parison to SOI circuits which allow for a bend of the order of 5 µm at telecom
wavelengths. In order to realize a smaller bend radius, one can consider deeply
etching the silicon substrate which would make the light to be confined tightly
in the waveguide core. As seen in Fig. 4.5(b), an etch depth of 3 µm into the sil-
icon would result in virtually no loss for a 20 µm bend radius. However as our
etching recipe results in etch rate of 30 nm/min for silicon we didn’t carry out
the deep etching of the silicon substrate.
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Figure 4.4: (a) Graph showing the single mode waveguide width as a function

of the etch depth of a 2 µm high Ge-on-Si waveguide at 5.3 µm for the

fundamental TM mode. The shaded region represents the single mode

region. (b) Graph showing various modal regions in a germanium-on-

silicon waveguide as a function of waveguide geometry (from [4]).
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Figure 4.5: Bend loss of the fundamental TM mode at 5.3 µm as a function of

the (a) bend radius for a fully etched Ge-on-Si waveguide and (b) etch

depth of silicon substrate at a bend radius of 20 µm.

4.4 Waveguide Loss

The waveguide loss for single mode germanium-on-silicon waveguides was
measured using a cut back method for both fully (2.2 µm wide and 2 µm high)
and partially etched (2.2µm wide, 2µm high, 1.5µm etched) waveguides. Three
spirals of length 1 cm, 2 cm and 3 cm having the same number of bends of ra-
dius 100 µm were fabricated and the transmission from them was measured as
a function of wavelength for both TE and TM polarization. A straight 0.5 cm
waveguide was also measured. The waveguide loss for both fully and partially
etched waveguides was calculated as seen in Fig. 4.6 and an example showing
the cut back measurement is shown in Fig. 4.7 for a fully etched waveguide for
TE and TM polarizations at 5.4 µm.

The waveguide losses are sufficiently low for cm scale photonic integrated
circuits and are comparable to the values obtained in [5]. Both fully and par-
tially etched waveguides have propagation losses in the range of 3-4 dB/cm.
However for partially etched waveguides, the control of the etch depth from die
to die is difficult in our RIE system. Also it was observed that within a single chip
itself the etch depth has a variation of roughly 100 nm over a distance of 1 cm.
Therefore we decided to focus on fully etched Ge-on-Si waveguides.

4.4.1 Origin of the waveguide loss

The losses in Ge-on-Si waveguides come from two sources namely (a) the de-
fects located at the Ge-Si interface and (b) the side wall roughness. In order to
estimate the defect density in Ge-on-Si films, a 2 µm thick Ge film was etched
without any mask to various depths in RIE. Afterwards wet etching in a CrO3:HF
solution [6] for 5 minutes was carried out, the results of which are shown in
Fig. 4.8. It can be seen that a 2 µm Ge film doesn’t have any defects while as
we go closer to the Ge-Si interface the number of defects increase and at the
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Figure 4.6: Waveguide loss calculated using cut back method for a (a) fully

etched Ge waveguide for TE polarization, (b) fully etched Ge waveguide

for TM polarization, (c) partially etched waveguide for TE polarization

and (d) partially etched waveguide for TM polarization.

Figure 4.7: Calculation of loss using cut back method at a fixed wavelength of

5.4 µm for (a) TE polarization and (b) TM polarization.
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Figure 4.8: Defects revealed in the 2 µm thick Ge film after wet etching. The Ge

film was etched in RIE for (a) 0 minutes, (b) 5 minutes, (c) 10 minutes

and (d) 14 minutes.

interface the film becomes completely rough. In [7], a Ge-on-Si waveguide was
designed in a 2.9 µm thick germanium film which was etched 1.7 µm. The sim-
ulated TE mode profile can be seen in Fig. 4.9(a) which shows that the mode has
almost no overlap with the Ge-Si interface. Moreover, the side wall roughness
of the fabricated waveguides was comparatively lower than that of waveguides
fabricated in this thesis as seen in Fig. 4.9(b) and hence the reported waveguide
losses were 0.6 dB/cm at 3.8 µm wavelength.
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Figure 4.9: (a) Waveguide cross section and the TE mode profile at 3.8 µm and

(b) sidewall roughness of the fabricated waveguide (from [7]).

4.5 Passive waveguide components

4.5.1 Mach Zehnder Interferometers

A MZI consists of an input splitter, delay lines and an output combiner. The
input splitter is a m×n splitter, where m is the number of input channels and n
is the number of delay lines, which splits the incoming light in the desired ratio
in the delay waveguides. The difference in length between the delay waveguides
is chosen to achieve a desired free spectral range (FSR). The delay waveguides
are connected to a n×p MMI, where p is the number of desired output channels.
Usually the number of input channels is kept to one as light from a single source
needs to be divided in several channels (or vice-versa multiplexed).

4.5.1.1 Design of the MZI

The most challenging aspect of MZI design is the choice of splitter and com-
biner components. There are a variety of splitters and combiners one can
choose from namely y-junction splitters, directional couplers and multi-mode
interferometers (MMIs). Both y-junctions and directional couplers allow one
to achieve any desired splitting ratio however the control on fabrication is ex-
tremely difficult especially in our processing scheme which requires metal hard
mask lift-off. In Fig. 4.10(a) we plot the length for 50% coupling of light as a
function of gap between two waveguides (2.2 µm wide waveguides, TM opera-
tion at 5.3 µm) and it can be inferred easily that realizing splitters of small sizes
using directional couplers require sub-micron gap which is challenging using
320 nm UV contact lithography. Another issue with directional couplers is that
they are narrow band. In Fig. 4.10(b), the variation in coupling power has been
plotted as a function of wavelength. The waveguides were assumed to have a
width of 2.2 µm and the gap between them was kept 1 µm.
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Figure 4.10: (a) Length required to couple 50% of light from one fully etched 2.2

µm wide Ge waveguide to another as a function of gap and (b) cou-

pling variation as a function of wavelength for a directional coupler

with 2.2 µm wide Ge waveguides with 1 µm gap.

Figure 4.11: Phase difference and power splitting ratio between two output

arms of a 1×2 MMI of width 25 µm.

We designed 1×2 and 2×2 MMIs to achieve the desired 3 dB splitting/com-
bining. MMIs work on the principle of self imaging and can either work on the
principle of general interference or restricted interference [8]. We simulated the
behavior of the 1×2 and 2×2 MMIs of different widths using FIMMWAVE and
optimized the design parameters of the MMI to provide broadband 3 dB split-
ting of power with a constant phase relation between both output ports. The
broadband power splitting of the 1×2 and 2×2 MMI can be seen in Fig. 4.11(a)
and (b) respectively showing the variation in power between the input and out-
put ports as a function of wavelength. There are two important aspects of MMI
design namely power splitting ratio and the corresponding phase difference be-
tween the output at the two arms. Usually one would like to keep the footprint
of the device to be as small as possible and thus choose the MMI width to be
as small as possible. However the performance of the MMI is affected greatly
by width variations of the MMI slab. We therefore took these imperfections in
account in our simulations as seen in Fig. 4.12. For a 1×2 MMI, it can be seen in
Fig. 4.12 (a) and (b) that the phase difference and the power splitting between
the two output arms remains equal even when the width is changed due to the
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symmetry of the device and its excitation. For a 2×2 MMI, the power splitting
and the phase difference becomes a bigger issue in case of fabrication imper-
fections. This is shown in Fig. 4.12 (c)-(h) where the power splitting and the
phase difference are plotted as a function of width for a 2×2 MMI. The MMI de-
sign parameters are mentioned in the schematics for each configuration. It can
be observed that the wider MMIs are more tolerant to MMI slab width varia-
tions in terms of both phase difference between the output channels and power
splitting. To choose a combination which provides reasonable tolerance while
keeping the overall footprint to mm scale, we chose 25 µm as the width of our
MMIs which required a length of 230 µm for a 1×2 MMI and 930 µm for a 2×2
MMI. The MMIs were then cascaded in appropriate configuration to realize 1×1
and 1×2 MZIs. Both the waveguide arms had similar number of bends in order
to equalize the effect coming from bending the waveguide and the upper arm
had an extra straight section of 260 µm as seen in Fig. 4.13. The bend radius is
kept at 100 µm to avoid any radiation losses and the total length of the lower
arm is ∼ 628 µm while that of the upper arm is ∼ 888 µm. The MZIs in this
configuration would have a FSR of 25 nm.

4.5.1.2 MZI measurement results

We measured the 1×1 and 1×2 MZIs, the normalized transmission spectra of
which is shown in Fig. 4.14 (a) and (b) respectively. The FSR is found to be 24
nm which agrees well with the design parameters. It can be seen that for both
MZIs, the insertion loss is 0.5 dB and the extinction ratio reaches 20 dB. For
both devices, the extinction ratio varies as a function of wavelength. This vari-
ation comes from the fact that the minimum sweeping step in the laser is 1 nm
which doesn’t let us measure the points of destructive interference with enough
precision.

4.5.2 Arrayed Waveguide Gratings

An arrayed waveguide grating (AWG) is a device used for wavelength (de) multi-
plexing. It can be described as an integrated version of a prism which separates
incoming light in different colors. An AWG consists of input and output aper-
ture waveguides, two wide slab regions called free propagation regions (FPR) or
star couplers and an array of waveguides [9]. Light is launched in the input star
coupler from an input aperture. When the beam enters the star coupler, it is
no longer confined in the lateral direction and thus diverges. After arriving on
the waveguide array, the divergent beam couples in the individual array wave-
guides and then travels to the output aperture. The length difference ∆L be-
tween two consecutive arms of the array is chosen to be constant. Therefore, for
a wavelength λc = ne f f ∆L/m (where ne f f is the effective index of the mode in
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Figure 4.12: Simulations depicting the fabrication tolerances in terms of phase

difference and power splitting ratio of 1×2 and 2×2 MMIs as a func-

tion of MMI slab width. Various design parameters can be seen in the

schematic diagram. The devices were simulated at a wavelength of

5.3 µm and the fundamental TM mode was launched in the MMI slab

waveguide.
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Figure 4.13: Schematic diagram of a 1×2 MZI made by cascading a 1×2 MMI

and a 2×2 MMI. Drawing is not upto scale!.

