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Nederlandse samenvatting
—Summary in Dutch—

Spectroscopie in het mid-infrarode golflengtegebied is een veelbelovende tech-
niek om sensoren te bekomen die gevoeliger zijn en eenvoudiger kunnen diffe-
renti€ren. Deze sensoren gebruiken een vingerafdruk van molecules, de absorptie-
lijnen in het mid-infrarood, om de molecules kwalitatief en kwantitatief te detecte-
ren. Niettemin zijn omvangrijke en dure toestellen, zoals gekoelde mid-infrarode
detectoren en lichtbronnen, nodig voor conventionele systemen, hetgeen het ge-
bruik van deze sensoren beperkt tot een laboratoriumomgeving. Het integreren
van lasers met CMOS-compatibele platformen is een stap richting de creatie van
geminiaturiseerde mid-infrarode sensoren. Kwantumcascadelasers werken in het
hele mid-infrarode gebied met hoge uitgangsvermogens en brede afstemmings-
bereiken, maar worden momenteel afgestemd met behulp van externe, draaiende
diffractieroosters. Deze roosters worden ofwel gecontroleerd door een mecha-
nisch platform met een piezo-controller, ofwel gerealiseerd als MEMS-chip. Over
de jaren heen zijn verschillende golfgeleiderplatformen naar voren geschoven als
geschikte kandidaten voor mid-infrarode spectroscopie. Deze platformen bieden
elks verschillende voordelen, zoals het silicium-op-isolatorplatform dat een breed
scala aan functionaliteit aanbiedt en bovendien CMOS-compatibel is. Germa-
nium gebaseerde golfgeleiderplatformen zijn optisch transparant voorbij de limiet
van het silicium-op-isolatorplatform (> 3.8 pm) en kunnen licht geleiden met
lage verliezen in het hele mid-infrarood. Vergeleken met andere op germanium
gebaseerde platformen, zoals het gegradeerde-index-germaniumplatform, bieden
germanium-op-silicium en germanium-op-silicium-op-isolator een hoger index-
contrast. Dit leidt tot relatief kleine bochtstralen (de minimale bochtstraal met
laag verlies voor een volledig geétste golfgeleider is 75 um) en daardoor compac-
tere circuits. Germanium-op-silicium-op-isolator heeft een bedekte oxidelaag die
verhindert dat warmte naar het silicium substraat wegzinkt. Hierdoor is thermi-
sche afstemming efficiénter op dit platform. In deze thesis zullen we de ontwikke-
ling van deze op germanium gebaseerde platformen bespreken, alsook de combi-
natie met kwantumcascadeversterkerchips om afstembare kwantumcascadelasers
met externe caviteiten te vormen, zoals schematisch geillustreerd wordt in Fig. 1.
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Figuur 1: Een versterkerchip wordt gekoppeld aan een externe caviteit op een germanium
chip die gebruikt wordt om de werkingsgolflengte te kiezen en af te stemmen.

1 Fabricage van de Optische Circuits

Een processtroom werd ontwikkeld om de germanium-op-silicium- en germanium-
op-silicium-op-isolatorcircuits te fabriceren. Dit wordt in detail beschreven in
hoofdstuk 2. De fabricage begint met de epitaxiale groei van germanium op
silicium- of silicium-op-isolatorwafers. De roosterconstantes van kristallijn ger-
manium en silicium verschillen aanzienlijk, waardoor beide platformen defecten
vertonen op het germanium-silicium grensvlak. Desondanks kunnen de verliezen
die veroorzaakt worden door imperfecties op het grensvlak, geminimaliseerd wor-
den door golfgeleiders en andere componenten zorgvuldig te ontwerpen. Vanwege
zijn complexere lagenstapeling vertoont het germanium-op-silicium-op-isolator
meer spanning, wat kan lijden tot barsten.

Afthankelijk van de kritische afmetingen van het circuit, werd contactlithogra-
fie of e-beamlithografie gebruikt in combinatie met een droog etsproces om de
golfgeleiders te definiéren. Contactlithografie wordt verkozen voor grotere struc-
turen, daar het een goedkoper en minder gevoelig proces is. E-beamlithografie
biedt meer mogelijkheden voor het design, hoewel de maximale dikte van de elek-
trogevoelige lak kleiner is dan bij contactlithografie en bovendien beperkt wordt
door de beoogde kritische afmeting. De dikte van de lak is een limiterende fac-
tor voor e-beamlithografie met twee stappen voor ons platform aangezien de be-
staande topografie op de chip kan oplopen tot 1 um. Een combinatie van e-beam-
en contactlithografie is nodig om de bestaande structuren op de chip efficient er-
van te beschermen om weggeétst te worden. Hoewel contact- en e-beamlithografie
gebruikt worden voor de fabricage van testspecimens, moeten DUV lithografie en
een droog-etsproces gebruikt worden om productie op waferniveau mogelijk te
maken. Redelijke verliezen kunnen bekomen worden voor volledig en gedeeltelijk
geétste golfgeleiders met een DUV proces dat gebruikt wordt om een patroon te
definiéren in een hard siliciumnitride masker, hetgeen voorts gebruikt wordt om
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Figuur 2: SEM-afbeelding in bovenaanzicht van een thermisch afstembare Vernier
renbaanresonator, geimplementeerd op het germanium-op-SOI-platform.

het patroon over te zetten in de germaniumlaag. Voor de thermisch afgestemde
circuits worden metalen verwarmingselementen gedeponeerd langs de golfgelei-
ders. Afhankelijk van de toepassing kan een bovencladding gedeponeerd wor-
den zonder weinig bijkomende verliezen te introduceren. Tenslotte wordt de chip
verdund tot een dikte die geschikt is om de chip te klieven, waarna een antire-
flectielaag gedeponeerd wordt. Simulaties die rekening hielden met imperfecties
in de fabricage, zoals variaties in de dikte en de brekingsindex van de laag, dui-
den aan dat een antireflectielaag met parasitaire reflecties kleiner dan enkele pro-
centen kan bekomen worden. Een voorbeeld van een gerealiseerd golfgeleider
circuit wordt getoond in Fig. 2. Het circuit bevat mid-infrarode renbaanresona-
torfilters en micro-verwarmingselementen om deze af te stemmen. Roostekoppe-
laars worden gebruikt als testpoorten. Om de invloed van de beperkingen van de
e-beamfabricage te minimaliseren, worden monomodale golfgeleiders lokaal ver-
breed to multimodale golfgeleiders, zodat de stikselrand van het schrijfveld van de
e-beam terecht komt op het bredere deel van de golfgeleiders.

2 Simulaties and Karakterisatie

Een aantal componenten werden gesimuleerd en gekarakteriseerd: roosterkoppe-
laars, AWGs, gedistribueerde Bragg-reflectoren (DBR), multimode interferome-
ters, Mach-Zehnder interferometers en renbaanresonatoren. Dit wordt voorgesteld
in hoofdstukken 3, 4 en 5. Voor de karakterisatie werden verscheidene opstel-
lingen gebouwd voor zowel facet- als roosterkoppeling. De opstelling bevat een
lichtbron (ofwel een commercieel verkrijgbare QCL ofwel een kwantumcascade-
versterkerchip), een polarisatiecontroller, een optische hakker om een continugolf-
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Figuur 3: Roosterkoppelaars gerealiseerd rond 5.2 pym: opgemeten koppelingsefficiéntie
op germanium-op-silicium (a) en germanium-op-silicium-op-isolator (b).

signaal in een gepulseerd signaal om te zetten, een FTIR voor spectrale analyse
die eveneens kan gebruikt worden als golfmeter, optische vezels en detectoren
(thermische en IbSb gekoeld met vloeibaar stikstof, in combinatie met een lock-
in-versterker). De beste gedemonstreerde roosterkoppelaar heeft een maximale
koppelingsefficiéntie van -3.5 dB en een halfvermogenbandbreedte van 220 nm
rond 5.2 um (Fig. 3). De propagatieverliezen in volledig en gedeeltelijk geétste
monomodale golfgeleiders zijn 3-5.5 dB/cm in het golflengtegebied rond 5 um en
het wordt aangetoond dat de insertieverliezen van de meeste componenten rede-
lijk laag zijn. Hoewel de bochtstraal een beperkende factor is bij het design van
circuits met een kleine voetafdruk, kunnen monomodale golfgeleiders verbreed
worden tot multimodale golfgeleiders in rechte stukken om de totale propagatie-
verliezen in een circuit te verkleinen. De redelijk lage propagatieverliezen laten
ons toe om deze apparaten te combineren tot optische filters gebaseerd op bemon-
sterde roosters, Mach-Zehnder interferometers of renbaanresonatorfilters. Filters
gebaseerd op bemonsterede roosters kunnen een groot afstembereik ondersteunen
met een goede onderdrukking van de zijmodes. Deze structuren zijn echter lang en
vergen meer thermisch vermogen voor de afstemming in vergelijking met andere
oplossingen. Mach-Zehnder interferometers hebben een zwakker golflengteselec-
tie, met het voordeel van minder veeleisende fabricage vanwege de afmetingen van
de onderdelen van deze structuren. Circuits gebaseerd op renbaanresonators bie-
den een golflengte-onderscheidingsvermogen dat een monomodale werking van
een QCL mogelijk maakt, wat van hen de beste keuze maakt bij het bouwen van
een optische filter voor golflengteselectie van een QCL. Meer geavanceerde filters
zoals renbaanresonatorfilters worden aangetoond met een afstembereik van meer
dan 100 nm en een onderdrukking van de zijmodes van >20 dB (Fig. 4). Dit type
filter kan tevens een afstembereik van meer dan 425 nm hebben, ten koste van
een beperkte onderdrukking van de zijmodes van slechts 3-4 dB. Het doel van het
bouwen van thermisch afstembare filters is om kwantumcascadelasers met externe
caviteiten te bouwen waarvan de golflengteselectie en -afstemming gerealiseerd
worden in chipformaat, zoals getoond wordt in Fig. 5 voor een DBR filter op
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Figuur 4: Gekarakteriseerd Vernier renbaanfilter.

een germanium-op-silicium-op-isolatorplatform. Hoewel CW-operatie meer ver-
mogen zou voorzien, wat goed is voor detectie toepassingen, werkt onze QCL met
externe caviteit in een gepulseerd regime, wat hem minder vatbaar maakt voor ther-
mische instabiliteit aangezien minder warmte geproduceerd wordt in vergelijking
met CW-operatie van de versterkerchip.

3 Conclusie

Op germanium gebaseerde golfgeleiderplatformen tonen groot potentieel voor spec-
troscopie in het mid-infrarood, gebaseerd op fotonische integratie. Veel functio-
naliteiten van germanium circuits werden aangetoond in deze thesis, alsook the
golflengteselectie van een kwantumcascadelaser met externe caviteit - proof-of-
principle QCL met externe caviteit gebaseerd op een QC versterkerchip, facetge-
koppeld aan een germanium-op-silicium-op-isolator DBR. Hoewel er zeker ruimte
voor verbetering is in termen van de prestatie van het apparaat, en de huidige
demonstratie nog twee chips bevat, geloven wij dat de resultaten die we tonen
kunnen leiden tot de verwezenlijking van draagbare lasermodules of volledige
spectroscopische systemen die opereren in het mid-infrarode golflengtegebied,
allemaal geintegreerd op germanium-op-silicium en germanium-op-silicium-op-
isolator golfgeleiderplatformen.
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Figuur 5: DBR filter gekoppeld via het facet aan een quantumcascadeversterkerchip. De
centrale golflengte kan worden afgestemd over 50 nm in gepulseerde werking.



English summary

Mid-infrared spectroscopy promises more sensitive and easier differentiating sen-
sors which rely on the fingerprint absorption lines of molecules in the mid-infrared
band to detect the molecules qualitatively and quantitatively. Nevertheless, bulky
and expensive equipment such as cooled mid-infrared detectors and light sources
are required for conventional systems, which retains these sensors to a laboratory
environment. One step forward in creating miniaturized mid-infrared sensors is
laser integration with CMOS compatible platforms. Quantum cascade lasers op-
erate over the entire mid-infrared region with high output power and large tuning
range, but are currently tuned by an external rotating grating, either controlled by
a mechanical stage with a piezo controller or realized as a MEMS chip. Over
the years, different waveguide platforms emerged as candidates for mid-infrared
spectroscopy. These platforms have different advantages, such as Silicon-on-
Insulator which offers a wide range of functionalities and CMOS compatibility.
Germanium-based waveguide platforms are optically transparent beyond the lim-
its of Silicon-on-Insulator (> 3.8 um) and can guide light with low losses in the
entire mid-infrared. Comparing to other Germanium-based platforms, such as the
graded-index Germanium platform, Germanium-on-Silicon and Germanium-on-
Silicon-on-Insulator offer a higher index contrast which results in a relatively low
bending radius (the minimal low-loss bend radius for a fully etched waveguide is
75 pm) and therefore, more compact circuits. Germanium-on-Silicon-on-insulator
has a buried oxide layer which prevents the heat from sinking into the Silicon sub-
strate. This makes thermal tuning on this platform more efficient. In this work we
will discuss the development of these Germanium-based platforms and the combi-
nation with quantum cascade gain chips to form external-cavity quantum cascade
tunable lasers, as schematically illustrated in Fig. 1.11.

4 Circuit Fabrication

A process flow was developed to fabricate the Germanium-on-Silicon and Germanium-
on-Silicon-on-Insulator circuits, which is described in detail in Chapter 2. The
fabrication begins by epitaxial growth of Germanium on Silicon or Silicon-on-
Insulator wafers. The crystalline structure constant of Germanium and Silicon dif-
fer significantly, hence both platforms exhibit defects on the Germanium-Silicon
interface. Nevertheless, by carefully designing waveguides and other components,
it is possible to minimize losses caused by interface imperfections. Due to its more



XXViii ENGLISH SUMMARY

\\ Top metal contact
 — o VI |

o - ’v\

| 3

(e

! ’ Laser mesa and

bottom metal

Wavelength selective module on Ge-on-Si/SOI chip contact

Figure 6: A gain chip is coupled to an external cavity on a Germanium chip which is used
to select and tune the operating wavelength.

complex layer stack, the Germanium-on-Silicon-on-insulator platform shows more
stress, which can lead to cracks.

