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–Summary in Dutch–

Inleiding

Spectroscopisch meten heeft de laatste tijd aanzienlijk aan belangstelling gewon-
nen in biomedische en milieugerichte toepassingen. De techniek laat toe om gas-
sen of bio-moleculen te detecteren waarvan de karakteristieke absorptielijnen in
het nabij- en mid-infrarood liggen. Spectroscopie is nu al een gevestigde methode
om de samenstelling en de concentratie van stoffen te bepalen door opmeting en
analyse van het absorptiespectrum. Niettemin bevatten traditioneel ontworpen sys-
temen doorgaans lichtbronnen, detectoren of passieve componenten die te groot of
te duur zijn voor heel wat toepassingen, zoals implanteerbare sensoren. Fotonische
geı̈ntegreerde circuits bieden een significante miniaturisatie en zijn daardoor een
interessant alternatief.

Fotonische geı̈ntegreerde circuits op het silicium-op-isolator (SOI) platform
bieden een compacte en kosteneffectieve oplossing, alsook een gevestigde en ro-
buuste CMOS-technologie die rechtstreeks kan ingeschakeld worden voor de fa-
bricage. Passieve SOI circuits van hoge kwaliteit kunnen op wafer-schaal gepro-
duceerd worden met hoog rendement. Hoewel SOI als platform veel voordelen
biedt, blijft het opwekken van licht een moeilijke opgave vanwege de indirecte
bandkloof – of verboden zone – van het materiaal. Een heterogene integratie
van actieve componenten is daarom nodig indien we circuits wensen te realise-
ren met volledige functionaliteit. Er bestaan diverse technieken om een derge-
lijke integratie tot stand te brengen, zoals moleculaire bonding, metaalbinding en
adhesieve bonding. In dit werk maken we gebruik van adhesieve bonding met
divinylsiloxaan-benzocyclobuteen (DVS-BCB) als bondingmateriaal. Deze aan-
pak biedt verschillende voordelen. Het vereist geen ultra-zuivere oppervlakken
zoals bij moleculaire bonding. Bovendien behoudt DVS-BCB goede adhesie wan-
neer een zekere ruwheid van de oppervlakken aanwezig is, zowel op de epitaxie
als op de wafer.

De uitdagingen van deze thesis bevatten onder meer het uitbreiden van het be-
staand SOI platform naar operatie in het kortegolfinfrarood domein (1.4-3 µm) en
de ontwikkeling van integratietechnologie voor GaSb-gebaseerde actieve compo-
nenten op dit platform. Fabricagetechnieken worden ontwikkeld die ons toelaten
om de eerste geı̈ntegreerde GaSb fotodetector en laser te demonstreren op het SOI
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platform.

Onderzoek van SOI golfgeleiders voor kortegolfinfra-
rood licht
De ontwikkeling van fotonische componenten op SOI heeft zich tot nu toe vooral
gericht op toepassingen in telecom en datacom, de voornaamste commerciële drijf-
veren van deze technologie. Niettemin heeft een vraag naar compacte spectro-
scopische systemen recentelijk geleid tot onderzoek naar SOI als een platform
voor kortegolfinfrarood licht. In tegenstelling tot telecom applicaties waar de golf-
lengte vastligt op 1.3µm of 1.55µm vereist het spectroscopisch systeem een breed-
bandige operatie in het kortegolfinfrarood. Bijgevolg werd een onderzoek uitge-
voerd naar het gebruik van SOI golfgeleiders in dit bereik. Een state-of-the-art
vezel-naar-chip roosterkoppelaar met hoge efficiëntie werd ontwikkeld en gede-
monstreerd. Een maximale efficiëntie van -3.8dB wordt verkregen bij 2.1µm, met
een 3dB bandbreedte van 90nm. Het ontwerp maakt gebruik van een speciale
advanced passive fabricagestap om een 380nm dikke Si golfgeleider laag te beko-
men. Verder wordt een standaard roosterkoppelaar in 220nm dik Si ontwikkeld en
gedemonstreerd die compatibel is met het ePIXfab Multi-project Wafer Scheme.
Voor de standaard roosterkoppelaar is de koppelingsefficiëntie beperkt tot 10% bij
2.2µm, met een 3dB bandbreedte van 300nm. De 220nm golfgeleider vertoont een
laag propagatieverlies (<0.6dB/cm) bij ∼2µm. Deze resultaten tonen aan dat SOI
een veelbelovend platform is voor korte-golf infrarood toepassingen.

Ontwikkeling van integratie- en en fabricagetechno-
logie voor GaSb-gebaseerde componenten
De indirecte bandkloof van Si maakt het moeilijk om efficiënte lichtbronnen of
fotodetectors rechtstreeks te implementeren in SOI. Heterogene integratie biedt
een oplossing door materiaal met directe bandkloof te combineren met de SOI.
In deze thesis wordt een adhesieve integratietechnologie ontwikkeld die gebruik
maakt van DVS-BCB als bindingsagent om integratie te bekomen van SOI en
epitaxie-gebaseerde GaSb fotodetectors en lasers die werken in het kortegolfinfra-
rood. Dit omvat een studie van de oppervlaktecompatibiliteit tussen DVS-BCB en
verschillende types van substraat, gebruik makend van contacthoekmetingen. Di-
verse bindingstechnieken zoals manuele bonding, machinale bonding en bonding
via partiële uitharding worden onderzocht. Naast de bonding worden geoptima-
liseerde verwijderingstechnieken voor het GaSb substraat ontwikkeld die gebruik
maken van nat etsen. De fabricageprocessen werden ontwikkeld in de cleanroom
van de Photonics Research Group van Universiteit Gent. Mesa formatie via nat
etsen en droog etsen werd onderzocht voor diverse GaSb-gebaseerde samenstel-
lingen, bijvoorbeeld InGaAsSb en AlGaAsSb. Tenslotte bestudeerden we metalli-
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satie op n- en p-gedoteerd GaSb. Deze studies leveren geoptimaliseerde processen
op die ons toelieten om state-of-the-art GaSb-gebaseerde fotodetectors en lasers te
demonstreren op SOI.

Ontwerp en demonstratie van de integratie van GaSb-
gebaseerde fotodetectors op SOI
Met behulp van het ontwikkeld integratie- en fabricageproces wordt de eerste
geı̈ntegreerde GaSb fotodiode op SOI gedemonstreerd, met een cut-off golflengte
van 1.7µm, gebruik makend van evanescente koppeling . Het ontwerp van deze
proof of concept component werd vervolgens uitgebreid tot een cut-off golflengte
van 2.5µm. Dit vereist InGaAsSb als absorberend materiaal in de plaats van GaSb.
Voor de geı̈ntegreerde InGaAsSb fotodiode onderzoeken we twee verschillende
methodes om het licht in te koppelen vanuit de Si golfgeleider: via evanescente
koppeling en via roosterkoppelaars. Componenten gebaseerd op beide methodes
werden ontworpen en gefabriceerd. De InGaAsSb fotodiode met evanescente kop-
peling vertoont een intrinsieke responsiviteit tot 1.4A/W bij kamertemperatuur.
Het ruisequivalent vermogen (NEP) van de fotodiode bedraagt 1.51x10−12W/Hz1/2

bij 25◦C wat overeenstemt met een specifieke detectiviteit (D∗) van 1.63x109cmHz1/2/W.
In tegenstelling tot evanescente koppeling, welke een zeer dunne DVS-BCB

bonding laag vereist, laat roosterkoppeling enige flexibiliteit toe wat betreft de
dikte van de DVS-BCB laag. Dit leidt tot een verbetering van het integratierende-
ment in vergelijking met de eerste aanpak. De gefabriceerde component vertoont
een intrinsieke responsiviteit tot 0.3A/W, beperkt door de directiviteit van de ge-
bruikte roosterkoppelaar.

Daarenboven laten de ruisprestaties vermoeden dat verdere verbeteringen mo-
gelijk zijn om de sensitiviteit te verhogen. Een van de oorzaken van ruis is lek-
stroom (hagelruis). We maken daarom een gedetailleerde inschatting van de bron
van de lekstroom. De lekstroom wordt grotendeels toegeschreven aan lekkage
via de zijwand van de geëtste fotodetector, terwijl de intrinsieke lekstroom slechts
10mA/cm2 bedraagt. Een passivatie met DVS-BCB reduceert het aantal surface
traps en daardoor de lekstroom langs de zijwanden. De resultaten wijzen op po-
tentieel tot verdere verbetering door behandeling van de zijwanden en gebruik van
andere materialen voor passivatie.

Ontwerp en demonstratie van de integratie van een
GaSb-gebaseerde Fabry-Perot laser op SOI met emis-
siegolflengte 2.01µm
Volgend op de demonstratie van de geı̈ntegreerde fotodiode wordt een geı̈ntegreerde
laser ontworpen en gerealiseerd. De eerste generatie maakt gebruik van een stan-
daard epitaxiaal ontwerp om de uitvoerbaarheid van de integratie aan te tonen
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onder goed gekende omstandigheden. De epitaxie wordt geı̈ntegreerd op een InP
substraat. De facetten van de laser worden gevormd door klieven. Bij kamertem-
peratuur liggen de drempelwaarden van de stroomdichtheid bij 422 and 676A/cm2

voor gepulste en continue operatie respectievelijk. De thermische weerstand van
de laser is 323K/W. De lasers kunnen opereren in continue regime bij temperaturen
tot 35◦C. De tweede generatie lasers worden vervolgens ontwikkeld en gedemon-
streerd door het integreren van de epitaxie op SOI. De facetten van de laser worden
gevormd met behulp van een Focused Ion Beam systeem. Een DVS-BCB poly-
meer golfgeleider gevormd bovenop een geı̈nverteerde Si taper koppelt het licht
vanuit de laser naar de Si golfgeleider. De laser werkt in continu regime bij tem-
peraturen tot 10◦C met drempelwaarden voor de stroomdichtheid van 1.4kA/cm2

en 2.2kA/cm2 voor gepulst en continu regime respectievelijk.
De ontwikkelde integratie- en fabricagetechnieken laten toe om lasers te reali-

seren die werken met lage drempelstroom bij kamertemperatuur. Niettemin leidt
de dikte van de DVS-BCB tot een hoge thermische weerstand. Dit kan verhol-
pen worden door toepassing van een dunnere DVS-BCB laag of door het ont-
werp van een thermische shunt die instaat voor warmteafvoer. Bovendien zijn
Fabry-Perot lasers minder gewenst voor sommige toepassingen zoals hoge reso-
lutie spectroscopie omdat ze verschillende longitudinale modes vertonen wat leidt
tot verschillende laser-golflengtes en een onstabiel optisch uitgangsvermogen. Het
is bijgevolg van belang om het ontwerp van de laser verder te optimaliseren om
single-mode werking te bekomen.

Elektrisch gepompte hybride InGaAsSb-Si laser met
emissiegolflengte 2.42µm
Om een monochromatisch laserspectrum te bekomen dient een Bragg rooster geim-
plementeerd te worden in de III-V/silicium laserstructuur. Dit wordt bereikt door
een Bragg rooster te vormen op de Si golfgeleider. De voornaamste uitdaging
bestaat erin de golfgeleider dusdanig te ontwerpen dat de optische mode vooral
opgesloten zit in de siliciumgolfgeleider zo dat enkel de evanescente staart van de
mode overlapt met de III-V halfgeleider actieve laag. Dit zorgt terzelfdertijd voor
een eenvoudige koppeling naar het passief silicium golfgeleidercircuit. Een eerste
demonstratie, die gebruik maakt van een Fabry-Perot ontwerp wordt gerealiseerd
als een proof of concept van een dergelijke hybride InGaAsSb-Si caviteit. De la-
ser opereert met een drempelwaarde voor de stroomdichtheid van 1.75kA/cm2 bij
oneindige lengte in gepulst regime bij 10◦C. Dit opent perspectieven voor verdere
ontwikkeling van dit type hybride gedistribueerde feedback laser.

Conclusie
Deze thesis onderzoekt het potentieel van het SOI platform en zijn heterogene
integratie voor kortegolfinfrarood-toepassingen. Ik kan state-of-the-art resultaten
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voorleggen voor kortegolfinfrarood roosterkoppelaars in SOI. Ik heb integratie- en
fabricagetechnieken ontwikkeld die toelaten om geı̈ntegreerde fotonische circuits
te realiseren met on-chip fotodiodes en lasers. Dit werk resulteert in de allereer-
ste demonstratie van geı̈ntegreerde GaSb-gebaseerde fotodiodes en Fabry-Perot
lasers in SOI werkend in het kortegolfinfrarood bij kamertemperatuur. De foto-
diodes vertonen een hoge responsiviteit en een cut-off golflengte van 2.5µm. De
lasers hebben een lage drempelstroom en emissie bij 2.01µm en 2.4µm. Deze re-
sultaten geven uitzicht op verdere optimalisatie op het gebied van performantie en
productierendement.





English summary

Introduction

Spectroscopy-based sensing has recently gained significant attention from indus-
trial users in the environmental and biomedical field. This is because this technique
allows the detection of bio-molecules or gases with characteristic absorption lines
in the near and mid-infrared wavelength region with extremely high sensitivity.
Indeed, spectroscopy is now well-established for examining the composition and
concentration of substances by measuring and analyzing the absorption spectrum.
Nevertheless, traditionally designed systems contain one or more light sources, de-
tectors and passive components that are bulky, expensive and unsuitable for many
applications e.g. implantable sensors. Therefore, photonic integrated circuits of-
fering significant miniaturization are an attractive alternative.

Photonic integrated circuits on the silicon-on-insulator (SOI) platform provide
compact and cost effective solutions as well as an established and robust CMOS
fabrication technology which can be directly used for their fabrication. High qual-
ity SOI passive circuits can be designed and fabricated on wafer scale with high
yield. Moreover, the high omni-directional refractive index contrast between Si
and the cladding allows the realization of miniaturized photonic integrated circuits.
Although SOI, as a platform, has several advantages, light generation remains dif-
ficult due to the indirect bandgap of the material. Heterogeneous integration of
active devices on SOI is therefore needed to realize fully functional integrated cir-
cuits. There are several techniques for doing such integration, such as molecular
bonding, metal bonding and adhesive bonding. In this work, we employ adhe-
sive bonding with divinylsiloxane-benzocyclobutene (DVS-BCB) as the bonding
agent. This strategy offers several advantages. For example it does not require an
ultra-clean surface, unlike the molecular bonding technique. Moreover, DVS-BCB
maintains good adhesion when some roughness is presented on both epitaxy and
SOI wafer.

In this thesis, the challenges include extending the existing SOI waveguide
platform to operate in the short-wave infrared region and the development of in-
tegration technology for GaSb-based active devices on the SOI waveguide plat-
form. Furthermore, fabrication technologies are developed which allowed us to
demonstrate the first integrated GaSb-based photodetectors and lasers on the SOI
platform.
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Investigation of SOI waveguide circuits for the short-
wave infrared

The design of photonic components on the SOI platform has thus far been focused
mainly on telecom and datacom applications, the main commercial drivers for
this technology. Nevertheless, in recent years, interests in compact spectroscopic
systems sparked research on SOI as a platform for the short-wave infrared. In
contrast to telecom applications where the operating wavelength is fixed at 1.3µm
or 1.55µm, spectroscopic applications require broadband operation in the short-
wave infrared. Hence, an investigation into the use of SOI waveguides in this
wavelength region is carried out. A state-of-the-art high efficiency fiber-to-chip
grating coupler is designed and demonstrated. A maximum efficiency of -3.8dB
is obtained at 2.1µm, with a 3dB bandwidth of 90nm. The design employs a
special advanced passive fabrication run, to achieve a 380nm thick Si waveguide
layer. In addition, a standard grating with 220nm thick Si which is compatible
with the ePIXfab multi-project wafer scheme is designed and demonstrated. For a
standard grating coupler, only 10% coupling efficiency is achieved at 2.2µm with
300nm 3dB bandwidth. The 220nm thick single mode waveguides exhibit very
low (<0.6dB/cm) propagation loss at ∼2µm. These results prove that SOI is a
promising platform for short-wave infrared applications, including sensing.

Development of integration and fabrication technol-
ogy for integrated GaSb-based components

Although SOI is promising as a platform for photonic components, the indirect
bandgap of Si makes it difficult to implement high efficiency light sources and
photodetectors directly. Heterogeneous integration offers a solution by combin-
ing direct bandgap materials with the SOI waveguide circuit technology. In this
thesis, an adhesive integration technology using DVS-BCB as a bonding agent is
developed for the integration of SOI and GaSb epitaxy-based lasers and detectors.
This work includes an assessment of surface compatibility between DVS-BCB and
different types of substrates using contact angle measurement. Different bond-
ing approaches such as manual bonding, machine bonding and bonding through
partial curing are investigated. In addition to bonding, optimized GaSb substrate
removal processes using wet etching are developed for device processing. Fab-
rication processes for GaSb-based photodiodes and lasers were developed in the
Ghent University cleanroom. Wet etching and dry etching procedures for mesa
formation have been investigated for several GaSb-based compounds, for example
InGaAsSb and AlGaAsSb. Metallization is finally studied on n and p doped GaSb.
These studies yield optimized processes to demonstrate state-of-the-art integrated
GaSb-based photodetectors and lasers on the SOI platform.
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Design and demonstration of the integration of GaSb-
based photodetectors on SOI waveguide circuits
By employing the integration and fabrication process developed in this thesis, the
first integrated GaSb photodiode on SOI using evanescent coupling with a cut-off
wavelength up to 1.7µm is demonstrated. The design of this proof of concept de-
vice was then expanded to achieve a cut-off wavelength of 2.5µm. This involves
the use of InGaAsSb intrinsic material instead of GaSb. For the InGaAsSb inte-
grated photodiode, light is coupled from the Si waveguide to the photodiode us-
ing two different approaches: evanescent coupling and grating assisted coupling.
Both approaches were designed and fabricated. The fabricated InGaAsSb photo-
diode with evanescent coupling exhibits an intrinsic responsivity of up to 1.4A/W
at room temperature. The Johnson limited noise equivalent power (NEP) of the
photodiode at room temperature is 1.51x10−12W/Hz1/2 at 25◦C corresponding to
a specific detectivity (D∗) of 1.63x109cmHz1/2/W.

Contrary to evanescent coupling, where a very thin DVS-BCB bonding layer
is required, grating assisted coupling permits some flexibilities in using a thicker
DVS-BCB bonding layer. This leads to an improvement in integration yield as
compared to the former approach. The fabricated device exhibits an intrinsic re-
sponsivity of up to 0.3A/W, limited by the directivity of the grating coupler used
in the experiment.

In addition, the noise performance suggests that the device requires further im-
provements to enhance its sensitivity. One of the causes of noise is leakage current
(shot noise). Therefore, a detailed assessment of the source of the leakage cur-
rent was carried out. The leakage current is mostly attributed to sidewall leakage
whereas the intrinsic leakage is only 10mA/cm2. A passivation with DVS-BCB
reduces the amount of surface traps, thereby reducing the sidewall leakage cur-
rent. The results indicate potential for further improvement by applying sidewall
treatment and using different passivation materials.

Design and demonstration of the integration of a GaSb-
based Fabry-Perot laser on an SOI waveguide circuit
emitting at 2.01µm
Following the demonstration of the integrated photodiode, an integrated laser was
designed and realized. The first generation device employs a standard epitaxy de-
sign to confirm the feasibility for integration while maintaining good laser proper-
ties. The epitaxy is first integrated on an InP substrate. The facets of the lasers are
formed by cleaving. Lasers operating at room temperature exhibit threshold cur-
rent densities of 422 and 676A/cm2 for pulsed and CW operation respectively at
2.01µm. The thermal resistance of the laser is measured to be 323K/W. The lasers
can operate in CW at temperatures up to 35◦C. The second generation lasers were
then developed and demonstrated by integrating the epitaxy on a SOI waveguide
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circuit. The Fabry-Perot laser facets are formed using a Focused Ion Beam sys-
tem. A DVS-BCB polymer waveguide formed on top of a Si inverted taper is used
to couple light from the laser into the Si waveguide. The laser operates in CW
mode at temperatures up to 10◦C with threshold current densities of 1.4kA/cm2

and 2.2kA/cm2 for pulsed and CW mode, respectively.
The results demonstrate the optimized integration and fabrication techniques,

allowing the realization of low threshold current lasers operating at room tempera-
ture. However, the DVS-BCB bonding results in high thermal resistance. This can
be remedied by employing a thinner DVS-BCB layer or by a novel thermal shunt
design for heat removal. In addition, Fabry-Perot lasers are undesirable for several
applications such as high-resolution spectroscopy because they exhibit several lon-
gitudinal modes leading to several lasing wavelengths and unstable optical output
power. Therefore, it is of interest to optimize laser designs further to obtain single
mode lasing.

Electrically pumped hybrid InGaAsSb-Si laser emit-
ting at 2.42µm

To achieve a single wavelength laser, a weak modulation between the propagat-
ing mode and a wavelength selective component must be established. This is
attained by forming a Bragg grating on the Si waveguide layer. The main chal-
lenge of this task is to design an optical mode to have its main confinement in
the Si waveguide such that only the evanescent field is experiencing gain from
the multi-quantum well region. Having the main confinement in the Si waveguide
improves the coupling efficiency between the laser and the Si waveguide. A first
demonstration using a Fabry-Perot design is realized as a proof of concept of such
a hybrid InGaAsSb-Si cavity. The laser operates with a threshold current density
(J0) of 1.75kA/cm2 at infinite length at 10◦C in pulsed regime. This opens up per-
spectives for the further development of hybrid distributed feedback InGaAsSb/Si
lasers.

Conclusion

This thesis investigates the potential of the SOI waveguide platform and its het-
erogeneous integration for short-wave infrared applications. For SOI, I present
state-of-the-art results for short-wave infrared grating couplers. I developed inte-
gration and fabrication techniques to realize integrated phonics circuits with on-
chip photodiodes and lasers. This work has resulted in the world’s first realization
of integrated GaSb-based photodiodes and Fabry-Perot lasers on SOI operating in
the short-wave infrared (∼2µm wavelength). The devices operate at room temper-
ature with high responsivity and a cut-off wavelength of 2.5µm for the photodiodes
and low threshold currents for lasers emitting at 2.01µm and 2.4µm. These results
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open up new possibilities for further optimization in terms of processing yield and
device performance, in view of large scale manufacturing.





1
Introduction

The goal of this thesis is to demonstrate integrated lasers and photodetectors on a
silicon-on-insulator waveguide circuit, operating in the short-wave infrared wave-
length range. The work is part of the Glucosens project [1] which aims to develop
the photonics technology required for an implantable integrated absorption spec-
trometer for blood glucose sensing.

1.1 Introduction

Absorption spectroscopy is an important technique to analyze material compo-
sition especially in the infrared wavelength range. The infrared wavelength re-
gion refers to wavelengths in a range of 0.75 to 30µm which can be divided
into different sub-group. In this thesis, it is divided into 5 subsections [2]: near-
infrared (NIR, 0.7-1.0µm), short-wave infrared (SWIR, 1.0-3µm), mid-wave in-
frared (MWIR, 3-5µm), long-wave infrared (LWIR, 8-12µm), very-long wave in-
frared (FIR, 12-30µm). The definitions are not strict and the wavelength bound-
aries can vary slightly. Absorption spectroscopy of blood glucose in the 2-3µm
wavelength region has been of substantial interest. This is because the combina-
tion band of the vibrational-rotational state of glucose is located in this wavelength
region, where the interference from water absorption remains relatively low [3–5].
Moreover, in this wavelength range, several gases of industrial interest such as HF
and CH4 also have strong absorption signatures [6, 7]. These two considerations
make a spectroscopic system operating in the short-wave infrared very attractive.
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In addition, the interest in extending telecommunication applications to the 2µm
wavelength region has strongly increased. This is due to the shortage of bandwidth
in the 1.55µm wavelength range, leading to an extension into the short-wave in-
frared where thulium-doped fiber amplifiers can be used [8]. However, typical
system requirements for these applications are high sensitivity, compactness and
low cost. To fulfil these requirements, further development of the conventional
sources and detectors is required. On-chip integration of these devices can help
further to reduce the cost and improve compactness. GaSb-based semiconductors
have been proven an ideal material for compact active devices in the short-wave
infrared. Indeed, several groups have successfully reported high efficiency lasers
and high responsivity detectors at room temperature [9–11]. Silicon-On-Insulator
(SOI) is now a well-studied passive photonics platform for telecommunication ap-
plications. This platform provides several advantages such as CMOS process-
ing compatibility which allows mass production at low cost [12]. Although SOI
is a good passive platform for the short-wave to mid-wave infrared wavelength
range [13, 14], the indirect bandgap of silicon hampers efficient light emission.
Thus, it is highly desirable to integrate a gain material onto SOI waveguide circuits
to enable a fully functional integrated circuit operating in the short-wave infrared.
Several examples on different platforms operating at 1.55µm have thus far been
reported, including the hybrid Si-InP platform [15, 16]. Despite its huge potential,
there are only few reports on hybrid Si-GaSb optical devices [17] because of its
early stage of development.