Figure 4.14: Normalized transmission spectra of (a) 1×1 MZI and (b) 1×2 MZI

the waveguide, ∆L is the path difference between consecutive waveguides and
m is the diffraction order), after arrival at the output star coupler, the field in the
individual waveguides has the same phase and thus the field at the input aper-
ture is replicated on the output aperture. For other wavelengths, the increasing
length of the array waveguides will introduce a linear phase change at the out-
put star coupler. As a result of this the output beam will be tilted and the focus
point will shift along the image plane. If we now put the output waveguides at
proper positions, we can achieve spatial filtering of different wavelengths.

4.5.2.1 AWG Design

AWG design and mask layout generation can be carried out using the in house
python written code in the framework of Ipkiss. An overview of the design strat-
egy undertaken in this work is shown schematically in Fig. 4.15. The specific
design strategy for simulating and designing the AWG can be found in the PhD
thesis of Shibnath Pathak [10] where a rigorous model has been developed for
AWGs operating at telecom wavelengths. The model is capable of not only gen-
erating a gds file but also allows one to simulate the transmission of the device.
As the simulated and measured transmission spectra match reasonably and as
the code is not yet adapted for other material systems at other wavelengths, we
only generated the gds by supplying the specifications of our AWG. We begin by
fixing the desired channel spacing (∆λchannel ), number of channels and the free
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Figure 4.15: Diagram showing the schematic diagram to obtain the parame-

ters for AWG design.

spectral range (FSR) of the device. We chose the channel spacing to be 200 GHz
(18nm at a wavelength of 5.3 µm), five channels and a FSR of 146 nm. The delay
length (∆L) between the consecutive arms can then be calculated as,

∆L = λ2
c

ngλF SR
(4.1)

where λc is the center wavelength, ng is the group index of the mode in the
waveguide and λF SR is the free spectral range. This expression would result in a
delay length of 46 µm if λc = 5.3 µm and ng = 4.12. The next step in the calcula-
tion is the number of arms. The quality of the image formed at the output star
coupler is directly proportional to the number of arms and usually one would
desire a number as high as possible. However a higher number of arms means
more cross talk because of the phase errors coming from side wall roughness
and waveguide dimension variation. As a design rule this number is calculated
as [10],

N ≈ 3.5
F SR

∆λchannel
(4.2)

We chose the number of arms to be 36. Next important design parameter is the
focal length of the star coupler. The formula to calculate the focal length (f) is
given as [9],

f = da Nar ms

θa
(4.3)

where da is the waveguide pitch in the waveguide array and θa is the numeri-
cal aperture of the star coupler which captures the light being diffracted from
the input aperture waveguide. A narrow aperture means a large diffraction an-
gle which would mean a shorter focal length. However, it would also require
widening of the star coupler in order to capture all the light. Fig. 4.16(a) shows
the far field plot of the intensity of the fundamental TE and TM mode of a 4



80 CHAPTER 4

Figure 4.16: (a) Far field diffraction pattern of the intensity of the TE and TM

mode of a 4 µm wide fully etched Ge-on-Si waveguide at 5.3 µm, (b)

schematic diagram of the input star coupler showing the input aper-

ture and the diffraction angle of the beam in the free space region.

µm wide waveguide at 5.3 µm wavelength. The diffraction angle is found to be
36◦. The simulation and measurements results at 1550 nm show that the device
performance is optimal when the numerical aperture of the star coupler is ∼
1.4 times the diffraction angle from the aperture (calculated using FIMMWAVE).
Thus the diffraction angle is kept at 51◦. In order to realize an exact image of the
input field, the waveguide width at the waveguide array aperture is kept at 4 µm
while the waveguide pitch is kept at 5 µm. The 1 µm gap between waveguides is
limited by our lithography tool. After inserting these numbers in equation 4.3,
the focal length is found to be 200 µm. The 4 µm wide aperture waveguides

Figure 4.17: Schematic diagram showing the various waveguide widths used

in the design of the AWG.

are then tapered to the single mode width (2.2 µm) such that the optical mode
inside individual waveguides is not coupled. The waveguides are then again
tapered to a width of 4 µm in the waveguide array such that the phase errors
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Figure 4.18: (a) A microscopic image showing the fabricated AWG showing the

input channel, input star coupler, array waveguides, output star cou-

pler and output channels and (b) a SEM image showing the input star

coupler.

coming from the side wall roughness and width variations are minimized. The
path length difference is achieved only by changing the length of the 4 µm wide
arms and the 2.2 µm wide sections have equal length in all the arms. The bends
in the AWG are kept at a radius of 75 µm which give almost no loss as seen in
Fig. 4.5 (a). The schematic of the designed AWG is shown in Fig. 4.17 depicting
the various waveguide widths and the bend radius.

4.5.2.2 AWG measurement results

A microscopic image of the fabricated AWG can be seen in Fig. 4.18(a) while
Fig. 4.18(b) shows the input star coupler along with the input aperture and ar-
ray waveguides. The footprint of the device is 1 mm × 1 mm. The normalized
transmission spectra of the 5 × 200 GHz AWG can be seen in Fig. 4.19 (a) and (b)
for TE and TM polarization respectively. It can be seen that the side lobe cross
talk is around 20 dB for TE polarization and is around 16 dB for TM polarization.
The polarization dependent peak shift is 51 nm. To evaluate the insertion loss of
the device, we did a fit of the central channel with a gaussian function as shown
in Fig. 4.19. From the fit, it can be seen that the AWG has an insertion loss of 2.5
dB for TE polarization and 3.1 dB for TM polarization.

There are two points on which the design can be optimized further namely
the polarization dependent shift of the wavelength channels and the insertion
loss. The polarization dependent phase shift can be countered by making the
effective index of both TE and TM mode equal. One way of doing that is by
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Figure 4.19: Normalized transmission spectra of a 5×200 GHz AWG for (a) TE

polarization and (b) TM polarization.

Figure 4.20: SEM images showing the (a) corner rounding and line width re-

duction of the aperture waveguides and (b) roughness of the aperture

waveguides.
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designing the waveguide to be square shaped and then growing a thick sili-
con cladding on top. This will however mean that the waveguide will become
medium index contrast which will result in a larger bend radius and thus would
require more space on a chip. Another way is by employing a rib type geometry
where by selecting the etch depth and the width, both effective indices can be
made equal [11]. The insertion loss is mainly related to lithography limitations.
As explained above, the gap between the 4 µm array waveguide is kept at 1 µm.
This roughly means that ∼20% of the light coming from the input aperture is
not coupled in the array waveguides. Also, the waveguides in the fabricated de-
vice have corner rounding and the width slightly varies from the design as seen
in Fig. 4.20(a). This results in an uneven distribution of light in the individual
arms and gives rise to insertion loss. The cross talk of the device mainly arises
from the side wall roughness and width variations of the array waveguides. A
SEM image showing the waveguide roughness can be seen in Fig. 4.20(b).

It is however worth noting that even though these were the first generation
devices, their performance is already comparable to those manufactured in a
CMOS fab for a SOI AWG operating at 3.8 µm [12]. This shows that with further
improvement in design and access to better lithography tools, the insertion loss
and crosstalk can be reduced further.

4.5.3 Planar Concave Grating

A planar concave grating (PCG) is another type of wavelength (de)multiplexer
which works on the basis of interference of different light paths. Unlike an AWG
which is a transmission type device, the PCG is a reflection type device. A PCG
includes a slab region which is terminated by etched gratings on one side and
the input and output apertures on the other side [13]. Light is launched in the
slab region from an input waveguide. The concave grating performs the dual
function of diffracting and refocusing the light back in a series of output wave-
guides. The grating facets are blazed in order to focus the light towards a specific
direction where output waveguides are placed. In comparison to the AWG, the
PCG offers much better control on the side lobe cross talk as the AWG is sus-
ceptible to the phase noise originating from the side wall roughness of the array
waveguides while the PCG has only a slab region. On the other hand, the in-
sertion loss of the PCG depends directly on the reflectivity of the grating facets
while an AWG faces no such issue.

A major issue in AWG design is the routing of the array waveguide arms. As ex-
plained in previous section, the waveguide array requires narrowing and broad-
ening of the waveguides and the path length difference is achieved only from
the broader waveguides. As can be deducted from equation 4.1 that for larger
FSR, the delay length will become smaller. It so happens that after a certain
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Figure 4.21: Schematic diagram of a PCG showing the input and output aper-

tures, grating curve and the rowland circle.

FSR, it wouldn’t be possible to design the AWG without overlapping the waveg-
uide arms (see Fig.2 in [14]). Also, for a fixed FSR if we want more number
of channels (i.e. decrease the channel spacing), it can be inferred from equa-
tion 4.2, the number of arms will become large and thus the device would be-
come larger. As a result of this there is a higher chance of phase noise introduc-
tion and hence poor performance. As we will see in the coming sections, for
wavelength (de)multiplexing with larger FSR and a large number of channels, a
PCG is the preferred option over an AWG.