Depending on the critical dimensions of the circuit, contact lithography or e-
beam lithography in combination with dry etching is used to define waveguides.
Contact lithography is preferred for larger structures, as it is a cheaper and less
sensitive process. E-beam lithography offers more possibilities for the design,
although the maximal resist thickness is lower than for contact litography and fur-
thermore it is limited by the targeted critical dimension. The resist thickness is a
limiting factor for two-step e-beam lithography for our platform since the existing
topography on the chip can be as high as 1 pm. A combination of e-beam and con-
tact lithography is needed to efficiently protect the existing structures on the chip
from being etched away. Although contact and e-beam lithography are used for
sample-size fabrication, to enable wafer-level production, DUV lithography and
a dry etching process have to be used. Reasonable losses for fully and partially
etched waveguides can be achieved with a DUV process used to pattern a Silicon-
nitride hard mask, which is further used to pattern the Germanium layer. For the
thermally tuned circuits, metal heaters are deposited along the heated waveguides.
Depending on the application, a top cladding can be deposited, introducing low
additional losses. Finally, the chip is thinned down to a thickness appropriate
for cleaving, after which an anti-reflection coating is deposited. Simulations per-
formed taking into account fabrication imperfections such as layer thickness and
refractive index variation, show that an anti-reflection coating with parasitic re-
flections lower than a couple of percent can be achieved. An example of a realized
waveguide circuit is shown in Fig. 7, comprising midIR racetrack resonator fil-
ters and micro-heaters to tune these. Grating couplers are used as test-ports. To
minimize influence of e-beam fabrication limitations, single-mode waveguides are
locally tapered up to multi-mode waveguides, such that the write-field stitching
borders land on the wider part of the waveguides.
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Figure 7: Top-view SEM of thermally tunable Vernier racetrack resonators implemented
on the Germanium-on-SOI platform.
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Figure 8: Grating couplers realized around 5.2 ym: Germanium-on-Silicon (a) and
Germanium-on-Silicon-on-Insulator (b) measured coupling efficiency.

5 Simulations and Characterization

A number of devices has been simulated and characterized, which is presented
in Chapters 3, 4 and 5: grating couplers, arrayed waveguide gratings, distributed
Bragg reflectors (DBRs), multi-mode interferometers, Mach-Zehnder interferome-
ters and racetrack resonators. For the characterization, various setups were built for
both facet and grating coupler test ports. The setup includes a light source (either a
commercially available QCL or a QC gain chip), a polarization controller, a chop-
per to turn CW into pulsed signal if needed, a FTIR for spectral analysis which can
also be used as a wavemeter, optical fibers and detectors (thermal and liquid nitro-
gen cooled IbSb in combination with a lock-in amplifier). The best grating coupler
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is demonstrated with -3.5 dB peak coupling efficiency and a 3 dB bandwidth of 220
nm around 5.2 ym wavelength (Fig. 8). Propagation losses in fully and partially
etched single-mode waveguides are 3-5.5 dB/cm in the 5 um wavelength range,
and it is shown that the insertion losses in most devices are reasonably low. Al-
though bending radius is a limiting factor when designing small footprint circuits,
single-mode waveguides can be tapered to multi-mode waveguides in straight sec-
tions to reduce total propagation losses in a circuit. Reasonably low losses allowed
us to combine these devices into optical filters based on sampled gratings, Mach-
Zehnder interferometers or racetrack resonators. Filters based on sampled gratings
can support large tuning range and good side-mode suppression. However, these
structures are long and demand more thermal power for tuning comparing to other
solutions. Mach-Zehnder interferometers have poor wavelength selection with an
advantage of less demanding fabrication due to the feature size of these structures.
Circuits based on racetrack resonators offer wavelength discrimination which can
enable single-mode operation of a QCL which makes them the best choice when
building an optical filter for QCL wavelength selection. More advanced filters such
as Vernier racetracks are demonstrated with over 100 nm of tuning range with >20
dB of side mode suppression (Fig. 9). This type of filter can also achieve over 425
nm tuning range at the expense of only 3-4 dB of side mode suppression. The
aim of building thermally tunable filters is to build external cavity quantum cas-
cade lasers where the wavelength selection and tuning is realized in a chip form,
as shown in Fig. 10 for a DBR filter on Germanium-on-Silicon-on-Insulator plat-
form. Although CW operation would provide more power which is beneficial for
the sensing applications, our external-cavity QCL operates in pulsed regime which
makes it less prone to thermal instabilities as less heat is produced comparing to
CW operation of the gain chip.

6 Conclusion

Germanium-based waveguide platforms show great potential for mid-infrared spec-
troscopy applications based on photonic integration. Many functionalities of Ger-
manium circuits with reasonably low losses have been demonstrated in this work,
as well as the wavelength selection of an external cavity quantum cascade laser
- a proof-of-principle external cavity QCL based on a QC gain chip butt coupled
to a Germanium-on-Silicon-on-Insulator DBR. While there is definitely room for
improvement in terms of device performance and the current demonstration re-
lies on two separate chips, we believe that the results that we showed can lead to
realization of hand-held laser modules or complete spectroscopic systems operat-
ing in the mid-infrared wavelength range, all integrated by means of flip-chip on
Germanium-on-Silicon and Germanium-on-Silicon-on-Insulator waveguide plat-
forms.
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Figure 10: DBR filter butt-coupled to a quantum cascade gain chip. The central
wavelength is tuned over 50 nm in pulsed operation.






Introduction

1.1 Mid-infrared Spectroscopy

The mid-infrared spectral region, from 2-14 um (Fig. 1.1), also referred to as the
fingerprint region, allows to probe fundamental absorption bands of molecules.
The fingerprint region corresponds to the vibrational and rotational transitions and
it is orders of magnitude stronger than the overtone and combination band in the
near-infrared (Fig. 1.2), resulting in both highly selective and highly sensitive
identification of chemicals. In addition, molecular spectra in the mid-infrared are
less densely arranged, allowing for selective spectroscopic detection of a large

microwave | far IR | mid IR| near IR visible

A - wavelength
1 mm 14 pm 2 um 780 nm
I I f I
frequency —t f f i A
0.3 THz 21 THz 149 THz 385 THz
energy —j t f i E

1.2 meV 88.5 meV 886 meV 1654 meV

Figure 1.1: Mid-infrared wavelength range from 2 - 14 um on the electro-magnetic waves
scale.



2 INTRODUCTION

number of molecules, while near-infrared and visible spectra in general consist of
overlapping bands that may be difficult to resolve.

The vibrational and rotational transitions are specific to species in the gas, lig-
uid and solid phase [1]. Spectroscopy in the mid-infrared wavelength region allows
to detect many important gas molecules, such as carbon dioxide, methane, carbon
monoxide, hydrogen chloride, hydrogen fluoride, nitrogen dioxide, sulfur dioxide,
hydrogen peroxide etc. For example, CO has absorption bands near 1.55 pm [2],
2.3 um [3] and 4.6 pm [4], which offer possibilities to detect very low concentra-
tions of CO, with the strongest absorption coefficient at 4.6 um. In fact, a multitude
of molecules present strong and distinct absorption lines in the mid-infrared giving
much interest for spectroscopic detection [5]. Detection of ammonia, benzene and
several other greenhouse and dangerous industrial gases has been demonstrated in
the mid-infrared [6].

A spectroscopic system can be realized in two ways (Fig. 1.3). The system
shown in Fig. 1.3a) uses a broadband light source, which in return requires a
spectrometer to distinguish between different wavelengths. Another option is to
use a widely tunable, single-mode laser (Fig. 1.3b). Free-space spectrometers are
bulky and expensive, while the resolution of an on-chip integrated spectrometer
is a limiting factor for gas sensing [7]. Due to its lower wavelength discrimina-
tion, the broadband source scheme with a spectrometer is suited for solid and lig-
uid analytes, while many applications, including chemical imaging and remote or
photoacoustic gas sensing, prefer single-mode laser sources. To improve the detec-
tion sensitivity, various types of modulation spectroscopy have been developed, in
which the wavelength of the diode laser is modulated while being scanned across
an absorption line [8].

co,

Log,, Absorption Intensity
[em™Tmoltcm?]

24

Wavelength [pm]

Figure 1.2: The absorption of many gasses is orders of magnitude stronger in the
mid-infrared compared to the near-infrared and visible wavelength region.
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14
|

Mid-infrared sensing includes a number of spectroscopic techniques, predom-
inantly based on absorption spectroscopy. However, beside a few commercial-
ized sensors, most mid-infrared sensing techniques remain confined to a labo-
ratory environment. The tunable laser sources are often based on rotating and
translating a discrete grating, which makes these systems cumbersome and com-
plex to build. Hence the need for on-chip mid-infrared spectroscopic sensing sys-
tems. In recent years, silicon photonics has attracted great interest in the field of
spectroscopic sensing since well-established fabrication technologies and CMOS-
compatible waveguide platforms on planar Si substrates offer a promising solution
to realize low-cost and miniature optical sensors. With the progress in integrated
silicon photonics technology and the recent development of efficient inter-band
cascade lasers (ICL) [9] and quantum cascade lasers (QCL) [10], there is an op-
portunity to investigate new types of integrated gas sensors.

1.2 Mid-infrared Sources

To realize an efficient gas sensor, a single-mode light source with high spectral pu-
rity is required. Optical parametric oscillators (OPOs) or single-mode lasers fulfill
this requirement. OPOs use a nonlinear crystal to convert the output of a pump
laser to a shorter (signal) or longer (idler) wavelength. Nevertheless, OPOs are
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complex devices and will require further improvements before they are practical
for widespread deployment. Another disadvantage of OPOs for handheld applica-
tions is the need for a high-power pump laser. On the other hand, semiconductor
lasers are coherent light emitters and are already widely deployed in various appli-
cations such as datacom, telecom, data storage etc.

The development of IT1I-V quantum well lasers in the telecom wavelength range
(around 1550 nm) has been supported by the strong interest in optical communi-
cation applications. Therefore the fabrication methods, such as molecular beam
epitaxy and metal organic chemical vapor deposition, have been continuously im-
proved in order to grow high quality III-V quantum well stacks. The development
of semiconductor lasers operating beyond 2 um wavelength at room temperature
has, however, proved to be challenging. Gallium antimony (GaSb) based mate-
rial combinations allowed to extend diode lasers to about 3 um wavelength. In
the wavelength region from 3-6 pm, interband cascade lasers (ICLs) replace the
diode lasers, while room-temperature-operating quantum cascade lasers (QCLs)
partially overlap with the ICLs and cover the rest of the mid-infrared region (4-14
um).

1.2.1 InP and GaSb Diode Lasers

By properly designing the quantum well structure, indium phosphide (InP) based
laser diodes can be made to operate in continuous-wave (CW) regime at room
temperature up to 2.3 um wavelength [11]. For longer wavelengths, the Al-content
in the quantum wells should be reduced and In-content increased. This leads to a
narrower band gap, at the cost of higher compressive stain in the layers. The
high strain degrades the gain material and limits the operation of these structures
to 2.3 um [12]. This limitation led to the investigation of other III-V materials
for emission in the mid-infrared part of the spectrum. The first GaSb-based laser
was demonstrated in 1985 [13, 14]. A DFB laser array with central wavelength
ranging from 1.8 pm up to 3 pm wavelength operating in CW at room temperature
has recently been reported in this promising material system [15].

1.2.2 Interband Cascade Laser

ICLs are based on band-to-band (interband) transitions. The photons are produced
from 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. The concept was
first proposed by R. Q. Yang in 1995 [16]. The first experimental demonstration
of an ICL ( = 3.8 um) was reported in 1997 [17]. In 2008, the first ICL operating
in CW at room temperature, emitting at 3.75 um was demonstrated [18]. Later,
light generation in CW operation at room temperature has been shown in the 3-6
um wavelength range [19, 20].



INTRODUCTION 5

Injecter Region

Active Region

continuum

Active Region

1 period
- )-l

Figure 1.4: Schematic diagram explaining the working principle of a quantum cascade
laser relying on intersubband transitions [22].

ICLs have the advantage that the band structure can be engineered and thus
the emission wavelength can be tailored. Given that the transitions are interband,
the loss arising from fast phonon scattering (as is typical in QCLs) is bypassed.
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 using ICLs
with lower power consumption [21].

1.2.3 Quantum Cascade Laser

A QCL (Fig. 1.4) consists of a quantum well active region and an n-type electron
injector region typically grown using molecular beam epitaxy (MBE). The injector
region consists of several wells and barriers which create minibands separated by
minigaps. When 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). Stimulated 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 ("10 ps) and electron accumulation.
Level 2 does not sustain population since decay to level 1 takes place via a fast
non-radiative transition and subsequent tunneling towards the next miniband (71
Ps)-

There has been significant progress in both the design and the performance of
QCLs in the last decades [23, 24]. Nowadays, achieving Watt-level output pow-
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Figure 1.5: Tuning mechanism of the Daylight EC-QCL [35] (a). The wavelength selective
element consists of a grating attached to a rotation stage which includes a piezo-translator
to avoid mode hopping. (b) Due to misalignment, the wavelength reported by the QCL
controller deviates from the actual wavelength measured in our laboratory

ers and single-mode operation is common [25, 26]. By tailoring the composition
and the thickness of the active region layers, the peak wavelength at which the
QCL lases is set. Both the active and the injector regions can be designed 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 [27]. Another design replaces the
injector regions altogether and is based on the principle that the ground state of the
active region gets aligned to the upper state of the next stage upon application of
a suitable bias [28]. Due to the bound-state transitions, QCLs are transparent on
both sides of the central frequency (i.e they exhibit a lorentzian gain spectrum) un-
like traditional band-to-band semiconductor lasers which absorb all photons with
energy larger than the band gap. Therefore, many different types of active regions
can be cascaded together allowing either multi-wavelength lasing [29] or provide
broadband gain [30, 31]. Due to the quantum mechanical selection rules, QCLs
emit light with a polarization perpendicular to the layer structure (transverse mag-
netic (TM) polarization). The electrical field required to align the injector and the
active regions are of the order of 50 kV/cm~! (> 0.5 V per stage), which results
in a high bias voltage requirement. The high power consumption makes heat dis-
sipation also an issue in QCLs and effective heat management is a key aspect of
QCL design [32].
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Figure 1.6: Architecture of the gas sensing system (a) and view of the multiSense product
from mirSense (b) [36]. A QCL array is integrated to cover a wide range of wavelengths.