This thesis deals with the challenges of extending the existing SOI passive
platform from the telecommunication wavelength range to the short-wave infrared.
In a first stage, I investigated which active material to integrate on SOI waveguide
circuit. The second stage involved the exploration, design and development of the
integration and fabrication procedures.

In the next sections, I elaborate on applications where short-wave infrared and
mid-wave infrared photonic integrated circuits are applicable. It is followed by
a review of the currently available choices in passive photonic integrated circuit
platforms for long wavelength. I discuss the selection of active materials used for
heterogeneously integrated photodiodes and lasers. Finally, various heterogeneous
integration techniques are discussed. I conclude the chapter with my rationale of
the choice of materials and integration methodology.

1.2 Photonic applications in the short-wave infrared

Photonics refers to the science and technology of generation, manipulation, and
detection of light and its interaction with different substances [18]. Photonics
covers wavelengths from the ultraviolet to the far-infrared range. Thus far, the
main applications, such as displays, medical devices and telecommunication, are
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Figure 1.1: Summary of applications from the near to mid-wave infrared wavelength range

implemented in the visible and near-infrared range. Nevertheless, several impor-
tant applications in the short-wave and mid-wave infrared have recently emerged
including thermal imaging [19, 20], gas sensing [21], non-invasive medical de-
vices [5, 22], laser surgery [23] and telecommunication [24]. Fig. 1.1 illustrates
examples of the current potential applications available in the near to mid-wave
infrared.

In the following section, I review the application of optical devices in the field
of absorption spectroscopy, biomedical devices and telecommunication as they are
directly relevant to this thesis.

1.2.1 Gas sensors using absorption spectroscopy

Absorption spectroscopy is the most common technique to differentiate molecules.
The interaction of light and matter is observed via the change in absorption of pho-
tons at different energy. A spectroscopic system needs a light source, which can be
a broadband light source [25] or a tunable laser [4, 26]. In the first case the light is
sent through a dispersive element such as a grating to obtain a narrow bandwidth.
This narrow bandwidth is important to detect gas molecules, because of their very
narrow absorption lines. By detecting the changes in the transmission spectrum
at different wavelengths, molecules can be differentiated. Fig. 1.2 shows absorp-
tion spectra of different gas molecules. As can be seen, in the SWIR wavelength
range, the effect from water and CO2 absorption is minimized. Therefore, this
wavelength range is interesting for spectroscopic sensing. Several absorption lines
of interesting gases such as CO, HF and CH4 are also located in the SWIR range.
A typical spectroscopic system with a dispersive element has a limit on resolution
due to the grating technology. Also, the signal to noise ratio is relatively low due to
the inefficiency of the typical light source, for instance, a tungsten-halogen lamp.
To achieve a good signal to noise ratio, the system requires a very powerful light
source and a high sensitivity detector, preferably with a cryogenic cooling system.
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Figure 1.2: Atmospheric transparency window and absorption signatures in the 2-5µm
wavelength range

These requirements lead to a bulky system with high power consumption. Such
spectroscopic systems are thus unsuitable when portability and power efficiency
are prime requirements.

A second class of spectroscopic systems employs a tunable laser diode as a
light source. This system allows wavelength tuning by changing the current injec-
tion and temperature of the laser diode or by using an external cavity. The power
spectral density in laser systems is much higher than in conventional dispersive
systems relaxing the requirements on the photodetector. Without the requirements
of a powerful broadband source, a grating component and a high sensitivity pho-
todiode, it is possible to implement a compact spectroscopic system. This gives us
an access to several applications such as gas detection in hazardous environments
where compactness and low power consumption are desirable [7, 26].

1.2.2 Biomedical applications

Photonics has rapidly found its application in medical technology. Optical imaging
and monitoring such as optical coherence tomography [27], breath analysis [28]
and glucose monitoring [3, 29] give doctors an alternative perspective to diagnose
and treat patients. Photonic devices offer fast and effective ways to image or sense
biological molecules noninvasively. Moreover, early disease or abnormal symp-
tom detection can improve the patient condition and treatment planning.

Similar to gas sensing applications, medical applications exploit the interaction
of light and matter, for example, water absorption and the corresponding penetra-
tion depth in tissue. Human tissue consists more than 70% of water [30]. Fig. 1.3
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Figure 1.3: Absorption spectrum of water and the penetration depth in the 1-20µm
infrared range [33]

shows the water absorption as a function of wavelength in the infrared wavelength
range. This absorption is an inverse function of the penetration depth, typically
in the range of a few µm to a mm. These properties are very important for tissue
ablation [23].

On the other hand, similar to what is done in gas sensing applications, molecule
specific detection also provides great benefits in medical fields such as in breath
analysis [31] and glucose sensors [3]. For breath analysis, the standard technique
involves collecting the breath samples and is followed by analysis of the samples
with a highly sensitive instrument [32]. Mass spectrometry is typically used to
analyze breath samples. The sample is first ionized. Then the ions are accelerated
and passed through a magnetic field which sorts the ions based on mass/charge
ratio. This makes the system complex and bulky and prevents real time measure-
ment. On the other hand, an optical instrument would enable real time sampling.
Real time measurement provides advantages such as eliminating the complexity of
storing the breath sample and allowing the measurement of the change in breath
composition over time.

Another example, in the SWIR, is the sensing of the blood glucose level as
optical absorption from glucose is strong compared to that of water in the overtone
(1.6-1.8µm) and combination band (2.0-2.3µm) [33]. This provides the opportu-
nity to develop a minimally invasive glucose monitoring system. Moreover, by
combining glucose sensing and breath analysis, a better diagnosis and recommen-
dation to the patients can be given [31].
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1.2.3 Telecommunication applications

The main driver of the development in telecommunication components over the
last couple of decades has been the low loss in optical fibers at around 1.55µm.
However, with the tremendous increase of demand for information bandwidth, the
available bandwidth is becoming insufficient. Several approaches have been taken
to alleviate this problem, such as novel modulation schemes. Alternatively, ex-
tending the working wavelength bandwidth from 1.55µm to around 2µm is also of
great interest [34]. Such technology is currently being developed in the European
Mode-gap project [8, 24, 35].

1.3 Passive waveguide platform for the short-wave
infrared

A photonic waveguide platform is an essential component for the realization of
Photonic Integrated Circuits (PICs). PICs allow complete functionality in one sin-
gle chip, resulting in a compact, high efficiency and reliable device [36, 37]. PICs
were developed originally to serve demands in telecommunication applications.
Over the last decade, several photonic components such as multiplexers, polariza-
tion rotators, grating couplers and waveguides have been developed and realized
on different platforms, especially SOI [36, 38–40].

Recently, spectroscopy has emerged as an interesting application that could
benefit from the advantages of PICs. However, spectroscopic applications require
a broad range of operating wavelengths while many materials used on common
photonic waveguide platforms such as Si and SiO2 have limited transparency [34,
41]. In theory, several materials such as SiO2, Ge, Al2O3, SiNx are transparent in
the SWIR [34]. Soref et al. [34] discusses the compatibility of different waveguide
platforms for different wavelength ranges as shown in Table 1.1. An extensive
review of different waveguide structures and materials can be found in [34].

Following a proposal from Soref et al. in 2006, component design and fab-
rication on several platforms such as SOS (Silicon-On-Sapphire) [42], Ge on Si
[43–45], suspended Si membrane [46] and SOI [14] have been investigated and
realized that support different infrared wavelength regions.

SOS employs sapphire as a substrate and Si as a waveguide. The Si layer
is epitaxially grown on the sapphire. Typical waveguide losses are 4.5dB/cm at
4.5µm wavelength [42].

Ge-on-Si hetero-waveguides show losses as low as 3-4dB/cm in the 5µm wave-
length [44, 45, 47].

Suspended Si membranes [46] are proposed as an alternative approach when
absorption loss in SiO2 or Al2O3 is a limiting factor. The structure proposed
by [34] consists of a suspended Si rib waveguide membrane surrounded by an
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Waveguide type Wavelength ranges of operation
Si/SiO2/Si (SOI) 1.2-2.6µm and 2.9-3.7µm and 100-200µm
Si/Al2O3(SOS) 1.2-4.4µm

Si/Si3N4/Si (SON) 1.2-6.7µm
Si membrane 1.2-8.0µm and 24-200µm

Si nano-slotted membrane 1.2-9.2µm and 23-200µm
SiGe/Si 1.6-12µm and 100-200µm
Ge/Si 1.9-16.8µm and 140-200µm

GeSn/Si 2.2-19µm
Hollow core (Bragg, SiO2/Si cladding) 1.2-3.9µm
Hollow core (Bragg, SiGe/Si cladding) 1.2-200µm

Hollow core (Anti-Res., SiGe/Si cladding) 1.2-200µm
Porous-Si/Si 1.2-9.0µm and 23-200 µm

Si PhC-line membrane 1.2-8.0 µm and 24-200µm
Si PhC self-coll. membrane 1.2-8.0 µm and 24-200 µm
Si nano-crystal/Si membrane 1.2-8.0µm and 24-200µm
Si Arrow (SiGe/Si cladding) 1.2-8.0µm and 24-200 µm

Table 1.1: Summary of waveguide platforms covering the infrared wavelength range
(reproduced from [34])

air cladding. The advantage of this structure is that the suspended membrane is
formed by using an SOI substrate where the bottom air cladding is obtained by
under-etching the oxide. Therefore, it is a CMOS compatible process.

Among these proposed waveguide structures, the SOI platform has been the
most widely studied due to the availability of mature CMOS fabrication processes
and well developed basic component design know-how [12, 48]. Ghent University
together with imec are pioneering the development of PICs on the SOI platform
for communication applications. This makes the SOI platform the first choice to
examine the possibility of accommodating longer wavelengths in this thesis. The
discussion on SOI waveguides and grating couplers is presented in Chapter 2. A
waveguide propagation loss as low as 0.6 dB/cm at 2.2µm is reported [13].

1.4 Light sources and detectors for the short-wave
infrared

Different types of light sources (such as lasers and LEDs), and detectors (thermal
and photon) are available in the short-wave and mid-wave infrared. I limit the
review of light sources to lasers only, due to their relevance to this thesis. The
discussion on photodetector is limited to semiconductor photodiodes for the same
reason.
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Figure 1.4: Summary of lasers available for the short-wave and mid-wave infrared
(reproduced from [57])

1.4.1 Light sources

In general, an ideal light source offers 1) a wide tuning range and 2) a narrow
linewidth for high sensitivity and selectivity, 3) high output power 4) reliable per-
formance over a long period 5) compactness and 6) low temperature and cur-
rent sensitivity. It is challenging to meet all these requirements. Fig.1.4 sum-
marizes the lasers available for infrared wavelengths, ranging from 1 to 11µm.
In the SWIR to the MWIR, several types are available such as antimonide (Sb)
based III-V lasers [49–51], direct solid state (Cr2+ II-VI) laser [52, 53] and fre-
quency conversion based sources based on solid state and rare-earth element doped
fiber operating in the NIR to the SWIR [54, 55]. Typically, frequency conver-
sion based sources and direct solid state Cr2+ II-VI lasers offer very high output
power (>Watt) with wide tunability [53, 56]. However, these systems require
very powerful pump light sources. The typical power conversion efficiency is only
∼25% [53, 56]. This limits their potential in applications where compactness is a
critical requirement.

In contrast, in the past decade, several groups have reported high performance
semiconductor III-V lasers and detectors in the short-wave and mid-wave infrared
based on several compounds [58–63]. For example InP based lasers and detectors
currently operate at room temperature at wavelengths to up to 2.6µm [58, 59].
Unfortunately, this material has reached its limit due to a high lattice mismatch
between the quantum well and the substrate [64]. GaSb has recently emerged
[60–62] as an alternative to extend the wavelength range of III-V semiconductor
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Figure 1.5: Bandgap positions of selected binary alloys [65]
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laser into the mid-wave infrared regime.
As shown in Fig. 1.5, the GaSb, AlSb and InAs compounds have very similar

lattice constants (∼6.1 Å). That makes them suitable for the epitaxial growth of
several types of lasers, including interband transition (Type I) [60–62] and inter-
subband quantum cascade lasers (QCL) where the carrier transition involves only
one type of carrier such as the electron. In a QCL, the electrons make a transition
within the conduction band, thereby emitting a photon and tunnel though to an-
other period to restart the process again [56]. The interband cascade laser (ICL) is
similar to a QCL in that the electron is recycled periodically. However, the radia-
tive recombination occurs between valence and conduction band, similar to what
is seen in Type I lasers. A schematic of the energy transitions of different laser
schemes is presented in Fig. 1.6.
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For wavelengths in the range of 2-2.5µm, Type I lasers exhibit the best perfor-
mance in terms of power consumption and output power. Therefore, in this work,
Type I lasers are selected.

An overview of demonstrated Multiple-Quantum-Well (MQW) Type I GaSb
based lasers starting from the early 1990s is presented in Fig. 1.7. The first
highly strained MQW laser operated at room temperature in pulsed regime with
143A/cm2 threshold current density [63]. This device suffered from high internal
loss. The internal loss could be further reduced by reducing the overlap of the op-
tical mode with the cladding, resulting in a reduction in the free carrier absorption
loss. This was implemented by adding separate confinement layers into the laser
waveguide [66]. The threshold current density in continuous wave was further im-
proved to 300A/cm2 [66], and subsequently reduced to 115A/cm2 [67]. Additional
improvements of the epitaxial growth, allowing higher strain by increasing In con-
centration in QW and the incorporation of Al in the barrier to create a quinternary
compound has further advanced this type of laser to lase up to 3.7µm [68–70].
Due to the tremendous design efforts over the last decade, the Type I GaSb laser
is considered to be reaching maturity. The device is commercially available, oper-
ating with Watt-level output power at room temperature [71, 72]. While the laser
performances are well investigated [68, 70–72], only a few works are focused on
designs for specific applications. In 2006, Rattunde et al. [73] designed a laser
with a smaller fast axis beam divergence (from 67◦ to 44◦) to support coupling
with standard optical components. Such a laser is mainly utilized in free space
coupling systems. In this thesis, to serve our purpose inside a fully integrated
compact spectroscopic system, our laser is designed to accommodate a waveguide
coupling system. This topic will be discussed in detail in following chapters.

1.4.2 Photodetectors

Semiconductor photodetectors are commonly available for SWIR detection. The
detection mechanism is based on the interaction of photons and the absorbing ma-
terial, generating a photo current. In the last decade, HgCdTe has been developed
intensively as an infrared photon detector [81, 82]. HgCdTe offers several advan-
tages over others materials due to several reasons: 1) It can accommodate wide
wavelength range detection in the infrared wavelength range with almost no lat-
tice mismatch constraint [81]. 2) It offers better absorption/thermal generation
ratio than other materials at long wavelength (> 10µm) at temperatures above
70K. However, devices based on HgCdTe have drawbacks such as instability of
the surface and interfaces due to the weak Hg-Te bond [83], inferior material uni-
formity [82] and therefore low yield [82].

Photodiodes utilizing quantum well structures (such as Type-II superlattice
InAs/GaAsSb quantum wells) have received much attention as an alternative to
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Figure 1.7: The development evolution of GaSb type I laser diodes in the spectral range of
2-3.8µm [49, 51, 60, 63, 66, 67, 70, 74–80]

HgCdTe in the MWIR spectral range [84, 85]. Nevertheless, the overall perfor-
mance of these devices is not yet satisfactory for practical applications compared
to HgCdTe photodiodes [84].

For the NIR and SWIR wavelength range, InGaAs photodetectors with a lat-
tice constant matched to InP are well developed for optical communications. The
devices offer low noise, high speed, and high sensitivity operating at room tem-
perature [86, 87]. By incorporating more In into the alloy, increasing the lattice
mismatch between the InP substrate and the absorbing layer, the cutoff wavelength
of this photodetector can be extended up to 2.6µm [86, 87]. However, the increas-
ing lattice mismatching between the InP and InGaAs layers considerably degrades
the material quality due to an increase in dislocation density [88]. This leads to
a larger dark current and a higher noise level in the photodetectors. This type of
photodiode is commercially available [87]. The specific detectivity (D∗) is a typ-
ical figure of merit for comparing photodetectors. D∗ is defined as the ratio of
square root of the area of the photodetector and the noise equivalent power (the
input optical power that give rise to a signal to noise ratio of 1). The details on this
parameter can be found in Chapter 4. Fig. 1.8 summarizes the specific detectivity
(D∗) of different types of photodiodes from Hamamatsu [87]. InGaAs exhibits
a minimal noise level (maximum specific detectivity) compared to other types of
photodetectors in the SWIR wavelength range.

The quaternary alloy InGaAsSb epitaxially grown on GaSb substrate is a very
promising candidate to extend the wavelength further and cover both SWIR and
MWIR at room temperature [89–92]. From Fig. 1.5, it can be seen that the
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Figure 1.8: The summary of specific detectivity (D∗) of different types of photodetectors
(reproduced from [87])

bandgap of the absorbing layer can be varied from 1.7 to 4.9µm by increasing
the lattice mismatch of the absorbing layer to the GaSb substrate [91]. During the
past few years, InGaAsSb photodetectors on GaSb substrate have been reported
using different device structures and growth methods, such as molecular beam
epitaxy (MBE), liquid phase epitaxy (LPE) and metalorganic chemical vapour de-
position (MOCVD) [92–94]. Among different growth methods, MBE has several
advantages such as lower substrate temperature and precise control leading to bet-
ter quality. Nevertheless, commercial photodetectors are grown using LPE and
MOCVD due to its maturity [95]. The photodetectors exhibit higher noise than
their InGaAs counterparts due to higher dark current at room temperature opera-
tion [89–92]. Therefore, depending on the system design, trade-offs between pa-
rameters such as noise, peak wavelength responsivity and bandwidth are made and
suitable materials are selected accordingly. In this thesis, the InGaAsSb system is
selected due to its broad wavelength coverage. Moreover, it is highly desirable to
obtain both photodetectors and lasers in one system, in this case, grown on a GaSb
substrate. Thereby, the complexity of implementing a photonic integrated circuit
with both lasers and detectors operating in the short-wave infrared is minimized.
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1.5 Integration technology for the short-wave infrared

Integration technology has been extensively developed for several applications
such as PICs, microelectromechanical systems (MEMS) and electronics. The need
to create a system with new functionality by including new materials has acceler-
ated the development in this field. In this section, we limit ourselves to only tech-
nology development for PIC applications based on SOI, which is relevant to this
thesis.

When developing PIC applications on the SOI platform, the two main devel-
opment steps involve 1) advanced passive circuit design as discussed earlier in
Section 1.3 and 2) the heterogeneous integration of active components such as
lasers and detectors onto the passive circuit.

The two most common approaches to incorporate other materials onto SOI
are epitaxial growth and die-to-wafer bonding. The success of epitaxial growth is
very material dependent. For example, for the case of Si and InP, the difference in
lattice mismatch and thermal expansion coefficient between the substrate (Si) and
active layer (InP) results in a high dislocation density when grown in sheets [96].
It should be noted that this problem was recently overcome by using selective area
growth [97] which makes InP epitaxial growth on Si substrate possible. However,
the research is still at an early stage.

In addition, GaSb shows potential for direct epitaxial growth on a Si sub-
strate [98]. With proper growth conditions during molecular beam epitaxy (MBE),
it is possible to release the high strain by formation of Lomer-type dislocations
which propagate at the Si/III-V interface. This results in minimal dislocations
in the vertical direction [99]. Since 2009, epitaxial grown multiple quantum well
(MQW) lasers on Si substrate, lasing at 1.55 and 2.2µm have been demonstrated by
two separate groups [17, 99–102]. The devices operate in both pulsed and contin-
uous wave at room temperature. This approach appears to be the most promising
technology for GaSb/Si integration. However, due to the requirement of a thick
buffer layer between a Si substrate and GaSb to avoid dislocations, this results in
no coupling mechanism between these two materials. This problem is possible to
overcome by using localize epitaxial growth so that the Si passive platform can be
fabricated on the same side as epitaxy. Nevertheless, research in this field is still at
very early stage. Moreover, the Si substrate used in this work is 7 ◦ miscut which
is not commonly used in CMOS process [102].

Another material system that shows potential for direct epitaxial growth on
Si, is Ge/GeSn/SiGeSn. GeSn is supposed to exhibit a direct bandgap when the
Sn concentration is increased to more than 10% [103, 104]. By adding Sn to the
Ge matrix, the bandgap reduces, pushing the emission into the 2µm wavelength
range [105]. An electrically pumped Ge laser lasing at 1.55-1.7µm has recently
been demonstrated [106]. Despite of this recent progress, research on this topic is



14 CHAPTER 1

still at an early stage and requires extensive material engineering and device design
in order to obtain efficient devices.

Although the epitaxial growth approach shows promise as a future platform, an
intensive optimization on material properties is still required to obtain comparable
performance to the existing systems.

Alternatively, heterogeneous integration can be developed as a short term so-
lution. Several techniques are available for this, such as fusion bonding [107],
plasma assisted direct bonding [108], DVS-Benzocyclobutene (DVS-BCB) ad-
hesive bonding [109], metallic bonding [110], anodic bonding [110] etc. Dif-
ferent techniques have different advantages and disadvantages, depending on the
materials to be bonded. An extensive review of these techniques can be found
in [111, 112].

The most common techniques used for Si-based photonic integrated circuits
are molecular bonding [108, 113, 114] and adhesive bonding using DVS-BCB
[109, 115, 116].

Molecular bonding or direct bonding was introduced in 1992 [117]. This ap-
proach employs the covalent bond of OH groups on both the SOI and the epitaxy
surface [108]. The typical process flow of this bonding technique is schematized
in Fig. 1.9.

A thin layer of SiO2 is deposited on both SOI and epitaxy to adsorb by-
products which are the result of previous chemical reactions. The process requires
an extensive cleaning process using HF acid mixed followed by a NH4OH so-
lution to remove native oxide and contamination. It is followed by plasma ac-
tivation to activate the surfaces by growing a thin layer of a highly reactive na-
tive oxide. The substrates are brought in contact at room temperature and then
loaded into the bonding chamber. Under pressure and at an elevated temperature
of up to 300◦C, the hydrogen bonds transform into covalent bonds, resulting in
the bonding [108, 111]. Several highly efficient active devices including hybrid
lasers [119–121] and detectors [119, 122, 123] have been demonstrated by sev-
eral groups. These demonstrations, however, are limited to InP lasers operating
at telecommunication wavelengths. Also, the bonding involves intensive cleaning
procedures, which require an expensive cleanroom facility.