4.5.3.1 PCG Design

A schematic diagram of the PCG is shown in Fig. 4.21 showing the location of
input and output waveguides, the grating curve and the Rowland circle. The de-
tailed analysis of PCG design and simulation can be found in the thesis of Joost
Brouckaert [15]. We are providing a brief overview here. The PCG is designed on
the basis of the Rowland geometry with one stigmatic point [16]. The input and
output channels are placed on a circle of radius R while the gratings are placed
on a circle of radius 2R. The centers of the individual grating facets are posi-
tioned on the grating circle in such a way that, when projected onto the tangent
of the circles at the pole, they are spaced equidistantly at distance d, the grating
period. The imaging equation on any point of the circle can be written as,

d(si nθi + si nθd ) = m
λ

ne f f
(4.4)

where d is the grating period,θi and θd are the angle between the grating
normal at the pole and the incident beam and the diffracted beam respectively,
m is the order and ne f f is the effective index of the slab.
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Another important parameter in PCG design is determination of linear disper-
sion (LD) which is defined as the shift of the image along the Rowland circle per
unit of wavelength shift. In the Rowland geometry, it’s possible to evaluate the
as [15],

LD = ∆s

∆λ
= 2R

dθd

dλ
= 2R ∗m ∗ng

cosθd ∗d ∗n2
e f f

(4.5)

where ∆s is the spacing between output waveguides, R is the radius, ∆λ is
the wavelength channel spacing and ng is the group index given as,

ng = ne f f −λ
dne f f

dλ
(4.6)

It can be seen from equation 4.5 that for a fixed spacing between output wave-
guides, the radius (and thus the size of the slab) will decrease for large channel
spacing. This means that the device will be less prone to layer thickness varia-
tions and hence the performance will improve.
The FSR of the PCG is given by [15]

F SR = λ

m

[
1− m +1

m

(
1− ng

ne f f

)]−1

(4.7)

Equations 4.4, 4.5 and 4.7 provide the required parameters for the device de-
sign. We begin by first specifying a FSR of 240 nm which provides us with the
diffraction order (m) of 21 once we calculate the values of ng (=4.12) and ne f f (=
3.86) of the mode confined in the slab using FIMMWAVE. One can then fix the
incident and the diffraction angle and calculate the grating period, d. The linear
dispersion can now be calculated based on the required channel spacing and
the distance between output waveguides. Knowing linear dispersion will allow
one to calculate the radius of the grating curve.
The choice of incidence and diffraction angles and waveguide aperture width
and spacings is made after performing the simulations in Matlab explained be-
low.

4.5.3.2 Choice of angle

It’s clear from equation 4.5 that for a constant waveguide aperture spacing and
channel spacing, the radius is inversely proportional to the diffraction angle.
Also, as seen in Fig. 4.22, as one increases the diffraction angle, light has to tra-
verse a smaller distance to reach the grating facets. This implies that larger an-
gles would result in smaller devices which would mean that device performance
would be less dependent on slab layer thickness. However, larger diffraction an-
gles also mean that the spectrum would get broader because of the aberrations
caused by illumination of facets further away from the grating pole and hence
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side lobe cross talk would increase. Moreover the larger angles of incidence
mean that the facets away from the pole will be shaded and hence diffraction ef-
ficiency would decrease. To study the impact of diffraction angle, we carried out
a simulation where light was launched in the FPR at three different angles for a
fixed number of gratings assuming 100% reflectivity and fixed linear dispersion
(= 400 nm/nm). The wavelength was fixed at 5.3 µm and both incidence and
diffraction angles were chosen to be equal. We calculated the overlap integral
between the diffracted light along the aperture waveguide and the fundamental
mode of the aperture waveguide. The aperture was kept at a width of 4 µm. The
results are plotted in Fig. 4.22.
It’s clear that if linear dispersion is kept constant and diffraction angle is in-
creased, the radius of the FPR will decrease which has been shown in Fig. 4.22.
However we also see that the diffracted spectrum also starts to get broader with
increase in angle which will increase the side lobe cross talk. At higher angles
such as 80◦, the output spectrum of the device is not a smooth gaussian and
side lobes appear. Therefore a compromise is needed between the device size
and the side lobe cross talk.

4.5.3.3 Waveguide width

Waveguide width is another parameter which plays a role in determining the
device size as it controls the waveguide spacing (∆s). On the first glance from
equation 4.5 one would draw a conclusion that smaller waveguide spacings
would result in a smaller device. However the device size is also affected by the
divergence angle of the beam launched in the FPR. Narrower waveguides have a
larger divergence angle which would mean that they require more grating facets
to capture all the light. This in turn would mean that aberrations would affect
the spectrum as more grating facets need to be illuminated away from the pole.
To study the effect of waveguide aperture width, we carried out a simulation
of a PCG assuming fixed angle of incidence (= 40◦) and linear dispersion (=400
nm/nm). The results are plotted in Fig. 4.23 where the electric field incident
on the grating curve is plotted. It can be seen that for a 3 µm wide aperture
one would require 79 facets to capture the electric field while for a 5 µm wide
aperture, the number of grating facets reduces to 57. However if we plot the
diffracted light back in same waveguide (as done in Fig. 4.24), we see that as the
waveguide aperture increases, the spectrum gets broader which would mean an
increase in the cross talk levels. It can be seen that the spectrum gets broader by
5 nm for an increase of 1 µm in the aperture width.
After keeping in mind the above mentioned points, we designed the PCG with
single input and six output waveguides which had a aperture width of 4µm. The
waveguide spacing was chosen to be 10 µm. This spacing is chosen such that
there is neither any optical coupling between the 4µm wide waveguides nor any
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Figure 4.22: Influence of the incidence and diffraction angle on device size and

performance. The waveguide aperture is fixed at a width of 4 µm, lin-

ear dispersion at 400 nm/nm. The incidence and diffraction angles are

equal. TM polarized light at 5.3 µm wavelength was launched from

the waveguide.
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Figure 4.23: Influence of the waveguide aperture width on the number of re-

quired grating facets. The input and output waveguide aperture is

fixed at an angle of 40◦ and the linear dispersion at 400 nm/nm. TM

polarized light at 5.3 µm wavelength was launched from the waveg-

uide

shading effect which would result in blockage of light going in apertures away
from the input. The angle of incidence was chosen to be 44◦ while the angle of
diffraction was chosen to be 41◦. The input and output apertures were placed
on a circle with a radius of 666 µm. The number of grating facets was chosen to
be 63 which were placed on a circle of radius 1332 µm as seen in Fig. 4.25.The
device footprint was 1.5 mm by 1.2 mm.

To get an idea of the device performance we obtained the transmission spectra
of our PCG with above mentioned parameters assuming a 100% reflecting grat-
ing, the results of which are shown in Fig. 4.26. In the simulation we can’t take
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Figure 4.24: Influence of the waveguide aperture width on the device perfor-

mance. The input and output waveguide aperture is fixed at an angle

of 40◦ and the linear dispersion at 400 nm/nm. TM polarized light at

5.3 µm wavelength was launched from the waveguide
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Figure 4.25: (a) A microscopic image of the fabricated PCG detailing the speci-

fications.

into account the fabrication imperfections such as variations in the slab thick-
ness and non-ideal grating facets. We expect crosstalk levels of -27 dB. In order
to analyze our simulations, we fabricated the PCG with three different grating
facets as described in the next section.
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Figure 4.26: Simulated response of a PCG with 25 nm channel spacing for TM

polarization.

4.5.3.4 Flat facet grating

First we fabricated a PCG with flat grating facet between germanium (n = 4)
and air (n = 1). Assuming perpendicular incidence, the Fresnel power reflection
coefficient can be calculated as,

R =
{

n1 −n2

n1 +n2

}2

= 0.36. (4.8)

A SEM image of such a flat facet can be seen in Fig. 4.27(a) and the normal-
ized transmission spectra can be seen in Fig. 4.28 for TE and TM polarization.
The side lobe cross talk is found out to be 23 dB and 21 dB for TE and TM po-
larization respectively and the corresponding insertion loss is calculated to be
7.6/6.4 dB. The side lobe cross talk is higher than the simulated cross talk which
is attributed to variations in the thickness of the slab region. The relatively high
insertion loss can be explained by the low reflection from the grating facets. The
Fresnel reflection loss coming from the flat facet is -4.5 dB. To assess the extra
2-3 dB loss, let’s have a closer look at the SEM image of the flat grating facet in
Fig. 4.27(b). One can see that instead of being perfectly vertical, the facet has
a step-like shape. A Lumerical FDTD simulation was performed to assess the
impact of this on the reflection and it was found that the reflection coefficient
differs only slightly. However, the facet has a rough side wall which would scat-
ter the light in all the directions. Further losses are introduced by lithographic
imperfections such as corner rounding. In order to characterize the individ-
ual channels spectrally, we plot the overlapped spectra of these channels in
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Fig. 4.29. It can be seen that the central lobe of all channels overlap nicely. Only
the side lobe of the sixth channel is seen prominently which is also attributed to
fabrication imperfections.

Figure 4.27: SEM images showing (a) Flat grating facets and (b) fabrication

imperfections such as non-vertical side walls, roughness and corner

rounding.

4.5.3.5 Total internal reflection grating

In order to increase the reflections from the grating facets, we fabricated total
internal grating facets as shown in the SEM image in Fig. 4.30(a). The design
of these facets is based on the principle of total internal reflection. The grat-
ing facets are designed such that the light hits each facet at an angle of ≈ 45◦

which is greater than the total internal reflection angle of ≈ 15◦ between germa-
nium and air. As schematically shown in Fig. 4.30(a), the incoming light would

Figure 4.28: Normalized transmission spectra of a six channel PCG with 25 nm

channel spacing with flat facet gratings for (a) TE polarization and (b)

TM polarization.
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Figure 4.29: Overlapped spectra of the six channels for (a) TE polarization and

(b) TM polarization.

Figure 4.30: SEM images showing (a) TIR grating facets and (b) fabrication

imperfections such as non-vertical side walls, roughness and corner

rounding.

be reflected towards the output apertures. In theory, a very high reflection is
possible, however since two reflections are needed, the loss due to roughness of
the etched walls and the corner rounding increases. A SEM image in Fig. 4.30(b)
shows these fabrication imperfections. Also, it’s not possible to blaze each grat-
ing facet to reflect light and thus maximal light is sent back on the input waveg-
uide.

Since it’s not possible to blaze the grating facets, we observed that the output
waveguides collect less light as we move away from the input aperture. As a
result, the insertion loss increases for channels away from the input as seen in
Fig. 4.31(a). Also the overlapped spectra of all the channels in Fig. 4.31(b) shows
that there are significant variations in the spectral performance of all the chan-
nels which indicates that there might be some fabrication imperfections in this
PCG.
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Figure 4.31: (a) Normalized transmission spectra for TM polarization for a to-

tal internal reflection grating and (b) overlapped spectra of all the

channels.