1.2.4 QCL Integration

The physics behind the operation of QC structures is beneficial for their operation
as broadband gain medium. The most common approaches to achieve broadly tun-
able single-mode emission rely on the realization of external cavity (EC) configu-
rations. Through the use of a grating as a tuning element, EC-QCLs can achieve
broadband single-mode tuning [33]. A mid-infrared record tuning range of 40%
around the central wavelength of 9.5 um (7.6-11.4 um wavelength range) has been
demonstrated [34]. Commercially available for a number of years already, Day-
light Solutions products, use EC gratings as the wavelength selective element (Fig.
1.5a). High-speed spectral scanning in a Littrow-type resonator is realized by em-
ploying a micro-opto-electro-mechanical-system (MOEMS) grating to select the
wavelength [37]. The system configuration is shown in Fig. 1.7. Both macro-
scopic external gratings and MOEMS gratings are susceptible to misalignment.
The wavelength shift due to misalignment, measured on the Daylight laser in Mode
Hop Free - CW regime, is plotted in Fig. 1.5b). We notice a significant shift (6.5
- 7.5 nm) dependent on the wavelength.

For hand-held applications, it is essential to integrate QCL sources. Since
QCLs are semiconductor lasers, arrays of single wavelength lasers can be realized
on a single chip [38]. A tunable laser array, on an InP substrate, with a sampled
grating distributed feedback and a beam combiner has been demonstrated in the
wavelength range of 6.1 to 9.2 um [39]. An array of 24 QCL distributed feedback
(DFB) lasers on a single chip operating in 8.0-9.8 pm wavelength range operating
in pulsed mode was realized [40]. Besides the research on broadband monolithic
laser sources mostly undertaken by academia, a number of companies started their
work on the application of these lasers as gas sensors. A portable gas sensor with
an integrated QCL array (6.5-11 um) was demonstrated [41]. Recently, the com-
pany MirSense revealed a multi-gas sensing system based on QCL sources assem-
bled with a multiplexer and a photoacoustic cell (Fig. 1.6b). Although promising
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Figure 1.7: A MOEMS grating is used to tune the QCL chip (a). The package of the system
(b) and the MOEMS scanner with etched grating (c) [37].

implementations based on a laser arrays have already been realized, this solution
demands a multiplexer component that induces additional losses in the system.
Since each laser operates in a narrow wavelength range, that differs from one
laser to another in a laser array, this approach does not exploit the full potential
of the gain of an individual laser. Also, due to maturity of CMOS technology, it
makes sense to integrate the light source with a silicon-based platform. The first
QCL that was heterogeneously integrated on a Si PIC, was demonstrated at 4.8
um wavelength [42]. The device is based on molecular direct bonding technology
and adiabatic coupling. The III-V epitaxial layers are bonded on top of a Silicon-
on-Nitride-on-Insulator (SONOI) chip. However, since the SONOI platform has
Si waveguides and nitride under-cladding, the operational range is limited to 6.7
um. It is worth mentioning that a commonly used adhesive in the bonding tech-
nique starts to absorb heavily at wavelengths beyond 2 pm and makes for a poor
heat sink [44], which gives advantage to flip-chip integration of QCLs where heat
sinking is crucial to maintain operation.

The hybrid integration of a broadband III-V gain medium with CMOS-compatible,
Si-based waveguide platforms could be used to implement chip-size laser modules
without any moving parts, making it low-cost, compact and robust. Furthermore,
the miniaturization and cost reduction of mid-infrared sensors could be extended
to the implementation of the complete mid-infrared spectroscopic system on the
same chip, where the gain chip is placed on the carrier chip, and the wavelength
selective module, together with the sensing module, is implemented on the carrier
platform. In the next section, we will discuss advantages and disadvantages of
several attractive candidates for the carrier platform.
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Figure 1.8: Optical transparency window of different candidate materials for mid-infrared
integrated photonics platforms [43].

1.3 Silicon-based Waveguide Platforms for the Mid-
infrared

In recent years, the wavelength range over which integrated photonics finds its ap-
plications has been extended to the mid-infrared region. Although the established
and traditional waveguide platform for the telecom and datacom wavelength range,
Silicon-on-insulator (SOI), found its way in mid-infrared photonics, it will not be
suitable for covering the entire mid-infrared wavelength range. The reason lies
in its optical transparency, which is graphically displayed in Fig. 1.8, together
with that of other common materials in integrated photonics platforms. The SOI
platform is limited to operation up to 3.8 um due to the high absorption of the
Si0Og layer in the mid-infrared [45]. Hence, multiple silicon-based platforms, with
clever solutions for the problem of SiO4 absorption, have been explored for the im-
plementation of mid-infrared photonic integrated circuits (PICs) beyond 3.8 pm,
some of which will be discussed in this section.

1.3.1 SOI platforms for the mid-infrared

Due to its CMOS compatibility and maturity, the SOI platform has been widely
explored in the mid-infrared wavelength region (Table 1.1), up to 3.8 pym [48] -
a limitation imposed by the optical transparency window of silica. Another ad-
vantage is the compact circuit footprint and small bending radius, due to the large
index contrast (ng; = 3.42, ng;0, = 1.42). Apart from absorption, a source of loss
in integrated waveguides is the leakage of the waveguide mode from the device
layer, where the waveguides are implemented, to the Si substrate. A thick buried
oxide (BOX) layer is required to prevent this leakage. A simulation of substrate
leakage loss for SOI wafers used in integrated photonics (400 nm thick device Si
layer, 2 um thick BOX) as a function of wavelength [44] shows elevated losses
beyond 3.5 pym. Besides the 400 nm thick device layer, other SOI platforms are



10 INTRODUCTION

Initial wafers Wafer bonding

>

A
B
Thermal oxidation

Splitting of wafers

.
. B SOl wafer

ﬂ

Hydrogen implantation

Figure 1.9: Fabrication process for the high device-layer-thickness-control of SOI
wafers [52]. High-energy protons are implanted in the previously thermally oxidized wafer
A. By controlling the proton kinetic energy, the thickness of the device layer is precisely
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in use [45, 50]. The SOI wafers used in this application are made using SmartCut
technology, which is explained in Fig. 1.9. The waveguide circuit is commonly
formed by e-beam/deep UV (DUV) lithography followed by a dry etching pro-
cess. One of the many advantages of the SOI platforms is that the techniques for
heterogeneous integration with III-V materials are well established. This enables
for example the implementation of light sources [3] and photodiodes [49, 51],
enabling fully integrated spectroscopic sensing systems. Integrated mid-infrared
spectroscopy has attracted the interest of the sensing industry, due to the possibil-
ity of developing low-cost and miniaturized devices, enabling their integration in
existing equipment for on-line and in-situ monitoring of chemical species. These
devices allow real-time and selective detection of several chemical compounds of
interest [53].

1.3.2 Suspended Si Platform

While SiO5 has a high absorption beyond 3.8 pm, bulk Si is considered to be
transparent up to 8 pm. By locally removing the underlying SiO5 layer to avoid
high propagation losses, the standard SOI platform’s wavelength operation range
can therefore be extended. A number of functional devices has been demonstrated
on the suspended Si-membrane platform (Table 1.2). The waveguide circuit is
defined by e-beam/DUYV lithography and dry etching. The removal of the SiO2
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Device Wavelength Characteristics
[um]

Waveguides [46] 2.1 Propagation loss < 0.6 dB/cm

Waveguides [47] 3.39 Propagation loss of 0.6-0.7
dB/cm

Waveguides [48] 3.8 Propagation loss of 1.8 £ 0.2
dB/cm

MMI [48] 3.74 Insertion loss of 3.6 + 0.2 dB

Add-drop ring 3.74 Q factor of 8200

onator [48]

MZI-based thermo-optic | 2.3 m-shift of 50 mW

modulator [49]

Add-drop ring 3.74 Q factor of 8200

onator [48]

TE grating coupler [46] 2.1 Coupling efficiency of 3.8 dB

TE grating coupler [50] 3.8 Coupling efficiency of -5 dB
and 3 dB bandwidth 180 nm

TE AWG [51] 2-2.25 Insertion loss of 2.15 - 4 dB

TE AWG [50] 3.8 Insertion loss of 1.5 - 2.5 dB

TE PCG [51] 2.05-2.3 Insertion loss of 5 - 7 dB

TE PCG [50] 3.8 Insertion loss of 1.5 - 2.5 dB

Table 1.1: Silicon-on-Insulator: Demonstrated Devices
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Figure 1.10: Fully-etched suspended waveguide [55] (a), and suspended ridge
waveguide [57] (b).

layer is done by HF etching of the buried oxide (BOX) layer through holes in the
Si device layer. The holes in the device layer are formed either at the same time
as the waveguides [55], or after the circuit formation [57]. In the former case,
the silicon strips used to suspend the waveguides are in direct contact with the
guiding waveguide and hence their width has to be optimized to prevent the light
from leaking into these structures (Fig. 1.10a). In the latter case the authors used
ridge waveguides (Fig. 1.10b). The platform benefits from the possibility of small
bend radii with low radiation losses [55] due to the high mode confinement as it is
air-clad. One of the disadvantages of this platform is the difficulty to implement
large-footprint devices such as arrayed waveguide gratings (AWGs) and planar
concave gratings (PCGs). Another difficulty lies in fabrication as the free standing
waveguides are prone to collapsing during the HF wet etch for the oxide removal.
A possible solution could be to use vapor phase HF or critical point drying. Still,
the platform remains theoretically transparent up to a wavelength of only 8 um, and
up to now - to our knowledge- no devices have been experimentally demonstrated
beyond the wavelength of 5.2 um.

1.3.3 Si-on-Sapphire

The Silicon-on-Sapphire (SOS) waveguide platform (Table 1.3) is another mid-
infrared waveguide platform suitable for applications up to 5.6 pm wavelength
[61]. This layer stack is sometimes used in the radio-frequency electronics industry
to replace SOI. E-beam lithography and dry etching is used to define the waveguide
circuit. SOS has the advantage of a low index substrate, which eliminates the issue
of substrate leakage and enables compact circuits: a bend radius of 10 um was
used at 5.18 um wavelength [59]. The biggest limitation of the SOS waveguide
platform is its operational wavelength range which is limited by the transparency
of the sapphire substrate: sapphire starts absorbing beyond 5.6 um. Moreover,
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Device Wavelength Characteristics
[um]

Ridge waveguides [54] 2.75 Propagation loss of 3.3 & 0.6
dB/cm,

Waveguides and bends [55] | 3.8 Propagation loss of 0.82
dB/cm and 0.014 dB/bend for
15.7 pm bend radius

2x2 MMI and MZI [55] 3.8 Insertion loss of 1.6 dB for the
MMI and extinction ratio 15
dB for the MZI

All pass ring resonators | 2.75 Q-factor of 8100

[54]

All pass ring resonators | 3.4 Q-factor of 11000

[56]

All pass ring resonators | 5.2 Q-factor of 6800

[56]

TE [57] and TM grating | 2.75 Coupling efficiency of -5.5 dB

coupler [58]

for TE; Coupling efficiency of
-3 dB and 3 dB bandwidth of
50 nm for TM

Table 1.2: Suspended Si Platform: Demonstrated Devices
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Device Wavelength Characteristics
[um]
Waveguides [59] 2.08 Propagation loss of 1.4 dB/cm
Waveguides [60] 4.5 Propagation loss of 4.3 & 0.6
dB/cm
Waveguides [59] 5.18 Propagation loss of <2
dB/cm, 10 um bend radius
Waveguides [61] 54-5.6 Propagation loss of 4.0 &+ 0.7
dB/cm
TE slot waveguide [62] 34 Propagation loss of 11 dB/cm
Two-stage taper strip-to- | 3.4 Insertion loss of 0.13 dB

slot waveguide mode con-
verter [62]

Add-drop ring res- | 2.75 Q-factor of 11400 % 800

onator [63]

All pass ring resonator [64] | 4.3 -4.6 Q-factor of 151000

Add-drop ring res- | 5.45 Q-factor of 3000

onator [61]

Grating couplers [65] 2.75 Coupling efficiency of -4.9 dB
for TE and -9.3 dB for TM

TE grating couplers [62] 34 Coupling efficiency of -5 dB

Table 1.3: Silicon-on-Sapphire Platform: Demonstrated Devices

typical Si device layers on SOS wafers have more defects and wafers are more
expensive than the commercial SOI. Another challenge could be the realization
of efficient thermo-optic modulators in this waveguide platform due to the high
thermal conductivity of sapphire [63].

1.3.4 Germanium-on-Si and Germanium-on-SOI

Germanium (Ge) has low losses in the 2-14 pm wavelength range [43], which
- together with its compatibility with standard CMOS/MEMS processes - makes
it suitable for the implementation of mid-infrared PICs. Complementary to the
SOI platform, Germanium-on-Silicon (Ge-on-Si) and Germanium-on-Silicon-on-
Insulator (Ge-on-SOI) have emerged as platforms for sensing applications in mid-
infrared, beyond the wavelength of 3.8 um (Table. 1.4). Low losses (2.5 dB/cm)
for single-mode waveguides on Ge-on-Si have been measured up to a wavelength
of 7.5 um but the platform became very lossy beyond 8 um (>15 dB/cm) [70]. An-
other study showed losses <10 dB/cm for single-mode TE propagation between 9
- 11 um wavelength, and from 9 - 10.5 pm wavelength for single-mode TM propa-
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gation [71], which represents a current record in mid-infrared integrated photonics.
The Ge-on-Si platform benefits from a simple fabrication process and should
provide a wider transparency window compared to the other silicon-based mid-IR
platforms. Due to the width of the single-mode waveguide, it is possible to fabri-
cate circuits by contact lithography, as well as e-beam. The details of fabrication
will be elaborated in the next chapter. Unlike the Ge-on-Si platform, the Ge-on-
SOI stack has an additional SiO5 layer, which allows for more efficient integrated
thermo-optic phase shifters [75]. The Si device layer in the SOI substrate of the
Ge-on-SOI platform is thick enough to prevent overlap of the Ge waveguide mode
with the underlaying oxide, hence the mode does not incur losses from the highly
absorptive oxide above 3.8 um wavelength. The fabrication of devices on this plat-
form can also take advantage of the additional SiO, layer to under-etch parts of the
PIC, such as to further improve the efficiency of the thermo-optic phase shifters.