The adhesive bonding technique using DVS-Benzocyclobutene (DVS-BCB)
as an adhesive agent was introduced in 2002 as an alternative wafer bonding
approach [109]. DVS-BCB is employed as an interfacial layer which conforms
to deeps-submicron-level irregular surface topography. Therefore, cleanliness of
the bonding surface is less critical compared to the molecular bonding technique.
Moreover, since this technique is based on the adhesive property of the bonding
agent, it simplifies the integration process and offers high compatibility with differ-
ent material systems [124–127]. Several demonstrations of InP/SOI devices using
this technique have been reported by different groups [109, 116, 128]. Wafer scale
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Figure 1.9: Schematic of O2 plasma assisted low-temperature III-V-to-Si bonding process
flow (reproduced from [118])
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Figure 1.10: Absorption of DVS-BCB measured using different film thicknesses as a
function of wavelength. The inset presents the zoom in the 2-2.5µm wavelength range

fabrication capability is also reported for InP-based systems [109, 129]. However,
the transparency window of DVS-BCB is limited. Fig. 1.10 presents the optical
absorption of DVS-BCB as a function of wavelength. The DVS-BCB layer has a
loss lower than 12/cm below 2.26µm and around 2.4µm. However, at longer wave-
lengths, the losses are much higher. Therefore, DVS-BCB is definitely not ideal
for the integration of wide band infrared devices. However, in the scope of this the-
sis I focus on active devices operating in the 2 to 2.4µm wavelength range, where
DVS-BCB is still reasonably transparent. Therefore, integration using DVS-BCB
is certainly an interesting alternative platform.

In summary, the SOI waveguide platform shows potential to serve as a good
passive platform for the SWIR. Given its advantages such as compactness and
CMOS compatible processing, the SOI platform certainly surpass other possible
technologies such as Si-on-SiNx, Si-on-sapphire and Si membrane. However, the
Si indirect bandgap precludes it from forming good photodetector or laser compo-
nents in the SWIR. Therefore, integration of direct band gap material is required
to achieve fully functional PICs. GaSb and its compounds present a promising
platform for SWIR lasers and detectors. This raised my interest in investigating
the heterogeneous integration of GaSb-based compounds on SOI waveguide cir-
cuits. The integration approach selected is adhesive bonding, using DVS-BCB as
a bonding agent. Combining SOI and GaSb optoelectronic components could thus
yield a compact, yet efficient spectroscopic system.
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1.6 Organization of this dissertation

This thesis investigates the design of passive SOI components, integrated photode-
tectors and lasers operating in the SWIR, and the development of the integration
and fabrication technology of these GaSb integrated devices on passive SOI pho-
tonic devices. The study includes component design, the integration technology
and the processing development. Chapter 1 (this chapter) presents a brief overview
of materials and the technologies involved in this thesis. Chapter 2 presents the
state-of-the-art of the short-wave infrared passive devices developed during this
thesis. This includes the design and measurement of SOI waveguides and fiber-
to-chip grating couplers. Chapter 3 presents the integration and fabrication tech-
nology developed in this thesis. Chapter 4 presents design, fabrication and mea-
surement results of the integrated InGaAsSb photodiodes. In Chapter 5, details
on the design, fabrication and measurement of thin film GaSb-based Fabry-Perot
lasers lasing at 2.01µm are presented. The results include the demonstration of
an integrated GaSb based Fabry-Perot laser on an SOI waveguide circuit coupled
to a Si waveguide. Chapter 6 presents hybrid integrated Fabry-Perot lasers lasing
at 2.4µm. The chapter discusses design, integration, fabrication and measurement
results. Future device designs including an integrated hybrid DFB GaSb based
laser are presented in this chapter as well. Chapter 7 concludes the thesis with a
discussion on possible ways to further improve the performance of the devices.
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driguez, E. Tournié, X. Chen, M. Nedeljkovic, G. Mashanovich, X. Liu,
W. Green, Long-wavelength III-V/silicon photonic integrated circuits, Ad-
vanced Photonics - OSA Optics & Photonics Congress (invited), United
States, p. IT2A.1 (2013)

2. E.M.P. Ryckeboer, A. Gassenq, N. Hattasan, Cerutti, Laurent, Rodriguez,
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2
Silicon-on-Insulator platform for the

short-wave infrared

In this chapter, I discuss the possibility of using SOI waveguides in the short-
wave infrared (SWIR). This includes the design of a Bragg grating to couple light
between an integrated photonics circuit and an optical fiber. Waveguide loss mea-
surements in the SWIR are presented. The results form the basis for the design
of a high efficiency grating coupler for the integrated photodiode in Chapter 4
and the distributed Bragg reflector used in the laser diode described in Chapter 6.
The work presented in this chapter was carried out in collaboration with dr. Bart
Kuyken (loss measurement in Si waveguides) and dr. Diedrik Vermeulen (help in
the design of the grating coupler).

2.1 Introduction

As discussed in Chapter 1, Si photonics is rapidly emerging as a potential integra-
tion platform for applications covering a wide wavelength range. This is particu-
larly true for spectroscopic sensing applications as well as nonlinear optics on the
Si platform, moving towards the SWIR (>2µm) [1–4]. For spectroscopic sens-
ing systems, this is driven by the fact that the characteristic absorption lines of
molecules of interest become much stronger at longer wavelengths, increasing the
sensitivity of the sensing system while lowering the device footprint [3]. For non-
linear optical applications on the Si platform, moving towards longer wavelengths
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Si substrate
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Si substrate

Figure 2.1: Schematic of the SWIR fiber-to-chip grating coupler structure

is driven by the absence of parasitic two-photon absorption in Si for wavelengths
>2.2µm, given its 1.12eV band gap [2]. For both applications there is a need
to develop photonic integrated components for the SWIR range. While several
state-of-the-art Si-based passive components at telecommunication wavelengths
have been reported in the past few years [5, 6], only very few have been studied
in the SWIR and MWIR wavelength range [7–9]. In this chapter, I discuss the
design, fabrication and a comprehensive study of grating coupler characteristics
over a broad parameter range, leading to a state-of-the-art fiber-to-chip coupling
efficiency of -3.8dB at 2.1µm. I also demonstrate single mode waveguides for the
SWIR range with losses <0.6dB/cm at 2.2µm which is very low compared to the
2.4dB/cm of a standard Si waveguide at 1.55µm [10].

2.2 High efficiency grating coupler

2.2.1 Design and simulation

The grating coupler structure consists of a 220nm thick crystalline Si layer as the
waveguide layer with a 160nm poly-Si overlay on top of the waveguide. A 2µm
buried oxide layer is used. A SiO2 top-cladding (1.0µm thick) is deposited and
polished. The total etch depth of the Si waveguide is fixed to 240nm in order to
be compatible with the CMOS fabrication process used to fabricate these devices.
Fig. 2.1 shows the schematic of the grating coupler structure.

The period of the grating coupler for a given wavelength (λ) is calculated using
Bragg condition. It describes the relation of the incident and diffracted waves as:

kz = β −mK with m = · · · ,−2,−1, 0, 1, 2, · · · (2.1)
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Figure 2.2: A wavevector diagram representing the Bragg condition for a grating coupler
formed on SOI

where β = 2π
λ neff is the propagation constant of the guided mode and K = 2π

Λ

with Λ the period of the grating. kz = 2nairπ
λ sinθ is the projected diffracted wave

vector. θ is the angle of the phase fronts of the diffracted field with respect to the
Si surface (and hence the angle of the optical fiber with respect to the surface nor-
mal for optimal fiber coupling). neff is the average effective index of the grating
structure. A wavevector diagram representing the Bragg condition in Equation 2.1
is depicted in Fig. 2.2

The coupling efficiency to single mode fiber is assessed by evaluating the over-
lap integral as follows:

η =

∣∣∣∣∫ EzHfib,xdx

∣∣∣∣2 (2.2)

where Ez is the diffracted electrical field from the grating towards the super-
strate, when the TE waveguide mode is launched, and Hfib,x is the fiber mode
magnetic field distribution, which is assumed to be Gaussian. The integration is
carried out along a horizontal line in the superstrate.

Simulations are carried out using 2D Finite-Difference-Time-Domain (FDTD)
software. The 3D nature of the problem is taken into account by analytically calcu-
lating the lateral overlap integral between the Gaussian fiber mode and the cosine-
shaped Si waveguide mode. The fiber is positioned at the optimum position along
the x-direction. A 10◦ tilt from the vertical direction is used to avoid substantial
second order Bragg reflection back into the waveguide when coupling to the opti-
cal fiber. 20 grating periods are used for the simulation. Note that the 20-period of
grating is chosen initially to ensure that the light is completely diffracted from the
waveguide. The simulation in Fig. 2.3 shows that light is completely diffracted
above 10 grating periods at 2.1µm wavelength.
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The optical mode in the standard single mode fiber (SMF-28) with a core of
9µm diameter is approximated by a Gaussian beam with a mode field diameter
(MFD) of 13.3, 13.9 and 14.5µm at 2.1, 2.2, and 2.3µm respectively as calcu-
lated by a fully-vectorial finite element method. Fig. 2.4a illustrates the simulated
fiber-to-chip coupling efficiency as a function of wavelength for 4 different grating
periods (0.98µm, 1µm, 1.02µm, and 1.04µm, respectively) with a 0.25 fill factor,
defined as the Si tooth width to the period ratio. The gratings are etched 80nm
into the crystalline Si waveguide layer (240nm overall etch depth). The center of
the coupling spectrum shifts to longer wavelengths with increased period, in ac-
cordance to the Bragg condition. However, the coupling efficiency decreases due
to the increased mode mismatch between the diffracted field profile and the fiber
mode. Fig. 2.4b shows a grating coupler spectrum with a period of 0.98µm and
80nm etch depth into the crystalline Si layer and varying grating fill factor. The
optimum fill factor is ∼0.3. The efficiency decreases substantially for fill factors
> 0.4. Another parameter that affects grating coupler performance is the grating-
etch depth. In Fig. 2.5a, a peak wavelength shift with varying etching depth in the
crystalline Si layer is shown. The coupling efficiency decreases slowly when the
etch depth is less than 80nm. In practice, due to the fabrication process, the etch
depth in the crystalline waveguide layer was fixed to 80nm.

As mentioned earlier, the MFD of a standard single mode fiber increases signif-
icantly with an increasing operation wavelength. Therefore, broader waveguides
are required when operating further into the SWIR range. This is illustrated in Fig.
2.5b, where the overlap integral of the transversal mode profile in the Si waveguide
(cosine-shaped) and the Gaussian profile of the fiber mode is plotted.

According to [11], for 1.55µm wavelength, the width of the first tooth of the
grating plays an important role in the attainable coupling efficiency. This is due to
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Figure 2.6: Simulation of the impact of first grating tooth width on coupling efficiency

the interference of the waveguide modes, which results in a constructive interfer-
ence at only certain length or width of the grating tooth. Therefore, it is necessary
to keep its size smaller than the subsequent teeth (in our case, it is 300nm) to
achieve high coupling efficiency. For 2.1µm wavelength, the width of the first
grating tooth shows similar impact on the coupling efficiency as seen at 1.55µm.
The simulated coupling efficiency at 2.1µm wavelength as a function of the first
grating tooth width is shown in Fig. 2.6. The result presents a significant decrease
in the coupling efficiency when the first grating tooth width is wider than 600nm.

2.2.2 Fabrication

The fabrication of these grating couplers is carried out in imec with 193nm deep
UV lithography and dry etching in a 200mm pilot line, through the multi-project
wafer service ePIXfab [12]. The fabrication process is illustrated in Fig. 2.7. The
base wafer consists of a 220nm crystalline Si layer on top of 2µm buried oxide on
a Si substrate. A 10nm thick oxide layer is deposited, after which 160nm poly-Si is
deposited on top of the crystalline Si shown in Fig. 2.7a. The oxide layer is used as
an etch stop layer to accurately define the 220nm thick crystalline Si waveguides.
The thin oxide layer does not influence the performance of the grating coupler
when the TE optical mode is launched in the Si waveguide. The grating 240nm
deep slits are formed by an Inductively Coupled Plasma (ICP) etching process
(chlorine/fluorine-based and bromine-based chemistry) (Fig. 2.7b). After etching
the grating slits, the poly-Si is removed, except in the grating area, by ICP etching,
using the oxide layer as an etch stop (Fig. 2.7c). After the grating structure is
formed, oxide is deposited as a top cladding (Fig. 2.7d). A photoresist mask was
used for all processing steps.

The reproducibility of Si etching is controlled by using a thin SiO2 as an etch
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Figure 2.7: Schematic of the grating fabrication process; a) the SOI stack after deposition
of 10nm oxide and 160nm of poly-Si; b) after etching 240nm c) after etching the poly- Si

layer d) and after deposition and polishing of a 1µm-thick top oxide

stop layer for the first 160nm; see Fig. 2.7. A more precise control of the etching
is required for the last 70nm. This is possible with the 5-10nm tolerance with slow
etching rate recipe. The intensive study on this process control is well described in
[13]. In this thesis, uniformity of the process has not been performed extensively.
However, corresponding to [13], the Si process from imec yields a relatively good
uniformity with a 5nm tolerance.

A scanning-electron-microscope (SEM) image of such a grating coupler after
removing the top oxide cladding is shown in Fig. 2.8. Fig. 2.8a represents a top-
view SEM image of the fabricated devices. The SEM image of the cross-section
of such a grating, indicating a fill-factor of 0.3, a grating period of 1.0µm and a
grating etch depth of 239nm, and a first tooth width of 175nm is shown in Fig.
2.8b. In this work, a 12µm wide waveguide was used.

Note that, this size of the waveguide in this demonstration is chosen initially
to match with MFD of the single mode fiber at 1.55µm wavelength without taking
wavelength dependence of MFD of the single mode fiber into account.

2.2.3 Measurement results

The setup to characterize the grating coupler structures consists of a continuous-
wave mid-infrared tunable laser (IPG Cr:ZnSe tunable laser) operating below its
threshold. The generated amplified spontaneous emission is coupled to an SMF-
28 optical fiber, after which it passes a polarization controller, and is injected in
the fundamental TE-polarized mode of the Si waveguide circuit. The light is then
collected by an identical grating coupler/SMF-28 combination and is coupled to a
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Figure 2.8: SEM image of the fabricated SWIR fiber-to-chip grating couplers: a) top view
b) cross-section

SWIR optical spectrum analyzer (Yokogawa AQ6375).
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Figure 2.9: a) Coupling efficiency as a function of wavelength for different grating periods
(fill factor ≈0.3) b) peak wavelength and coupling efficiency as a function of the grating

period

Fig. 2.9a shows the coupling efficiency of the grating couplers as a function
of wavelength for different grating periods. The grating coupler with a period of
0.98µm and a fill factor of 0.3 shows -3.8dB coupling efficiency at a peak wave-
length of 2.1µm with a 3dB bandwidth of 90nm. The fringes observed are Fabry-
Perot interference fringes, resulting from parasitic reflections from the grating cou-



SILICON-ON-INSULATOR PLATFORM FOR THE SHORT-WAVE INFRARED 41

12µm

684nm 316 nm 175nm

141nmSilica

Si

2000 2100 2200 2300
-14

-12

-10

-8

-6
-4

-2

0

 

 

C
ou

pl
in

g 
Ef

fic
ie

nc
y 

(d
B)

Wavelength (nm)

Period(µm)
 0.98
 1.0
 1.02
 1.04

90nm
(a)

0.96 0.98 1.00 1.02 1.04 1.06

2080

2120

2160

2200

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0
 

C
ou

pl
in

g 
ef

fic
ie

nc
y 

(d
B

)

W
av

el
en

gt
h 

(n
m

)

Period (µm)

(b)

 

12 14 16 18 20 22 24

0.75

0.80

0.85

0.90

0.95

1.00

 

 

N
or

m
al

iz
ed

 c
ou

pl
in

g 
ef

fic
ie

nc
y

Waveguide Width (µm)

(a)

2000 2100 2200 2300 2400

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
or

m
al

iz
ed

 c
ou

pl
in

g 
ef

fic
ie

nc
y

Wavelength (nm)

Waveguide width (µm)
 12µm
 20µm
 24µm

(b)

Figure 2.10: a) Normalized coupling efficiency as a function of waveguide width and b)
the corresponding normalized coupling spectra

plers. From the fringe depth, the parasitic reflection from the grating couplers can
be assessed. As can be seen in Fig. 2.9a, the fringe depth varies from 0.5dB
at shorter wavelengths to 1.5dB at longer wavelengths, resulting in a reflection
ranging from 2.8% at shorter wavelengths to 8.5% at longer wavelengths. This is
consistent with the fact that for longer wavelengths the out-coupling is closer to
the surface normal. Thus, stronger second order Bragg reflection can be expected.
Fig. 2.9b summarizes the experimentally measured increase of peak wavelength
and the decrease of coupling efficiency as a function of the grating period, for a
fixed fill factor of 0.3. The decrease in efficiency when going to longer wave-
lengths is attributed to (a) the increase in the loss in SMF at longer wavelengths
(i.e. the fiber loss increased from 0.008dB/m at 2µm to 2.3dB/m at 2.5µm), which
cannot be completely calibrated out in the measurement system and (b) the in-
creasing mode mismatch between the Si waveguide mode and that of the single
mode fiber at longer wavelengths.

As predicted from the simulation, the fiber-to-chip coupling efficiency can be
improved by increasing the Si waveguide width to an optimum value. In Fig.2.10a,
the normalized coupling efficiency of a grating coupler with a 1.05µm period
(2.225µm peak coupling wavelength) is plotted as a function of waveguide width.
An optimum coupling efficiency is obtained for a waveguide width of 20µm. Fig.
2.10b shows the corresponding normalized coupling spectra.

2.3 Standard grating coupler

Although the raised grating from Section 2.2 offers highly efficient light coupling
(-3.8dB), the fabrication process is complex, leading to an increase in production
cost. On the other hand, it is possible to fabricate lower efficiency grating couplers
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on a standard 220nm thick SOI waveguide platform. The structure of the grating
coupler consists of a 220nm thick crystalline Si layer as a waveguide layer on 2µm
buried oxide layer. The 220nm deep etched grating is formed in the Si waveguide
layer followed by a 70nm shallow etch. This gives rise to grating teeth with a
height of 150nm. Fig. 2.11 shows the schematic of this type of grating coupler.
Fig. 2.12 shows the FDTD-simulated coupling efficiency for this type of grating
coupler for different grating periods with fill factor of 0.5. This fill factor is chosen
in this work as a standard design parameter. Further optimization of this param-
eter might improve the design further. About 10% maximum coupling efficiency
can be obtained over a broad wavelength region. By increasing the grating pe-
riod, the directivity increases for longer wavelengths, thereby increasing coupling
efficiency. The -3dB bandwidth is approximately 300nm for the 1.64µm grating
period and increases according to the peak wavelength.

SMF

Oxide

Si

Oxide

Si substrate

Si
Oxide Etch depth

Period

 
 θ 

SMF

Figure 2.11: Schematic of the SWIR fiber-to-chip grating coupler structure fabricated on
standard SOI
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Figure 2.12: Simulated coupling efficiency for different grating periods

The measurement of these gratings is performed using the same set up which
is utilized to characterize the high efficiency grating coupler (Section 2.2.3). Fig.
2.13 represents the measurement results of the grating. The directivity and the peak
wavelength increase as the grating period increases corresponding to the simula-
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Figure 2.13: Coupling efficiency as a function of wavelength for different grating periods
(fill factor =∼0.5)

tion results in Fig. 2.12. A maximum coupling efficiency of 10% is obtained. The
small difference between simulation and measurement is attributed to fabrication
errors.

2.4 Silicon-on-Insulator waveguides

Low-loss waveguides are of paramount importance for integration platforms for
SWIR applications. The waveguides considered in this work are 900nm wide and
etched completely through the 220nm crystalline Si guiding layer. There is no
poly-Si on top of the waveguides. The waveguide loss was assessed by cut-back
measurements on 1cm, 2cm, 4cm and 7cm long waveguides. The resulting prop-
agation loss (TE-polarization) is plotted in Fig. 2.14, showing losses <0.6dB/cm
in the SWIR range. These low losses are of the utmost importance both in spec-
troscopic applications and in nonlinear optics applications, since it enhances the
effective interaction length in both cases.

2.5 Summary and outlook

In summary, I propose SOI as a passive platform for operating in the SWIR range.
The SOI waveguides have low losses in the range of 0.6dB/cm. I demonstrate the
first, high efficiency (-3.8dB) grating coupler at 2.1µm. These results open ex-
citing opportunities for employing SOI as a platform for high density integrated
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Figure 2.14: Si-on-insulator single mode waveguide losses (220nm by 900nm
waveguides-TE polarization) in the SWIR

Type of grating Wavelength
(µm)

Coupling effi-
ciency (%)

Raised grating, UGent, [17] 2.1 41.6
Grating coupler for Si on sapphire [14] 2.75 32.6
Focused grating coupler for suspended-
membrane waveguide [7] 2.75 28

Standard grating, UGent 2.2 10

Table 2.1: State-of-the-art grating couplers for the SWIR range

circuits in the SWIR.
Table 2.1 is a comparison of state-of-the-art grating couplers using different tech-
nologies and designs operating in the SWIR range. Our design provides the maxi-
mum coupling efficiency at 2.1µm. Similar designs can be extended to operate at
2.75µm on a Si-on-Sapphire platform, as reported by Cheng et al. [14]. Focused
sub-wavelength gratings provide flexibility in design to accommodate different op-
erating wavelengths with only one etch step [15]. However, further optimization
on both designs and their fabrication is still required [16].
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3
Heterogeneous Integration and

Fabrication Technology

In the previous chapter, I proposed to use SOI as a passive platform for SWIR
applications. I demonstrated low loss waveguides and a high coupling efficiency
grating coupler as basic building blocks. In order to obtain a fully integrated spec-
trometer, integration of active material onto the passive platform is required. In
this chapter, the technology used to integrate GaSb-based epitaxy onto an SOI
waveguide circuit is described. Fabrication techniques used to realize integrated
GaSb-based detectors and lasers are developed. Contact angle measurement pre-
sented in this chapter was carried out in collaboration with Veerle Boterberg from
Polymer Chemistry and Biomaterials Group, Ghent University.

3.1 Introduction

Although the SOI waveguide platform has emerged as a promising passive plat-
form for the SWIR, the indirect band gap of Si prevents it from being used as
an efficient SWIR emitting and absorbing material. Several works have been un-
dertaken to remedy this problem, including the incorporating of direct bandgap
material onto Si using different techniques such as epitaxial growth (GaSb on Si,
InP on Si, SiGe) [1–4], rare earth doping [5, 6], and light generation and amplifica-
tion in Si using non-linear optics [7]. Nevertheless, the efficiency of these devices
is still quite low. On the other hand, heterogeneous integration of alien materials
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onto Si using bonding is a viable approach [8]. Several works have demonstrated
the successful integration of InP-based material on SOI [9, 10]. While the het-
erogeneous integration of InP on Si is mainly driven by applications for telecom,
GaSb-based devices have recently received attention for sensing applications since
the absorption lines of several gases and biological molecules are located in the
SWIR to MWIR range [11]. However, at the start of this work, there was no report
on the integration of GaSb-based devices on SOI waveguide circuits. Only a few
works on molecular bonding based integration of GaSb on GaAs were reported
to achieve semi-insulating substrates for photovoltaic applications [12, 13]. In this
work, I study the feasibility of integrating GaSb and its compounds on SOI waveg-
uide circuits employing an adhesive bonding technique with the aim of realizing a
fully integrated spectroscopic system.

In this chapter, I describe the technologies utilized in this thesis. This includes
the adhesive bonding technique based on DVS-Benzocyclobutene (DVS-BCB) and
the fabrication processes developed for GaSb-based photodetectors and lasers. In
the first part, the discussion covers basic properties of DVS-BCB and its bonding
mechanism. The compatibility of the bonding technique with different surfaces
is analysed using contact angle measurement. Different bonding procedures are
also presented and evaluated here. In the second part, GaSb device fabrication
techniques are presented. Here, I investigate the etching properties of several GaSb
compounds with different etching solutions. The results on dry etching are also
presented. Metallization on p- and n-doped GaSb is explored and assessed. From
the results in this chapter, specific fabrication processes are derived for different
active devices. A brief explanation of the specific processes for different device
generations will be given in the subsequent chapters (4-6).