4.5.4 Bragg Reflectors

In order to maximize the reflections from the grating facets, we put DBR gratings
on the grating curve as seen in Fig. 4.32(a). The DBRs can be designed to have
very high reflection and can be blazed as well to focus light in the output wave-
guides. Normally one would like to design first order DBRs which have maximal
reflectivity however we are limited in the linewidth because of our lithography.
Therefore we kept the DBR period to 2.15 µm with a fill factor of 50% which re-
sults in a third order grating. The normalized transmission spectrum for TE and
TM polarization can be seen in Fig. 4.33 (a) and (b) respectively. It can be seen
that the insertion loss for TE and TM polarizations is found to be 4.9 dB and 4.2
dB and the cross talk is 22 dB and 23 dB respectively. The overlapped spectra of
the six channels for TE and TM polarizations can be seen in Fig. 4.34 (a) and (b)
respectively which demonstrates that the spectral behavior of individual chan-
nels is almost the same.

The major cause of insertion loss is that the third order grating only reflects
back ∼65%. This would account for -1.8 dB of insertion loss. However the fabri-
cated DBR gratings contain imperfections and suffer from high side wall rough-
ness as seen in Fig. 4.32(b). Also, as can be seen in Fig. 4.32(c), the fabricated
grating has teeth of width 950 nm while the gap is 1.15 µm. A 2-D simulation of
the reflectivity of a four period DBR grating at a wavelength of 5.25 µm was car-
ried out as a function of grating period and fill factor as shown in Fig. 4.35(a) for
TM polarized light. We can see that the fabricated grating will have a reflectivity
of ∼55%. Another source of loss could be the corner rounding of the DBR grat-
ings which is seen in Fig. 4.32(c). It can be shown from scalar diffraction theory
that the electric field diffracted from a grating facet is proportional to its width.
The amount of light lost due to corner rounding can be calculated as,

LCor ner Roundi ng = 20∗ log
We f f

W
(4.9)
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Figure 4.32: SEM images showing (a) perspective view of the fabricated DBR

gratings, (b) zoomed in view showing the side wall roughness, (c) top

view showing the dimensions of the gratings and (d) cross section view

demonstrating the non-vertical side walls. The grating in (d) has been

covered by platinum to take a SEM image.
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Figure 4.33: Normalized transmission spectra of a six channel PCG with 25 nm

channel spacing with DBR gratings for (a) TE polarization and (b) TM

polarization.

Figure 4.34: Overlapped spectra of the six channels for (a) TE polarization and

(b) TM polarization.
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Figure 4.35: (a) a 2-D contour plot showing the reflectivity of the grating as a

function of period and the fill factor. The shaded area represents the

combination which would result in a minimum feature size of 1 µm

and the grating dimensions are shown above. (b) broadband reflectiv-

ity of the TE and TM polarized light of a four period DBR grating with

period 2.15 µm and fill factor 50%.

where We f f is the length of the grating teeth which is straight and W is the total
length of grating teeth. For our fabricated grating this would give an excess loss
of 1.8 dB. Fig. 4.32(d) shows a cross section of the grating which shows that the
side walls are not perfectly straight but have a polygon like shape. However
our previous simulations indicate that this doesn’t impact the reflection by a
considerable amount. The insertion loss can be reduced by fabricating a grating
with higher reflectivity. It can be seen in Fig. 4.35(a) that a period of 2.15µm and
a fill factor of 85%, will result in a reflectivity of 95%. This will mean a grating
with slit of width 320 nm is required which is possible in a standard CMOS pilot
line. Fig. 4.35(b) shows the simulated reflection spectrum of the four period
DBR grating with a period of 2.15 µm and fill factor of 0.5 for both TE and TM
polarized light in the 4-7 µm wavelength range showing a peak reflectivity of
-1.45/-1.25 dB and -1 dB bandwidth of 2.1/1 µm for TE/TM polarization.

4.5.5 Ring Resonators

Ring resonators allow the realization of high-Q factor filters [17]. They are used
in many configurations in integrated optics and complex filter functions can be
obtained by combining them in series or parallel. However, ring resonators re-
quire the fabrication of directional couplers to couple light from an incoming
waveguide to the ring itself. As explained in section 4.5.1.1 due to the litho-
graphic limitations, it wouldn’t be feasible for us to fabricate a directional cou-
pler containing two fully etched waveguides as it would require fabricating two
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Figure 4.36: (a) Contour plot of the intensity of the TM mode at 5.3 µm wave-

length in a partially etched directional coupler with 2.2 µm wide

waveguides with 1 µm gap in between and (b) the corresponding in-

tensity profile in the horizontal direction.

Figure 4.37: Normalized transmission spectra of an add-drop ring with direc-

tional coupler with 10% coupling. The zoomed figure on the right

shows a peak with a Lorentzian fit. The normalized value is larger

than zero because of a badly cleaved facet.

parallel waveguides very close to each other over a relatively large length. A way
of increasing the coupling between waveguides is to partially etch the waveg-
uide which increases the coupling and thereby allows a larger gap. The mode
profile of the symmetrical TM supermode for such a directional coupler con-
taining two partially etched 2.2 µm wide waveguides separated by a gap of 1 µm
can be seen in Fig. 4.36(a) while Fig. 4.36(b) shows the intensity profile in the
horizontal direction. The length required for 10% coupling was found to be 150
µm. We fabricated racetrack ring resonators in add drop configuration with a
roundtrip length of 771 µm (having a radius of 75 µm, straight section of 150
µm and the gap between the waveguides of 1 µm). The spectra of such a ring
can be seen in Fig. 4.37(a) where the length of directional coupler was also kept
at 150 µm in order to achieve 10% coupling.

To calculate the FWHM and the Q-factor of our ring resonators, we carried
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Figure 4.38: SEM image showing (a) cross section of the directional coupler sec-

tion of the ring resonator (covered with platinum) and (b) bird’s eye

view of the directional coupler.

out a lorentzian fit of a peak as shown on the right hand side of Fig. 4.37. The
FWHM was found out to be 1 nm and the Q-factor was calculated to be 5300.
The Q-factor of the fabricated ring resonator is significantly below what is re-
quired for an integrated filter. Another issue seen here is that a parasitic peak is
observed in the spectrum. This is attributed either due to the fact that the po-
larization of the incident light is not purely TM polarized or due to the fact that
the TE mode is weakly excited in the directional coupler (given the assymetrical
vertical structure of the waveguides).

A major issue in fabricating the ring resonators with directional couplers was
that the required gap between the coupling waveguide is very close to the limit
of our lithography tool. This results in a yield of only 5%. A microscopic image
of the directional coupler section after performing image reversal lithography is
shown in Fig. 4.39(a) and (b). Fig. 4.39(a) shows a sample on which the lithog-
raphy was successful while Fig. 4.39(b) shows a sample where the gap between
the bus waveguide and the ring hasn’t been defined. Because of the above men-
tioned reasons, ring resonators were not pursued further in this thesis.

4.6 Conclusions

In this chapter, we began by discussing the challenges which are faced to realize
a measurement system for the mid-ir wavelength range and methods to over-
come them. We then described the design methods and the performance of fab-
ricated passive Ge-on-Si photonic devices. The waveguide losses were found to
be in the range of 3-4 dB/cm which are low enough to realize most mid-infrared
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Figure 4.39: Microscopic image showing the photoresist pattern after image re-

versal lithography of the directional coupler section of the ring res-

onator (a) successful lithography and (b) unsuccessful lithography.

The narrow gap between the waveguides won’t be defined in case (b).

PICs. The waveguide losses arise mainly because of the defects at the Ge-Si in-
terface and sidewall roughness. We fabricated devices like MZIs, AWGs, PCGs
and ring resonators. It can be seen that although the fabrication of these devices
is done with tools which are not comparable to standard CMOS pilot line equip-
ment, the performance is still reasonable. Apart from ring resonators, whose
fabrication was a challenge because of lithographic limitations, other devices
perform reasonably. This shows that with improvement in design and fabrica-
tion, the performance of these devices can still be improved which could make
the manufacturing of high performance passive integrated mid-infrared PICs in
a CMOS fabrication environment a reality in the near future.
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5
Thermo-Optic Phase Shifters

“Design is a funny word. Some people think design means how it looks. But of
course, if you dig deeper, it’s really how it works."

– Steve Jobs
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5.1 Introduction

Many applications in integrated optics such as "imprinting" the information
on an optical carrier and optical switching require the modulation of the light
propagating in a waveguide [1]. The phase of an optical wave can be changed by
changing the effective index of the optical mode [2]. Modulation of the effective
index can be done in several ways such as by using the thermo-optic effect [3],
the plasma dispersion effect [4] or the electro-optic effects such as Kerr effect
and Pockels effect. Although the plasma-dispersion effect allows one to achieve
modulation at very high speeds (Gbit/sec [5]), the implementation of it requires
generation of free carriers by means of doping in the waveguide. These free
carriers give rise to optical losses through free carrier absorption (FCA) which
are at tolerable levels at telecom wavelengths but increase in the mid-infrared
wavelength range. This was shown in Fig.3.1 (c) and (d) where for n-type dop-
ing concentration of 1017 cm−2, the FCA for Si at telecom wavelength was ∼1
cm−1 while for germanium it rises to ∼10 cm−1 at 5 µm. Electro-optic effects
such as Kerr and Pockels effect are weak in silicon at telecom wavelengths [6]
and we can expect a similar behavior at mid-infrared wavelengths for germa-
nium. Another way of achieving modulation is using the electro-absorption
effect using the quantum confined stark effect or Franz-Keldysh effect which
requires implementation of other materials such as Ge or SiGe on SOI wave-
guides [7] for operation at 1.55 µm. Their operation window can be extended to
2.5 µm by using GeSn. As tailoring the bandgap of CMOS compatible materials
to make them absorb mid-infrared wavelengths is challenging and hasn’t been
achieved till date, these electro-absorption modulators can’t be utilized for the
mid-infrared wavelength range. One can then conclude that the best candidate
for tuning and low-frequency modulation on a mid-infrared PIC is the thermo-
optic effect. The implementation of a thermo-optic phase shifter is straightfor-
ward. The phase modulation introduced by the thermo-optic phase shifter can
be translated to intensity modulation by incorporating the phase shifter in an
interferometer. One drawback of thermo-optic modulators is that they are lim-
ited to lower speeds (KHz-MHz) however most mid-infrared measurement sys-
tems don’t require higher modulation bandwidth. Therefore in this thesis, we
have focused on the realization of low power consumption thermo-optic phase
shifters.