1.3.5 Graded-index Silicon-Germanium Platform

Up to date, a number of devices has been demonstrated on the graded index
Silicon-Germanium (SiGe) platform (Table. 1.5), including several basic devices
for optical guiding such as S-Bend waveguides, Y-junctions, waveguide crossings,
and symmetric and asymmetric evanescent couplers [76]. The waveguide circuits
are defined by e-beam/contact lithography and dry etching. Due to the graded in-
dex nature of the platform, the waveguide profile could be optimized to provide
single-mode propagation for a wide range of wavelengths, from 3 - 8 ym, which is
at the same time the transparency window of the platform [77]. The graded-index
SiGe buffer is optimized to minimize defects caused by the difference in lattice
constants of Si and Ge. Low index contrast between guiding media and the sub-
strate results in a large bending radius (>500 pm) and difficulty to achieve high
efficiency grating couplers. To increase the compactness of the circuits, a similar
platform based on step index SiGe has been developed [80]. An efficient locally
free-standing TM grating coupler design together with a taper transitioning from
the free-standing section to the standard SiGe platform has been proposed in [81].

1.3.6 This work

In this work, we primarily focus on showing "proof of principle’ QC gain chip
tuning by an EC implemented on a Ge-on-Si chip (Fig. 1.11). The III-V gain
chip integration is envisaged through flip-chip integration, which places the active
layers upside down in a trench defined on the Ge-on-Si chip. The light from the
gain chip is coupled to the wavelength-selective Ge-on-Si circuit which provides
feedback to the gain chip. To ease the coupling between the two chips, AR coatings
are applied on the facets of the chips. The light is then extracted from the Ge-on-Si
chip and collected in an optical fiber. In the following chapters, the details of the
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Device Wavelength Characteristics
[pm]

Waveguides [66] 1.9-3.8 Propagation loss of 6 dB/cm
at 1.9 um, 3.5 dB/cm above
2.25 pm wavelength

Waveguides [67] 3.8 Propagation loss of 0.6 dB/cm

Partially-etched waveg- | 4.7 Propagation loss of 1 dB/cm,

uides [68]

TE and TM Waveguides | 5.15-5.45 Propagation loss of 3 dB/cm

[44]

TM waveguides [69] 5.8 Propagation loss 2.5 dB/cm,

TE partially-etched waveg- | 7.5-8.1 Propagation loss of 2.5 - 10

uides [70] dB/cm,

TE waveguides [71] 9-11 Propagation loss < 10 dB/cm,

TM waveguides [71] 9-10.5 Propagation loss < 10 dB/cm,

MZI modulator [72] 1.95 Modulation efficiency
(VzLz) of 268 V cm
and 4 V DC reverse bias

MMI [67] 3.8 Insertion loss of 0.21 dB for
1x2 MMI and 0.31 for 2x2
MMI

MZI [44] 52-54 Insertion loss of 0.5 dB

MMI [70] 7.9 Insertion loss of 0.23 dB

Add-drop ring resonator | 3.8 Insertion loss of -1 dB and

and Vernier rings cas- Q-factor of 1700 for th ring

cade [73] resonator. Q-factor of 5000
and insertion loss of -5 dB for
Vernier rings cascade

AWG [68] 4.7 Insertion loss of 1.52 dB

TE and TM PCG [74] 52 Insertion loss of 4.9 dB for TE

and 4.2 dB for TM

Table 1.4: Germanium-on-Si/SOI Platform: Demonstrated Devices
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Device Wavelength Characteristics

[um]
Waveguides [76] 4.5 Propagation loss <1 dB/cm
Waveguides [76] 7.4 Propagation loss <1.5 dB/cm
Waveguides [76] 9.5 Propagation loss <2 dB/cm
Waveguides [77] 9.5 Propagation loss 3.5 dB/cm
AWG [78] 4.5 Insertion loss 5 dB
AWG [77] 8-9.5 Insertion loss >3 dB
Integrated FTIR [79] 5-85

Table 1.5: Graded Index Silicon-Germanium Platform: Demonstrated Devices
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Wavelength selective module on Ge-on-Si/SOI chip contact

Figure 1.11: Flip-chip integration of the III-V gain chip with a Ge-on-Si EC chip.

proposed solution for the integration of a widely tunable, single-mode QCL on a
CMOS-compatible platform without any moving parts, will be discussed.
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Development of Germanium-based
Waveguide Platforms

2.1 Introduction

Over the course of this thesis, we worked on the development of Ge-on-Si and
Ge-on-SOI waveguide platforms (Fig. 2.1). Germanium has a higher refractive
index than Silicon and thus a waveguide can be constructed using these two ma-
terials, with Ge as the guiding medium. This chapter will elaborate on each step
of the fabrication process, starting with the epitaxial growth of the Ge layer on
Si and SOI substrates. Secondly, different options for the waveguide circuit def-
inition (contact, deep ultraviolet (DUV) and e-beam lithography combined with
matching wet/dry etching steps) are compared. Additionally, the top cladding is
considered, together with different approaches for the implementation of heaters.
Finally, anti-reflection (AR) coatings for efficient edge-coupling to and from the
chips are discussed.

2.2 Epitaxial Growth of Germanium on Silicon and
SOI

Germanium layers can be epitaxially grown on 200 mm Si/SOI (Silicon-on-Insulator)
wafers. The quality of the epitaxial growth is determined by the defect density in
the grown material. The defects start at the interface, predominantly caused by the
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Ge-on-Si Ge-on-SOI

Figure 2.1: Germanium-on-Silicon and Germanium-on-Silicon-on-Insulator layer stack
used as mid-infrared waveguide platforms.

lattice constant mismatch of the two materials. The difference in lattice constants
of Ge and Si is 4.2 %. As a starting point of the process development, the qual-
ity of epitaxially grown Ge from imec and IQE was assessed. By comparing the
propagation losses, it could be concluded that the quality of the epitaxial process
from both suppliers is similar. Since the details of IQE’s growth process were not
disclosed, only the growth process of wafers grown by imec will be described in
the following part.

2.2.1 Germanium-on-Silicon Wafers

For an integrated photonics platform, it is essential to reduce the light propaga-
tion losses as much as possible. Aside from optimization of the waveguide cross-
section, it is also important to minimize intrinsic material losses. One of the con-
tributors of intrinsic losses is free carrier absorption which is dependent on the
doping level. Therefore, to ensure that the free carrier absorption losses are mini-
mal, Si wafers with a low background n-type doping of 5x10** cm~2 are chosen
as substrates. The Germanium growth is carried out on these substrates at 450 °C
by atmospheric chemical vapor deposition. GeH, is used as a Ge precursor gas.
No intentional doping of the Ge layer was done. The lattice mismatch between
Si and Ge introduces threading dislocations (TD) at the Si-Ge interface [2] 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 a Ny ambient for 3 min-
utes. At the high annealing temperatures, the atoms in the crystal lattice can start
migrating. This migration is a thermally activated process and thus annealing re-
duces the density of dislocations in the lattice. The grown Ge film has a threading
dislocation density (TDD) of 2 x 10'% cm~2 while the annealed film has TDD of
4x 107 cm™2 [3].

Ge films with two different thicknesses (2 um and 4 um), grown on 200 mm
Si wafers, were ordered from IQE. Ge films with a thickness of 2 um on Si wafers
were received from imec.
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Figure 2.2: Simulation of the additional losses caused by the BOX layer in the substrate
for fully (a) and partially etched Ge waveguides (b).

2.2.2 Ge-on-SOI Wafers

For the process development on the Ge-on-SOI platform, SmartCut SOI wafers
from SOITEC were used. The high precision control of the device layer thickness,
enabled by SmartCut technology is essential to achieve efficient grating couplers,
which depend on the interference in the SOI substrate layers.

The Ge-on-SOI platform always had a 2 um thick Ge layer. Given that SiOq
absorbs heavily in the mid-infrared wavelength range, a thick Si layer is needed
to prevent absorption losses caused by proximity of the BOX layer. From the
beginning, we worked with a 3.2 pm thick silicon layer. Simulations show however
that a 1.5 um thick Si layer is also sufficient to avoid these losses for 2.2 ym wide
fully etched and 3.25 pm wide 1 pm partially etched single-mode waveguides (Fig.
2.2). Simulation parameters for the SiO5 layer are taken from [4]. As we will show
later, loss measurements for the Ge waveguides are similar for both 1.5 ym and 3.2
um silicon device layer SOI substrates.

Again, we had wafers prepared by two sources - imec and IQE. The IQE wafers
started from 200 mm SOI wafers from Soitec with a 1.5 um Si device layer thick-
ness and 2 um BOX. On some of them, 2 um of Ge was directly grown (Ge-on-1.5
um SOI). On the other wafers, 1.7 um of Si was first grown, followed by 2 um of
Ge (Ge-on-3.2 pym SOI).

At the cleanrooms of imec, a Ge-on-3.2 um SOI was fabricated. We began
with 200 mm SOI wafers with 220 nm Si thickness on which an additional 3 um
of Si was then grown in a horizontal, cold wall, load lock reactor (ASMEpsilon
2000). The in-situ bake at 1050 °C removed all traces of oxygen. The Si layer was
grown using dichlorosilane as Si precursor and Hy as carrier gas.

Both IQE and imec used the same parameters to grow the Ge film on the SOI
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Figure 2.3: Cracks appearing in the SOI substrate of the Ge-on-SOI platform after a long
HF etch to release structures (a) and to remove the metal mask after dry etching (b).

wafers as in the case of the Si substrate - the Ge epitaxy was not optimized further
to adapt to our SOI substrate. Likely because of the Si growth on top of the SOI
wafers and the unoptimized Ge growth for the Ge-on-SOI platform, these wafers
are experiencing issues due to stress in the grown films when subjected to process-
ing. In rare cases, after etching the Ge layer or after submerging in HF for more
than 15 min (e.g. to release structures or to remove a remaining metal mask after
etching), cracks would appear (Fig. 2.3).

2.3 Waveguide Circuit Definition

The fabrication flow of the Ge-on-Si/SOI waveguide circuit starts with the waveg-
uide formation. The circuit can be defined by means of positive or negative lithog-
raphy - where the defined pattern in the resist is transferred into the underlying
layers during an etch step - or by means of inverse lithography to define a nega-
tive slope resist profile on which we deposit metal which then acts as a mask for
etching. In the latter case, a lift-off process is needed to selectively remove the
metal deposited on the resist pattern. Although the metal mask could be poten-
tially used to etch thick layers, it is better to avoid the lift-off process, as it compli-
cates the processing with an additional metal deposition step and it is not reliable
for defining a waveguide circuit. The waveguide width is dependent on the resist
development time, as underdeveloping will not open the resist effectively, while
overdeveloping will make the waveguide wider. Also, there is risk of metal flakes
redepositing on top of the waveguides and disturbing the waveguide pattern. In
this section, three approaches to define the waveguides will be described: con-
tact, e-beam and DUV lithography, each with its corresponding etching processes.
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Contact lithography is a low-cost process that benefits from a resist thickness suf-
ficient to etch the 2 ym Ge layer, but it is limited in the size of features that can be
precisely defined. The theoretical resolution limit is estimated to ~700 nm. How-
ever, the final structure dimensions will also depend on the resist thickness and the
subsequent etching step. It can be used to fabricate waveguides, Mach-Zehnder
interferometers (MZIs), arrayed waveguide gratings (AWGs) and flat-facet planar
concave gratings (PCGs). Nevertheless, for low fabrication-tolerance components
and components with smaller feature sizes, such as ring/racetrack resonators and
gratings, e-beam and DUV are needed. Both of these high-resolution lithography
techniques are used in combination with a metal mask, as their resists are too thin
to support 2 um deep etching. E-beam can be used to demonstrate devices and cir-
cuits, while DUV is commonly used in wafer-scale production. After the pattern
definition step, a wet or dry etching step is used to transfer the pattern defined in
the resist into the Ge layer.

2.3.1 Contact lithography and Wet/Dry Etching

Contact lithography is a process used to transfer patterns onto a sample in a 1:1
ratio. The process flow comprises three main steps: the spin-coating of a thin
layer of a photo-resist, the UV illumination (i-line, 365 nm) through a glass mask
with transparent/opaque chromium (Cr) patterns, and the developing. Sometimes,
a primer layer (TI Prime) might be spin-coated on the sample prior to the spin-
coating of the resist, to improve the resist’s adhesion to the sample. We usually
did not use the primer layer. The photo-resist is a type of polymer and is typically
provided mixed with solvent to achieve a desired viscosity. The thickness of the
resist is related to the spinning speed, while the acceleration influences the flatness
of the polymer film (the right acceleration should reduce the accumulation of re-
sist at the edges of the sample). To define waveguide circuits we use positive MIR
701 photo-resist, spin-coated in two steps to get a flat resist film: 2500 rpm for
30 s, followed by 3000 rpm spinning for another 30 s, all with 1000 rpm/s accel-
eration. The spinning at lower speed serves to spread the resist over the sample,
while the second spinning step at higher speed defines the resist thickness. The
resulting resist thickness is around 1040 nm. The spin-coated layer requires a bak-
ing step in order to evaporate the solvents and harden the resist. The temperature
and baking time also have an influence on the final properties of the polymer layer
and its behaviour under illumination. We used parameters recommended by the
supplier here, 70 s at 100 °C. After the baking step, the polymer layer reabsorbs
water molecules from the air. This is necessary for the chemical reaction taking
place during illumination. For thin resist films (~1 um) the water re-absorption
takes 30-60 s. Upon illumination with UV light (the exposure), chemical reactions
take place in the polymer layer causing the illuminated and non-illuminated parts
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to have different behavior when in contact with the developing agent. The expo-
sure time depends on the layer stack under the resist, as there is no anti-reflection
coating applied. For our Ge platforms the optimal exposure time is 90 s. After
illumination, the polymer layer contains high amounts of nitrogen gas (N2), which
is why it is necessary to wait some time for the gasses to evaporate. For a thin
polymer layer (~1 um) 1-2 min is enough to proceed to the subsequent baking
step. Next, the sample is baked in order for the resist to cross-link. The UV dose
and baking parameters will influence side-wall roughness of the waveguides after
dry etching. The development of the sample is done using the appropriate solvent,
in our case this is a solution of MIF 726 and water mixed in a 2:1 ratio, which
will remove the non-cross-linked regions of the exposed MIR 701 resist. For a
correct sample development, a continuous flow of the liquid has to be provided
e.g. by slowly moving the sample. After the optimized developing time, which is
around 80 s in our process, the chemical reaction has to be interrupted by clean-
ing the sample with the appropriated liquid e.g. de-ionized water. This step also
helps to completely remove the non-cross-linked areas. The development time
will strongly influence the pattern size, as well as the side-walls of the resist mask.
Depending on the photo-resist and the goal of the lithography, a last baking step
may be desirable to ensure complete solvent removal and to further improve the
adhesion. If the lithography is used to define waveguides, this step is normally
skipped, because it might cause resist shrinking and deteriorate the straightness of
the resist side-walls.