3.2 Adhesive bonding

Bonding one material onto another has been an important process in microelec-
tronics industry [14–16]. For example, SOI wafers themselves are realized through
bonding and offer electronic circuits with superior performance (low power con-
sumption, high speed operation) over a standard Si platform [15]. Several bonding
techniques have been briefly discussed in Section 1.5. A comprehensive review
can be found in [8]. Among these bonding techniques, adhesive bonding offers
several advantages such as low bonding temperature (typically below 450 ◦C de-
pending on the polymer) and insensitivity to surface topography. This technique
employs an interfacial layer which can conform to the surfaces to form an intimate
contact between two substrates such that macroscopic bonding occurs [17, 18].
The tolerance of this technique to particles and imperfection of the bonding sur-
face is better than the other commonly used techniques such as direct bonding [14].
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Therefore, less intensive cleaning procedures are required. The bonding mecha-
nism between polymer and substrate also depends on the type of surfaces to be
bonded. Adsorption theory is commonly used to explain this phenomenon [19].

3.2.1 Adsorption theory

This theory describes optimum adhesion, which involves wettability, interfacial
defects and work of adhesion [19]. Wettability refers to the capability of a liquid
to spread on a substrate. Wettability is the first condition to obtain optimum adhe-
sion. Good wettability requires the surface tension of the liquid (γL) to be lower
than that of the substrate (γS). Good wettability minimizes the formation of inter-
facial defects and allows to establish an intimate interaction between molecules.
However, good wettability alone does not guarantee the optimum adhesion in the
view of work of adhesion (WA). WA is defined in Equation 3.1 as the work which
is required to separate two substrates [19].

WA = 2
√
γSγL (3.1)

where γS is the surface tension of the substrate and γL is the surface tension of the
liquid. From Equation 3.1, the WA is maximized for a particular substrate when
γL is maximum. However, from above discussion, we can see that γS should be
greater than γL [19]. Therefore, we can approximate that

γS = γL (3.2)

These two conditions are general for dispersive bonding when only van der Waals
interaction/dipole-dipole bonds are present. However, in many cases, the polari-
ties of both surface and liquid play an important role where covalent bonding is
established. The third condition is under the assumption that WA consists of both
dispersive and polar parts [19]:

WA = Wd +Wp = 2
√
γSdγLd + 2

√
γSpγLp (3.3)

where
Wd is the work of adhesion for the dispersive part
Wp is the work of adhesion for the polar part
γSd is the dispersive part of the surface tension of the substrate
γSp is the polar part of the surface tension of the substrate
γLd is the dispersive part of the surface tension of the liquid
γLp is the polar part of the surface tension of the liquid

Given that Wd=2
√
γSdγLd and Wp=2√γSpγLp, and according to Equation

3.2, we can write
√
γSd =

√
γLd and √γSp = √γLp. Thus, for maximised values
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Figure 3.1: Schematic representing wettability of the liquid on the solid surface

(Equation 3.2) of Wd and Wp, simple deduction suggests that the ratio between
γSp and γSd equals to the ratio between γLp and γLd i.e.

γSp
γSd

=
γLp
γLd

(3.4)

As can be seen, the third condition suggests that the optimum adhesion is ob-
tained when the surface tension in both polar and dispersive parts of liquid and
solid are comparable with each other. In conclusion, optimum adhesion between
the substrate and the liquid is achieved when 2 conditions are satisfied: good wet-
tability as in Equation 3.2 and comparable values of the polar and dispersive part
of both substrate and liquid surface tension as in Equation 3.4.

To measure surface tension experimentally, a commonly used method is a con-
tact angle measurement.

3.2.2 Contact Angle Measurement

Contact angle measurement is used to quantify wettability and thereby surface
tension. Fig. 3.1 shows a schematic of two drops forming different contact an-
gles depending on the surface tension of the substrate. Young’s Equation (3.5)
describes the relationship of surface interfacial tensions [19, 20].

γSV = γLS + γLV cosθ (3.5)

where
γSV is the solid/air surface tension
γLS is the solid/liquid interfacial surface tension
γLV is the liquid/air surface tension
θ is the contact angle.
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Contact angle measurements are used to assess different surface conditions in
this thesis. The measurement are performed using a Drop Shape Analysis instru-
ment (DSA). Three different liquids (water, Diiodomethane, DMSO) are dropped
on the substrate of interest. The Owens, Wendt, Rabel and Kaelble method is used
to determine surface tension with distinction of polar and dispersive part. The de-
tails on the calculation used to obtain the surface tension can be found in [19]. The
experimental results for different substrates and surface treatments are shown in
Table 3.1. As can be seen, a SOI substrate with deposited oxide and a SOI substrate
after RCA clean (NH4OH:H2O2:H2O 1:1:5v/v) exhibits a high polar component
to its surface tension. These values are expected because the RCA solution oxi-
dizes the surface, which eases the formation of hydrogen bonds, increasing surface
tension and thereby reducing the contact angle.

GaSb, InAs, p-i-n epitaxy (Table 4.2) and SOI, after cleaning with acetone and
isopropanol, exhibit very similar surface tension to DVS-BCB. Therefore, theoret-
ically, bonding on this surface would yield better results compared to oxide, SiNx
deposited surfaces, p-i-n epitaxy after removing InAsSb layer (Table 4.2) and SOI
with RCA cleaning. However, these results contradict those obtained from InP-
based bonding where a thin oxide layer is deposited on III-V die to achieve good
bonding [21]. This is likely because the oxide layer prevents the etchant from pen-
etrating underneath the die, avoiding damage to the bonding layer.
Fig. 3.2 represents experimental results of bonding on different substrates. The p-
i-n epitaxy reveals the best bonding quality as shown in Fig. 3.2e. Small bonding
defects are found in the GaSb bonding as shown in Fig. 3.2a. This difference is
partly caused by the substrate removal etchant (see Section 3.3.3.1). The etchant
can etch oxide and GaSb at a very fast etching rate while it almost does not etch
InAsSb (see Section 3.3.3.1). On the GaSb sample, the etchant penetrates through
bonding defects as shown in Fig. 3.2a. On the other hand, the etchant does not
attack the InAsSb layer resulting in a good remaining bonded epitaxial die, as
shown in Fig. 3.2e. A similar explanation applies to Fig. 3.2c and d where thin
layers (∼ 10nm) of oxide and SiNx respectively are deposited on p-i-n epitaxy
after removing the InAsSb layer (Table 4.2), using Plasma Enhanced Chemical
Vapor Deposition (PECVD). These SiNx and oxide layers are used as the surface
for bonding instead of GaSb. The chemical penetrates through bonding or epitaxy
defects etching the oxide and SiNx layer resulting in blisters or detachment of the
epitaxial die from the substrate. It is important to note that PECVD deposition can
induce stress on the thin film [22]. This stress is the result of a mismatch between
the thermal expansion coefficients (CTE) of GaSb and oxide/SiN (deposition at
250◦C). Therefore, after substrate removal, stress generated in the thin film dur-
ing oxide deposition or curing could start to bend the epitaxial thin film, causing
cracks in the epitaxial die (see Fig. 3.2d). Fig. 3.2c shows the detachment of
the die as a result of an absence of adherence between DVS-BCB and the p-i-n
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Figure 3.2: Bonding results using different samples a) GaSb b) p-i-n expitaxy after
removing the InAsSb layer c) Oxide deposition on p-i-n expitaxy after removing the InAsSb
layer d) SiN deposition on p-i-n expitaxy after removing the InAsSb layer e) p-i-n epitaxy

with the InAsSb layer

epitaxy with the InAsSb layer removed prior to bonding. Note that a number of
bonding experiment with AP3000 spin coated on III-V were carried out. How-
ever, no significant improvement in bonding quality is observed. Hence, from this
assessment I conclude that the experimental results agree well with the optimum
adhesion condition where polar and dispersive surface tension ratios of polymer
and substrate are similar. Nevertheless, this is not the only factor to attain good
bonding. Several factors such as epitaxy defects, cleanliness of both substrates and
the selection of the bonding agent are also important and may strongly influence
the bonding quality. In the next section, the properties of DVS-BCB, the polymer
used as a bonding agent in this thesis, will be discussed.

3.2.3 DVS-Benzocyclobutene Properties

One criterion for a good adhesive material is that it should release minimum by-
products to avoid void formation during the curing process. Also, a high process-
ing temperature is undesirable. When 2 materials with different thermal expansion
coefficients are bonded at high temperature, bonded samples may crack due to dif-
ferent shrinkage rates during cooling. Typically, the desired curing temperature is
between room temperature and 450◦C [23]. Several polymers have been proposed
such as thermoplastic adhesives (e.g. polymethylmeth acrylate(PMMA)) [24, 25]
and thermosetting polymers such as B-stage polymers (e.g. benzocyclobutene,
SU8) [14, 21, 26]. Each material has its own advantages and disadvantages de-
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Detail

Surface
ten-
sion
(J/m2)

Dispersive
(J/m2)

Polar
(J/m2)

Polar/
Dispersive

Contact
angle with
water
(degrees)

Oxide on SOI +ace-
tone+IPA 60.98 21.43 39.55 1.845544 33

Oxide on SOI +RCA 58.33 21.44 36.89 1.720616 37.28
Oxide on InP 68.99 18.93 50.06 2.64448 60.31333
SiN on InP 45.28 27.8 17.48 0.628777 60.5525

p-i-n epitaxy 38.8 24.58 14.21 0.578112 68
p-i-n epitaxy +re-
moved InAsSb
layer

58 20.99 37.02 1.763697 36.84

GaSb+acetone +IPA 28.47 19.28 9.2 0.477178 80.91
InAs+acetone +IPA 24.98 20.74 4.25 0.204918 90.78
InAs 27.88 22.31 5.57 0.249664 86.43

SOI+RCA 59.02 20.83 38.19 1.833413 35.90667
SOI+acetone +IPA 41.53 21.07 20.45 0.970574 61.44667
SOI (1.5µm +ace-
tone+IPA 41.45 37.11 4.35 0.117219 70.8

SOI (imec9) +ace-
tone+IPA 47.22 19.7 27.52 1.396954 50

DVS-BCB fully
cured 31.91 29.76 2.15 0.072245 91.1

DVS-BCB at 150◦C
(30min) 33.22 28.71 4.5 0.15674 84.48

DVS-BCB at 190◦C
(30min) 31.94 23.96 7.98 0.333055 80.09

DVS-BCB at 210◦C
(30min) 32.56 28.44 4.12 0.144866 85.78667

Table 3.1: Surface tension measured from several substrates used in this thesis
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Increase temperature(a) (b)

(c)
Polymerization

Figure 3.3: Chemical structure of DVS-BCB at different stages a) B-stage monomer b)
Opening of benzocyclobutene ring c) Diels-Alder reaction creating polymerization

(reproduced from [28])

pending on the bonding purposes and the material which has to be bonded. Ther-
moplastic adhesives are typically limited to low temperatures. A thermoplastic
adhesive has relatively poor creep resistance and good peel strength [14]. Ther-
mosetting polymers are more rigid than thermoplastics. They offer higher oper-
ating temperatures, up to 400◦C, which is important for further semiconductor
processing. Therefore, a thermosetting polymer (DVS-BCB) is selected for this
thesis.

Chemically, DVS-BCB is a monomer molecule. Its full IUPAC name is 1,3-
divinyl-1,1,3,3-tetramethyldisyloxane-bisbenzocyclobutene. The chemical struc-
ture is illustrated in Fig. 3.3a. It consists of a siloxane backbone, terminated by
two benzocuclobutene rings via two vinyl groups. The polymer is typically avail-
able in B-stage bisbenzocyclobutene monomer form, i.e partially cured to form
an oligomer which is dissolved in mesitylene [27]. Upon curing, the benzocy-
clobutene rings open, forming a highly reactive o-quinodimethene group [28] (see
Fig. 3.3b). Following the Diels-Alder reaction between the o-quinodimethene
group and the adjacent vinyl group, a fully polymerized 3-dimensional network
structure is formed (Fig. 3.3c).

Adhesive bonding using DVS-BCB as bonding agent is commonly considered
as an alternative strategy for bonding at low temperatures (250◦C). It has been used
in microelectronic industry since the 1980s [29]. The first intensive study for wafer
bonding was conducted in 2002 [14]. Apart from being a low temperature process,
DVS-BCB bonding gives superior adhesion between a wide range of materials. It
does not release by-products during the curing process [27]. This makes DVS-
BCB an ideal adhesive for integrated circuits operating in SWIR.
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Property 3022-35 DVS-BCB
Curing temperature(◦C) 200-300
Layer thickness for single spin coat (µm) 1.0-2.6
Glass transiton temperature(◦C) >350
Thermal conductivity (W/m.K) 0.29 at 24◦C
Young’s modulus(GPa) 2.9+/-0.2
Tensile strength (MPa) 87+/-7
Coefficient of thermal expansion (CTE) (ppm/◦C) 42
Elongation(%) 8+/-2.5
Dielectric constant(kHz) 2.65-2.5 at 1-20 GHz
Dissipation factor (kHz) 0.0008-0.002 at 1-20 GHz
Breakdown voltage (V/cm) 5.3x106

Table 3.2: The thermal, electrical and mechanical properties of CYCLOTENE 3000 series
resins (DVS-BCB) (reproduced from [27])

Table 3.2 [27] lists the thermal, electrical and mechanical properties of DVS-
BCB. The glass transition temperature Tg is the temperature at which links in a
polymer start to weaken. For DVS-BCB, Tg equals 350◦C which is sufficiently
high for subsequent processes. The degree of polymerisation of DVS-BCB versus
curing time and temperature is shown in Fig. 3.4 [27]. The standard curing tem-
perature is 250◦C for 1 hr. The viscosity of DVS-BCB at different temperatures
is shown in Fig. 3.5 [23]. The viscosity is minimal at 150◦C, where the polymer
can conform itself optimally to the substrate surface. Bonding performed at 150◦C
is, therefore, considered as the best condition. Although the conformity is high,
uniformity is an issue because of the low viscosity. Uniformity is determined by
measuring the variation of DVS-BCB thickness across the bonded area. Typically,
in a die to wafer bonding process, the pressure applied onto the epitaxial die is
nonuniform across the bonded area due to the small size of the epitaxial die. This
results in nonuniformity of the bonding layer. To solve this problem, partial cur-
ing of the DVS-BCB can be used where the bonding temperature is shifted from
150◦C to 190◦C. This increases the amount of cross-linked states from 34% to
43% before it is used for bonding. The nonuniformity also improves dramatically
from 17% to less than 1% [23]. Different bonding procedures will be discussed in
the next section.

The thickness of the DVS-BCB layer can be controlled by diluting the solution
with mesitylene. The DVS-BCB is applied on the sample using a spin coater.
The bonding thickness is determined by the volume ratio between DVS-BCB and
mesitylene, spinning speed, spinning time and the topography of the substrate. The
thickness of the DVS-BCB as a function of volume ratio between DVS-BCB and
mesitylene, spin coated on a flat Si substrate at different spinning speeds is shown
in Fig. 3.6. The spinning time is kept at 40sec.
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Figure 3.4: The degree of polymerisation of DVS-BCB versus curing time and temperature
(reproduced from [27])

Figure 3.5: The viscosity of DVS-BCB versus curing temperature (reproduced from [23])
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Figure 3.6: The thickness of DVS-BCB as a function of volume ratio between DVS-BCB
and mesitylene, at different spinning speeds (reproduced from [21])

3.2.4 Bonding Process

Prior to the integration process, the epitaxial die and carrier wafer/SOI sample are
cleaned using acetone and isopropanol. However, if the SOI sample is processed in
house (i.e. for forming the waveguides, see Chapter 6), the SOI sample is cleaned
using RCA solution (NH4OH:H2O2:H2O 1:1:5 v/v) for 15 minutes at 80◦C, fol-
lowed by rinsing with DI water. The SOI sample is baked at 150◦C for 5 minutes
to ensure evaporation of water and solvent. An adhesion promoter (AP3000) is
spin coated on the SOI wafer (3000rpm, 40sec) to enhance adhesion. DVS-BCB
is spin coated on the SOI wafer simultaneously. The thickness of the DVS-BCB
layer can be adjusted by controlling rotation speed, spinning time and diluting the
commercially available solution with mesitylene according to Fig. 3.6.

3.2.4.1 Manual bonding

After spin coating, the sample is baked at 150◦C for 3 minutes to remove the
mesitylene. The epitaxial die is then transferred onto a carrier wafer (with DVS-
BCB) using tweezers. The epitaxial die is pressed with a small force.The sample
is then loaded into an oven and cured at 250◦C for 1 hr. This is carried out under a
nitrogen environment to avoid oxidation of the DVS-BCB. The temperature profile
for curing is plotted in Fig. 3.7. Using this process, it is possible to achieve
bonding thicknesses down to 100nm depending on the dilution ratio of DVS-BCB
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Figure 3.7: Temperature profile for the DVS-BCB curing programmed for the oven

and mesitylene. However, since the applied force is usually not uniform across the
sample, the bonding layer thickness is nonuniform.

3.2.4.2 Machine bonding

Machine bonding is employed to control the pressure applied on the sample, re-
sulting in an improvement of thickness uniformity of the bonding layer. The Suss
MicroTec ELAN CB6/8L wafer bonding machine (Fig. 3.8a) is used for this work.
Fig. 3.8b shows the fixture where the sample is mounted between 2 pyrex glass
plates. Fig. 3.9 shows the interior of the bonding machine, where a pressure head
is used to apply force. The machine is designed for wafer bonding with a bonding
head area (Abh) of 222cm2 [30]. For machine bonding, after spin-coating DVS-
BCB on the carrier sample (InP/SOI), the sample is baked at 150◦C for 10min to
remove mesitylene. The temperature is then decreased gradually to 90◦C. After-
wards, the epitaxial die is transferred onto the carrier without applying force. The
sample is mounted between 2 pyrex glass plates and then loaded into the bonding
chamber. The typical temperature profile used for curing is shown in Fig. 3.10a.
The temperature is ramped quickly from room temperature to 150◦C and stays
constant for 15 minutes to evaporate the remaining solvent and apply pressure
onto the sample. The temperature ramps again slowly to 180◦C while the force
is kept constant. After 15 minutes, the force is removed. The temperature starts
to ramp up with a slow rate of 1.6◦C/minute until it reaches 250◦C. DVS-BCB is
cured at 250◦C for 1 hr in N2 environment. A typical force profile is shown in
Fig. 3.10b. Note that the bonding chamber is kept under vacuum with a cham-
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(a) (b)

Figure 3.8: a) Suss MicroTec ELAN CB6L b) the fixture for mounting the sample
(reproduced from [21])

ber pressure of 0.4µBar until the temperature reaches 250◦C. The chamber is then
purged with N2. The tool pressure (Ptool) is set at 10mBar corresponding to a
bonding force of 22.2N which is the product of Ptool and Abh. This pressure set-
ting is actually lower than the limit of the bonding machine: e.g. the operating
range is typically between 100-3600mBar [30]. Therefore, the machine is unable
to keep the pressure constant at 10mBar. During the experiment, the applied force
fluctuates between 55-60N as shown in Fig. 3.10b. The pressure on the sample
(Pdie[N/cm2]) as expressed in Equation 3.6 [30] changes according to the ratio
between Abh and the area of the die (Adie), which is only 0.25cm2 in this case.
Therefore, Pdie is in the range of 220-240N/cm2. This high pressure ensures inti-
mate contact between the die and the substrate while it does not cause damage to
the sample.

Pdie =
F

Adie
=

Abh
Adie

.Ptool (3.6)

3.2.5 Bonding quality assessment

After the bonding process, the substrate is removed using a combination of grind-
ing and wet etching (discussed in Section 3.3.3.1). The successful bonding and
substrate removal process leaves the thin membrane of epitaxy on the substrate as
shown in Fig. 3.11a. Fig. 3.11b shows a zoom picture of the bonded epitaxy after
substrate removal representing a clean surface without defects.

Nevertheless, an epitaxial film that by the eye looks well bonded to a substrate
does not guarantee sufficiently good adhesion such that it can withstand following
fabrication steps. Several techniques can be employed to assess adhesion proper-
ties in both destructive (tensile and shear load test, crack opening, blister test) [19]
and non-destructive (optical microscope, scanning electron microscope (SEM))
manner [31, 32]. Several works on the adhesion assessment of DVS-BCB with
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(a) (b)

Figure 3.9: The interior of the bonding machine MicroTec ELAN CB6L (reproduced
from [21])
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Figure 3.10: a) Temperature profile used for curing DVS-BCB b) force profile exerted on
the epitaxial die during machine bonding process

Figure 3.11: a) Photograph of the bonded sample b) Zoom on the die surface
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Figure 3.12: Critical adhesion energy as a function of DVS-BCB thickness (reproduced
from [18])

different substrates are reported. The most extensive works are performed using
SOI and InP [23, 26]. Roelkens et al. reported very high critical adhesion energy
(14 J/m2) on SOI and DVS-BCB [26]. Kwan et al. reported >18 J/m2 [18]. These
experiments support the feasibility of the use of DVS-BCB as a bonding material.
Kwon also showed experimentally that the thickness of DVS-BCB affects criti-
cal adhesion energy linearly, corresponding to plastic dissipation energy. Thinner
DVS-BCB exhibits lower adhesion strength. Fig. 3.12 shows the results from
reference [18]. These results indicate that DVS-BCB bonding is a good bonding
platform.

In this thesis, only non-destructive optical inspection is used. The inspection is
performed only after the substrate removal process to assess bonding quality. Typ-
ical defects found on bonded films are blisters or detachment of the die; see Fig.
3.2c, d, respectively. Blisters are mostly related to the cleanliness of the substrate
and the die. If there are any particles on the surface, no intimate contact is formed
locally, resulting in a blister. The detachment of the film is caused by mismatch of
surface energy of both die and wafer and particle contamination, leading to a non-
contacted area. From the results in Table 3.1, after removing the sacrificial layer
(InAsSb) of the p-i-n InGaAsSb epitaxy, the surface energy (in particular the polar
component) increased significantly. This results in lower adhesion strength as dis-
cussed in Section 3.2.1, thereby causing detachment of the die. As a consequence,
keeping the InAsSb sacrificial layer improves the bonding yield significantly. An-
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Figure 3.13: Optical image of a sample where not all trenches are filled completely with
DVS-BCB

other common problem found in patterned SOI substrates is when the DVS-BCB
does not fill all the trenches, as shown in Fig 3.13. This results in bonding defects
which allow penetration of the etching solution and consequently detachment of
the die. Unfilled trenches mostly occur because the available volume of DVS-BCB
is not enough to fill the trenches and planarize the substrates. In most cases, the
problem is solved by increasing the DVS-BCB thickness. Alternatively, the SOI
pattern can be planarized using DVS-BCB and cured up to 210◦C for 30 minutes
before bonding. Then another DVS-BCB layer is applied as interfacial adhesive
layer. This approach reduces topography of the substrate as well as maintains good
adhesion between epitaxial die and polymer.

3.3 Fabrication process

3.3.1 General fabrication procedure

After the bonding process, the substrate of the epitaxy is removed using a combina-
tion of mechanical grinding and wet etching. Then, depending on the component,
different III-V processing steps are carried out. The generic process diagram is
shown in Fig. 3.14 which is valid for both photodetectors and lasers. The process
starts from the substrate removal. Subsequently, the p-contact is deposited on the
p-doped layer. The mesa is etched by both wet and dry etching until the n-contact
layer is reached. Metal is then deposited on the n-doped layer. The device is pla-
narized. The metal vias are then opened using Reactive-Ion Etching (RIE). Finally,
metal is deposited for probing. Detailed discussions on each processing step are
presented in the following sections.
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Figure 3.14: A generic fabrication process flow for both detectors and lasers

(a) (b)

Figure 3.15: a) photograph of the lapmaster used for this work b) pressure head mounted
on the grinding plate during grinding

3.3.2 Substrate removal

Before removing the GaSb substrate, a wax (CrystalBond 509) [33] is applied
around the die and areas of interest to protect them during the etching process.
CrystalBond 509 can be dissolved in acetone. Its melting point is at 121◦C and its
softening point is at 71◦C. The glue exhibits strong adhesion and high chemical
resistance towards HF which makes it suitable for side wall protection during the
substrate removal process.