5.2 Design of thermo-optic phase shifters

The operation principle of a thermo-optic phase shifter is straightforward. Heat
is generated in the vicinity of the waveguide by passing current through a re-
sistor. This heat leads to a temperature increase, which then alters the refrac-
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tive index of the surrounding materials depending on their thermo-optic coef-
ficient. The change in the refractive index of the materials is transferred directly
to the effective index of the waveguide mode. If this waveguide is integrated in
an interferometer such as in one arm of a MZI, the phase of the light traveling
in that arm can be tailored as a function of the dissipated heat thereby leading
to an intensity variation at the output. There are two configurations in which
the heater can be placed as shown in Fig. 5.1 (a) and (b). While the first configu-
ration requires the deposition of an intermediate cladding layer in between the
heater and the waveguide [8], in the second configuration the heater is placed
on one side of the waveguide which requires enough separation between the
waveguide and the heater to avoid losses [9].

Figure 5.1: Two schemes of placing a metal heater in the vicinity of the waveg-

uide (a) Top heater and (b) side heater. The applied power to the heater

in both the cases in 120 mW and the length of the heater was 700 µm.

For the first approach (with metal heater on top) it’s required that an in-
termediate cladding layer be deposited. This cladding should be transparent
in the mid-infrared wavelength range and should also have sufficient thickness
such that the optical mode in the waveguide is not absorbed by the metal. As
described in chapter 2, chalcogenides can be made widely transparent in the
mid-infrared wavelength range and their refractive index can be tailored as well.
We carried out a simulation in FIMMWAVE to determine the required thickness
of the cladding assuming a refractive index of 2. It can be seen in Fig. 5.2(a)
that we would require a thickness of 1 µm to isolate the light traveling in the
germanium core (assuming 5.3 µm wavelength in a waveguide of 2 µm height
and 2.2 µm width) from the deposited metal (Ti(100 nm)/Au (20 nm)). We de-
posited Ti(100 nm)/Au (20 nm) heaters on GeSbSe chalcogenide films (provided
by FotonLab, University of Rennes) and performed a VI measurement in order
to obtain the maximum power which this heater could handle before burning.
As seen in Fig. 5.2(b), the VI curve is fairly linear however after dissipating 120
mW, the heater of width 2 µm and length 700 µm got burned.
We carried out thermal simulations using COMSOL multiphysics, performing
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Figure 5.2: (a) Fimmwave simulations showing the loss of the fundamental

TM mode (by absorption from the top metal) as a function of cladding

thickness and (b) measured VI curve of a Ti/Au heater placed on a

chalcogenide film deposited on a silicon substrate.

Figure 5.3: Zoomed view of the simulation window showing the thermo-optic

phase shifter in a side heating configuration. The spatial distribution

of temperature in the waveguide can be seen. 700 mW of power was

dissipated in the heater.

steady state FEM 3-D simulations to calculate the temperature change as a func-
tion of dissipated power in the heater. It can be seen in Fig. 5.1 (a) and (b) that
for both top and side heating configuration, if we dissipate 120 mW of power, the
rise in temperature in the waveguide core is small leading to a phase shift of 0.2π
and 0.1π respectively for a 700 µm long device structure. The top heater config-
uration has the additional problem that a transparent mid-infrared cladding is
required and most probably will involve chalcogenides, the deposition of which
is not CMOS compatible. We therefore designed the heaters in the side heat-
ing configuration with metal lines on top of a germanium strip. A zoomed in
view of the simulation window can be seen in Fig. 5.3 which shows the spatial
temperature distribution in the waveguide when a certain power is dissipated
in the heater present next to it. In the simulations, we kept the silicon substrate
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Figure 5.4: Temperature in the center of the waveguide as a function of gap be-

tween the waveguide and center when the metal is placed on germa-

nium strip (blue line) and when its placed on silicon substrate (green

line). 700 mW of power was dissipated in the heater.

and the top air cladding to be 200 µm high and 400 µm wide to take in account
the heat sinking to the substrate. The length of the waveguide was kept 400 µm
additional to the length of the heater to take in account the heat flow along the
waveguide direction.

There are two ways to increase the efficiency of this side heater. Firstly, one can
place the heater closer to the waveguide and as one can see in Fig. 5.4 that this
would mean that the temperature in the waveguide core rises by ∼5K if the gap
is lowered to 1 µm from the value of 2 µm. As discussed in the previous chapter
that a gap of 1 µm would lower the yield to ∼5% due to limitations of our litho-
graphic tool. Secondly, one can place the heater on the silicon substrate itself
and as seen in Fig. 5.4 it would result in a temperature rise of ∼20K for the same
gap in comparison to the case when metal is deposited on germanium strip. For
the first generation of our devices, we chose a gap of 2 µm between the waveg-
uide and the heater to achieve a high yield of devices and placed the metal on a
germanium strip instead of a silicon substrate. The improvements which would
come from narrowing the distance between the heater and the waveguide and
placing metal on a silicon substrate can be implemented in future designs. In
order to test our phase shifters, we designed 1×2 MZIs with 25 nm FSR and the
heater was placed on the longer arm as seen in Fig. 5.5(a). The heater itself
consisted of a 2 µm wide metal stack of either Ti/Au or Cr/Au on a 4 µm wide Ge
strip which is at a distance of 2 µm from the waveguide. The length of the heater
was varied from 70 µm to 700 µm in steps of 70 µm and both the ends were con-
nected to 100 µm × 100 µm pads which were probed by the electrical contacts.
As shown in Fig. 5.5(b), the shift in the position of the destructive interference
was used to calculate the phase shift as a function of dissipated power.

The temperature dependent thermo-optic coefficient of germanium has been
experimentally determined in [10] and can be written as (T in Kelvin) in the
form of following equation,
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Figure 5.5: (a) A schematic diagram showing the 1×2 MZI with heater in one of

the arms along with the zoomed window showing the delay waveguide

and the heater and (b) normalized spectra of the MZI with and without

heater actuation. The dissipated power was 350 mW.



THERMO-OPTIC PHASE SHIFTERS 109

dn

dT
= 8.24.10−7T +0.000172 (5.1)

Since the confinement of the optical mode in the germanium waveguide
core is 96%, we only considered the thermo-optic effect in the Ge waveguide. In
order to calculate the total phase change in a waveguide alongside the heater,
we obtained the temperature profile along the length of the waveguide in the
center as a line plot and then calculated the change in refractive index locally at
each point using equation 5.1. The total phase change introduced in the heated
waveguide can then be calculated by numerical integration as,

∆φ=
∫ L

0

2π

λ
∆n(z)d z (5.2)

where λ is the wavelength of operation, ∆n(z) is the change in the refractive
index at a particular point and L is the total length of the waveguide.

Figure 5.6: (a) 2-D cross section in the middle of the simulation window, (b)

line plot along the waveguide showing the temperature profile. The

length of the heater was kept 700 µm and the power dissipated in the

heater was 700 mW, (c) experimentally measured phase shift as a func-

tion of power dissipation along with a linear fit.
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5.3 Ge-on-Si phase shifters

5.3.1 Regular phase shifter

We performed a COMSOL simulation for the Ge-on-Si phase shifters as shown
in Fig. 5.6(a) and found that one requires 700 mW (11 mA current and 64 V volt-
age) of power to achieve a 2π phase shift. The heater consisted of a stack of
Ti/Au on a germanium strip, the length of which was kept 700 µm and the cor-
responding temperature profile in the center of the waveguide along its length
can be seen in Fig. 5.6(b). This simulation was then confirmed by measuring
the induced phase shift as a function of applied power as shown in Fig. 5.6(c). A
good match between theory and experiment can be observed.
We can immediately draw the conclusion that a heater designed in this config-
uration is very power inefficient. The main reason behind this is that the un-
derlying silicon (thermal conductivity = 130 W/(m*K)) acts as an efficient heat
sink, which can also be seen in the simulation in Fig. 5.6. An improvement in
the design is thus needed to bring down the required tuning power. Since the
majority of the heat is being sunk in the silicon substrate, a way to improve the
efficiency of the thermo-optic phase shifter is by thermally isolating it from the
silicon substrate.

Figure 5.7: SEM image showing of (a) cross section of a fully undercut heater

(the image is not of the measured device) and (b) top view of a fully

undercut heater integrated in a MZI.

5.3.2 Fully undercut phase shifters

To prevent the heat to be sunk in the substrate, air trenches were created using
a focused ion beam (FIB) tool on both sides of a heater/waveguide combination
of length 210 µm as shown in Fig. 5.7(a). The rest of the chip was protected by
photoresist and lithography was performed to define the areas where FIB is to
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be done. The total time taken to perform FIB was 8 hours. While in this proto-
type FIB was used, this undercutting can be realized on a wafer scale through
chemically assisted ion beam etching. Fig. 5.7(b) shows the top view of the un-
dercut heater (which consisted of a Ti/Au metal stack on a germanium strip)
and the waveguide section. The simulated 2-D cross section and the temper-
ature profile along the waveguide can be seen in Fig. 5.8(a) and Fig. 5.8(b) re-
spectively. We confirmed the simulation results by measuring the phase shift as
a function of applied power and found that 80 mW of power (2.5 mA current,
31.9 V voltage) is required to achieve a 2π phase shift as seen in Fig 5.8(c). The
MZI normalized spectra is shown in Fig. 5.9 and it can be seen that both inser-
tion loss and extinction ratio have not suffered.