To transfer the pattern from the resist mask to the sample, wet or dry etching
can be used. Ge can be etched by KOH, piranha, SC;, SC, and solutions con-
taining peroxide (H2O5) and water (H>O). Peroxide oxidizes Ge and turns it into
GeO,, an oxide soluble in water. The oxidation cannot progress unless there is
a sufficient percentage of water in the solution - for lower etching rates the per-
oxide concentration has to be increased. For a 30% peroxide concentration in a
peroxide-water solution, the etching rate of the Ge layer on the Ge-on-Si platform
is 60 nm/min, while on the Ge-on-3.2 SOI platform the rate is 100 nm/min. The
etching rate is constant over time, in both cases. The difference is etch rate is at-
tributed to the lower quality of the Ge layer in the Ge-on-3.2 pm SOI platform.
Fig. 2.4 shows a waveguide fully etched in CF,/O5 RIE plasma using a 10 nm
Ti / 100 nm Cr metal mask [2], dipped in an HF solution, and wet etched in a
30% Hy04 solution for 30 - 300 s. Etching longer in peroxide solution improves
sidewall roughness with the drawback of narrowing the structures. A cross-section
of the 300 s etched sample shows a step in the Si substrate (Fig. 2.4h) - Ge wet
etching by H2Os is highly selective with respect to Si due to a thin layer of SiO2
which forms on top of it. The peroxide etching forms clusters of GeO,, on the top
Ge surface. To get a smooth Ge surface after the wet etching and remove these
clusters, either a dip in an HF or buffered HF (BHF) solution or an annealing step
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Figure 2.4: A Ge waveguide fully dry etched in CF4/O2 plasma using image reversal
AZ5214 lithography, Ti/Cr metal mask and a lift-off process. The sample is etched in 30%
H20> solution, for 30 - 300 s. The peroxide etching leaves clusters of GeOy on the
waveguide surface. Annealing at 350 - 550 ° C evaporates residual oxide clusters and
smoothens the waveguide surfaces.

can be done. We performed an annealing step by ramping the annealing temper-
ature from 350 - 550 °C during 45 min in Ny rich environment which made the
Ge surface smooth - Fig. 2.4i). The side-wall roughness improves significantly
after the 300s etch. However, the peroxide wet etching of Ge is highly isotropic,
so parts of the Ge that were covered by the mask are still removed. This limits the
circuit design, e.g the minimal gap in an evanescent coupler.

For transferring the pattern with minimal size offset from the resist mask to
the target layer and to achieve 90°waveguide side-walls, it is best to apply a dry
etching technique. Using dry etching, plasma removes the substrate materials. The
parts of the layer we want to keep are protected by a mask. Usually, the polymer
resist we used in lithography is thick enough to withstand the full etch of the target
layer. This keeps the process flow more simple. Sometimes, the target layer -
polymer etching ratio (the etch selectivity) is not high enough to allow to etch
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Figure 2.5: Trench effect formed in the high RF power RIE process, at 520 V, demonstrated
on a partially etched Ge-on-Si chip. Platinum (Pt) is used to protect the top Ge surface
during milling. On the left, the cross-section of the partially etched waveguide is shown.
On the right a white dashed line is used to point out to the interface of Ge and Pt.

deep enough - the mask is completely etched away before the end of the etching
process. In this case, we have to introduce more layers in the mask, such as silica
or nitride masks, that are more resistant to the gases/plasma used to etch the target
layer. The resist is then used to etch the first silica/nitride layer, which is used
as a mask to etch deeper. Using more than two layers for the mask system may
complicate the process flow and increase the cost of production. Additionally,
using a complicated mask system can make the waveguide side-wall roughness
worse, and can induce an offset in size of structures defined on the glass mask
versus the target layer. Since we were not getting values of the Ge - oxide/nitride
dry etching ratio higher than 0.5, we have focused on the search for an etching
recipe using a 1 pm thick MIR 701 photo-resist mask.

Generally, dry-etching techniques are categorized as physical dry etching, chem-
ical dry etching, or physicalchemical etching. In physical dry etching, high-energy
particles (e.g. argon atoms) knock out substrates atoms from its surface which im-
mediately evaporate after leaving the substrate surface. The main drawbacks are
low etch rates, low selectivity, and trench effects (Fig. 2.5). The trench effect is
visible around the edges of waveguides. It is caused by high-energy ions (high
DC), reflected from vertical sides of the waveguides bombarding the horizontal
surface next to them. Chemical dry etching uses a chemical reaction between the
etchant gases and the substrate material to attack the substrate material. Gaseous
reaction products are needed conditions for this etching concept because deposi-
tion of solid reaction products would protect the surface and stop the etching pro-
cess. Chemical dry etching in plasma created in an RF field can be anisotropic and
exhibits relatively high selectivity. Chemical dry etching is often used for cleaning
wafers. For instance, photo-resist and other organic layers can be removed with
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Parameter ‘sO‘sl‘s2‘s3‘s4‘55‘s6‘s7‘88‘s9

CF4 flow [sccm] | 80 80 80 80 80 80 90 90 100 | 100
SFg flow [sccm] | 3 3 3 3 3 3 3 3 3 3
Hs flow [sccm] 12 12 12 7 7 7 7 12 7 12

DC bias [V] 520 | 420 | 320 | 520 | 420 | 320 | 420 | 420 | 420 | 420
pressure 20 20 20 20 20 20 20 20 20 20
[mTorr]

Ge etch rate | 42 27 13 115 | 97 78 115 | 31 115 | 37
[nm/min]

resist etch rate | 40 24 14 59 36 25 43 24 45 25
[nm/min]

Ge - resist etch | 1.05 | 1.13 | 093 | 1.95| 2.7 312 2.67 | 1.29 | 255 | 148
rate ratio

Table 2.1: Ge etching properties in CF4/SF¢/Ha2 plasma for small samples (0.5 x 0.5 cm)

oxygen (O2) plasma.

Typically used physicalchemical etching mechanisms are reactive ion etching
(RIE) and inductively coupled plasma (ICP) etching. Reactant gases are excited to
ions in the RF field. Under low pressures and a strong electrical field, ions are di-
rected to the substrate surface almost perpendicularly. Therefore, this method can
achieve relatively high aspect ratios. The common problems of physicalchemical
dry etching are mask erosion where the edges of the mask get damaged, undercut-
ting where ions reflected from the bottom of the trench dig out the material under
the mask, and the trenching effect where high-energy particles reflected from the
vertical walls of the etched trench cause roughness in the bottom of the trench.
During the dry-etching process , the trench side-walls should be protected to keep
them parallel and to achieve high aspect ratios - the sidewall inhibitor deposi-
tion effect. Fluorine-containing molecules such as CF,, SFg, NF3, and CHFj3 are
normally employed for plasma-based dry etching of materials similar to silicon.
Other gases such as Os, Ar, and He can be added, e.g., for heat transfer, plasma
stabilization, and enhanced ionization. Ar has a mechanical etching effect, which
can induce more roughness on the side-walls. When used in combination with a
resist mask, Os can burn the resist mask which is then hard to remove from the
waveguides. Due to the reasons we mentioned, and the availability of gasses in
our lab, we found that a CF4/SFg/Hs combination works best for Ge waveguide
platforms.

A parametric sweep of Ge layer etching in CF,/SFg/Hs RIE plasma is shown
in Table 2.1. Since the resist mask thickness is limited to 1 um, we need to achieve
Ge - resist etching ratios higher than 2. The etching rates for Ge and polymer
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Figure 2.6: A waveguide etched in CF4/SF¢/H2 plasma using resist mask (a) and a 2 pm
wide trench etched in the Ge layer (b). Etching in trenches usually looks worse than
etching stand-alone structures.

depend strongly on the sample size - smaller samples have higher etching rates,
but the trends remain the same. From samples sg, s; and so we can conclude
that increasing the Hy ratio in the gas mixture, slows down Ge etching. Although
increasing the voltage bias makes the waveguide walls more straight, it can also
cause the trenching effect (Fig. 2.5) and reduce the Ge - resist etching ratio (sam-
ples s3 and s5). SFg is a well known etching agent of group IV elements and has
strong isotropic behavior even under high bias. To diminish this effect, we should
reduce the portion of SFg flow in the total gas flow in the chamber. As we cannot
increase the Hy flow, another option is to increase the CF4 flow. The best recipe
to etch 2 um Ge using 1 um of resist is the recipe listed under sg. After etching,
we used acetone/isopropylalcohol (IPA)/water rinse, followed by 2 min in RIE Oq
plasma to get rid of the polymer residues.

Using contact lithography to pattern 1 pm of MIR 701 positive resist and a
CF,/SFs/Ha RIE process to define waveguides in a 2 pm Ge layer (Fig. 2.6),
we achieve reasonable losses, from 2.5 - 5.5 dB/cm for 2.2 pym wide fully etched
waveguides, and 2.5 - 4.5 dB/cm for 3.25 ym wide 1 pm partially etched waveg-
uides, measured in the 5.2 - 5.45 um wavelength range. The same processing was
used to make 4 pm wide 2 um partially etched waveguides in a 4 um thick Ge film
on a Si substrate. The losses measured at 5.3 pm are 2.5 dB/cm.

The losses can be further improved by combining the optimal dry etching
recipe and wet etching of the sample in a HoO5 - water solution. However, due
to the isotropic behavior of the peroxide wet etching, the Ge film thickness will
change. To prevent the Ge waveguide from being etched from the top, it is enough
to deposit 100 nm of SiOy on the Ge layer (Fig. 2.7a,b). A 1100 nm thick MIR
701 resist mask is used to dry etch through both the SiO5 and Ge (Fig. 2.7¢,d).
The resist mask is then stripped in O, plasma (Fig. 2.7¢). After the dry etching
step, the sides of the Ge waveguides are passivated by fluoride (Ge-F bonds) and
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Figure 2.7: An idea for a process flow combining dry etching using resist mask and wet
etching, to achieve smooth waveguide side walls: we deposit a thin layer of SiO2 on top of
the Ge layer to protect the top surface Ge waveguide surface from being etched in peroxide

solution.

oxygen (Ge-O bonds) [6], which prevents further oxidation of the Ge layer. For
example, it would not be possible to wet etch the Ge surface in peroxide solution
without previously removing this passivation. To remove the passivation, it is nec-
essary to perform a BHF dip (Fig. 2.7f). The etch rate of SiO5 in BHF is around
200 nm/min, so the BHF dip should be shorter than 15 s, because we need a layer
of silica to protect the top Ge surface. The silica layer is etched laterally as well,
but this is negligible compared to the width of the Ge waveguide. Next, a peroxide
wet etching is used to etch the Ge waveguide sides (Fig. 2.7g). At the end, a 1
min BHF dip removes the top SiO5 layer, as well as the GeO,, residues from the
peroxide etching.

2.3.2 DUV Lithography and Dry Etching

The advantage of DUV over contact lithography is its resolution, gained by the
shorter wavelength used (193 nm) and de-magnifying the pattern (4:1 ratio in our
case), from the glass mask to the resist. The scanner moves the wafer in such man-
ner that the entire wafer surface gets exposed by the same chip design, providing
a number of chips in one processing step. The exposure is done using a small slit
of light. This way only a portion of the lens is used which reduces the influence of
the optical aberrations, and improves the resolution comparing to regular stepper
lithography where the whole reticle is exposed in one shot. After development,
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Figure 2.8: Wafer flatness is an important parameter for DUV exposure. Our wafers
showed 6 pm flatness variation across the entire wafer, while most of the wafer has flatness
variation within 1 pm.

the defined pattern is then transferred into the guiding layer by dry etching. To test
the process feasibility for the Ge-on-Si platform, we performed two experiments:
the first experiment refers to the focus-and-expose matrix (FEM) experiment and
etching mask definition (stack: 200 nm DUYV resist + 50 nm bottom anti-reflective
coating (BARC) + 50 nm Cr + 50nm SiN, + 2 um Ge), while the other experiment
shows that with the thickness limitation of the SiN, mask layer, a 2 um thick Ge
layer can be etched (stack: 1 pm MIR 701 resist + 600 nm SiN,, + 2 um Ge).

We used a scanner tool operating at 193 nm at Eindhoven University of Tech-
nology. The FEM experiment allows to select the optimal exposure dose and fo-
cus, for the chosen critical dimension. The repeatability of the experiment depends
strongly on the flatness of the wafer, which should not vary for more than 500 nm
for a 3” wafer. In order to avoid focus variations across the wafer caused by wafer
flatness, double sided polishing is preferred.

Since we had 200 mm single-side-polished Ge-on-Si wafers, the wafers were
sent for laser dicing to cut out 3 wafers with a 3” diameter. The wafers had labels
inscribed by a laser, which caused the wafer to bow around the inscribed label (Fig.
2.8). The labeling is done by a laser, which heats up the wafer locally. The wafer
flatness, excluding the labeled area, was estimated to be within 1 um. The wafers
had 50 nm of Cr (used to etch up to 600 nm of SiN, ) and 50 nm of SiN,, (needed to
protect the Cr etching tool from possible Ge contamination) deposited. To avoid
influence of the layers beneath the resist, a BARC layer was spin-coated before
the resist. The FEM optimization was done for a 100 nm gap on these wafers.
With this experiment we made sure that a 100 nm gap (e.g. a coupler gap) could
be defined by means of 193 nm DUV on our platform. The result of the FEM
experiment is shown in Fig. 2.9. After testing the DUV system capabilities on the
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Figure 2.9: An example of a focus-and-expose matrix. Based on this experiment, the
optimal focus and exposure dose is chosen. These parameters will depend on the critical
dimension we want to achieve.
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Figure 2.10: The BARC and Cr layers are etched at the same time in an ICP system.
Unfortunately, the samples got contaminated before the SiN,, deposition. The
contamination did not influence our FEM experiment however. The top view of the etched
layers after the resist stripping (a) and the cross-section of the same (b). 50 nm of BARC
and 50 nm of Cr are isotropically etched with selectivity towards the underlying 50 nm
thick SiNg layer.