The substrate is removed by using a combination of mechanical grinding and
wet etching. The grinding machine shown in Fig. 3.15a is used to reduce the
GaSb substrate from 500µm thickness down to approximately 50µm thickness.
Fig. 3.16a presents the setup of mechanical grinding process. This consists of the
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Figure 3.16: a)the schematic representing grinding element and it mechanism b)drawing
of the bonded III/V on SOI c) a photograph of the bonded sample glued on a glass plate

which is mounted on a grinding head

grinding head to exert a downward force, a glass plate for mounting the sample
and a glass grinding plate for abrasion. The abrasive slurry is fed continuously
on to the grinding plate for homogenous abrasion. Fig. 3.16b presents a typical
structure of the bonded sample indicating the GaSb substrate. Fig. 3.16c presents
a photograph of the sample glued on a glass plate mounted on the grinding head.
Minimum thickness of the GaSb substrate after this process is desirable in order
to minimize the time required for wet etching, since the wet etching solution used
to remove the GaSb substrate also etches Si and oxide. A glass plate is used as a
grinding plate. The force applied during grinding is controlled by the pressure head
which is illustrated in Fig. 3.15b. The grinding time to remove 450µm of GaSb is
approximately 15 minutes. Alumina oxide powder (12.5µm diameter) mixed with
water is used as the grinding slurry. The roughness of the surface after grinding is
expected to be approximately 12.5µm corresponding to the abrasive grain diame-
ter. However, due to the non-uniform force applied on the sample during grinding,
a thickness variation of the grinded sample in the range of 20µm is obtained. Com-
mon problems in this step are the development of cracks and significant variation
in overall topography. The cracks are mostly caused by non optimum force and
rotation speed of the grinder (too high force and too fast rotation speed). The vari-
ation in topography can be a result of the usage of an excess amount of glue to
mount the sample onto the glass substrate. The problem is solved by using a low
amount of glue with low viscosity. The force must be applied equally on 2 corners
of the sample at the same time to achieve intimate flat contact between the sample
and the glass plate.

A chrome acid based solution (CrO3:HF:H2O (1:1:3 v/v)) is used to remove
the rest of the substrate. Details about this etchant are discussed in Section 3.3.3.1.
The CrystalBond glue is removed using acetone at room temperature followed
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by isopropanol and a DI water rinse. The sample is then baked at 120◦C for 3
minutes to evaporate residual solvent and water. After this processing step, the
bonding quality is assessed under an optical microscope.

3.3.3 Wet etching

Wet etching is a common process used in a typical opto-electronic device fabri-
cation process. It is cheap and can be material-selective. The etching mechanism
typically consists of the oxidation of the etched material and dissolution of the
oxidized products. Oxidizers such as H2O2 are added to break covalent bonds of
III-V material. Acids or bases such as HCl or HF are added to dissolve the ox-
idized compounds. In some cases, complex agents such as citric acid and NaK
tartrate are added to form stable ions [34].
In this section a study of different etchants used on different GaSb compounds
is carried out. Table 3.3 is a summary of the etchants used in this thesis. Table
3.4 summarizes the etch rate of the etching solutions on different materials. Etch-
ing profiles of GaSb and InAs substrates obtained by using different etchants are
shown in Fig. 3.17. The main etching solutions used in this work are discussed
next.

3.3.3.1 Chrome based acid

Chrome based acid is a mixture of CrO3:HF:H2O (1:1:3 v/v). This solution was
originally proposed by J. Van de Ven in 1986 [35] for etching GaAs. The mixture
consists of Cr2O−2

7 as an oxidizing agent. The solution etches GaSb leaving a very
smooth surface as shown in Fig. 3.17. The etch rate is 9.4µm/min and 500nm/min
for GaSb and InAs respectively at room temperature. The etching is isotropic, and
the side wall profile is smooth both for GaSb and InAs substrates. This implies
that for both materials the solution is a good choice for mesa etching. The study of
this solution at different ratios of CrO3 and HF confirms that the etch rate of GaSb
is 100 times faster than that of InAs0.91Sb0.09 [36]. This property indicates that
the solution is the best candidate for substrate removal. The etching is diffusion
limited (i.e. the etching rate is sensitive to diffusion of the etchant). Therefore,
agitation is required to ensure a stable etch rate. Without agitation, a non-soluble,
black-colored oxide is formed on the sample surface, preventing further etching.

3.3.3.2 Citric based acid

Citric based acid is a mixture of C6H8O7:H2O2 (2:1 v/v) [37]. The solution is
reaction limited with an etch rate depending on the reaction of the etchant and
semiconductor [38]. The etch rate is sensitive to temperature [39]. The solu-
tion produces very smooth etched surfaces on InAs and GaSb as shown in Fig.
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Figure 3.17: SEM images of a GaSb and InAs substrate etched with different etching
solutions
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Figure 3.18: Schematic of the crystallography of a crystalline semiconductor (reproduced
from [42])

3.17. However, etched sidewalls show slight roughness. The solution gives an
etch rate of 100nm/min for InAs and almost does not etch GaSb at room temper-
ature. Therefore, the solution is suitable for etching InAsSb with GaSb as an etch
stop layer.

3.3.3.3 Phosphoric based acid

The solution consists of Citric acid: H2O2:H3PO4:H2O (55:5:3:220 v/v) [40]. The
detailed analysis of its chemistry is discussed in [41]. The solution employs H2O2

as an oxidizing agent. Citric acid is used here as a complex agent to remove
oxidized material, resulting in a smooth surface [41]. The etch rate is 34nm/min
and 84nm/min for GaSb and InAs respectively. From the etch rate, one can see
that, the solution can etch InGaAsSb compounds with low selectivity. Therefore,
it is suitable for etching several layers with different material composition such as
quantum wells and separate confinement layers. However, it should be noted that
the side wall roughness is quite high on InAs and GaSb as shown in Fig. 3.17.
According to Chaghi et al. [41], NaClO can be used to obtain better smoothness
of the side walls. In this thesis, this solution is used for mesa etching.

3.3.3.4 NaK Tartrate based acid

NaK tartrate based acid is a mixture of NaK tartrate:H2O:HCl:H2O2 (5g:70:60:5
v/v) [37]. H2O2 is used as an oxidizer, resulting in the insoluble compound (S2O5).
NaK tartrate is added to make the oxidized compound soluble [43]. The etching is
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diffusion limited. Therefore, it requires regular agitation in order to obtain a stable
etching rate. Note that during the mixing process, the mixing of HCl and water
creates an exothermic reaction which increases the temperature of the solution by
approximately 9◦C. Therefore, before use, the solution is cooled down to 20◦C
using surrounded water in order to obtain a stable etching rate. H2O2 is added
before just before starting the etching process. The solution etches GaSb and InAs
with etch rates of 210nm/min and 63nm/min at room temperature. The solution
gives smoothly etched surfaces on GaSb substrate, but not on InAs (Fig. 3.17). The
NaK Tartrate solution is reported as an alternative solution for substrate removal
[37]. However, our experiments show that etch rate of InAs and GaSb is quite
similar. Therefore, this solution is used only for the island definition step to remove
the rest of the GaSb n-contact layer.

3.3.3.5 HCl based acid

The solution consists of HCl:H2O:H2O2 (50:100:1 v/v). The HCl based solution
is commonly used to etch semiconductor compounds which contain an Al-fraction
higher than 30% [44, 45]. H2O2 is added to accelerate the oxidation process. The
etching process is diffusion limited and therefore, requires agitation. Similarly to
Section 3.3.3.4, the solution is cooled down to 20◦C before use. H2O2 is added
just before starting the etching process. Fig. 3.18 schematizes the crystallographic
orientation of a GaSb wafer indicating typical OF(the primary long flat cut) and
IF (the secondary flat cut) flat cut location [42]. The etch rate perpendicular to the
(100) plane is 1.5µm/min for Al0.9GaAsSb and 20nm/min for GaSb and there is
no observation of etching of Al0.3GaAsSb for 1 minute, at room temperature. The
etch rate strongly depends on the crystal orientation. The etch rate perpendicular
to the IF flat and OF flat (011 plane) is 2 times faster than that on the (100) plane.
Fig. 3.19a and b shows a typical cross-section with etching profiles perpendicular
to the IF and OF flat respectively. The epitaxial structure used in this experiment
is summarized in Table 6.1. Since, the solution etches Al0.9GaAsSb layer much
faster than Al0.3GaAsSb, this etchant is selected for etching the cladding of the
laser epitaxy.

3.3.4 Dry etching

Dry etching is an alternative method to form photodiodes or laser mesas. It uses
a plasma and its radicals. Plasma is an ionized gas containing an equal number
of positive (ions) and negative (electrons) charges, generated by coupling a strong
electromagnetic field to the gas to start the ionization process. The electrons col-
lide with neutral gas molecules and generate radicals. A radical is a neutral gas
atom or molecule that is in a state of incomplete chemical bonding. Radicals are
highly chemically reactive. Dry etching is a combination of chemical and me-
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Name Description Ratio
Citric acid C6H8O7:H2O 1g:1ml
Chrome based acid CrO3:HF:H2O 1:1:3 v/v
NaK Tartrate based
acid

tartrate:H2O:HCl:H2O2 5:70:60:5 v/v

Phosphoric based
acid

Citric
acid:H2O2:H3PO4:H2O

55:5:3:220 v/v

Citric based acid Citric acid:H2O2 2:1 v/v
RCA cleaning NH4OH:H2O2:H2O 1:1:5 v/v
HCL based acid HCl:H2O:H2O2 50:100:1 v/v

Table 3.3: Summary of all chemicals used in this thesis

Etchants/ Ma-
terials

Chromic
based acid
(nm/min)

Phosphoric
based acid
(nm/min)

Citric
based acid
(nm/min)

NaK
Tartrate
based acid
(nm/min)

HCl
based acid
(nm/min)

InAs 500 83 100 63 -
GaSb 9600 34 negligible 210 20
Ga0.79In0.21

As0.19Sb0.81
- 61 - - -

Al0.9Ga0.1

As0.07Sb0.93
- 60 - - 1500

Al0.25Ga0.75

As0.02Sb0.98
- 30 - - negligible

Table 3.4: Summary of all chemicals used in this thesis and the etch rate of different
materials perpendicular to the 100 plane
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chanical etching. The radicals chemically etch the material by adsorbing at and
desorbing from the material as volatile agents. Ions, on the other hand, are ac-
celerated towards the material under applied DC bias. As a result material is also
removed mechanically by ion bombardment. The ratio of chemical and mechan-
ical reaction is controlled by chamber parameters such as pressure and DC bias.
Details on dry etching can be found in [46]. Generally there are two methods: The
first is reactive ion etching (RIE) where plasma concentration and acceleration are
coupled. The other is inductively coupled plasma (ICP - RIE) where the control of
the plasma density and ion acceleration are separated. Both systems are employed
in this work.

3.3.4.1 Inductively coupled plasma - reactive ion etching (ICP-RIE)

The PlasmaPro 100 from Oxford Instruments is used to etch GaSb, InAs and In-
GaAsSb. A gas mixture of CH4 and H2 is selected for etching. CH3 and H radicals
are responsible for chemical etching of the semiconductor. H2 contributes to in-
crease the concentration of the radical H, thereby increasing the plasma density.
Moreover, the presence of H2 reduces the amount of gas phase polymerization of
the hydrocarbon compound [47]. Several groups have reported smooth etched sur-
faces and sidewalls with a CH4-H2 mixture [48, 49]. An extensive study on the
use of this gas mixture on Ga based materials can be found in [48, 49]. The recipes
for etching GaSb and InAs reported in literature are summarized in Table 3.5.

In this thesis, the ratio of CH4:H2 is 15:40 sccm. The system pressure is
20mTorr. RF power is 200W and ICP plasma power is 100W. Ti is used as a
hard mask. The etch rate is 3.6nm/min and 8.5nm/min for GaSb and InAs, re-
spectively. The side wall profiles for both GaSb and InAs are shown in Fig. 3.20.

3.3.4.2 Reactive ion etching (RIE)

The system used for this work is the Vision 320 from Advanced Vacuum. It is
used to etch DVS-BCB in order to open the metal vias. Polymer waveguides are
also formed during the same process. The gas mixture consists of SF6 (5%)and
O2 (50%). An RF power of 150V is used. The DVS-BCB etch rate is 320nm/min.
Si waveguides are also formed by RIE. A gas mixture consist of SF6 (38%)and O2

(27%), using an RF power of 100W. The etch rate is 300nm/min. A SEM image
of the etched Si is shown in Fig. 3.21.

3.3.5 Metallization

Metallization is one of the most critical steps for laser fabrication. This process
creates the interface between metal and semiconductor. A good ohmic contact is
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Figure 3.20: SEM image of GaSb and InAs substrate etched with an ICP-RIE system using
CH4 and H2
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Figure 3.21: a) SEM image of a Si substrate etched with an RIE system, using SF6 and O2

b) cross section image of the Si waveguide
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highly desirable in order to avoid excessive heating of the device at high current
injection. A good ohmic contact typically refers to the specific contact resistance
(ρc) which is expressed as a function of voltage (V) and current density (J) as
follows:

ρc =
dV

dJ
(3.7)

where dV is the voltage dropped across the metal-semiconductor contact and dJ is
the current density. The metal-semiconductor contact behaviour is described us-
ing Schottky-Mott theory [53], in the ideal case i.e. when anomalies and surface
states are not considered. The formation of a potential barrier occurs when semi-
conductor material comes in contact with metal. The fermi level of semiconductor
is lower by an amount equal to the difference of work function of metal (Φm) and
work function of semiconductor (Φs) forming a potential barrier. This potential
barrier is defined in Equation 3.8 for n-doped semiconductor and Equation 3.9 for
p-doped semiconductor:

qΦbn = q(Φm − χ) (3.8)

qΦbp = Eg − q(Φm − χ) (3.9)

where
Φbn is the potential barrier at a n-type contact
Φbp is the potential barrier at a p-type contact
Φm is the work function of metal
χ is the electron affinity of the semiconductor
Eg is the band gap of the semiconductor
q is the electron charge.

Fig. 3.22 presents the diagram of a metal-semiconductor barrier before and
after making a contact for both p and n-doped semiconductors. Fig. 3.22b shows
that an ohmic contact is formed for n-type if Φm is lower than χ, otherwise a
Schottky contact is formed as shown in Fig. 3.22a. Similarly in p-type contacts,
an ohmic contact is obtained when Φm is higher than Φsc as shown in Fig. 3.22c.
Otherwise, a Schottky contact is obtained as shown in Fig. 3.22d.

Although these relations serve as a guideline to select a metal for different
semiconductor materials, often there is a large discrepancy with experimental re-
sults. This is because several additional parameters affect the behaviour of the
contact, such as surface states, the cleanliness of the surface, surface treatment
prior metal deposition and the annealing procedure. For p-doped GaSb, it is easy
to obtain a good ohmic contact because Φm for most metals is higher than the
summation of χ and Eg . Several studies on ohmic contact formation on p-doped
GaSb were conducted in the mid 90s. The summary of metal composition and spe-
cific resistivity is shown in Table 3.6. Tadayon et al. [55] reported a ρc of 1x10−6
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Figure 3.22: Schematic of band bending before and after metal-semiconductor contact a)
n-type semiconductor with high Φm b) n-type semiconductor with low Φm c) p-type

semiconductor with high Φm d) p-type semiconductor with low Φm (reproduced
from [54])

Ω.cm2 with Ti/Pt/Au, with or without alloying. This result is also consistent with
Vogt, et al. [56].

On the other hand, ohmic contacts on n-doped GaSb are generally difficult
to achieve because φm in general is higher than χ. Several efforts of achieving
ohmic contacts on n-doped GaSb are summarized in Table 3.7. The minimum
ρc (1.4x10−6 Ω.cm2) is obtained with metal combination of Pd/Ge/Pd/In/Pd after
alloying at 350◦C for 60sec [58].

The quality of the contact is typically assessed by measuring ρc. ρc is obtained
using the transmission line method (TLM). A detailed analysis can be found in
[66, 67]. This technique involves the measurement of the total resistance (RT )
between 2 contact pads with width (W), length (l) and distance between contact
pads (L). The measurement is conducted in a a series of adjacent contact pads
varying in distance; see Fig. 3.23a.

Fig. 3.23b represents the the current flow between contact pads indicating the
resistances. The total measured resistance can be plotted linearly as a function
of L (Fig. 3.23c). The relationship of RT and L provide an estimation of ρc as
follows [66, 67]:

RT (L) =
2RSKLT

W
+
RSHL

W
(3.10)

where RSK is the sheet resistance of the semiconductor layer directly under the
contact, RSH is the sheet resistance of semiconductor layer outside the contact and
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Metal(nm) Doping(cm−3)Surface
treatment Annealing ρc (Ω.cm2)

Au/Zn/Au
(200/300/3400)
[57]

1017-1018 not speci-
fied 430◦C, 5s 10−5

Cr/Au
(100/2500)
[55]

4x1017 HCl:H2O,
BHF:H2O 300◦C, 60s 10−5

Ti/Pt/Au
(500/500/3000)
[55]

4x1017 HCl:H2O,
BHF:H2O 320◦C, 60s 10−6

Au (2500)
[55] 4x1017 HCl:H2O,

BHF:H2O 200◦, 60s

1.4-7.8x10−8,
degraded to
10−6 when
annealed at
250◦C

Ti/Pt/Au
(300/1000/1000)
[56]

7.9x1017-
1.2x1018

HCl:H2O,
BHF:H2O not required 5.8x10−6

Pd/Ge/Pd
(100/300/1000)
[56]

7.9x1017-
1.2x1018

HCl:H2O,
BHF:H2O 550◦C, 40s 3x10−4

Table 3.6: Summary of metals used for p-doped GaSb in literature

LT is the transfer length which is defined as a distance where most of the current
transfers from contact to semiconductor as shown in Fig. 3.23b. From Equation
3.10, at R=0, by assuming that RSK and RSH are equal, Lx is equal to 2LT . RSH
is obtained at L = 0 as follows:

R(L = 0) = 2Rc =
2RSHLT

W
→ RSH =

RcW

LT
(3.11)

This yields the specific contact resistance as:

ρc = RSH .L
2
T = Rc.W.LT (3.12)

In this work, a thermal evaporator (Univex) is used for AuGe (Ge 18%), Au
and Ti evaporation. Electron beam evaporation (Leybold) is used for Pt, Ti and
Au. For the p-contact on GaSb, Ti/Pt/Au(2/35/100nm) [68] is used as a contact.
The contact is characterized using TLM. It gives a contact resistance of 4.7x10−5

Ω.cm2 on (1x1019 cm−3) p-doped GaSb as shown in Fig. 3.24a. For n-doped
GaSb (2x1018 cm−3), GeAu(150nm)Ni(50nm)Au(100nm) is used as a contact. A
contact resistance of 3.8x10−4Ω.cm2 is measured as shown in Fig. 3.24b. It is
important to note that AuGe diffuses strongly into n-GaSb as shown in Fig. 3.25.
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Figure 3.24: The measured resistance between contact pads as a function of their
distances a) for a p-GaSb contact with Ti/Pt/Au as metal b) for a n-GaSb contact with

GeAuNi as metal

Therefore, Ti/Pt/Au is used as a contact instead of AuGe for integrated photodi-
odes since the n-contact is on top of the photodetector mesa. Further optimization
for both contacts would yield lower resistivity. Literature suggests that Pd based
contacts would decrease specific contact resistance [62–65]. Moreover, surface
treatment using HCl and HF is recommended to remove native oxide before metal
deposition, resulting in a further decrease of ρc [60].

3.4 Conclusion

In this chapter, I discussed various experimental aspects of adhesive bonding tech-
niques using DVS-BCB as a bonding agent and the integration of GaSb com-
pound materials on SOI. An optimized bonding process is developed to obtain
well bonded epitaxy. Further, I present our study on fabrication processes for both
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Si

DVS-BCB
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Metal Metal

Si waveguide

3um

Figure 3.25: SEM of the cross section of a InGaAsSb p-i-n representing Au diffusion from
the n-doped contact

integrated photodiodes and lasers. The discussion includes mesa etching and met-
allization. Based on the work in this chapter, I can develop optimized fabrication
processes for specific devices. In the following chapters, I present the results of in-
tegrated GaSb-based photodetectors (Chapter 4) and integrated GaSb-based lasers
(Chapter 5 and 6) as an outcome of the process development described in this
chapter.
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4
Integration of GaSb-based Photodiodes

on SOI Waveguide Circuits for the
short-wave infrared

In this chapter, the integration of III-V SWIR photodiodes on an SOI waveguide
circuit is discussed. This includes the design of the epitaxy and the optical cou-
pling between the Si waveguide and the III-V photodetector, the fabrication and
characterization. The chapter ends with measurement results and discussions on
the fabricated devices. The work presented in this chapter was carried out in col-
laboration with dr. Alban Gassenq who has contributed to the fabrication process
for grating assisted photodiodes and to the study of the detector leakage mecha-
nism.

4.1 Introduction

An integrated photodiode is one of the basic components required in an integrated
spectroscopic system. The general requirements of such photodiodes are room
temperature operation, low noise and high responsivity. Coupling light from a Si
waveguide circuit into an integrated photodiode poses an additional challenge. In
this chapter, I demonstrate integrated GaSb and InGaAsSb photodiodes on an SOI
waveguide circuit. The integrated GaSb photodiode serves as a proof of concept
(the first generation) where the design, integration and fabrication process are de-
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veloped. The integrated InGaAsSb photodiode is then further developed to operate
in the SWIR. Two different coupling mechanisms, namely, evanescent coupling
(the second generation) and grating assisted coupling (the third generation) from
SOI waveguide into the photodiode are investigated. I also discuss several param-
eters affecting coupling efficiency such as the thickness of the DVS-BCB layer
and the intrinsic InGaAsSb layer. The fabrication process that I have developed
and that is presented here defines an optimum process for the realization of GaSb-
based photodetectors on Si based photonic circuits. The measurement results of
the three generations of photodiodes are also presented here. The devices operate
at room temperature and show good responsivity. These results present an excit-
ing opportunity for high density integrated spectrometers. This chapter ends with
a discussion and outlook on how to improve the device performance.

4.2 Basic Photodiode Characteristics

A semiconductor photodiode is a device, which is used to convert optical power
to electrical current. A typical photodiode consists of a p-i-n junction. If the
photon energy E[eV]= 1.24

λ [µm] [1] is higher than the material band gap in the
intrinsic region, the photon is absorbed by the material. An electron is excited and
jumps from the valence band to the conduction band. This transition generates
charge carriers (electrons and holes), which travel to electrodes under applied bias
voltage, resulting in a photocurrent (Ip ). Typically (Ip) is defined as [1]:

Ip = q
collected electron− hole pairs

∆T
= η.q

Pincident
hv

= η
λ

1.24
Pincident

(4.1)
where q is the electron charge, λ is the wavelength of the incident photon in µm,
h is Planck′s constant, v is the frequency of the light, ∆T is the time duration,
Pincident is the optical power and η is the quantum efficiency of the photodiode.

4.2.1 Quantum efficiency and responsivity

The quantum efficiency (η) describes the number of generated electron-hole pairs
that eventually contribute to the photocurrent per incident photon. This figure of
merit is very important to quantify both the photodiode material stack as well as
the optical coupling design. It is defined as [1]:

η =
collected electron− hole pairs

incident photon
=

Ip
Pincident

1.24

λ
(4.2)

Alternatively, it is also possible to calculate η from the thickness of the absorbing
layer and absorption coefficient omitting the non-absorbing p and n-doped layers
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and when an AR-coating is applied to the surface [1]:

η = (1− e−αL) (4.3)

where α is the absorption coefficient of the material and L is the absorption length.
η also relates to the responsivity (<), another figure of merit. < is defined as the
ratio of the generated photocurrent in Ampere (A) and incident optical power in
Watt (W) [1]:

< =
Ip

Pincident
[A/W ] (4.4)

where Ip is the photo-generated current and Pincident is the incident power.
Therefore, η can be expressed in terms of < as:

η = <1.24

λ
(4.5)

From Equation 4.5, one can see that < increases linearly with the wavelength
when we assume that η is a constant. For the ideal photodiode, η is equal to 1.
Commercial devices [2, 3], using InGaAsSb as an intrinsic layer with top or bottom
illumination have η in the range of 0.3 to 0.6, at peak wavelength (1.9 to 2.1µm).
These values depend largely on the epitaxy and the light coupling design. A typical
< for InGaAsSb photodiodes is 0.6-1A/W for basic top illumination [2, 3].