Figure 5.8: (a) 2-D cross section in the middle of the simulation window, (b)

line plot along the waveguide showing the temperature profile. The

length of the heater was kept 210 µm and the power dissipated in the

heater was 80 mW, (c) experimentally measured phase shift as a func-

tion of power dissipation along with the linear fit.
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Figure 5.9: Normalized spectra of the MZI with and without heater actuation

after performing FIB.

5.4 Ge-on-SOI

We have concluded in the previous sections that the introduction of an insula-
tor between the heater and the silicon substrate will assist in confining the heat
to the vicinity of the waveguide and hence increase the efficiency of the thermo-
optic phase shifter. Although we have demonstrated a proof-of-principle con-
cept using FIB, it remains a fact that this would be a rather time consuming pro-
cess and although solutions like chemically assisted ion beam etching do exist,
an elegant way would be to deliberately introduce a thermal insulator in the sil-
icon substrate. SiO2 is a known thermal insulator with thermal conductivity of
1.4 W/(m*K) and if we implement our phase shifters on Ge-on-Si-on-insulator,
it could pave the way for the realization of efficient phase shifters with a rela-
tively simple process flow. SiO2 however has a disadvantage in the mid-infrared
wavelength range as it absorbs strongly beyond 4 µm wavelength. Therefore,
it must be ensured that the light traveling in the germanium waveguide is not
absorbed by this underlying oxide. We calculated the absorption loss of the fun-
damental TM mode traveling in the waveguide core as a function of the bottom
silicon cladding thickness as seen in Fig. 5.10(a) from which one can see that
3 µm silicon thickness is sufficient to achieve low loss propagation. The fabri-
cation scheme of Ge-on-SOI phase shifters is described in Fig.3.6 in chapter 3.
The waveguide loss for TM polarization of fully etched Ge-on-SOI single mode
waveguides (2.2 µm wide and 2 µm high) was found to be 7 dB/cm in the 5.25
- 5.35 µm wavelength range as seen in Fig. 5.10(b). We tried to find the origin
of these high losses by carrying out wet etching of 2 µm thick Ge films on SOI
substrates in CrO3:HF solution [11] for 5 minutes in order to reveal the thread-
ing dislocation density at different depths the results of which can be seen in
Fig. 5.11. The defect density at various depths was found to be similar. How-
ever, comparing this image to Fig.4.8, one can see that the 2 µm thick Ge has
no defects when grown on a Si substrate while there are defects present when
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Figure 5.10: (a) Simulated loss as a function of silicon thickness and (b) mea-

sured loss in 2.2 µm wide Ge-on-SOI waveguides.

it’s grown on SOI. This gives an indication that the germanium grown on a SOI
substrate contains more defects than germanium grown on silicon substrate.
This might point to the fact that the annealing conditions of the germanium
layer need to be re-optimized for the case of Ge-on-SOI. Although the waveg-
uide losses are higher compared to Ge-on-Si they are still low enough to realize
mm scale integrated circuits.

5.4.1 Ge-on-SOI phase shifters

To evaluate the performance of the Ge-on-SOI phase shifters, we performed
previously described COMSOL simulations, the results of which are shown in
Fig. 5.12(a) and (b). Since the undercut by FIB was done on a 210 µm long
heater, we measured the phase shift as a function of dissipated heat on a heater
(consisting of a Ti/Au metal stack on a germanium strip) of similar length as
shown in Fig. 5.12(c) and found that the results match well with the simulations
in Fig. 5.12(b). To confine the heat in the vicinity of the heater/waveguide sec-
tion, we etched 4 µm wide trenches in 3 µm thick silicon layer at a distance of
4 µm from the waveguide and the heater. A tuning power of 105 mW (13.5 mA
current, 7.8 V voltage) was required to achieve a 2π phase shift. The heater per-
formance as a function of length was also studied using COMSOL by calculating
the tuning power required to achieve a phase shift of 2π and it was found that
the power decays rapidly at first becoming almost constant for longer heaters as
shown in Fig.. 5.13. This can be explained by the longitudinal flow of heat along
the waveguide. As seen in the SEM image in Fig. 5.14(b), the heated waveguide
is at its ends is connected to a 3.22 µm thick silicon slab (onto which the ger-
manium waveguides are grown), which extends all over the circuit. This layer
serves as an efficient heat spreader, which is the dominant source of heat sink-
ing in the Ge-on-SOI phase shifters. This especially affects the shorter heaters
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Figure 5.11: Defects revealed in the 2 µm thick Ge-on-SOI film after wet etch-

ing. The Ge film was etched in RIE for (a) 0 minutes, (b) 5 minutes, (c)

10 minutes and (d) 14 minutes.

since for longer devices the thermal resistance for the longitudinal heat flow
becomes larger. This was also verified experimentally, the results of which are
plotted together with the simulation results shown in Fig. 5.13.

5.4.2 Undercut Ge-on-SOI phase shifters

As described previously, the efficiency of the heater will increase if it is ther-
mally isolated from the highly conducting silicon substrate. To enhance this,
we removed the buried oxide using HF etching and carried out the measure-
ments of the phase shift as a function of applied power for a heater of length
210 µm. The heaters consisted of a Cr/Au metal stack on a germanium strip. We
chose Cr instead of Ti as Ti would be etched away by HF while performing the
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Figure 5.12: (a) 2-D cross section in the middle of the simulation window, (b)

line plot along the waveguide showing the temperature profile. The

length of the heater was kept 210 µm and the power dissipated in the

heater was 105 mW, (c) experimentally measured phase shift as a func-

tion of power dissipation along with the linear fit.

Figure 5.13: Tuning power to achieve 2π phase shift as a function of length for

a Ge-on-SOI phase shifter without undercut.
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Figure 5.14: SEM image showing (a) undercut Ge-on-SOI phase shifter and (b)

the phase shifter integrated in one arm of the MZI.

undercut. The COMSOL simulation in Fig. 5.15(a) and (b) suggest that a power
of 20 mW would be needed to achieve the 2π phase shift, which is confirmed
by the measurements in Fig 5.15(c). For heaters longer than 280 µm, it was ob-
served that the free standing germanium waveguide and heater start bending
and touch the substrate, which results in a parasitic heat sinking path, which
hence again increases the required heating power as shown in Fig. 5.16. Taking
into account this bending, the optimum configuration consists of a 280µm long
phase shifter, which dissipates 16 mW of power (3.2 mA current, 5.1 V voltage)
for a 2π phase shift. The simulation of the tuning power required for a 2π phase
shift as a function of heater length can also be seen in Fig. 5.16, which indicates
that the graph would follow a similar trend as described in previous section, if
the free standing section would not bend and touch the silicon substrate. Here
the only heat flow is along the waveguide as the undercut completely isolates
the heater from the silicon substrate underneath. The MZI normalized spectra
after undercut are shown in Fig. 5.17 and it can be seen that both insertion loss
and extinction ratio have not suffered.

5.5 Dynamic measurements

In the previous sections, we have focused on the DC operation of the thermo-
optic phase shifters. Its also important to evaluate the AC response of phase
shifters as that provides information regarding the maximal frequency of oper-
ation. In order to carry out this characterization, we provided the optical input
as CW signal to the MZI and an alternating current was applied to the Ge-on-
SOI undercut phase shifter. The duty cycle of the alternating current was fixed
at 50% and the pulse width was varied. The output from the InSb detector in-
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Figure 5.15: (a) 2-D cross section in the middle of the simulation window, (b)

line plot along the waveguide showing the temperature profile. The

length of the heater was kept 210 µm and the power dissipated in the

heater was 20 mW, (c) experimentally measured phase shift as a func-

tion of power dissipation along with the linear fit.

Figure 5.16: Tuning power to achieve 2πphase shift as a function of length for a

Ge-on-SOI phase shifter (a) without undercut and (b) with undercut.
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Figure 5.17: Normalized spectra of the Ge-on-SOI MZI with and without

heater actuation after performing undercut.

Figure 5.18: AC response of the thermo-optic phase shifter (a) pulse width 1 ms

and 50% duty cycle and (b) pulse width 100 µs and 50% duty cycle.

side the FTIR was coupled to an oscilloscope which was used to study how the
output changes as a function of current pulse width. The output of the detec-
tor as seen on the oscilloscope as a function of current pulse width is shown in
Fig. 5.18. It can be seen that when the current pulse width is kept at 1 ms the
output can follow the square pulse without any lag. However as we decrease
the current pulse width to 100 µs, the output of the MZI starts to lag behind the
applied alternating current and shows an exponential rise and fall.

In order to calculate the frequency of operation we analyzed the optical out-
put when a 100 µs wide current pulse with 50% duty cycle was applied to the
phase shifter as seen in Fig. 5.19(a). The frequency of operation is determined
by carrying out an exponential fit to the rise and fall times respectively as seen in
Fig. 5.19(b) and (c). The time constant from the exponential fit is calculated as
61 µs and 64 µs respectively which would translate in a frequency of operation
of ∼16 KHz which matches well with the recently demonstrated phase shifters
in SOI working at 3.8 µm [12] where the -3 dB bandwidth is found out to be 23.8
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KHz.

Figure 5.19: (a) Analysis of the AC response of the thermo-optic phase shifter.

The data smoothing is done using fast fourier transform. Exponential

fit to determine the time constant for (b) rise and (c) fall of the output

of the MZI.

5.6 Conclusions

In this chapter we analyzed various configurations of thermo-optic phase
shifters. In standard configuration, the power consumption for 2π phase tuning
of a regular phase shifter is 700 mW as the heat produced is sunk in the silicon
substrate. This makes it unattractive for usage in hand-held systems. We then
demonstrated an efficient proof of principle phase shifter by introducing an air
gap by FIB with power consumption of 80 mW. To enable mass manufacturing,
an elegant solution in the form of Ge-on-SOI was proposed and the tuning
power was found to be 105 mW. Finally Ge-on-SOI undercut phase shifters with
16 mW tuning power were demonstrated, fabricating which is possible on a
large scale in a CMOS pilot line. The losses of the Ge-on-SOI waveguides are
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higher when compared to Ge-on-Si waveguides, however this issue can be ad-
dressed in the future with re-optimization of growth and annealing conditions.
Also, the tuning power can be lowered further by placing the metal heaters on
the silicon substrate and by providing support to the longer undercut heaters
which would prevent bending and touching the silicon substrate.
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6
Conclusions & Future Prospects

“His burden didn’t feel any lighter, but he felt strong enough to carry it."