Ge-on-Si platform, we started looking for an appropriate dry etching recipe. Due to
the resist thickness (fixed for the DUV system in use), up to 50 nm of BARC layer
and 50 nm of Cr mask can be etched. The BARC and Cr mask are etched for 90 s
in a 15 sccm Cly, 15 sccm Oy gas mixture. The etching recipe results in isotropic
etching of the Cr mask, selective towards the underlying nitride layer (Fig. 2.10).
In this experiment, the nitride layer serves to prevent contamination of the ICP
etching chamber by Ge particles. Next, the resist is removed by an acetone/IPA
rinse. The BARC and Cr layer serve as an etching mask for the nitride layer, which
in turn serves as an etching mask for the Ge etching. With 50 nm of Cr we can
etch up to 600 nm of SiN,,. In this paragraph we have described the experiment in
which we show that the Eindhoven DUV stepper system can be used to define 100
nm features for the stack resist-Cr-BARC-Ge. In the next paragraph, we will talk
about an experiment in which we test etching capabilities into the 2 pm thick Ge
layer using 600 nm nitride mask.

The nitride mask is etched through RIE in a gas mixture of 80 sccm CFy, 3
sccm SFg and 7 sccm Ho, at a pressure of 20 mTorr and with a 420 V DC bias,
using 1 pm thick MIR 701 resist. After the nitride etching, the resist mask is re-
moved by O, plasma followed by an acetone/IPA rinse. The sample is then loaded
into the ICP system, where the Ge layer is etched. The used etching parameters
for partial etching are (possible to etch up to 1.5 um): 15 sccm Cls, 6 sccm Ha,
8 sccm CHy, an inductive power of 250 W, an RF power of 200 W, at 15 mTorr,
a temperature of 110 °C in the inductive chamber, and a 40 °C chuck tempera-
ture. In order to fully etch a 2 pm thick Ge layer, the etching recipe is modified
from the partial-etching recipe, such to exclude CHy gas (0 sccm gas flow). This
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modification allows us to etch deeper into the Ge layer with the same nitride mask
thickness, but results in a higher propagation loss. The Ge layer is partially/fully
etched, after which the remaining nitride mask is removed with HF.

We measured 3 dB/cm propagation losses on the partially etched sample for
3.25 um wide waveguides and 8.5 dB/cm for fully etched 2.2 ym wide waveg-
uides. With the two experiments we described in this section (the FEM and the
dry etching using nitride mask experiments) we showed that we can achieve rea-
sonable losses using high-volume, CMOS compatible fabrication tools such as a
DUV stepper. This can result in high volume production of devices implemented
on this waveguide platform.

2.3.3 Electron-beam Lithography and Dry Etching

Electron-beam (E-beam) lithography is a high-resolution (sub-10 nm) lithography
tool that can draw custom patterns using a shaped beam, which can be deflected to
preset positions within a writing field. The electron beam changes the properties of
the e-beam-resist locally, resulting in a different solubility in the developing agent.
For a positive resist, the exposed parts dissolve in the developing agent, while for
the negative resist, the unexposed parts dissolve. In our cleanroom, we have a
Raith Voyager system with a 50 kV electron beam and a maximum writing field
size of 500 um by 500 um. To expose patterns that exceed the maximum writing
field size, the system splits the design into multiple writing fields, whose writing is
done in sequence: after exposing the first writing field the stage moves to center the
electron beam above the next writing field, etc. The result is the exposed circuit
design consisting of multiple writing fields stitched together. When moving the
stage, stitching errors occur due to non-ideal behavior of the stage. Using larger
writing fields can cause larger stitching misalignment errors, but smaller writing
field sizes result in more stitching boundaries in the same circuit. The writing field
size is, hence, chosen according to the application. The single-mode waveguide
that we use, is 2.2 um wide in the wavelength range (4.75-5.45) pm and the mini-
mal lossless bend radius is 75 um. The 500 um by 500 um writing field size allows
e.g. accommodating a racetrack resonator with a radius of 100-120 um or up to
750 periods of a first order grating with a period of 660 nm, in a single write field
and hence avoid degradation of the Q-factor or phase errors in gratings by stitch-
ing effects. On other places where stitching cannot be avoided, the waveguides
are expanded to a width of 5 um as they incur less losses at stitching boundaries.
This enabled the definition of complete circuits using e-beam lithography. The
demonstration of the operation of these circuits will be discussed in later chapters.

We have developed a recipe for a positive e-beam lithography with an outcome
of a negative slope, that we combined with metal deposition and a lift-off process
to define a metal mask. This metal mask is then used to dry etch the waveguide
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Figure 2.11: Top view of 5 nm Ti/50 nm Cr metal mask for a grating with a period of 0.7
um and different duty cycles (dc), from 0.3 - 0.8. All samples had a dose of 115 1C/cm?
and 2 min development in n-Amyl acetate.
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Figure 2.12: Top view of 5 nm Ti/50 nm Cr metal mask for a grating with a period of 1.45
um and different duty cycles (dc), from 0.2 - 0.8. All samples had a dose of 125 uC/em?
and 2 min development in n-Amyl acetate.

Figure 2.13: Top view of 5 nm Ti/50 nm Cr metal mask for coupler gaps of 200, 400 and
600 nm between two 2.2 ym wide waveguides. All samples had a dose of 125 uC/cm* and
2 min development in n-Amyl acetate.
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Proximity effect

Figure 2.14: Top view of 5 nm Ti/50 nm Cr metal mask for a grating with a period of 1.45
um and different duty cycles (dc), from 0.2 - 0.8. All samples had a dose of 145 uC/cm?
and 2 min development in n-Amyl acetate. An example picture of the proximity effect for a
grating with duty cycle of 0.8 is displayed in the bottom right picture.

circuit. The thickness of the metal should be adjusted to the depth (and thus the
duration) of the subsequent dry etching step and therefore the resist should as
well be sufficiently thick to enable the lift-off process. To achieve a wide range
of possible etch depths, we used two e-beam resists: for etching less than 1 pm,
we used the AR-P 6200.09 positive resist spin-coated at 2500 rpm to get 245 nm
thickness, while for etch depths ranging from 1-2 pm we used AR-P 6200.13,
spin-coated at 3000 rpm to get 475 nm resist thickness. For both resists, after the
spin-coating, the solvents are evaporated and the resist is hardened by baking at
150 °C for 60s.

There are two ways of achieving a good resist profile for a lift-off process:
combining a higher dose with an average development time, or an average dose
with a higher development time. The recommended parameters from the resist
supplier are a dose around 150 uC/cm? and a development time of 1 min in n-
Amyl acetate, followed by 30s in IPA which is used as development stopper. Since
even for doses as high as 220 uC/cm? the lift-off process was not working well for
our platforms when performing the recommended 1 min development in n-Amyl
acetate, based on preliminary results from a development time sweep experiment,
we have focused on the second approach by fixing the development time to 2 min.

Based on simulations and the project goals, we have worked on the optimal
dose for three different types of structures: a first order grating with a period of
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700 nm and duty cycle around 0.5, a second order grating with a period of 1.45
um and a duty cycle around 0.8, and a coupler gap of 400-500 nm between 2.2 um
wide waveguides. For very thin lines, such as a period of 700 nm and 0.2-0.5 duty
cycle, the best results were obtained when exposing with a dose of 115 pC/cm?
(Fig. 2.11). The lift-off process is not perfect for such thin lines, as on one side
the metal along the sidewall which is standing upwards from the Ge surface after
the metal deposition, does not break well, and so called “ears” are formed. This
metal then folds on top of the wanted metal structure and creates a white shiny
stripe in the SEM images. In most of the cases, the folding of the metal mask is
within the boundaries of the wanted metal pattern and the sample can proceed with
the fabrication, but there is a risk that the metal “ears” fold outside of the metal
pattern we aimed to deposit, and create an unwanted shape in the Ge layer. For
higher duty cycles it is also suitable to use a dose of 125 uC/cm?. The latter dose
also gives good results for second order gratings (Fig. 2.12), and the “ears” effect
does not occur here, although for lower duty cycles such as 0.2-0.3 the edges of
the metal mask are less straight than for higher duty cycles (0.4-0.8). Also coupler
gaps between 200-600 nm (Fig. 2.13) can be accurately patterned using a dose
of 125 uC/cm?. Even though it seems that a slightly higher dose of 145 pC/cm?
gives better results for the second order grating with a duty cycle of 0.8, it shows
significant issues with the proximity effect. This issue is absent when using the
dose of 125 uC/cm?, which is why we choose the latter for our experiments. To
summarize, a lower dose of 115 pC/cm? is better for narrow periodic lines (<300
nm grating tooth width), while for lines with widths ranging from 300-2200 nm
(here we include the coupler gap of 200-600 nm between two waveguides 2.2 ym
wide), a dose of 125 pC/cm? is more appropriate. Due to the low exposure dose,
we use a 30 um electron beam aperture with a 10nm step. This parameter is kept
constant for both straight and curved elements.

After the exposure, the sample is submerged for 2 minutes in n-Amyl acetate
for the development, followed immediately by a dip in IPA, which acts as a stopper
agent, for 1 min. This results in a negative slope on the sidewalls of the resist. If
the exposed pattern does not contain resist stripes narrower than 400 nm it is safe
for the sample to be subjected to a few short turns in an ultrasonic bath in IPA
environment. This will interrupt the delicate bridges in the resist created by the
stitching errors. To further remove the resist residues from the bottom of the resist
trenches, the sample is dry-etched for 10 s in a low pressure O plasma to prepare
the sample for metal deposition. The plasma removes the resist from all surfaces,
which is why we lose about 25 nm of resist thickness in this step. O2 plasma also
activates dangling bonds on the Ge surface which helps with the adhesion of the
metal to Ge. The metal deposition is done by electron beam evaporation. The
combination of metals we use is 5 nm of titanium (Ti) and 50 nm of chromium
(Cr) if the e-beam resist is 220 nm thick, or 5 nm of Ti and 90 nm of Cr if the
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Figure 2.15: Fully etched waveguide using a 5nm Ti/90 nm Cr metal mask and a CF4/H>
etching recipe (a). Measured losses for partially etched waveguides (D).

resist thickness is 450 nm after the O, treatment. The lift-off process is done using
the solvent anisole. As anisole is less volatile under atmospheric pressure than
acetone, the risk of metal redeposition is lower than in the case of a lift-off using
acetone.

After the metal mask is defined, the fabrication can proceed. If the entire circuit
is defined in one e-beam exposure step, the pattern can be etched. However, if
the circuit definition is not completed (e.g. some parts of the circuit still need to
be defined through contact lithography, or in a second e-beam step), then those
parts of the chip should be protected from the etching. Since with a positive e-
beam resist and the lift-off technique, the originally exposed parts remain after
etching, it is necessary to protect the rest of the sample, e.g. with a photo-resist
(AZ9260). The etching step is done in the RIE system with a CF,/Hs dry-etching
recipe, which we developed from our CF,/SFg/H> etching recipe used to etch
waveguides with a thick photo-resist mask, as described in the previous subsection.
SFg is a gas with isotropic etching behavior, which becomes more pronounced
when the etching mask is thinner. Although etching Ge with CF4 as a source
gas, without the aggressive SFg, makes the etch rate drop to only 22 nm/min, the
sidewalls obtained with the slower recipe have a smoother texture (Fig. 2.15).
After dry etching, it is necessary to remove the metal mask by leaving the sample
in a 50% HF solution for 10 min. HF dissolves the thin Ti layer. The measured
losses are estimated to be around 3.5-4.5 dB/cm for 3.25 um wide, 1 um partially
etched waveguides in the wavelength range 5.2-5.45 um.
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2.3.4 E-beam Overlay

Some of the designed Ge-on-SOI waveguide circuits comprise shallowly etched
(0.5 - 1 um) grating couplers and a 2 um deep etch for the rest of the circuit. The
two etch depths call for a process with two separate etch steps (Fig. 2.16). The
e-beam resist used in the first step gives better resolution (important for grating
couplers) but it is limited to thicknesses below ~250 nm. This resist thickness is
sufficient to perform lift-off of a 50 nm Cr mask needed to etch up to 1 um of
Ge. Etching 2 pm of Ge necessitates 100 nm of Cr mask, which is why we opted
for a less viscous version of the resist with which we can achieve ~450 nm thick
layer. However, this resist thickness is insufficient to effectively cover the 0.5 - 1
um step in the partially etched gratings. For this reason, a combination of e-beam
lithography and optical lithography is used. In the next paragraph, the overlay
process is described in detail.

a) b) c)

d) e)

. metal mask resist . 2um Ge layer lum Ge layer

Figure 2.16: Top view of the fabrication scheme for combining partially etched gratings
and a fully etched waveguide circuit, by combining electron beam and optical lithography.

In the first step we use a positive e-beam resist (AR-P 6200.09) to define a Ti/Cr
(5 nm and 50 nm thick respectively) metal mask through a lift-off process for the
partial etching of the gratings (Fig. 2.16a). Since we only define the gratings with
the positive e-beam resist, it is necessary to protect the rest of the sample (Fig.
2.16b), for which we use a photo-resist (AZ9260). CF4/H» reactive ion etching is
then used to do the partial etch (Fig. 2.16¢). After etching, the remaining photo-
resist is removed using acetone and IPA, followed by the removal of the metal mask
with HF. A second e-beam lithography step is then performed to define the rest of
the circuit, which may include fabrication-sensitive components, e.g. racetrack



48 CHAPTER 2

‘
e s
’

Figure 2.17: A SEM image (a) and a white light interferogram of a partially etched grating
on a fully etched waveguide (b).

resonators (Fig. 2.16d). For the overlay resist, we use AR-P 6200.13 resist, which
is by its chemical composition the same as AR-P 6200.09, with a difference in
viscosity. More dense resist allows to achieve a thickness of 450 nm when spin-
coated at 3000 rpm. This resist thickness is enough to define a 5 nm Ti / 90 nm
Cr hard mask through lift-off. Here we again use AZ9260 photo-resist to protect
the gratings from eroding during dry etching, in the points where the metal mask
is not sufficiently covering them (Fig. 2.16e).

The protective structures defined in the AZ9260 photo-resist have a tapered
shape such that there is a smooth transition from the grating to the fully etched
waveguide. In order to reduce the influence of fabrication imperfections on the
circuit performance we make sure that the two e-beam lithography patterns over-
lap on the slab section of the grating before tapering down to the single-mode
waveguide. The second etching step is done in the same CF4/H; plasma until the
Ge-Si interface is reached (Fig. 2.16f), after which the photo-resist and the metal
mask are stripped resulting in the structure shown in Fig. 2.17, where we can dis-
tinguish the partially etched grating, fully etched waveguide and the transitioning
taper.