4.2.2 Noise Performance

The noise level of a photodiode is another important figure of merit. Noise refers to
random fluctuation of current due to random motion of electrons that pass through
the photodiode. The noise current determines the minimal signal level that can
be detected by the photodiode [4]. Understanding the noise current helps us to
estimate the power budget for a spectroscopic sensing system. The photodiode
noise current has two main sources: thermal noise (Johnson-Nyquist noise)(ij)
and shot noise(is) [5]. Fig. 4.1 presents the photodetection process indicating
the noise sources. The typical optical input consist of background radiation and
the input signal. The currents that are generated include the photocurrent (Ip)
due to the optical input signal, the current due to background radiation (IB) and
dark current (Id) which is a leakage current attributed to intrinsic properties of the
photodetector material and the fabrication process. Since the generation and the
motion of the carriers are random processes, a fluctuation of the generated current
is introduced to the total current (Ip+IB+Id) as shot noise. The mean square of the
shot noise current <i2s> is given by [5]:

< i2s >= 2q(Id + Ip + IB)B (4.6)
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Figure 4.1: Schematic presenting the photodetection process indicating noise sources
(reproduced from [6])

where B is the noise bandwidth in Hz. q is electron charge. Johnson noise
(ij) is further added to the output signal as shown in Fig. 4.1. Johnson noise is
the result of random motion of electrons due to thermal fluctuation in conductive
material. The mean square of Johnson noise <ij2> is given by [5]:

< i2j >=
4kTB

Rsh
(4.7)

where k is Boltzmann’s constant(1.38x10−23J/K), T is the temperature of the
photodiode in Kelvin. Rsh is shunt resistance in ohm.

Finally, the root mean square (RMS) value of the total noise current(<in>) is
a summation of the mean square of thermal and shot noise, as given by [5]:

< in >=
√
< i2j > + < i2s > (4.8)

Typically at low bias voltage, is is less significant compared to ij due to a very
low Id (µA range for InGaAsSb). However, is becomes dominant at higher bias
voltage due to an increase of Id. At normal operation, is is dominant due to an
increase in Ip.

The photodiode noise performance can also be expressed as the signal power
required to generate a photocurrent Ip such that it is equal to in. This figure of
merit is called Noise Equivalent Power (NEP) and can be expressed as [5]:

NEP =
in
<

[
W/Hz1/2

]
(4.9)

For InGaAsSb photodiodes, NEP values are in the range of 10−12 W/Hz1/2 [7].
However, this value depends on the size of photodiode mesa. Therefore, it is not
convenient to use this parameter to compare different photodiodes.

Noise performance of photodiodes can also be expressed in the form of a spe-
cific detectivity (D∗). The specific detectivity (D∗) is inversely proportional to the
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NEP and is independent of the photodiode area and the bandwidth. The value of
D∗ is expressed as [1].

D∗ =

√
Adet

NEP

[
cmHz1/2/W

]
(4.10)

where Adet is the photodiode area. Since D∗ is independent of the diode area
and the bandwidth, it is a useful parameter for comparing different types of pho-
todiodes. Typical values of D∗ for InGaAsSb photodiodes are in the range of 1010

cmHz1/2/W [3, 7, 8]. When considering a photodiode which is limited only by
Johnson noise, Equation 4.10 is derived to:

D∗j =

√
AdetRsh
4kT

[
cmHz1/2/W

]
(4.11)

where the area-resistance product A.Rsh or R0.A is another useful figure of
merit which is used to assess photodiode characteristics including leakage current,
electrical properties and noise level, regardless of the size of photodiode mesa. R0

or Rsh (Ω) is measured at zero bias which is typically relatively high for InGaASSb
photodiode. Consequently this results in a typical value of R0.A =∼10-90Ω.cm2

[8, 9] depending on the operating temperature.

4.3 Design and Simulation

The design of the integrated photodiode is divided into 2 parts: epitaxial design
and optical coupling design. In the first part, the epitaxy is designed where lattice-
matched semiconductor compounds are selected according to the cut-off wave-
length requirement. In the second part, the quantum efficiency (η) of the integrated
photodiode is optimized by optimizing the light coupling. To achieve this, differ-
ent coupling techniques are investigated.

4.3.1 Epitaxy design

In this section, all photodiode epitaxies are grown by molecular beam epitaxy
(MBE) at the university of Montpellier 2. A simple GaSb p-i-n epitaxy is chosen
for the first generation device. The study focuses on the feasibility of the integra-
tion of GaSb photodiodes on an SOI waveguide circuit. The details of the epitaxy
are shown in Table 4.1. The structure consists of a 75nm thick InAsSb etch stop
layer, a 50nm thick n-doped GaSb n-contact layer, a 150nm thick intrinsic GaSb
absorbing layer and a 50nm p-doped GaSb p-contact layer.

For the second generation devices, the intrinsic layer is changed from GaSb
to Ga0.79In0.21As0.19Sb0.81 to increase the cut-off wavelength from 1.7µm to
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Layer Material
Thickness
(nm) Doping

Refractive
index
(ni) [10]

Absorption
coefficient
(cm−1) at
1.55µm
[10]

p-contact p-GaSb 50 1x1018 4.02 10000
intrinsic GaSb 150 1x1016 4.02 10000
n-contact n-GaSb 50 1x1018 4.02 10000
etch stop layer InAsSb 75
substrate GaSb

Table 4.1: Epitaxial structure and its optical properties at 1.55µm wavelength for the first
generation GaSb p-i-n integrated photodiode

2.5µm. According to the simulation results in Fig. 4.5 for the evanescent cou-
pling design which will be discussed in the following section, a 500nm thick in-
trinsic region provides phase matching between the Si waveguide and the pho-
todiode waveguide with a high absorbed power fraction (80%) over a range of
DVS-BCB thicknesses. Therefore, a 500nm thick intrinsic layer is selected to
obtain optimum coupling efficiency. While the epitaxial structure is designed to
obtain optimum results for evanescent coupling, the same epitaxial structure is
used for the grating assisted devices. The epitaxial structure for the second and
the third generation device is shown in Table 4.2. The epitaxial stack consists
of 50nm p-doped (1.0x1018cm−3) GaSb and a 50nm p-doped (1.0x1018cm−3)
Ga0.79In0.21As0.19Sb0.81 layer as the p-zone of the p-i-n layer stack. An uninten-
tionally doped 500nm thick Ga0.79In0.21As0.19Sb0.81 layer is used for the intrinsic
absorbing region which is indicated as the optimum point from the simulation in
Fig. 4.5. The n-type region consists of 50nm Ga0.79In0.21As0.19Sb0.81 and 50nm
InAs0.91Sb0.09. Both are doped to 1.0x1018cm−3. An InAs0.91Sb0.09 layer is
chosen as n-contact because of its lower bandgap (0.35eV) [11] and hence, low
contact resistance (3.3x10−6 Ohm.cm2) [12]. A 100nm cap layer of InAsSb is
used which will be removed before the integration process. This is to ensure a
clean surface prior to bonding. InAs0.91Sb0.09 etch stop layer is used to stop the
etchant (chromic based acid, Section 3.3.3.1) from completely etching the epi-
taxial stack during the substrate removal process. However, the grinding process
typically results in a slope across the die due to levelling inaccuracy, leading to
inhomogeneous thickness of InAs0.91Sb0.09 after wet etching. Hence, GaSb etch
stop layer is inserted as a second etch stop layer to restore the flatness of the bonded
epitaxy surface.

The energy band diagram is presented in Fig. 4.2. The band diagram is cal-
culated using Silvaco which is based on 2D numerical modelling using the finite
element method [13]. The diffusion of minority carriers is prevented on the p-type
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Figure 4.2: Energy band diagram of the integrated photodetector indicating region a) as
GaSb p-doped, b) c) d) as p-i-n GaInAsSb respectively and e) as InAsSb n-doped

Layer Material
Thickness
(nm)

Doping
(cm−3)

Refractive
index
(ni)

absorption
coefficient
(cm−1) at
2.2µm

cap layer InAs0.91Sb0.09 100 3.85 8000
p-contact GaSb 50 1x1018 3.93 9
p-doped Ga0.79In0.21As0.19Sb0.81 50 1x1018 3.75 5000
intrinsic Ga0.79In0.21As0.19Sb0.81 500 1x1016 3.75 5000
n-doped Ga0.79In0.21As0.19Sb0.81 50 1x1018 3.75 5000
n-contact InAs0.91Sb0.09 50 1x1018 3.85 8000
etch stop
layer GaSb 100 3.9

etch stop
layer InAs0.91Sb0.09 100 3.85

substrate GaSb

Table 4.2: Epitaxial structure and its optical properties at 2.2µm wavelength for the
second and the third generation integrated p-i-n InGaAsSb photodiode [14]

side by the use of a wide bandgap GaSb layer. The cut-off wavelength of this
epitaxial stack is estimated to be 2.5µm.

4.3.2 Optical design

The coupling technique plays a major role in the design of the photodiode structure
and coupling efficiency, which eventually determines the sensitivity of the device.
Several techniques to couple light from Si waveguides into integrated photodiodes
have been reported. These include butt coupling [15], grating assisted coupling
[16] and evanescent coupling [17]. A schematic of different coupling approaches
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Figure 4.3: Summary of common coupling schemes a) Butt coupling [15] b) Grating
assisted coupling [16] c) Evanescent coupling [18]

is depicted in Fig. 4.3. Most of these investigations have been carried out for
InP-based devices at telecommunication wavelengths.

Butt coupling is based on an inverted taper which adiabatically transforms the
Si waveguide mode to a polymer waveguide mode which is formed on top of the
inverted taper and butt coupled to the photodetector as shown in Fig. 4.3a. This
coupling technique shows high coupling efficiency and permits wide wavelength
operation. However, high accuracy alignment is required for maximum coupling
efficiency, which leads to an increase in complexity of fabrication. On the other
hand, grating couplers on the Si waveguide layer can be fabricated at the same time
as the passive circuits as depicted in Fig. 4.3b, which eases fabrication. It allows an
easy way to couple light in and out the chip with high coupling efficiency [19, 20].
Coupling efficiency and polarization can be controlled by design [21]. Despite its
fabrication advantages, grating assisted couplers are wavelength and polarization
dependent [22]. Each design is limited to a certain bandwidth [22]. This hinders its
use in applications where broadband operation is required, such as spectroscopy.
Alternatively, evanescent coupling, where light is evanescently coupled from the Si
waveguide to the III-V membrane as depicted in Fig. 4.3c, provides good coupling
efficiency and broadband operation. However, the design requires a more complex
fabrication technique compared to the grating assisted coupler. This is due to the
requirement of intimate contact between the photodetector and the waveguide [23].
In this thesis, I have investigated both coupling techniques to a GaSb compound
photodiode.
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4.3.2.1 Simulation tool

CAMFR [24], which is based on a frequency-domain eigenmode expansion tech-
nique, is used for this simulation. This software allows accurate but simplified
2D optical mode calculation and propagation calculation. The TE-polarized fun-
damental mode is excited in the Si waveguide. The optical mode then propagates
along the photodiode slab depending on the coupling scheme. Lateral dimensions
and metals are not included in the simulation. The parameters used for this simu-
lation are listed in Table 4.2. The absorbed power is calculated using the following
equation [16]:

Pabs = −2k

√
ε0
µ0

∫∫
nrni |E|2 dA (4.12)

where k= 2π
λ0

, nr and ni is the real and imaginary part of the absorbing material
respectively. |E|2 is the modulus of the electric field. The double integration is
performed over the area of the absorbing region (A).

Another choice of simulation tool is Fimmwave [25]. Fimmwave is a fully
vectorial mode solver. The solver allows 2D and 3D propagation modeling which
gives more accurate simulation results. Naturally this requires more hardware re-
sources and CPU time. Therefore, in this chapter the simulation results are based
on CAMFR only. Fimmwave is used only to visualize the mode propagation.

4.3.2.2 Evanescent coupling

Fig. 4.4a shows a schematic of the overall structure of the integrated photodiode
on SOI waveguide. It consists of a semiconductor photodiode bonded on top of
a Si waveguide using DVS-BCB as an adhesive bonding layer. Light is coupled
from single mode fiber (SMF) to the Si waveguide through a grating coupler. Light
is then coupled evanescently from the SOI waveguide into the photodiode mem-
brane, which happens over the shortest length scale when phase matching occurs.
With such a design, only a thin epitaxial membrane is required. A high quality
thick epitaxy of InGaAsSb (> 100nm) with high stress to cover a wide range of
wavelengths in the SWIR is difficult to obtain because the instability of the alloy
during epitaxial growth causes the layer to degrade with increasing thickness [26].
Hence, the thin epitaxial membrane would ease epitaxial growth. Moreover, the
coupling efficiency depends weakly on wavelength since the coupling mechanism
employs phase matching is not strongly wavelength dependent. Fig. 4.4b shows
a schematic of the device (not-to-scale) across a section in the YZ plane. The Si
waveguide thickness is 220nm. The waveguide is 3µm wide.

The simulation shown in Fig.4.5 is performed using InGaAsSb as intrinsic
layer (the second generation device, with epitaxial structure as shown in Table 4.2).
Fig. 4.5a represents the fraction of absorbed power in the photodiode depending
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Figure 4.4: a) Structure of the photodiode bonded on a Si waveguide (not-to-scale). Light
is coupled into the Si waveguide through a grating coupler b) Cross section of the YZ

plane of the integrated photodiode.

on the intrinsic region thickness of the photodiode and the DVS-BCB bonding
thickness. The wavelength is set at 2.2µm for this simulation. The oscillation is a
result of the phase-matching between Si and III-V waveguide. A 20µm absorption
length is used for this simulation. The impact of the intrinsic region thickness and
DVS-BCB bonding thickness on the absorbed power fraction also depends on the
refractive index of the intrinsic material (ni).

Fig. 4.5b shows an example of the optical mode propagating through the Si
and the photodiode. Due to the phase matching between the photodiode and the
Si waveguide, the optical field couples between the waveguides and is absorbed
along the detector length. This simulation is carried out using Fimmwave [25].
Simulation results indicate that this approach allows high < using a thin absorbing
layer with long absorption length.

In the first generation device (GaSb photodiode), a 150nm thick intrinsic GaSb
layer is used. The thickness of the DVS-BCB bonding layer is 265nm. For the
second generation device (InGaAsSb photodiode), a 500nm thick intrinsic region
is selected according to the simulation in Fig. 4.5a. The DVS-BCB thickness is
258nm.

4.3.2.3 Grating assisted coupling

Another technique to couple light from a Si waveguide into a photodiode is via
a grating coupler. Similar to the conventional top illumination photodiode, this
approach allows a relaxed control of the DVS-BCB thickness thereby simplifying
the bonding process. Fig. 4.6a presents the overall structure of the device. The
photodiode is bonded on top of the grating coupler. As a result, light from the
Si waveguide is diffracted and coupled to the photodiode directly via the grating
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Figure 4.6: a) Schematic of photodiode bonded on a Si grating coupler (not-to-scale) b)
Cross section in the YZ plane of the integrated photodiode.

coupler. Fig. 4.6b shows a cross section schematic in the YZ plane illustrating
important parameters for the grating design. For this demonstration, a standard
grating coupler is selected such that it is compatible with fabrication in the ePIXfab
multi-project wafer scheme [27]. The detailed analysis of this type of grating
coupler and experimental results can be found in Section 2.3.

The absorbed power fraction as a function of intrinsic layer and DVS-BCB
thickness is shown in Fig. 4.7a. In this simulation, the following grating param-
eters are used: period=1.3µm, d=0.15µm, e=0.15µm and o=0µm with 20 periods
at 2.2µm wavelength. An example of the optical field profile of the device is plot-
ted in Fig. 4.7b, with a DVS-BCB thickness of 200nm. Similar to the evanescent
coupling approach, the absorption is strongly dependent on the thicknesses of the
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InGaAsSb intrinsic layer and the DVS-BCB layer. With an intrinsic InGaAsSb
layer >0.8 µm and a very thin DVS-BCB layer (<400nm), an absorbed power
fraction of > ∼90% is achieved because of the combination of evanescent and
grating assisted coupling. However, for thicker DVS-BCB layers (>400nm), the
fraction of absorbed power is relatively low (∼40%) even with a thick intrinsic
layer (1.6µm). This is because now only diffraction plays a role in the coupling
between Si and III-V. The diffraction efficiency largely depends on the directiv-
ity of the grating coupler. By optimizing the grating assisted coupler, including
an anti-reflective layer at the interface of III-V and DVS-BCB, it is possible to
achieve a high efficiency integrated photodiode [28]

Fig. 4.8 presents the absorbed power fraction as a function of photodiode
length (Grating period is 1.05µm. Fill factor is 0.5.). This indicates that the op-
timum length of the photodiode can be as low as 10µm. The result implies the
potential use of this grating coupler in a compact integrated photonic circuit.

Fig. 4.9 shows a comparison of the evanescent (with 20µm absorption length)
and grating assisted coupling (with 36µm absorption length) approach using the
epitaxy stack described in Table 4.2 with 500nm intrinsic layer thickness and an
optimized grating assisted coupler. The optimized grating coupler is designed so
that the coupling efficiency of the grating coupler to the thin film photodiode is
maximized. This results in grating parameters of period=0.95µm, d=0.21µm and
e=o=0.312µm with 12 periods, and adding an anti-reflection coating between the
III-V structure and the DVS-BCB layer (thickness=0.227µm, n=2.42 for TiO2).
The results show that in all designs, maximum coupling efficiency is achieved
with a very thin (<0.3µm) bonding layer. The efficiency of both evanescent and
grating assisted coupling decreases significantly with an increase in bonding layer
thickness. With a thick (>0.6µm) bonding layer, while evanescent coupling is
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no longer feasible, both grating assisted designs are still feasible. This leads to
an easier integration process and therefore, higher fabrication yield in view of the
realization of large detector arrays on integrated SOI spectrometers. For standard
grating couplers, the fraction of absorbed power is limited by the directivity of
the grating coupler. In contrast, the optimized grating assisted design provides
nearly 90% directivity. However, it requires a relatively thick intrinsic layer to
maintain the efficiency of the integrated photodiode at 80%. Although a high
efficiency device is achievable with this optimized design, increasing the thickness
of the intrinsic region poses difficulties in epitaxy growth [29]. Optimized grating
structures also result in a complex Si waveguide fabrication process [20].
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4.4 Integration and Fabrication Technology

In Chapter 3, I discussed the integration technology used in this thesis. Details
of each fabrication process step including chemical recipes are also presented. In
this section the specific integration and fabrication processes, optimized for each
photodiode generation, are described. The processing steps are also discussed.

4.4.1 Heterogeneous integration of III-V and SOI

The SOI chip and epitaxial die are first cleaned using acetone and isopropanol.
The sample is then dried on a hot plate at 150◦C for 5 minutes. The DVS-BCB
is spin coated on the SOI chip. The spinning speed and time is selected accord-
ing to the required DVS-BCB thicknesses (Fig. 3.6). The epitaxial die is then
transferred to the SOI chip manually at 150◦C on a hotplate in air. The sample is
baked at 250◦C for 1hr in nitrogen environment to avoid oxidation of the DVS-
BCB. The details of the bonding process can be found in Section 3.2.4.1. After the
bonding process, the side wall of the epitaxial die is protected using CrystalBond
glue [30] to prevent lateral etching during the wet etching process before mechan-
ical grinding. Grinding is performed on a glass plate using a Lapmaster. 12.5µm
diameter Aluminium oxide powder is mixed with water and used as abrasive. The
GaSb substrate is grinded down to 50-100µm thickness. Wet etching (Chromic
acid based solution, CrO3:HF:H2O (1:1:3 v/v), Section 3.3.3.1) is then used to re-
move the rest of the substrate. The details about substrate removal can be found
in Section 3.3.2. InAs0.91Sb0.09 etch stop layer is removed using Citric based acid
(C6H8O7:H2O2 (2:1 v/v), Section 3.3.3.2). Subsequently, GaSb etch stop layer is
removed using NaK Tartrate based acid (NaK tartrate:H2O:HCl:H2O2 (5g:70:60:5
v/v), Section 3.3.3.4).

The same integration process is employed for all photodiode generations il-
lustrating the flexibility of the process (different DVS-BCB thickness and III-V
structure). In the next section, the fabrication process selected for each of the pho-
todiode generations is described. The generic fabrication process is presented in
Fig. 4.10.

4.4.2 GaSb p-i-n photodiode integrated on SOI waveguide

After the bonding process, which leaves the epitaxy attached upside down to the
silicon waveguide circuit, AuGe(150nm)Ni(50nm)Au(100nm) is deposited on the
n-doped GaSb layer to form an n-contact. The photodiode mesa is then formed
using ICP-RIE using a CH4 and H2 gas mixture (Section 3.3.4.1). After mesa
formation, Ti(10nm)/Au(100nm) is deposited on the p-doped GaSb as a p-contact.
The photodiodes are then isolated by using wet etching in a NaK tartrate based
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Figure 4.10: The fabrication process flow for integrated GaSb-based photodiodes

solution (Section 3.3.3.4). DVS-BCB is used for device passivation to reduce pho-
todetector dark current. A top view image of the device from an optical microscope
is shown in Fig. 4.11a. The total footprint of the device is ∼37x50µm2.

Fig. 4.11b shows a cross section image of the realized device. The bonding
thickness of the device is∼265nm. The Si waveguide seen in this image is located
adjacent to the one actually used for light coupling.

4.4.3 InGaAsSb p-i-n photodiode integrated on SOI waveguide

To process InGaAsSb p-i-n photodiodes with evanescent coupling, the mesa etch-
ing was optimized by changing from a complete dry etching to a combination of
dry and wet etching to minimize mesa side wall damage, resulting in a lower dark
current. The dry etch rate is well controlled so as to be able to stop when reaching
the n-contact layer. This technique allows a good control of mesa etching due to
the different etch rate of InGaAsSb and GaSb during dry etching (Section 3.3.4.1).
The mesa is first etched 300nm using a phosphoric acid based solution (Citric
acid:H2O2:H3PO4:H2O (55:5:3:220 v/v), Section 3.3.3.3). This is followed by
dry etching using a CH4 and H2 gas mixture (Section 3.3.4.1). Fig. 4.12b shows a
SEM image of the cross section of the realized evanescent InGaAsSb photodiode.
Ti/Pt/Au (2/35/100nm) is used as the hard mask. A bonding thickness of 258nm
is achieved.

The original process scheme included the removal of the InAsSb cap layer us-
ing a citric acid based solution (C6H8O7:H2O2 (2:1 v/v), Section 3.3.3.2) to obtain
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Figure 4.12: a) Optical image of the InGaAsSb evanescent coupling device with a foot
print of 72x50µm2 b) SEM image of the cross section of the realized device

a clean surface before the integration process. However, this creates a hydrophilic
surface as the contact angle with water decreases from 68◦ to 37◦ as listed in Ta-
ble 3.1. This prevented good bonding with DVS-BCB. Therefore, the InAsSb cap
layer is kept in this experiment. The mesa is 9µm wide and 50µm long. The
optical image of the realized device is shown in Fig. 4.12a. The contacts were op-
timized for this experiment (Section 3.3.5). Ti(2nm)/Pt(35nm)/Au(100nm) is used
for both n and p contacts.

For the integrated InGaAsSb p-i-n photodiode on grating coupler, the process
is further optimized by using full wet etching. This provides a very small side-
wall damage. The etching solution is a phosphoric acid based solution (Section
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Figure 4.13: a) Optical image of the integrated InGaAsSb p-i-n photodiode on a grating
coupler b) SEM image of the cross section of the device

3.3.3.3). The solution has very limited selectivity between InGaAsSb and GaSb
(2:1, see Table 3.4). Therefore, precise timing is necessary to stop at the p-doped
contact layer. An optical image of the realized device is shown in Fig. 4.13a. The
photodiode mesa is 50µm long and 20µm wide which corresponds to the grating
coupler size. A SEM image of the cross section of the realized device is shown in
Fig. 4.13b.