– Amish
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6.1 Conclusions

In this thesis we began by outlining the importance of the mid-ir wavelength
range for spectroscopic sensing. Although the light source required to per-
form sensing has come down to a chip scale because of the invention of QCLs
and ICLs, the tuning mechanism to realize operation over a wide wavelength
range either consists of a moving grating to select the desired wavelength from
a broad-band gain medium or a combination of lens and grating to combine
various wavelengths emitted from an array of DFB lasers. These mechanisms
make the entire system bulky and hence not appealing for hand-held usage.
Since the absorption features often are spread over a large wavelength range
(3-12 µm), these tuning mechanisms are needed and contribute a major cost
towards the final system. Photonic integration has enabled implementation of
various optical functionalities on a SOI semiconductor chip and together with
integration with active III-V materials, its possible to realize miniature lasers
working in the telecom wavelength range. The SOI waveguide platform has
become attractive because of the mass manufacturing capabilities and hence
the associated low cost. One can then conclude that the desirable waveguide
platform for mid-infrared devices should have (a) a wide transparency range,
(b) CMOS compatibility, and (c) a fabrication scheme with high yield.
A literature review reveals that beyond 4 µm, the SOI waveguide platform would
become excessively lossy because of the underlying oxide absorption. Several
waveguide platforms have been investigated by researchers worldwide most
of which try to take advantage of the wide transparency of silicon and the fact
that silicon processing is understood in great detail. Many of these waveguide
platforms (e.g. free standing silicon, silicon on saphire, silicon on silicon ni-
tride, silicon on CaF2) replace the lossy underlying silicon dioxide by a mid-IR
transparent cladding however either the fabrication scheme remains compli-
cated resulting in a lower yield or transparency is limited as the cladding starts
to absorb after a certain wavelength. Another possibility is the usage of mid-ir
transparent materials such as chalcogenides which allow one to tune both the
refractive index and the transparency window. However a major shortcoming
of this waveguide platform is that its not CMOS compatible and hence mass
manufacturing at a low cost is difficult. Germanium-on-silicon fits the above
mentioned three requirements and hence offers a potential replacement for
SOI in the mid-ir wavelength range.
The fabrication flow of Ge-on-Si waveguides starts with the epitaxial growth
of a germanium film on a 200 mm silicon wafer in imec. The grown film was
annealed to reduce the TDD. Lithography and dry etching were then carried out
in a CF4:O2 plasma in RIE using a metal (Ti/Cr) mask. Ideally one would like to
use a dielectric or photoresist mask in order to avoid possible metal contamina-
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tion and the side wall roughness, which is introduced in the metal mask while
performing lift-off. It was found that the selectivity of either the dielectric or
the photoresist mask is not enough to completely etch a 2 µm thick germanium
film. This issue however can be tackled by adapting different etching recipes
involving CF4:O2:H2 plasma or a Cl2:N2 plasma. It can be concluded that access
to better tools would reduce the minimum definable feature size and the side
wall roughness as well.
Various integrated photonic devices were realized in the course of this thesis,
the first of which were low loss waveguides. It was found that the waveguides
exhibit a loss in range of 3-4 dB/cm in the 5.15 µm-5.45 µm wavelength range
for both TE and TM polarization. The origin of the waveguide loss comes from
the side wall roughness and the defects present at the Ge-Si interface. In order
to further reduce, one can either design a waveguide with larger core (in order
to have minimal overlap with the defective interface) or reduce the side wall
roughness as discussed in the last paragraph. Wavelength filtering devices like
1×1 and 1×2 MZIs were designed and found to have an extinction of 20 dB. Also
wavelength (de)multiplexers in the form of a five channel 200 GHz AWG was
realized and the insertion loss was found to be 2.5/3.1 dB for TE and TM polar-
ization respectively with cross talk levels of 16 dB and 20 dB. A six channel PCG
with 25 nm channel spacing was also realized with an insertion loss of 4.2/4.9
dB for TE and TM polarization respectively with cross talk levels of 22 dB and 23
dB. The performance of the wavelength (de)multiplexers would improve with a
better processing scheme which allows for the definition of narrow waveguides
with low side wall roughness. The narrow feature size would reduce the AWG
and PCG insertion loss as less light would be lost in the star coupler in the first
case and also allow to realize a DBR mirror in a PCG with higher reflectivity.
The side wall roughness reduction would result in less phase errors in the AWG
waveguide array improving the cross talk. One can then conclude that develop-
ment of a new lithography and etching recipe would improve the performance
of these devices.
Tuning of wavelength selective filters is also a desirable functionality in PICs.
An easy way of achieving this functionality is by using the thermo-optic effect
where heat is applied in the vicinity of the waveguide to alter the effective index
of the propagating mode. However realizing an efficient thermo-optic phase
shifter is challenging in Ge-on-Si waveguides as silicon acts as a heat sink which
translates in a required power of 700 mW for a 2π phase shift. This tuning
power can be brought down to 80 mW after introducing an air gap between
the waveguide and the silicon substrate by the means of FIB. An elegant way of
achieving lower tuning power levels is using Ge-on-SOI waveguides where the
underlying oxide prevents the heat from dissipating in the silicon substrate and
thus brings down the tuning power to 105 mW. This tuning power can further be
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reduced to 16 mW if the underlying oxide is removed by wet etching. Although
the tuning power is reduced by a factor of ∼40, it was found that the waveguide
loss of Ge-on-SOI waveguides is 7dB/cm which is higher than that of Ge-on-
Si waveguides. This high loss might be related to the non-optimal annealing
conditions. Its clear from this discussion that efficient thermo-optic phase
shifters can be realized in Ge-on-SOI waveguides whose growth condition can
be optimized in the future to achieve lower propagation losses. The waveguide
propagation loss would also benefit from a fabrication scheme which reduces
the side wall roughness and overlap with defective interface as has been dis-
cussed in previous paragraphs.
From the discussion above, it can be concluded that the Ge-on-Si waveguide
platform is indeed appealing for realizing integrated waveguide circuits work-
ing in the mid-ir wavelength range. There is room for improvement in the
current fabrication scheme which would bring down the waveguide losses and
moreover improve the performance of the realized devices.

6.2 Short term prospects

There are several improvements which can be done in a relatively short term
to improve the performance of the waveguide circuits fabricated in this thesis.
Some of them are listed below.

1. Waveguide loss reduction Several solutions exist for lowering the waveg-
uide losses, the most obvious being improving the fabrication process to
reduce the side wall roughness. Another possibility is using a 4 µm thick
germanium film and realizing partially etched (2 µm) waveguides. This
would reduce the overlap of the mode with the defective interface. Also,
ALD of mid-ir transparent oxides such as HfO2 can be carried out to pas-
sivate the fabricated waveguides and reduce any loss coming from native
oxide formation.

2. Different etch depths In order to reduce the overall footprint of the de-
vice, one can conceptualize about deeply etching the waveguide in the
bends in order to increase the compactness of the waveguide circuit. It
would be appealing therefore to combine different etch depths as done in
SOI waveguide circuits to take leverage of low loss shallow etched wave-
guides and sharper bends. Also, a deep etch would improve the reflectiv-
ity of the DBR mirrors used in PCGs hence reducing the insertion loss.

3. Increasing the efficiency of thermo-optic phase shifters The efficiency
of thermo-optic phase shifters can further be enhanced by placing the
metal heaters directly on silicon. To avoid bending of free standing
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heaters larger than 280 µm, tethers can be defined in the silicon bottom
cladding.

4. Realizing a flat top wavelength (de)multiplexer The wavelength (de)multiplexer
realized in this thesis had a gaussian output. Therefore,if the DFB laser is
thermally tuned, the output power after passing through the multiplexer
would substantially vary. In order to avoid this non-uniformity, one can
realize a flat top AWG or PCG by replacing the input aperture by a MMI [1].

6.3 Long term prospects

In the previous chapters we have seen that Ge-on-Si is an attractive platform for
mid-ir integration as compared to other (CMOS compatible) waveguide plat-
forms. We have also discussed the fabrication flow which can be integrated in
a standard CMOS pilot line with minimal technological development. We also
demonstrated passive waveguide devices and have shown efficient tuning.
As discussed in the introductory chapter, the advantage of photonic integra-
tion for the mid-ir wavelength range is that it allows for miniaturization of laser
modules or complete sensing systems. These systems will not only need passive
waveguide devices as shown in this thesis but would also require the integra-
tion of a light source. For telecom wavelengths, the integration of light sources
is achieved by bonding the III-V epitaxial stack to the SOI dies. One can either
use molecular bonding [2], where two wafers are attached to each other by Van
der Waals forces or by using a glue like benzocyclobutene (BCB) [3]. Usage of
BCB to heterogeneously integrate the III-V dies relaxes the fabrication process
in terms of cleanliness of sample surfaces as particles with height less than the
glue thickness can be covered easily. It also doesn’t require planarization as the
glue itself can fill in trenches. There are however two issues associated with BCB
which could prevent its usage in the mid-ir wavelength range

1. Absorption of light: BCB is transparent for telecom wavelengths and thus
doesn’t pose any challenges in designing of photonic circuits however it
starts to absorb in the mid-ir wavelength range as seen in Fig. 6.1. It can
therefore be deducted that one can’t use BCB as a bonding agent for the
mid-ir wavelength range. Moreover it would be difficult to find other poly-
mer based glues transparent in the mid-ir laser integration as most poly-
mers contain hydrocarbons which are the primary source of absorption.