Alternative to the process flow we described here with two e-beam steps, we
have tried to limit the processing to only one e-beam step, at expense of less effi-
cient grating couplers due to the slightly worse resolution of AR-P 6200.13 photo-
resist and thicker metal mask (10 nm Ti + 90 nm Cr). After patterning the entire
circuit in one step, we first etch 1 um for the gratings, then protect the gratings with
AZ 9600 resist and continue etching until we reach the under-laying Si. However,
we noticed that AZ 9600 resist is not entirely gone around the waveguide’s side-
walls after the development due to the topography of the sample. This residual
resist creates a horizontal line on the waveguide’s side-wall (Fig. 2.18), which in
turn influences performance of components.
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Figure 2.18: Alternative processing for the circuits with two etch depths that uses one
e-beam step and results with a horizontal line over the waveguide’s side-wall. This
fabrication imperfection significantly reduces the Q-factor of racetrack resonators.

2.4 Anti-reflection Coating

Anti-reflection (AR) coatings are used whenever reflections from surfaces must be
eliminated. Typical broadband ARs are made of multi-layer coatings, adapting the
refractive index of the light-guiding medium to the refractive index of air. While
an uncoated Ge surface causes a reflection of about 36% in the mid-infrared wave-
length spectrum, a good AR coating can much reduce the reflections, according to
simulations (Fig. 2.20). The reflection depends on the refractive index of the layer
and the layer thickness (Fig. 2.20b). The optimal layer index is determined from:

NAR = \/NGe, T Moo Mair 2.1

Here, nge, 7M., 1s the effective index of the TM fundamental mode, TMqy,
while ng;, is the index of the air surrounding the waveguide. For our AR coating,
we have used TiO,. We have estimated the index of the TiO, layer, deposited in
our e-gun chamber, to be 1.92 at 5200 nm. The estimation was obtained through
ellipsometry at 1550 nm and fitting to a refractive index curve, found in literature
[7].

The fabrication procedure is illustrated in Fig. 2.19. Since the sample is
mounted under angle ¢ in the e-gun chamber, the real thickness of the AR coating
will be cos(f) times smaller than the deposited thickness. The optimal thickness
for an AR coating in the 5 ym wavelength range with a refractive index of 1.92, is
750 nm.

Parasitic reflections play an important role in circuit behavior. One demon-
stration of the AR coating quality is shown in Fig. 2.21, where the transmission
through two MZI circuits with and without AR coating is plotted. Our AR coating
effectively suppresses unwanted secondary reflections which produce the Fabry-
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Figure 2.19: Fabrication of AR coating: the sample facing up is mounted under an angle
which prevents unintentional deposition on the top of the sample.
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Figure 2.20: A 2D simulation of reflection from a 750 nm thick AR coating layer with an
index of 1.92, deposited on the facet of a 2 ym thick Ge slab on SOI waveguide (a) and a
simulation of the reflection of the AR layer as a function of the refractive index and
thickness of the layer at 5.2 ym (b).
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Figure 2.21: Transmission through two MZI circuits before applying AR coating (a) and
after depositing the AR coating on all facets (b).

Perot wavelength-dependent ripples in transmission. In the case of the MZI, cir-
cuit, the intensity of the reflections before depositing the AR coating (Fig. 2.21a)
is comparable with the insertion loss of the MZI circuit, and is masking the useful
signal. After depositing the AR coating, the reflections are suppressed by around
15 dB, which resulted in the characteristic MZI transmission (Fig. 2.21b).

2.5 Top Cladding

In integrated photonics, cladded waveguides are often used to reduce the losses due
to interaction of light with the side-wall roughness and to passivate the dangling
bonds on the exposed parts of the waveguide. Besides passivation which provides
chemical stability, another benefit is mechanical stability - using hard materials as
waveguide cladding can prevent damage. A typical cladding used for the SOI plat-
form in the telecom wavelength range is silica. This provides also vertical symme-
try of the propagating mode. A lot of common cladding materials for applications
in the telecom wavelength range are highly absorbing in the mid-infrared beyond 4
um wavelength. We have measured the losses for a couple of materials whose bulk
absorption does not show elevated values in the mid-infrared [8]: hafnium-dioxide
(HfO,), titanium-dioxide (TiO2) and a type of fluoride glass (IR-F625).

HfO, is used for anti-reflection and multilayer coatings for high precision op-
tics and laser coatings in the visible and infrared range. Its refractive index is close
to 2. When deposited on an unheated substrate the layer has tensile stress. The
deposition is done in our electron beam evaporation system in an Oz-rich atmo-
sphere at a pressure of 4x10~° mbar. We have measured that depositing 300 nm of



52 CHAPTER 2
a) b)
Losses [dB/cm] Losses [dB/cm]
- 0 —
Alr claddi 1 . Air cladding
ir cladding " -
=t " n " nop 1 " .- = "
. ) * 1
-5 | LA I I A . 5 -
300 nm HfO, + anneal
300 nm HfO, i . ® L I
A A A A 4 N A A | . L] .
A . 500 nm TiO,
10 - -10 |
A R
r T : T T T T ! " T T T T T T
5200 5450 5200 5450
Wavelength [nm] Wavelength [nm]
<)
Losses [dB/cm]
0
: Air cladding
e LT | ]
4 . . .2 : - . .
54 4. R SN ° 8 5 4 +
: 500 nm IR-F625
E 1000 nm IR-F625
10 -
h r ‘ T I 1
5200

Figure 2.22: An estimation of additional losses caused by top coating deposition of HfO2
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Figure 2.23: IR-F625 thin film etched in 37% HCI using AZ9260 photo-resist mask.

HfO5 on 1 ym partially etched Ge-on-Si waveguides, cause an additional loss of 6
dB/cm in the wavelength range from 5.2 - 5.45 um (Fig. 2.22a). Although losses
dramatically increase after deposition, we have noticed that after annealing at 450
°C for 30 min in a N, atmosphere, the excess losses decrease to a reasonable value
of additional 0.5-2 dB/cm. Annealing at temperatures above 450 °C led to damage
in the HfO, layer.

TiOg is typically used in UV protection (as it absorbs in the UV), anti-reflection
and multilayer coatings for lasers and free-space optics in the visible and infrared
wavelength range. It melts around 1750 °C and is expected to give tensile stress
on unheated substrates during deposition. We deposited TiOs in the electron beam
evaporation tool in an O, atmosphere at pressure of 4x10~° mbar. A wide range
of refractive indices can be achieved with this material due to its structure that can
vary from amorphous to crystalline depending on the deposition conditions, espe-
cially temperature. As mentioned previously, we have estimated that the refractive
index of a thin film deposited in our e-gun chamber is around 1.92. We tested this
cladding on Ge-on-Si partially etched waveguides on which we deposited 500 nm
and 780 nm of TiO and measured that it increases the waveguide losses by 5-6
dB/cm in the wavelength range from 5.2 - 5.45 um (Fig. 2.22b).

IR-F625 is a material optimized by Umicore for low tensile stress and ab-
sorption, to replace radioactive ThF, and high-stress YFs films, also used as AR
coating in the infrared. It has a refractive index of 1.5 and its melting point is at
1200 °C. We tested claddings of 500 nm and 1000 nm of IR-F625 on Ge-on-Si
partially etched waveguides. The measured additional losses are up to 2dB/cm in
the wavelength range 5.2 - 5.45 um (Fig. 2.22¢). Another advantage of this mate-
rial is its resistance to HF wet etching, as deposited in our e-gun tool, while it can
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be etched by hydrochloric acid (HCI). An example of the result of wet etching a
1 um thick IR-F625 film with 37% HCI solution is shown in Fig. 2.23. The etch
rate is 75 nm/min. This way, it is possible to use HCI to open gratings or create
vias to access the heaters under the top cladding, without affecting the AR coating.
The IR-F625 thin films, deposited in our e-gun tool, can survive up to 15 min in
a HF 50% solution, after which cracks start to appear in the layer. However, if
annealed at 250 °C for 30 min in a N5 environment, the IR-F625 can be etched
by HF. Annealing at this temperature can also reduce the losses by 1-1.5 dB/cm
(tested at 5310 nm). Annealing at temperatures above 250 °C causes damage in
the top-cladding layer.

In this section, we assessed three top-cladding layers with respect to the addi-
tional losses caused by these layers and processing limitation they impose. Both,
IR-F625 and HfO- layers annealed at 450 °C in Ny atmosphere are good candi-
dates for the top-cladding of Ge waveguide platforms, while TiO» causes higher
additional propagation losses, for the wavelength range 5.2 - 5.4 pm. IR-F625 of-
fers better chemical stability but higher stress comparing to the HfO, layer. For
fabrication of most of the circuits we will describe in later chapters we opted for
air cladding to minimize the number of processing steps. Top cladding is benefi-
cial for production of chips which will be used outside of laboratory environment
as it provides mechanical protection and isolation from humidity and other envi-
ronmental conditions.

2.6 Heater Definition

We use heaters to thermally change the effective index of selected components.
Metal heaters deposited on top of a Ge post defined by a 100 nm thick metal
mask and a dry etch step in a CH4/H» gas mixture, are demonstrated in [9]. The
distance between the Ge post and the Ge waveguide is set to be 3 um, and both
waveguides and Ge posts are defined at the same time in the Ge film. However,
circuit formation by 1 um photoresist mask and a dry etch process as we have
described earlier, is affected by the etch lag effect (Fig. 2.24). When the stand-
alone structures are etched 2 um deep, only about 1.65 pum is etched in the 3
um narrow trenches. For this reason, and because of heater efficiency, we have
developed heaters where the metal is deposited directly on the SOI substrate (Fig.
2.25a). As the heat spreads directly from the heaters into the Si layer which has a
higher thermal conductivity than Ge, these heaters show slightly better efficiency.

The thermal conductivity of SiOs is 1.4 W/mK, while the thermal conductivity
of Si is 130 W/mK. The buried oxide layer in the SOI prevents efficient heat
sinking into the Si substrate, which enhances the efficiency of the heaters. To
better thermally isolate the heaters laterally and thereby improve their efficiency,
we additionally etch through the top Si layer to prevent lateral heat spreading. As
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an additional processing step, it is possible to remove the oxide layer underneath
the heated waveguide.

2.6.1 Standard Heater Definition Process

The standard fabrication scheme for the heaters is displayed in Fig. 2.25c)-e). The
heaters are defined by image reversal lithography with 3 pm thick Ti35E photo-
resist. After development, 30s of Oy plasma treatment in the RIE system is applied
to remove any polymer residue off the bottom of the resist trenches (the Si surface).
O, plasma can oxidize the Si top surface, which is why this step is followed up
by a 5s BHF dip to remove the thin oxide layer. Next, a layer of Chromium (Cr) /
Gold (Au) is deposited by e-gun evaporation, followed by an acetone assisted lift-
off (Fig. 2.25¢). The same process is then repeated to make the 700 nm thick Au
metal pads to land probe needles. An SEM image of the heater structure, around
a racetrack resonator, with labeled parts, can be seen in Fig. 2.25b). As we have
mentioned before, the Si layer has very low doping, and as such it does not conduct
the current well. In order to localize the heat produced by the heaters around the
waveguide, trenches are etched in the Si layer (Fig. 2.25d). The trenches are
formed by AZ9260 contact lithography, followed by dry etching in CHF5 /SF4 /H,
plasma. Additionally it is possible to under-etch the heated part or the circuit with
HEF, to prevent any heat sinking into the Si substrate ((Fig. 2.25¢). This could make
the heating structures up to 5x more efficient compared to heaters on SOI with
unetched BOX [9]. Cr and Au are typically resistant to HF etching, and previously
we have mentioned that there is a 5s BHF step to ensure that there is no oxide
on top of the Si surface before depositing metal. Still, in some occasions when
exposed to HF the heaters exhibit problems with adhesion. This could be due to a
non-negligible amount of SiO, forming again quickly before the metal deposition,
possible O5 leak into the deposition chamber or stress in the substrate layers which
gets enhanced when additional metal layers are deposited on the already strained
multi-layer stack. Because of the instabilities in this process we have described
here, we have developed another way to make locally free-standing heaters, which
will be explained in the next section.

2.6.2 Inverse Heater Definition Process

To avoid damage to the heaters by HF etching, it is possible to invert the process
such that the metal heaters do not get exposed to the wet etchants. This is schemat-
ically explained in Fig. 2.26a)-c). First, the trenches in the Si layer are formed by
AZ9260 positive photo-resist and dry etching by plasma. A 20 min HF wet etching
step is performed to locally release the heated part of the circuit from the substrate,
after which the metal heaters and contacts are deposited. Since the top surface of
the chip already has topography ( 5 um from the top surface of the Ge waveguide
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Figure 2.24: Design of heaters on top of a Ge post as described in [9] (a). Cross-section of
the heater on Ge defined by contact lithography (b). The etch lag effect forms a bridge in
the narrow gap between the waveguide and the heater post.

Thick Au
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Figure 2.25: Design of heaters on the SOI substrate (a). Parts of the heating structure
include the heater itself, thick metal contact pads and the trenches in the Si substrate layer
(b). Fabrication process: heaters are deposited directly on the substrate (c), trenches are
etched in the Si layer to access the BOX (d) which is then etched by HF (e).
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Figure 2.26: Fabrication process for inverse heater definition: trenches are etched in the
Si layer to access the BOX (a), which is then etched by HF (b). In the last step metal
heaters are deposited (c). Image of the structure after HF - before metallization (d) and
white-light interferogram of the device after metallization (e). Already after HF wet
etching, the released parts of the circuit start to bow.

till the bottom of the trenches in Si), 4 um of Ti35E resist is used. After 30s in Oq
plasma and 5 s in BHF, Cit/Au heaters are deposited by e-gun. The same lithog-
raphy and Oy /BHEF resist cleaning steps are used to define metal contacts. A 700
nm thick Au layer is deposited in a Univex evaporation tool. After the processing,
the released part of the circuit is bending towards the Si substrate . The heater
efficiency is not reduced however (~ 60 mW for 27 shift).

2.7 Conclusion

In this chapter we discussed waveguide circuit definition by lithography and dry/wet
etching. The Ge circuits can be defined by contact and e-beam lithography and dry

etching. By demonstrating compatibility with DUV fabrication large-scale man-

ufacturing is within reach. Additionally, we described other processing steps for

Ge-on-Si/SOI waveguide circuit fabrication such as different techniques for heater

definition, several top-cladding layers and an AR coating. In the following chap-

ters, we will present devices and circuits fabricated using combinations of these

processing steps.
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Laser-chip and Fiber-chip Interfaces

3.1 Introduction

Packaging, as well as wafer-level testing of integrated optical devices requires
the implementation of efficient fiber-to-chip grating couplers. However, grating
couplers limit the wavelength range of operation. In this chapter we will discuss
fiber-to-chip grating couplers for circuit testing and the edge couplers used for the
tunable laser outcoupling, by butt-coupling with optical fiber. At the end, we will
discuss III-V gain chip to Ge waveguide butt-coupling approach.