4.5 Measurement results

Characterization is carried out using a standard single mode fiber (SMF-28) which
is mounted on a translation stage for aligning purposes. The photoresponse of the
device is measured by coupling light into the SOI waveguide using a diffractive
grating coupler. The fiber is tilted 10◦. An optical spectrum analyzer (Yokogawa
AQ6375) is used to measure the input power before injecting the light into the
photodiode. A continuous wave mid-infrared tunable laser (IPG Cr:ZnSe tunable
laser) is used as a light source for the 2-2.5µm wavelength range. A tunable laser
(Agilent 81980A) is used as a light source for 1.55µm wavelength. Needle-probes
are connected to a voltage/current source and meter (2400 sourcemeter from Keith-
ley) which is used to apply a voltage to the photodiode and measure current from
photodiode. A thermo-electric cooling stage is used for controlling temperature. A
reference waveguide fabricated in the same fabrication batch is used to normalize
the photoresponse to the optical power propagating through the waveguide. Fig.
4.14 shows the measurement setup for the photodiode characterization.

4.5.1 GaSb p-i-n photodiode (Generation 1)

The measurement is carried out at 1.57µm wavelength at room temperature. No
characterization close to the bandgap wavelength could be carried out due to a lack
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Figure 4.14: Measurement setup for photodiode characterization

of a laser source at 1.7µm at the time of the experiment. The I-V characteristic of
the device is shown in Fig. 4.15, for various optical power levels without taking the
large fiber-chip coupling loss into account. A grating coupling efficiency of 10%

is assumed here [22]. The high leakage current is likely caused by ICP etching,
which causes significant damages to the mesa sidewall as will be discussed in
Section 4.6. Nevertheless, the device shows good photoresponse (∼0.14A/W) at
-1V.
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showing good linearity

4.5.2 InGaAsSb p-i-n photodiode

4.5.2.1 Evanescent coupling photodiode (Generation 2)

For the InGaAsSb p-i-n photodiode, the characterization is performed at a wave-
length of 2.27µm. The gratings have approximately -9 dB peak coupling efficiency
at 2.27µm with 200nm 3dB-bandwidth, as shown in Section 2.3. The distance be-
tween the grating coupler and the device is designed to be only 400µm. Typically,
the loss in the Si waveguide is 0.6dB/cm [20]. Therefore, the loss due to the prop-
agation in the waveguide can be neglected. The reference signal before injecting
into chip is measured using the Yokogawa AQ6375 optical spectrum analyzer.

The photoresponse measured at 2.25µm wavelength at different input power
levels is shown in Fig. 4.16. The photocurrent increases linearly as a function of
input power over a 12dB input power range as shown in Fig. 4.16.

In this measurement, a system < (i.e. the ratio of input power at the fiber
and the measured current Ip) of 0.06A/W at 2.29µm is obtained. Therefore, a
maximum intrinsic < (i.e. the ratio of the on-chip input power and the measured
current Ip) of 0.44 A/W is deduced resulting in 24% quantum efficiency. An aver-
age value of < of 0.33A/W is obtained. This low < comparing to simulation (< =
1.45A/W, where the simulated η=0.8 is obtained from Fig. 4.5a) is attributed to a
misalignment between the Si waveguide and the photodiode waveguide during the
first processing run [31].

In the second processing run, the fabrication process is further improved. A <
of 1.4A/W is obtained at 2.3µm, measured at room temperature. The system< as a
function of wavelength is plotted in Fig. 4.17a. The intrinsic <, which is deduced
corresponding to the grating coupler efficiency plotted in Fig. 4.17b, is plotted
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in Fig. 4.17c. The intrinsic maximum value <max = q/hv and the corresponding
minimum waveguide to detector coupling efficiency are depicted in Fig. 4.17c.
As can be seen, the grating coupler supports both TM-polarization at ∼1.6µm and
TE-polarization at ∼2.2µm. The responsivity is only 0.3A/W at ∼1.6µm because
of the limited responsivity of this grating coupler at shorter wavelength. Never-
theless, these results show the possibility of utilizing this system as a broadband
integrated circuit operating from 1.6 to 2.4µm using InGaAsSb as an intrinsic ab-
sorbing layer.

The sensitivity of the photodiode is limited by the dark current Id. Id is mea-
sured at 1.13µA at room temperature using -0.1V bias. This corresponds to a dark
current density Jd of 251mA/cm2 using a photodiode mesa size of (9x50µm2).
This is relatively high (around 20 times higher) compared to literature [32, 33].
This high Id is attributed to high sidewall leakage current. To confirm that sidewall
leakage is the limiting factor, the R0.A product is measured at room temperature.
R0 is obtained from the I-V characteristics at zero bias voltage. A is the area of the
photodiode. I obtain R0.A values ranging from 1.6 to 0.53Ω.cm2 for the devices
with an area of 180x180 and 60x60µm2 respectively. In the second processing
run, a R0.A value of 0.1Ω.cm2 is obtained for a photodiode mesa of 10x60µm2.
It shows a strong dependence of R0.A on the detector area, suggesting that side
wall leakage is the limiting factor. Typical values for R0.A from literature are
∼10-90Ω.cm2 depending on operating temperature [9]. The characteristics of the
photodiode at low temperature is assessed and presented in Fig. 4.18a. Dark cur-
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Figure 4.18: a) I-V characteristic at different temperatures b) Dark current at -0.5V at
different temperatures
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Figure 4.19: Johnson noise limited NEP as a function of temperature

rent density (Jd) is reduced significantly down to 60µA/cm2 at 80K. As seen in Fig.
4.18b, Id at -0.5V increases exponentially as a function of temperature. This result
agrees well with the work of Prineas et al. where the leakage current is strongly
dependent on the temperature and becomes dominant at high temperature [8]. The
detailed study on the leakage current can be found in Section 4.6.

The Johnson noise limited NEP at 0V bias is calculated as a function of the
temperature and plotted in Fig.4.19b. It decreases gradually due to the increase of
shunt resistance Rsh (Fig. 4.19) when the temperature decreases. From Fig.4.19,
the Johnson-noise limited NEP is calculated to be 1.51x10−12W/Hz1/2 at 25◦C
using a < of 0.44 A/W. This represents a Johnson noise limited detectivity D∗ of
1.63x109cmHz1/2/W. An R0.A of 0.25 Ω.cm2 is measured on these devices.

In conclusion, the integrated device operates at room temperature with good
intrinsic < (0.44A/W) which is improved further to 1.4A/W with better alignment
of the Si and photodiode waveguides during the fabrication process. The noise
performance of this device is not as good as the previous reports on stand-alone,
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Figure 4.20: Photoresponse at different input power levels of the integrated photodiodes
on grating couplers

non-integrated devices [8, 9]. However, process optimization can alleviate this
performance degradation. This is further discussed in Section 4.6.

4.5.2.2 Grating-assisted coupling photodiode (Generation 3)

Given the advantages of grating-based photodetectors, both in terms of a more tol-
erant integration process and its potentially smaller footprint, the first demonstra-
tion of a grating-assisted photodiode at 2.2µm wavelength using a grating coupler
as a coupling element between the waveguide and the photodiode is presented in
this section. The photodiode mesa is 50µm long and 20µm wide in order to cover
the grating coupler area used in this experiment. However, the device footprint can
be substantially reduced, as illustrated in Fig. 4.8, down to a length ∼10µm. Fig.
4.20 shows the photoresponse of the integrated photodiode at different on-chip in-
put powers. The photodiode has a dark current of -4µA at -1V corresponding to
a dark current density of 0.4A/cm2 at room temperature. The system responsiv-
ity is 25mA/W. Given the measured input grating coupler efficiency of -12dB at
2.2µm, an intrinsic < of about 0.3A/W is deduced. This value is lower than the
evanescently coupled device due to the thin intrinsic absorption region, which is
not sufficiently thick for surface illuminating operation. However, this design can
operate with thicker DVS-BCB as illustrated in Fig. 4.9. This would lead to a
more relaxed fabrication process, thereby improving fabrication yield.

4.6 Leakage current study

The surface leakage current is one of the most important parameters defining pho-
todetector performance. High surface leakage contributes to an increase in Id,
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thereby generating high shot noise, as defined in Equation 4.6. This limits the sen-
sitivity of the photodiode. The source of surface leakage is largely attributed to the
presence of surface states [8]. The surface states are interfacial traps, which are
created by the attachment of contamination or byproducts to dangling bonds [5].
When a large number of surface states exist between the band gap, the Fermi level
gets pinned [5]. This leads to several effects such as trap assisted tunneling dark
current contributing to the excess leakage current [34]. The leakage current de-
pends largely on the quality of the side wall profile and damage [34]. By wet
etching, the side-wall damage is reduced. However, the undercut and concave
shape of the etched mesa arises as a problem. This can be alleviated by using dry
etching, as discussed in Section 3.3.4. Nevertheless, dry etching creates different
problems which increase side-wall roughness/damage significantly [35]. Passiva-
tion is as important as the etching mechanism. By applying the right passivation,
the surface state density can be reduced [36, 37], thereby reducing the leakage
current. The total dark current density Jtotal is given by:

Jtotal = Jbulk + Jleakage
P

A
(4.13)

where Jbulk is the intrinsic current density through the bulk material. Jleakage
is the surface leakage current density. P is the perimeter of the diode and A is the
area of the diode.

Fig. 4.21 presents Jd at -1V at room temperature as a function of perimeter
to surface ratio (P/A) of the photodiode mesa. Two fabrication processes with
the same bonded epitaxial stack are compared. On the left side of the graph, the
results of the first process with different mesa sizes with and without DVS-BCB
passivation are shown. The results show that DVS-BCB passivation clearly im-
proves the side-wall surface termination, thereby reducing dark current. On the
right side of the graph, the Jd of the integrated photodiodes with DVS-BCB pas-
sivation are plotted, giving an agreement with results of the first fabrication run.
By fitting the graph, there is a clear indication that dark current is dominated by
the surface leakage current. While the leakage current related to intrinsic material
properties is found to be 10mA/cm2, the rest is attributed to the side wall leak-
age. Side wall passivation and mesa shape therefore require further optimization
in order to enhance photodiode sensitivity.

Table 4.3 shows the summary of the passivation materials in literature. The
most common technique is based on the use of ammonium sulfide as a passivation
material. However, ammonium sulfide does not seem to provide reproducibility
and long term stability. CdS shows a promising result with an order of magnitude
reduction in dark current and long term stability (3 months) [38, 39]. Mohamm-
edy et al. [40] reviews the use of SiNx, SiO2 and polyimide. The results show that
SiNx yields good results. However, SiNx is undesirable since the high tempera-
ture processing required results in desorption of sulfur from the surface leading to
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Figure 4.21: Dark current density (A/cm2) at -0.1V as a function of perimeter to surface
area ratio(cm−1) of the bonded device structures

degradation over time. Polyimide improves the suppression of the surface leak-
age due to less charge accumulation at the side wall [41]. SiO2 passivation may
contain fixed charges, resulting in charge accumulation at the surface. This typi-
cally results in marginally worse performance than unpassivated device [40, 41].
SU-8 is reported as a good passivation material with 4 orders of magnitude lower
dark current density than that of unpassivated devices [42]. NaClO is reported
as a smooth side wall etchant after mesa etching process. This reduces the dark
current [43].

Alternatively, epitaxial overgrowth of wide band gap materials such as Al-
GaAsSb has been demonstrated as an ideal passivation technique [44]. This in-
volves adjusting Fermi level and depletion region at the interface, resulting in re-
duction of the surface tunnelling current. The result yields a complete suppression
of the surface leakage current. However, this technique is not applicable for our
approach as it is not desirable to load the sample back to MBE chamber after the
bonding process.

4.7 Summary and outlook

In this chapter, I have presented the results on InGaAsSb photodiodes integrated on
an SOI waveguide circuit. Three generations of integrated devices are discussed.
This includes integrated GaSb p-i-n photodiodes with evanescent coupling, inte-
grated InGaAsSb p-i-n photodiodes with evanescent coupling and integrated In-
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Passivation material Material R0A (ohm.cm2)
Dark Current
Density (Jd
A/cm2 )

Alkali (NH4)2S
(Ph=11) [32] InGaAsSb - 490 µA/cm2

Neutralized (NH4)2S
(Ph=7) [32] InGaAsSb - 87 µA/cm2

(NH4)2S, ph =9.5,
Polyimide [45] InGaAsSb 36±6 -

CdS [38, 39] GaSb 50 -
Silicon Nitride [40] GaInAsSb 123±25 -
NaClO [43] InAs/GaSb 4.7x105 at 77K -

SU-8 [42] InAs/GaSb -
0.5 µA/cm2 at
77K

Na2S/SiO2 [40] GaInAsSb 2.8x10−2 at 77K -
SiO2 [40] GaInAsSb 16 -

(NH4)2S [46] GaSb -
improvement
observed

Overgrowth [44] GaInSb/InAs Reaching bulk limit -

Table 4.3: Summary of passivation material in literature

GaAsSb p-i-n photodiodes with grating assisted coupling. The devices perform
with good responsivity (0.13A/W [47], 0.44-1.4A/W [23, 31], 0.3A/W [31] for the
3 generations, respectively) at room temperature. The InGaAsSb p-i-n photodi-
odes exhibit good noise performance (D∗ =1.63x109cmHz1/2/W). Moreover, the
leakage current study indicates that the side-wall leakage current limits the overall
device performance. This can be improved further in fabrication processes, includ-
ing different etching recipes and passivation materials such as ammonia sulfide to
lower the dark current [38, 46].

Table 4.4 represents a comparison of the devices fabricated in this thesis with
state-of-the-art commercial photodiodes on GaSb and on competitor material (strained
InGaAs). Fig. 4.22 presents a comparison of NEP of the photodiodes as a function
of device area. For the same material (InGaAsSb), it is clearly shown that the de-
vice fabricated in this thesis performs well compared to the state of the art in terms
of <. However, D∗ is an order of magnitude lower. As discussed above, this can
be improved. When comparing our device with strained InGaAs, the latter per-
forms better due to advantages of the fabrication process of InP based compounds.
However, InGaAs is reaching its limit due to strain mismatch [11]while InGaAsSb
has the potential to extend its operating wavelength up to 4.9µm [29]. Therefore,
for long wavelengths in the mid-wave infrared, the InGaAsSb photodiode is a very
promising alternative and holds exciting technological opportunities.
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Thourhout, R. Baets, R. Nötzel, and M. Smit. Integration of InP/InGaAsP
photodetectors onto silicon-on-insulator waveguide circuits. Opt. Express,
13(25):10102–8, December 2005.

[19] D. Vermeulen, S. Selvaraja, P. Verheyen, G. Lepage, W. Bogaerts, P. Absil,
D. Van Thourhout, and G. Roelkens. High-efficiency fiber-to-chip grating
couplers realized using an advanced CMOS-compatible silicon-on-insulator
platform. Opt. Express, 18(17):18278–83, August 2010.

[20] N. Hattasan, B. Kuyken, F. Leo, E. M. P. Ryckeboer, D. Vermeulen, and
G. Roelkens. High-Efficiency SOI Fiber-to-Chip Grating for the Short-Wave
Infrared. IEEE Photonics Technol. Lett., 24(17):1536–1538, 2012.

[21] X. Chen and H. K. Tsang. Polarization-independent grating couplers for
silicon-on-insulator nanophotonic waveguides. Opt. Lett., 36(6):796–8,
March 2011.

[22] D. Taillaert. Grating couplers as Interface between Optical Fibres and
Nanophotonic Waveguides. PhD thesis, Ghent University, 2005.

[23] N. Hattasan, A. Gassenq, L. Cerutti, J.-b. Rodriguez, E. Tournié, and
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5
Integration of Fabry-Perot

MQW-InGaAsSb Lasers on
Silicon-on-insulator waveguide circuits

Emitting at 2.01µm

5.1 Introduction

In Chapter 4, the integration of the first InGaAsSb photodiode on an SOI waveg-
uide circuit for SWIR applications was discussed. Eventually, an integrated spec-
troscopic system is being developed and demonstrated as part of the PhD of Eva
Ryckeboer. However, an integrated spectrometer cannot fully operate without a
light source. A complete system with both photodiodes, light sources and disper-
sive elements would enable a variety of applications such as implantable glucose
sensors [1] and ultra compact gas sensors [2].

In this chapter, I discuss the integration of a Fabry-Perot (FP) laser on an SOI
waveguide circuit. The experimental section is divided into 2 subsections. The
first section is focused on a proof of concept device: a thin-film GaSb-based FP
laser on an InP substrate. Integration of GaSb epitaxy to the InP substrate is carried
out to assess the integration feasibility. The fabrication process for the integrated
laser is also developed during this phase. In the second subsection, I employ the
same epitaxy design and fabrication process to realize an integrated GaSb-based
FP laser on an SOI waveguide circuit. The focus in this part is on the light coupling
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from the laser to a Si waveguide. The coupling between these two components is
achieved using a polymer waveguide formed on an inverted Si taper.

The chapter starts with the basic operating principle of the laser diode and
its design and then subsequently moves to fabrication and measurement results.
The design section discusses the design of the epitaxial structure and the coupling
mechanism. The laser fabrication process is then discussed in detail. In the mea-
surement part, the results are presented in 2 subsections: integrated GaSb-based
FP lasers on an InP substrate as the first generation device and the integrated GaSb-
based FP lasers on an SOI waveguide circuit using a polymer waveguide to couple
light into the Si waveguide as the second generation device. A thermal analysis of
the integrated FP laser is also presented. The chapter ends with a discussion of the
results. The work presented in this chapter is carried out in collaboration with dr.
Alban Gassenq who has contributed to the design of the epitaxy.

5.1.1 Basic semiconductor laser diode characteristics

A laser consists of a gain medium and a cavity. In semiconductor lasers, the gain
is typically provided by a semiconductor material with a direct band gap that is
pumped. Pumping is achieved either optically or electrically such that the num-
ber of electrons in the conduction band is higher than in the valence band. This
is commonly referred to as population inversion, which leads to stimulated emis-
sion. The cavity or optical feedback mechanism serves as a light trap to create a
resonance. The laser cavity is formed using highly optically reflective components
such as mirrors or gratings. The efficiency of a laser diode depends strongly on
the efficiency of pumping and the design of the cavity. In this work, an electrically
pumped laser is studied and demonstrated. This section discusses the optical and
electrical characteristics of the lasers which subsequently will be used to analyse
the experimental results.

5.1.1.1 Power-Current characteristic (L-I)

In an electrically injected laser diode, electrons and holes are injected into the gain
region to create population inversion. The relationship between emitted optical
power and injected current above threshold is given by [3]:

Po(I) = ηext
hv

q
(I − Ith) = ηin

αm
αi + αm

hv

q
(I − Ith) (5.1)

where ηext is the differential quantum efficiency, which describes the output
power change (∆Po) as a function of the change in injected current (∆I). ηext
depends on injection efficiency (ηin), mirror loss (αm) and internal loss (αi). Ith is
the threshold current required to overcome the cavity losses. h is Planck’s constant,
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v is the photon energy and q is the electron charge. Po in this equation refers to the
output power from both laser facets.

The L-I characteristic is one of the most important characteristics indicating
the performance of the laser, i.e. minimum Ith and maximum ηext are desirable.
Ith is proportional to the threshold material gain (gth). It is related to the cavity
parameters and confinement factor in the gain region by:

Γgth = αi + αm = αi +
1

2L
ln(

1

R1R2
) (5.2)

where L is the cavity length, R1 and R2 are reflectivity of the laser cavity mirrors
on both sides, which depend on the laser cavity design. For the case of FP lasers,
the reflectivity (R) of the laser facets is calculated using the Fresnel’s equations [3]:

R = |r|2 =

∣∣∣∣nicosθi − ntcosθtnicosθi + ntcosθt

∣∣∣∣2 (5.3)

where ni is refractive index of medium for the incident wave and nt is the
refractive index of the medium for the transmitted wave. θi and θt are the incident
and transmitted angle respectively. A typical value of R is ∼0.3 for a GaSb-based
FP laser with nlaser = 3.5 [4] and nair =1 [5]. Minimum total loss in the cavity
is obtained by minimizing internal loss and increasing R. Γact is the optical mode
confinement factor which is defined as the ratio of the mode energy in the active
region to the total energy in the optical mode in a 1D approximation as [6]:

Γact =

∫ dact

0
|E(y)|2 dy∫ α

−α |E(y)|2 dy
(5.4)

where E(y) is the electric field across the epitaxial stack and dact is the total quan-
tum well (QW) thickness. Γact is very important for laser design to ensure a low
Ith, and thereby, low power consumption. Typical Γ in QWs is approximately 5%

for standard edge emitting lasers [7, 8].
For edge emitting FP laser structures, it is often of interest to plot 1/ηext as a

function of the laser cavity length (L).

1

ηext
=

2.αi
ηiln(1/R1R2)

L+
1

ηi
(5.5)

From this relation, ηi and αi can also be extracted (if R1 and R2 are known).

5.1.1.2 Current-Voltage characteristics (I-V)

Apart from monitoring output power versus injected current, the relationship of
injected current versus applied voltage provides information on the electrical char-
acteristics of the laser diode. The electrical characteristics relate to the electrical
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Vth
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Vth
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V(V)

(a) (b)

Figure 5.1: The diode equivalent circuit

contact quality. Fig. 5.1a represents the diode equivalent circuit where Rsh is the
shunt resistance, which relates to the conduction path along the surface of the laser
mesa sidewall. Rsh can be obtained from the I-V characteristic (Fig. 5.1b) by
measuring resistance at zero bias. Rs is the series resistance which relates to the
quality of the metal contact for both n-doped and p-doped material. Rs is obtained
by linearly fitting the I-V curve when V > Vth.

5.1.1.3 Thermal characteristics

The investigation of laser characteristics at different temperatures is important for
many applications. Some applications require laser diodes with small wavelength
drift while, in some applications, such as spectroscopy, it is beneficial to tune the
lasing wavelength by changing temperature. Moreover, the performance of semi-
conductor lasers decreases with an increase of temperature due to the reduction
in gain [3]. Therefore, it is useful to understand the thermal characteristics of the
laser. The relationship of laser threshold current density (Jth) and temperature (T)
is given by [9]:

Jth(T ) = Jth(T1)exp[
T − T1

To
] (5.6)

where To is a characteristic temperature which determines the dependence of
laser performance on the temperature. Note that a high value of To indicates a
smaller dependence. Jth(T1) is the threshold current density at temperature T1.
By taking the natural logarithm on both sides, To is obtained as :

To =
∆T

∆ln (Jth)
(5.7)

The thermal resistance (Rth) is also an important parameter determining the
thermal behavior of the laser [10]. Rth is defined by the ratio of the change in
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device temperature (Tdev) and the total heat flux (P) generated per unit length. Rth
is given by [3]:

Rth =
Tdev − T0

Pheat
(5.8)

where T0 is the ambient temperature, i. e. temperature of a heatsink. In practise,
Rth is obtained by a product of 2 sets of measurements; 1) the change of lasing
wavelength (dλ) as a function of the change in ambient temperature (dT) (in this
case, a thermo-electric cooler is employed.) and 2) the change of lasing wavelength
(dλ) as a function of the change in power consumption (dP).

Rth =
dT

dP
→
(
dλ

dP

)
/

(
dλ

dT

)
(5.9)

Note that a small value of Rth indicates a smaller dependence of the laser on
temperature.

5.2 Design and simulation
Several design parameters need careful tuning when designing integrated laser
diodes on an SOI waveguide circuit. These include maximum optical mode over-
lap with the gain region (high Γact) and minimum internal loss (αi), and efficient
current injection and light coupling. The design of the integrated GaSb-based FP
laser is divided into 2 parts: epitaxy design and optical coupling optimization. In
the first design section, epitaxy design is carried out to achieve maximum Γact and
minimum αint by minimizing the mode overlap with lossy material regions such
as the n and p-doped cladding. In the second section, the optical coupling is then
optimized to couple efficiently from the laser facet to the Si waveguide.