2. Heat sinking: Another major issue with using BCB for mid-ir opto-
electronic components is heat management. QCLs are power hungry
devices consuming power in the range of several watts and effective heat
management is an issue for QCL operation. Usage of BCB or any other
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Figure 6.1: Graph showing BCB absorption as a function of wavelength (from

[4]). 1 mm and 0.5 mm path lengths are obtained by putting BCB in

a cuvette while 1 µm path length is obtained by spin coating on a KBr

window.

polymer would prevent heat sinking in the highly conducting substrate
and hence the device wouldn’t perform optimally. Adhesive bonding can
however be considered for lower power consumption ICLs.

As future work we therefore would propose to focus on the integration of ICLs
and QCLs on Ge-on-Si waveguide circuits as discussed below.

6.3.1 Integration of ICLs for trace gas sensing

We discussed the usage of ICLs as mid-ir light sources particularly in the 3-6
µm wavelength range. ICLs consume less power as compared to QCLs. One
application of integrated ICLs with passive waveguide circuits could be the de-
tection of trace gases using the scheme as shown in Fig. 1.13. The integration
could be carried out using molecular bonding of the ICL III-V epitaxial stack
and then processing the lasers after integration. Even in this case BCB bond-
ing can still be considered by either using very thin bonding layer or by making
sure that the coupling section between the III-V waveguide and the germanium
waveguide is free of BCB. In order to realize cost effective mass manufacturing,
transfer printing can also be used. Transfer printing involves transfer of III-V
layers in desired area on substrates such as silicon [5], [6] and bonding using
Van der Waals forces. One can transfer hundreds of III-V coupons in one step
thus making the entire process cost effective. Also, the yield remains quite high
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Figure 6.2: (a) Schematic diagram showing butt coupling of a fabry-perot QCL

with a Ge-on-Si waveguide circuit, (b) FIMMWAVE simulation showing

the side view of light getting coupled in a germanium waveguide from a

QCL and (c) coupling efficiency as a function of germanium waveguide

width.

because a defect arising from a contaminant particle would affect only the par-
ticular coupon.

6.3.2 Integration of QCLs for remote sensing & glucose moni-
toring

We pointed out in the first chapter that there are windows in the mid-ir wave-
length regime in which the atmosphere is transparent. Remote sensing can
pave the way for the detection of dangerous substances such as explosives (e.g.
HMX).
The realization of an integrated widely tunable QCL could result in making
this system truly hand-held. The integration could be done by butt-coupling
a Fabry-Perot QCL laser to a tapered germanium-on-silicon waveguide. We
carried out simulations on the coupling of the fundamental TM mode from
the QCL mesa (design provided by University of Sheffield) to the germanium
taper using FIMMWAVE and the results are plotted in Fig. 6.2 (c). It can be seen
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that one can obtain ∼80% coupling efficiency which makes butt-coupling an
attractive option for integration.
Another application of integrated widely tunable QCLs could be in the area of
glucose monitoring. As shown in Fig. 1.4(b), glucose has an absorption band
in the 10 µm wavelength range. Presently glucose sensing has been carried out
using EC-QCLs and a photo-acoustic cell which makes the implementation of
the system difficult in a hand-held situation. Butt coupling a Fabry-Perot QCL
with a germanium-on-silicon waveguide circuit would again allow for a low-
cost hand-held device. However the thickness of the germanium layer would
have to be increased in order to confine the optical mode. First experiments on
4 µm thick germanium-on-silicon waveguide circuits are currently ongoing.

6.4 Specifications required to realize tunable mid-ir

light sources

As we described in chapter 1, the PICs working in the mid-ir wavelength range
would be used in realizing an integrated light source. Two schemes were dis-
cussed which involved either providing feedback from the PIC to a broad band
III-V gain chip or combining the output of an array of DFB lasers. In the first
scheme, we discussed that 10% reflectivity is required to achieve low threshold
operation. This includes the coupling to and from the chip and the insertion
loss of the filter. As seen in Fig. 6.2(c), the coupling equals ∼80%, which results
in an allowable insertion loss of the filter of 8 dB. As realization of the high-Q
ring resonators has not been possible in this thesis, we cannot comment on the
required specifications for the configuration shown in Fig.1.10. However the
cascaded MZI based wavelength filter can be realized. A simulation of a three-
stage cascaded filter is shown in Fig. 6.3 and it can be seen that the overall loss
from the delay lines is 1.8 dB (assuming a 3 dB/cm propagation loss). From
the measurements performed, the excess insertion loss of the individual MZI
is found to be 0.5 dB. This would mean a total round trip insertion loss of 6.6
dB which is acceptable for our system. If one considers Ge-on-SOI waveguides
which have higher losses (7 dB/cm), then the total insertion loss would increase
to 11.6 dB.
For combining the output of various DFB lasers, 1 dB of light is lost in coupling
from the laser array. One can put an upper bound of 3 dB for the insertion loss
of the (de)multiplexer itself bringing the total insertion loss to 4 dB. This would
mean that the AWGs fabricated in this thesis are suitable for the use in such a
scheme while the PCGs would need fabrication of higher reflectivity gratings
in order to reduce their insertion loss. The fabricated AWGs and PCGs had a
gaussian channel profile and as discussed above, one would like to get a flat top
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Figure 6.3: Simulated response of a three stage cascaded MZI assuming a 3

dB/cm loss in the waveguides. ∆L was chosen to be 120 µm.

response to get power variations when going away from the center of the pass-
bands. However a flat top response would mean that the insertion loss would
increase and hence the fabricated wavelength (de)multiplexers would need to
be improved.
It can be concluded from this thesis that germanium-on-silicon has the poten-
tial to realize many interesting functionalities in the mid-ir wavelength range.
The advent of SOI waveguides has dramatically reduced the size and cost of de-
vices operating at telecom wavelengths and Ge-on-Si can play the same role
for mid-infrared wavelengths. This waveguide platform can be transfered to a
CMOS pilot line which would make mass manufacturing a possibility. One can
expect even better performance of the waveguide devices fabricated in a CMOS
pilot line because of better lithographic tools and etching recipes.
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A.1 Introduction

In chapter 3 we discussed about the fabrication steps for the germanium-on-
silicon waveguide circuits. However to keep the text clear and not to burden the
reader with additional details, we didn’t provide details of the exact parameters
used in fabrication. Therefore in this appendix we include a detailed list of all
the parameters used for defining the germanium-on-silicon waveguide circuits.

A.1.1 Definition of waveguide circuits

To define the waveguide circuits, we performed the following steps.

1. Cleave the wafer received from imec in desired size.

2. Remove the thin photoresist by a acetone, IPA, DI water rinse and blow
dry with nitrogen.

3. Remove the thin (∼30 nm) SiO2 by a 30 second dip in BHF.

4. Rinse for alleast 5 minutes in DI water and blow dry.

5. Put on hot plate at 100◦ for 5 minutes. Do not use higher temperature as
that would lead in resist tearing.

6. Spin coat AZ 5214 photoresist at 3000 rpm for 40 seconds.

7. Bake on hot plate at 100◦ for 3 minutes.

8. Expose the resist through mask in MA6 for 12 seconds.

9. Bake on hot plate for 120◦ for 3 minutes.

10. Flood expose for 50 seconds.

11. Develop in 1:4 (AZ400 developer:DI water) for 32 seconds.

12. Perform metalization (20 nm Ti-100 nm Cr)in e-gun.

13. Perform liftoff in DMSO at 80◦.

14. Load the samples in RIE and etch using recipe ’Ge CF4 10 mtorr’ for 15
minutes. Adjust the power to be 600 mW, CF4 flow to be 40 sccm and O2

flow to be 10 sccm.

15. Spin coat AZ9026 photoresist at 1000 rpm for 20 seconds.

16. Bake on hot plate at 120◦ for 3 minutes.
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17. Load the sample on lapmaster and perform lapping for ∼20 minutes to
thin the substrate to ∼300 µm.

18. Rinse the photoresist with acetone, IPA and DI water and blow dry.

19. Remove the metal hard mask by performing a 30 minute dip in 40% HF.

20. Spin coat AZ5214 at 3000 rpm for 40 seconds.

21. Bake at 120◦ for 3 minutes.

22. Cleave the sample at desired location.

23. Rinse the photoresist with acetone, IPA, DI water and blow dry.

A.1.2 Definition of metal lines on top of germanium strips

To define metal lines on top of germanium waveguides for heaters, perform the
above mentioned steps till step 14, then perform step 19 to remove the metal.
After that follow the undermentioned steps,

1. Bake at 100◦ for 3 minutes.

2. Spin coat Ti-prime adhesion promoter for 40 seconds at 3000 rpm.

3. Bake at 120◦ for 3 minutes.

4. Spin coat Ti-35 E at 3000 rpm for 40 second.

5. Bake at 100◦ for 3 minutes.

6. Expose for 55 seconds through mask in MA6.

7. Wait for alteast 10 minutes.

8. Bake at 123◦ for 2 minutes.

9. Flood expose for 185 seconds.

10. Develop in 1:3 solution of AZ400:DI water for 1 minute.

11. Load in e-gun to deposit metal (Ti-Au in case no undercut is done and
Cr-Au in case undercut is done).

12. Perform liftoff in DMSO at 80◦ for ∼15 minutes.

Perform steps 20-23 in the previous section if no undercut has to be done. For
undercut, see the next section.
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A.1.3 Definition of trenches in silicon substrate

To etch trenches in silicon substrate to access the underlying oxide follow the
steps in above mentioned section. After that follow these steps,

1. Spin coat Ti-prime adhesion promoter for 40 seconds at 3000 rpm.

2. Bake at 120◦ for 3 minutes.

3. Spin coat photoresist AZ9026 at 5000 rpm for 40 seconds.

4. Bake at 110◦ for 3 minutes.

5. Expose for 200 seconds through mask in MA6.

6. Develop in 1:3 solution of AZ400:DI water for 2 minutes.

7. Postbake at 120◦ for 2 minutes.
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