3.2 Fiber-chip measurement setup

For the grating coupler / edge coupler characterization we used a setup schemat-
ically shown in Fig. 3.1. Light from the free-space emitting QCL operating in
continuous wave is coupled to an InF single mode fiber. The laser operates in
three regimes that are of interest to us: in pulsed regime from 5.15 - 5.45 pm and
a repetition rate of up to 100 kHz and 5% duty cycle; continuous wave (CW) from
5.2 - 5.4 um; and continuous wave - mode hop free (CW-MHF) from 5.25 - 54
um. Between the QCL and the fiber coupler, there is a Babinet-Soleil polarization
control element and a chopper. The chopper turns the CW and CW-MHF light
into 50% duty cycle pulses and hence, allows us to detect the signal using a pre-
amplified InSb detector and a lock-in amplifier. With the polarization controller
element the input polarization state is set. The fibers are not polarization main-
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Figure 3.1: The measurement setup. A control PC sets the wavelength of the QCL in CW
or pulsed mode through the QCL controller. The light from the laser goes through the
Babinet-Soleil polarization control element and the chopper that turns the CW light of the
QCL into a 50% pulsed signal which is then coupled to the single mode InF fiber by a
chalcogenide objective lens. The device transmission is measured by a pre-amplified InSb
detector and a lock-in amplifier that receives the reference from the chopper and sends the
detected signal back to the control PC. A wire grid polarizer and a thermal detector are
used to determine the fraction of light in a particular linear polarization at the input of the
grating. The QCL power is measured on the InSb detector, by connecting directly the two
fiber connectors - dashed grey line on the diagram

taining and the polarization rotation in the fiber is wavelength dependent, hence a
wire grid polarizer and a thermal detector are used to determine the polarization at
the output of the input fiber. The setup can be used in a vertical or in a horizontal
configuration, depending whether the fibers are fixed on goniometer stages or on
horizontal holders.

To estimate grating coupler efficiency, the Daylight Solutions QCL operating
in CW mode in combination with the chopper is used. The laser light is cou-
pled to an InF single mode fiber with a mode field diameter of 17 pm at 5.2 pym
wavelength. With the polarization control element, we maximize the transmission
through the device at the central wavelength. This way we ensure that most of the
light is TM polarized at the output facet of the fiber, as the gratings are optimized
for TM polarization. Since the fibers are not polarization maintaining we mea-
sured the TM fraction of light R7j; as a function of wavelength at the output facet
of the input fiber by placing a wire grid polarizer and a thermal detector under
the fiber facet. The fact that the light is not perfectly linearly polarized across the
wavelength range of interest is taken into account in the calculation of the coupling
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efficiency. The loss caused by the difference in fiber length when measuring the
transmission through the chip (full grey line in Fig. 3.1) and when measuring the
QCL power P, directly (dashed grey line in Fig. 3.1) is not negligible in the
wavelength range of interest and is evaluated from [1]. The fiber loss ranges from
1-2.5 dB/m over the considered wavelength range. Taking all of this into account,
the efficiency 7(\) of a single fiber-to-chip grating coupler is given by

Ptrans ()\)

2NAB] = 100ogio - R N

+ Afiber(A)[dB] (3.1

Pirans(A) is the power received by the detector when coupled through the chip,
Afiper(N) is the attenuation caused by the difference in fiber length mentioned
earlier, and the 2 on the left side of equation comes from the fact that we measure
the transmission through two couplers.

3.3 TM Fiber-to-Chip Grating Couplers

The efficiency of a grating coupler is limited by its directionality (power diffracted
towards the fiber with respect to power in the waveguide) and the overlap be-
tween the fiber mode and the field diffracted by the grating towards the fiber.
Many approaches have been suggested to improve the directionality, especially
at the telecommunication wavelength range, such as slanted gratings [2], a sub-
strate mirror [3] or a silicon overlay [4]. Other designs yielded similar efficient
grating couplers due to optimization of the overlap between the fiber mode and
scattered field of the grating [5-7]. However, experimentally characterized grating
couplers in the mid-IR have shown lower efficiency then the couplers at telecom
wavelengths [8—10].

As the PICs considered in this work will be butt-coupled to a QCL emitting
TM polarized light with grating couplers used as test ports, our couplers are opti-
mized for TM polarization. The schematic cross-sections of the grating structures
designed on the Ge-on-Si and Ge-on-SOI platform are shown in Fig. 3.2a) and
b), respectively. For the Ge-on-Si platform we use a standard second order grat-
ing structure with a uniform grating period and duty cycle. For the Ge-on-SOI
platform we have designed a more complex grating structure to optimize the cou-
pling efficiency. In fact, a fourth order grating is used, comprising a uniform and
apodized grating section. Using larger period that corresponds to the fourth order
grating allowed for more complex design (features defined by e-beam vary from
0.5 - 1.5 nm). Secondly, the SiO, layer is locally removed to enhance the coupling
efficiency further, as the reflectivity of the Si/air interface is larger than the reflec-
tivity of the Si/SiOs interface because of larger index contrast. This ensures that
almost no light is scattered towards the substrate.
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Figure 3.2: Schematic of the grating structures designed on the Ge-on-Si (a) and
Ge-on-SOI (b) waveguide platform.
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Figure 3.3: Vector diagram of a second order Ge-on-Si grating (a) and a fourth order
Ge-on-SOI grating (b) with the buried oxide layer locally removed. The allowed diffraction
orders in air (solid arrows) and Si under-cladding (dashed arrows) are also indicated.

The wave-vector diagrams for both cases assuming a uniform grating are shown
in Fig. 3.3. The Si bottom cladding supports the propagation of several diffrac-
tion orders for the fourth order grating. Generally, for the same layer stack, it is
expected that second order gratings exhibit higher coupling efficiency than fourth
order gratings due to the larger number of diffraction orders in the latter case.
However, at the Si/air interface these higher diffraction orders undergo total inter-
nal reflection - as indicated in Fig. 3.3b) by the green circle representing the length
of the k-vectors in air - whereby they are 'recycled’ in the structure. This results
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in only a single diffraction order propagating in the air gap towards the silicon
substrate. By properly optimizing the layer structure the power in this downwards
diffracted field can be minimized, thereby maximizing the directionality of the
grating structure towards the optical fiber. Note that the total reflectivity of the
substrate comprises the coherent addition of a reflection at the Si-air and air-Si
substrate interface, therefore the buried oxide layer thickness also has an impact in
the case of the Ge-on-SOI coupler. To further increase the fiber coupling efficiency
we implemented an apodization where the etched feature w. changes linearly from
We,start 10 We enq and where wy is determined by:

p(ne +ny)/2 = wene +wyng (3.2)

p is the period of the corresponding grating coupler with the same etch depth
when the duty cycle is constant and equal to 0.5, optimized for a given fiber angle.
w, and n. are the width of the slit and the effective index of the fundamental TM
mode in the slit respectively, while w; and ny are the width of the unetched part
and effective index of the fundamental TM mode of the unetched part of the grating
respectively. Another feature of the grating is that it has n, grooves at the entrance
of the grating coupler structure with uniform duty cycle dcy and period pg, which
makes the perturbation of the waveguide caused by the grating less abrupt and
reduces reflection in the waveguide when coupling from the PIC to the fiber. This
section is marked as Section a in Fig. 3.2. The Sections a and b are designed with
the same etch depth. The proposed design is a trade-off between the complexity
of the grating structure, both in terms of device optimization and fabrication, and
the fiber-to-chip coupling efficiency. The parameters are optimized for maximal
efficiency at a wavelength of 5.2 ym.

3.3.1 Grating coupler for the Ge-on-Si platform

When designing a uniform second order grating coupler for the Ge-on-Si platform,
we optimized the period of the grating to ensure that maximal coupling is achieved
at the central wavelength of interest. We additionally optimized the duty cycle and
the etch depth of the gratings to achieve the best directionality of our structure
and maximum overlap of the diffracted field profile with the fiber mode. Other
parameters taken into consideration are the angle between the fiber and the vertical
y-axis, and the position of the fiber on the x-axis parallel to the grating. The
number of periods was set to 30. All simulations were performed using a 2D
finite-difference-time-domain solver. The best simulated TM coupler for Ge-on-Si
with 2 um thick Ge device layer, has a period of 1.45 um and an etch depth of
0.9 um with a duty cycle of 0.8 (defined as the ratio of width of the unetched Ge
grating teeth and the grating period). The optimal fiber angle for the coupler is
5°. A maximum coupling efficiency of 40% with a 3 dB bandwidth of 180 nm is
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Figure 3.4: Cross-section (a) and top view of the optimized Ge-on-Si grating coupler (c).
Simulation (b) and measured data of the same device (d).

obtained (see the top graph in Fig. 3.4b). The best lateral overlap of the fiber mode
and the fundamental TM grating mode was achieved for a 27.5 um wide grating.

A cross-section and top-view picture of the realized grating coupler structures
is shown in Fig. 3.4a). The couplers, together with the waveguides, were etched
in one step by a CF4/Hy plasma using a Ti/Cr mask. The mask was defined by
e-beam lithography using a positive resist and lift-off process. After the etching
process the metal mask was removed by HF wet etching.

Experimentally, a fiber-to-chip coupling efficiency of 40% and a 3dB band-
width of about 200 nm is obtained (Fig. 3.4b). In Fig. 3.5 we show the impact
of the grating etch depth and germanium waveguide layer thickness on the fiber
coupling efficiency, as a function of the fiber-to-chip grating angle. By varying the
etch depth or the Ge thickness within £100 nm of the optimal value we lose less
than 5% in maximum coupling efficiency which means that our design has high
tolerance to fabrication imperfections.

3.3.2 Grating coupler for the Ge-on-SOI platform

In our Ge-on-SOI design we have fixed the thicknesses of the Ge layer to 2 um.
The SiO5 layer was also fixed to 2 um, because of the commercial availability
of such SOI wafers. The thickness of the Si layer is to be optimized such that
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Figure 3.5: Maximum coupling efficiency in the 5-5.6 um wavelength range for the
Ge-on-Si grating coupler as a function of the grating etch depth and fiber angle (a) and as
a function of thickness of the Ge layer and fiber angle (b).

we maximize the directionality of the grating, as discussed above. However, the
Si layer has to be thicker than 3 pm so that the loss of the optical mode is not
enhanced by the overlap with the SiO; layer, which is heavily absorbing in the
wavelength range of interest. The optimized coupler has a period of p = 2.88
um, an etch depth of A = 0.5 um, with we s1qr¢ = 1.4 um and we epg = 0.5 pm.
Section a has n, = 2, a period of pg = 1.8 pm and a duty cycle of dcy = 0.5. The
thickness of the Si layer in this case is 3.2 pm. The angle of the fiber is 10°. The
Ge-on-SOI coupler with these parameters has a simulated coupling efficiency of
about 70% and a 3dB bandwidth of 200 nm, as shown in the top graph of Fig.
3.6Db).

A top-view image and schematic view of the fabricated grating coupler struc-
ture is shown in Fig. 3.6a). We have locally under-etched the grating by accessing
the SiO5 layer through narrow openings in the Si layer and by HF wet etching of
the oxide layer. The rest of the SiO5 layer serves as support such that the free-
standing structures would not collapse. The couplers, together with the waveg-
uides, were etched in one step by CF4/H; plasma using a titanium/chromium mask.
The mask was defined by e-beam lithography using a positive resist and lift-off
process. After the etching process the mask was removed by HF wet etching.

The measured device has a maximum efficiency of 45% and a 3 dB band-
width of 220 nm estimated by interpolation (Fig. 3.6¢c). In Fig. 3.7 we show
the dependence of the maximum coupling efficiency on different parameters (the
thickness of the silicon cladding hg;, the thickness of the buried oxide layer hg;0,,
the thickness of the Ge waveguide layer and the grating etch depth). Due to the in-
terference mechanism in the layers under the grating, efficiency strongly depends
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Figure 3.6: SEM image of the locally free-standing Ge-on-SOI grating coupler (a).
Simulation (b) and measured data of the same device (c).

on the layer thicknesses in the substrate. Up to 10% can be lost in maximum
coupling efficiency by varying the thicknesses of the Ge or Si layer within 50
nm of the optimal value. The insertion loss is dependent on the thickness of the
Si04 layer - by changing the thickness of this layer by 100 nm we can lose up to
5% in maximum coupling efficiency. When the grating is released from the sub-
strate (free-standing) it becomes subject to stress in the free-standing layers which
causes the grating to bend and hence change the thickness of the air gap beneath
it (hg;0,) from the optimal value that we got in our simulations. The difference in
the maximum simulated and measured efficiency is attributed to these fabrication
imperfections. Comparing to the Ge-on-Si design, this coupler is less tolerant to
fabrication imperfections, as it has more parameters whose small variations can
contribute to a decrease in the peak efficiency.

3.4 Ge waveguide-to-fiber butt-coupling

Commonly used materials in fiber manufacturing, such as SiO2, have elevated
absorption in the mid-infrared. For wavelengths beyond 2 um, different materials
are therefore used for fibers [11]. InF fibers have reasonable losses for wavelengths
up to 5.6 um. Its losses and mode field diameter depend on the wavelength (Fig.
3.8). The mode field diameter is significantly larger than the Ge layer thickness
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Figure 3.7: Maximum fiber-to-chip coupling efficiency in the 5 to 5.6 um wavelength
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Figure 3.8: Wavelength dependent losses (a) and mode field diameter (b) of the InF fibers
used in this work [1].

(~18 pm vs. 2 um), which leads to low coupling efficiency. In horizontal direction
we can set the waveguide width to achieve better coupling. On Fig. 3.9a) we
plotted the coupling efficiency as a function of the waveguide width at 5.3 pm
wavelength fo a 10 um gap between the fiber and the waveguide. In practice, it is
difficult to achieve 0 um gap, and our estimations are that the gap is around 10 pm.
The coupling efficiency changes dependent on the gap between the waveguide and
the fiber (Fig. 3.9b). In most of our circuits we fixed the waveguide width to 15
pm.

3.5 Laser-to-Ge waveguide butt-coupling