5.2.1 Epitaxy design

The epitaxy design used in this section is restricted to a conventional laser de-
sign [11] to reduce unknown parameters related to epitaxy in these first gener-
ation devices and to obtain high Γact. The epitaxy is grown by a solid source
molecular beam epitaxy (MBE) on a n-type GaSb substrate at the university of
Montpellier 2. The heterostructure consists of 300nm Be-doped GaSb (1x1019

cm−3) as p-contact and 300nm Te-doped GaSb (2x1018 cm−3) as n-contact. A
1µm thick Al0.9Ga0.1As0.07Sb0.93 cladding layer is used on both sides of the ac-
tive region (2x1018 cm−3 Be/Te doping, respectively). Composition grading is
performed between the contact and cladding layer over 100nm thickness. 360nm
thick Al0.25Ga0.75As0.02Sb0.98 separate confinement layers (SCH) are used. The
active region is made of four 10 nm In0.24Ga0.76As0.01Sb0.99 quantum wells sep-
arated by three 30nm thick Al0.25Ga0.75As0.02Sb0.98 barriers. InAs0.91Sb0.09 is
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Layer Material
Thick
ness
(nm)

Doping
(cm−3)

Refractive
index

loss(cm−1

at
2.0µm)

n-
contact GaSb 300 2x1018 3.87 80

n-
grading composition grating 100 2x1018 16

n-
cladding Al0.9Ga0.1As0.07Sb0.93 1000 2x1018 3.14 16

SCH Al0.25Ga0.75As0.02Sb0.98 360 undoped 3.69
MQWs Ga0.76In0.24As0.01Sb0.99 10x4 undoped 3.9
barriers Al0.25Ga0.75As0.02Sb0.98 30x3 undoped 3.69
SCH Al0.25Ga0.75As0.02Sb0.98 360 undoped 3.69
p-
cladding Al0.9Ga0.1As0.07Sb0.93 1000 5x1017 3.14 6

p-
grading composition grating 100 5x1018 58

p-
contact GaSb 300 1x1019 3.92 70

etch
stop
layer

InAs0.91Sb0.09 150 1x1019 3.5

substrate GaSb

Table 5.1: Epitaxial structure and its optical properties used for this work

used between the GaSb substrate and the GaSb contact layer as etch stop layer for
the bonding process. The summary of the epitaxial structure is shown in Table
5.1. Fig. 5.2a represents the band diagram of the epitaxy. The band parameters
and compound data are obtained from linear interpolation of the compounds [12].
Details on how to obtain these parameters can be found in Appendix A. The QW
(with 1.2% compressive strain) is designed to have its peak emission at 2.05µm.
Fig. 5.2b represents the simulation of the refractive index profile and fundamental
optical mode profile. The refractive index parameters are obtained from Ref. [13].
The calculated confinement factor in the QWs and in the p-cladding layer is 7.2%

and 3%, respectively. The simulated modal loss is 0.8cm−1(details in Appendix
A.). The simulation is carried out using a full-vectorial 1D eigenmode expansion
method [14].

5.2.2 Optical coupling design

The epitaxy is first bonded on an SOI waveguide circuit. After this, the FP laser
is processed. A DVS-BCB polymer waveguide fabricated on Si inverted taper
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Figure 5.2: a) Energy band diagram of the laser epitaxial structure b) Fundamental
optical mode profile

during the laser processing is utilized to couple light from the laser facet to the Si
waveguide. Note that, DVS-BCB is selected as a waveguide material due to its
transparency in the short-wave infrared as well as the simplicity in its fabrication
process. The optical coupling scheme used to couple between the III-V FP laser
and the Si waveguide circuit is shown in Fig. 5.3.

Laser waveguide

Taper length

Polymer Waveguide width

Si waveguide

X

Y

Z

Section1

Section2

Figure 5.3: Schematic of the integrated laser with polymer waveguide coupled to an
inverted Si waveguide

The simulation of the TE-polarized light coupling efficiency from laser facet
to Si waveguide is divided into two sections: 1) from laser facet into the polymer
waveguide 2) adiabatical coupling from the polymer waveguide to the Si waveg-
uide. In the first section, the optical mode matching between laser waveguide and
polymer waveguide is considered. Note that the simulations in this section are
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performed at 2.1µm wavelength for TE-polarization using Fimmwave. The pa-
rameters which limit transmission from laser facet to polymer waveguide are the
reflection at the interface of the polymer and laser facet (in this case, R=16% is ob-
tained where nlaser=3.6 simulated using CAMFR [14]and nDV S−BCB=1.54 [15])
and the mode matching between the two waveguides. The transmission is normal-
ized to 1-R. The mode mismatch between laser and polymer waveguide depends
on the geometry of both laser and polymer waveguide. The simulation is carried
out in 3D using a full-vectorial mode solver [16]. The simulation in Fig. 5.4a
considers a structure with the same width for both laser and polymer waveguide.
The results show that an optimum mode matching is obtained when the minimum
waveguide width is 5µm. When changing the thickness (Fig. 5.4b) of the polymer
waveguide and keeping the width of the laser waveguide constant at 10µm, there is
little change in the coupling efficiency. Note that in Fig. 5.4b, the x-axis represents
the thickness which is added onto the thickness of the laser. The mode matching
between laser and polymer waveguide can however be enhanced when the n-doped
cladding thickness is reduced. The coupling efficiency increases from 0.51 to 0.72
when the n-doped cladding thickness is reduced from 1µm to 0.2µm(assuming the
same height for the polymer and laser waveguide) as shown in Fig. 5.4c.

In the second part, the optical mode conversion from polymer to Si waveguide
is investigated. The coupling is achieved using an inverted taper formed in the Si
waveguide layer which adiabatically transforms the optical mode from the poly-
mer into the Si waveguide. A top view of the inverted taper (XY plane) is shown in
Fig. 5.5a. An example of the optical field coupled from the laser waveguide to Si
waveguide (XZ plane) is shown in Fig. 5.5b. The optical modes at different lengths
are shown in Fig. 5.5 at 5µm(c), at 21µm(d) and at 150µm(e). As can be seen in
Fig. 5.5e, the optical mode is completely coupled into the Si waveguide when the
coupling length is 150µm. One important parameter to achieve maximum cou-
pling efficiency is the width of the Si tip: i.e. the smaller the Si tip, the better the
matching at the interface from polymer to hybrid polymer/Si waveguide. The sim-
ulation in Fig. 5.6a illustrates that coupling efficiency drops significantly when the
Si tip is wider than 0.25µm. Another parameter that affects the coupling efficiency
is the coupling length. If the coupling length is too short, the fundamental mode
will couple to higher order modes, resulting in a lower coupling efficiency to the
fundamental mode of the silicon waveguide. However, if the coupling is too long,
this will increase the losses due to scattering and due to absorption in the DVS-
BCB waveguide (especially at longer wavelength as shown in Fig. 1.10, this loss
is not included in our simulation). The simulation in Fig. 5.6b shows that a mini-
mum coupling length (150-250µm) is required to convert the optical mode of the
polymer waveguide to the Si waveguide. This minimum coupling length depends
on the initial waveguide width or the size of the initial optical mode i.e. the smaller
the initial mode size, the faster the mode transformation. The maximum coupling
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Laser width
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Figure 5.5: a) Top view (XY plane) of the laser structure in Fig. 5.3 b) Example of the field
distribution in the adiabatic taper coupler from the laser waveguide to the polymer

waveguide. The optical mode profiles at different waveguide positions are shown in (c) at
5µm, (d) at 21µm (e) at 150µm

efficiency obtained for this simulation is only 90% because of the 120nm Si tip
(Fig. 5.6), which is compatible with a 193nm deep UV lithography process [17]
used for the simulation. Combining the simulation on the mode mismatch and
adiabatic taper coupler, a coupling efficiency of ∼ 45% can be expected.

5.2.3 Thermal design

In this section, COMSOL multiphysics engineering software [18] is employed to
simulate the thermal properties of the integrated laser for different configurations.
The study is conducted in 2D from which, it is possible to obtain the necessary
results without employing significant resources and time that 3D simulation re-
quires. The heat source is assumed to be concentrated in the MQW area. Only
heat conduction is considered in the simulation, neglecting radiation and convec-
tion. Therefore, the heat-transport equation becomes [3]:

~q = −kOT,O.~q =

{
Q ,within the heat source
0 , outside the heat source

(5.10)

where ~q is the local heat flux density (W/m2), k is the thermal conductivity of
the material (W/m.K),OT is the temperature gradient (K/m) and Q is the local heat
generation (W/m3). The temperature is set to 25◦C constant at the bottom of the
structure as a boundary condition. Insulation is set on both the left, right and top
side boundary. The thermal resistance (Rth) is then calculated using Equation 5.8.
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Figure 5.6: a) Coupling efficiency as a function of Si tip with a coupling length of 800µm
and a waveguide width of 5µm b) coupling efficiency as a function of coupling length at

different waveguide width for wire waveguide structure

Material Thermal conductivity (W/m.K)
InP 68 [18]

DVS-BCB 0.3 [15]
GaSb 36 [19]

In0.24Ga0.76As0.01Sb0.98 3 [19, 20]
Al0.25Ga0.75As0.02Sb0.98 10.5 [19, 21]
Al0.9Ga0.1As0.07Sb0.93 7.1 [19, 21]

Table 5.2: The thermal conductivities of different materials

The thermal conductivity for different materials used here are presented in Table
5.2.

The integrated laser structure used in this simulation is depicted in Fig. 5.7a.
A 18µm wide and 130nm thick heat source is located in the centre between the
separate confinement layers (SCH). The heat source is chosen to provide a heat
flux per unit length of 3W/cm. The laser mesa is 18µm. The top gold and bottom
gold thickness are chosen to be the same as the experiment, which are 600nm
and 800nm respectively. The distance between bottom contact and the mesa is
1.5µm. The DVS-BCB is varied between 100nm to 900nm. Fig. 5.7b shows the
impact of DVS-BCB thickness on the length-specific thermal resistance (RL−th).
As expected, the thicker the DVS-BCB layer, the worse RL−th becomes because
the DVS-BCB layer blocks the path for the heat to dissipate through the substrate.

Fig. 5.8 shows the simulation of different integrated laser configurations with
700nm DVS-BCB thickness: a) standard integrated laser, RL−th = 11.8K.cm/W b)
standard integrated laser with top gold connection from the laser stack to another
epitaxial stack for further heat removal, RL−th=9.1K.cm/W. The distance between
the laser epitaxy and heat removal structure is 20µm. The structure used for heat
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Figure 5.7: The schematic of the standard integrated laser used in this simulation
indicating important parameters of the structure b) The simulated RL−th as a function of
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Figure 5.8: The simulated temperature distribution of the integrated laser with different
heat removal configuration a) without heat removal structure b) with top heat removal

structure c) with top and bottom heat removal structure

removal is also 20µm wide. c) standard integrated laser with both top and bottom
gold connection to another epitaxial stack for the top part and to the substrate in
the bottom part, RL−th=7.8 K.cm/W. With assistance of a heat removal structure
on the top contact, the maximum temperature of the laser is reduced by 23%.
This can be improved further by increasing the Au thickness and increasing the
width of the heat removal structure. On the other hand, by adding both top and
bottom heat removal structures, the improvement is 34%. However, the structure
is significantly more complex to fabricate compared to the one with only top heat
removal structure. Therefore, the integrated GaSb-based FP laser with top heat
removal structure (Fig. 5.8b) is selected for the experiment.
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5.3 Integration and Fabrication

The SOI sample/InP sample and epitaxial die are cleaned with acetone and iso-
propanol. DVS-BCB diluted with mesitylene (2:3 DVS-BCB:Mesitylene) is spin
coated on the SOI substrate/InP substrate. The sample is then baked at 150◦C for
5 minutes. The epitaxial die is then transferred onto the SOI substrate/InP sub-
strate at 150◦C in air. A small force is applied on the die using tweezers to ensure
good microscopic contact between the DVS-BCB coated SOI/InP substrate and
the epitaxial die. The sample is then baked at 250◦C for 1hr (the details can be
found in Section 3.2.4.1). A DVS-BCB bonding layer thickness measured from
the oxide box layer/InP substrate of ∼560nm/730nm is obtained in this demon-
stration. The side wall of the epitaxial die is then protected before grinding by
using CrystalBond glue [22] to prevent lateral etching during the wet etching pro-
cess. Grinding is performed on a glass plate using a Lapmaster. A slurry based on
water and aluminum powder (12.5µm diameter particles) is used as the abrasive
agent. The GaSb substrate is grinded down to 50-100µm thickness. Detail of this
process can be found in Section 3.3.2. Wet etching (Chromic acid based solution,
CrO3:HF:H2O (1:1:3 v/v), Section 3.3.3.1) is then used to remove the rest of the
substrate.

After the substrate removal, the etch stop layer (InAsSb) is etched away by
wet processing (Citric acid based solution, C6H8O7:H2O2 (2:1 v/v); see Section
3.3.3.2). Fig. 5.9 presents a summary of the laser fabrication process. The p-
doped contact metallization (Ti/Pt/Au 2/35/100nm) is deposited using electron
beam evaporation. Next, the laser mesa is formed by wet etching using two lithog-
raphy steps. First, the GaSb p-doped layer is etched using a phosphoric acid based
solution (Citric acid:H2O2:H3PO4:H2O, 55:5:3:220 v/v, Section 3.3.3.3). The
Al0.9Ga0.1As0.07Sb0.93 cladding is then etched using a hydrochloric acid based
solution (HCl:H2O:H2O2 (50:100:1 v/v), Section 3.3.3.5). After a second lithog-
raphy step, which is required to protect the etched mesa from too much undercut, a
phosphoric acid based solution (Section 3.3.3.3) is again used to etch the QWs and
SCH region. The n-doped cladding is then removed using the HCl-based solution
similar to the p-doped cladding (Section 3.3.3.5). AuGe/Ni/Au (150/60/100nm) is
deposited as n-contact using a thermal evaporator system. DVS-BCB (3022-46) is
then used to planarize and passivate the laser. Next, RIE (Section 3.3.4.2) is used
to etch the DVS-BCB for opening the contact vias. 50/500nm Ti/Au is then de-
posited for probing. Before cleaving the sample, the InP/SOI substrate is grinded
down to approximately 150µm for InP and 100µm for SOI to accommodate the
cleaving process such that a good facet is obtained. Fig. 5.10a shows a top view
optical image of the laser and Fig. 5.10b presents a SEM image of the facet and
the cross section of the realized device.
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Figure 5.10: a) An optical image of the realized integrated FP laser on InP substrate b)
SEM image of the cross section of the mesa of the realized device
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Figure 5.9: Process flow for fabricating an integrated GaSb-based FP laser

5.4 Measurement results

The measurement setup consists of a Keithley 2400 for continuous wave (CW)
current injection and a Lightwave LDP-3811 current source for pulsed measure-
ments. A Yokogawa optical spectrum analyzer (AQ6375) is used for spectral anal-
ysis. Light is collected using multimode fiber with a 50µm core diameter (M42L01
from Thorlabs). A thermoelectric cooler is used to control the temperature of the
substrate. Fig. 5.11 illustrates the setup used for characterizing the integrated
GaSb-based FP laser. Laser characteristics are measured and studied in 3 aspects:
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Figure 5.11: a) Measurement setup used for laser characterization. The sample is mounted
on a thermo-electric cooler stage. 50µm core multimode fiber is used to coupled light from
the laser facet to the OSA. b) zoom of the devices with needle probes and a fiber coupled

horizontally to a laser facet

L-I-V curves, optical spectra associated with the L-I-V curves and thermal charac-
teristics.

5.4.1 Proof of concept: Integrated GaSb-based Fabry-Perot lasers
on InP substrate

5.4.1.1 Optical characteristics

The measurement of the L-I-V curves is conducted at room temperature. The L-
I-V characteristic of a fabricated integrated GaSb-based FP laser is presented in
Fig. 5.12a. The laser mesa is 15µm wide and 490µm long. The threshold current
is 31mA in pulsed regime and 49.7mA in CW regime, corresponding to a current
density of 422 and 676A/cm2 respectively. These threshold currents confirm that
realizing a thin-film GaSb laser is feasible with good laser performance i.e. contin-
uous wave operation at room temperature. The maximum output power is 58µW
at 77mA. The optical output power is relatively low compared to literature [11, 23]
due to several reasons such as: 1) Low internal efficiency due to a shunt path. Rsh
can be used to indicate the conductivity of the shunt path at zero bias. Typical
Rsh is in the order of MΩ [24, 25]. However, in our case, it is ∼0.06-0.25kΩ.
This indicates high leakage current on our laser structure. 2) The quality of the
semiconductor-metal contact or Rs is also of importance. A high value of Rs re-
sults in high voltage drop across the diode, thereby increasing heat dissipation,
consequently reducing the gain. Typically the value of Rs is lower than 1-5Ω [25].
In our case, the distribution of Rs.Llaser is shown in Fig. 5.13. These results
indicate a relatively high and large variation of Rs (5-15Ω). The values obtained
for Rsh imply that current injection efficiency can be improved further by inves-
tigating passivation materials to reduce leakage current, thereby increasing shunt
resistance. A proper selection of the contact metal reduces Rs further and im-
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prove its stability. Laser spectra at different bias current are shown in Fig. 5.12b.
The peak wavelength shifts towards longer wavelengths with the increase of bias
current, indicating self-heating.

Fig. 5.14a shows the threshold current density as a function of laser mesa width
(laser cavity length: 690µm). The increase of Jth at narrow waveguide widths
indicates the decrease of the injection efficiency due to surface recombination and
current leakage and the increase in optical loss due to scattering of the laser mode
at the etched sidewalls [26]. The Jth in pulsed operation is plotted as a function of
the inverse cavity length in Fig. 5.14b. By linearly fitting the curve and extracting
the parameters according to Equation 5.5, I obtain a Jth of 223A/cm2 at infinite
length. This Jth at infinite length is relatively high compared to standard FP lasers
in literature e.g. 150 A/cm2 [11], 145 A/cm2 [27]. This is attributed to the low
current injection efficiency and high scattering loss in the laser waveguide. The
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Figure 5.14: Threshold current density as a function of a) laser width (device length
690µm) b) inverse cavity length for a laser width of 25µm

performance of the device would improve by minimizing parasitic shunt paths as
well as reducing the scattering loss in the laser waveguide.

5.4.1.2 Thermal characteristics

Fig. 5.15a shows the L-I characteristic as a function of temperature. By fitting the
natural logarithm of Jth as a function of temperature, as shown in Fig. 5.16, a T0 of
44K is estimated from Equation 5.7. Fig. 5.17a represents the linear interpolation
of wavelength drift as a function of ambient temperature, when the laser is operated
in pulsed regime to avoid self-heating. The corresponding optical spectrum are
shown in Fig. 5.15b. Fig. 5.17b represents the wavelength drift as a function of
power consumption. By using Equation 5.9, the length-specific thermal resistance
is estimated as 22K.cm/W. This high thermal resistance, compared to traditional
laser fabrication [28] can be attributed to the relatively thick adhesive bonding
layer (730nm) used to optically isolate the laser mode from the substrate. Given
the low thermal conductivity of the adhesive bonding layer (0.3W/mK [15]) a high
thermal resistance can be expected. Therefore, thermal management improvement
is required. This is possible to implement by increasing the thickness of the gold
contact (The current structure has 600nm and 800nm Au thickness respectively) or
employing the laser structure with both top and bottom heat removal path (Section
5.2.3). The experimental RL−th value is also higher than the value obtained from
the simulations in Fig. 5.8b. This discrepancy is still unclear. The parameters used
in the simulation might be inaccurate due to limited information in literature.
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Figure 5.15: Temperature dependent characteristics of the thin-film lasers (18µm wide and
490µm long) a) L-I characteristic at different temperatures b) Optical spectra at different

temperatures in pulsed regime
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Figure 5.16: Natural logarithm of Jth as a function of temperature to determine T0

5.4.2 Demonstration of integrated GaSb-based laser with poly-
mer waveguide coupling to a silicon waveguide

It is a common goal for integrated waveguide circuits to couple light between
active devices and passive waveguide circuits. In this case, an integrated GaSb-
based FP laser fabricated on an SOI waveguide circuit is designed to couple its
output power to a single mode Si waveguide using a polymer waveguide formed
on an inverted Si taper. From the simulation results in Section 5.2.2, a 10µm
polymer waveguide is selected while the laser has a top heat removal structure.
The polymer waveguide width is kept slightly wider than the mesa to ensure high
coupling efficiency. The same epitaxial structure as described in Section 5.4.1,
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Figure 5.17: Lasing wavelength change as a function of a) carrier temperature (pulsed
operation, so no self-heating) b) power consumption

is used for this work. Therefore, the same integration and laser fabrication as
discussed in Section 5.3 are employed. The polymer waveguide is formed using
RIE etching with a SF6 and O2 mixture (Section 3.3.4.2) at the same time with
the opening process of the contact vias. Fig. 5.18a shows the optical image of
the coupling section. The polymer waveguide streches from the edge of the laser
facet to the end of the inverted taper. 200µm is left from the end of the polymer
taper to the edge of the cleaved Si waveguide. A coupling length of 400µm is
used. The back facet is formed using focused ion beam (FIB) to achieve high
reflectivity (∼30%) due to the fresnel reflection at the semiconductor-air interface.
The reflectivity of the front facet formed at the interface between DVS-BCB and
the laser is calculated at R∼16% (nDV S−BCB = 1.54 [15], nlaser = 3.6). Fig.
5.18b shows the cross section of the laser. The laser mesa is 6.5µm wide and the
length is 925µm. The bonding thickness is 560nm, measured from the oxide box.

The Si waveguide is cleaved to collect the laser output power horizontally us-
ing 50µm core diameter multimode fiber (M42L01 from Thorlabs). The same
measurement setup as discussed in Section 5.4 is utilized. Fig. 5.19a shows the
L-I characteristic at 5 and 10◦C in CW mode. The threshold current is 85mA in
pulsed regime and 130mA in CW mode. This corresponds to a Jth of 1.4kA/cm2

and 2.2kA/cm2, for pulsed and CW regime respectively. This high Jth is attributed
to the small size of the laser mesa. This in turn, gives high Rs and therefore in-
creases the internal temperature. The optical spectrum measured at 10◦C is shown
in Fig. 5.19b. The lasing wavelength is at ∼2.01µm at 5◦C in CW mode. Fig.
5.19c represents the comparison of the L-I characteristic using multimode fiber
and single more fiber (M42L01 and SMF-28 respectively) at 5◦C temperature.
Multimode fiber gives higher coupling efficiency than single mode fiber. The low
output power is attributed to the misalignment between the laser and Si waveguide
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Figure 5.18: a) Optical image of the realized device representing the top view of the laser
mesa connected to the polymer waveguide formed on an inverted Si waveguide b) SEM

image of the cross section of the laser mesa

as shown in Fig. 5.18.

5.5 Summary and outlook

In summary, the integration and fabrication technique for integrated GaSb-based
FP lasers on an SOI waveguide circuit is developed and demonstrated. I devel-
oped a simple FP laser fabrication technique employing only wet etching processes
which can potentially be used in wafer scale manufacturing. Subsequently, the in-
tegration of a GaSb-based FP laser on a InP substrate is demonstrated as a proof of
concept to confirm the feasibility of realizing thin-flim GaSb-based FP lasers onto
any carrier with good performance. The integrated laser operates at room temper-
ature with low threshold current density(676A/cm2 in CW operation). The lasing
wavelength is around 2.0µm. Furthermore, the integration of a GaSb-based laser
on an SOI waveguide circuit is demonstrated. The integrated FP laser operates in
CW mode at temperatures up to 10◦C with a Jth of 1.4kA/cm2 and 2.2kA/cm2,
for pulsed and CW regime respectively. A polymer waveguide formed on an in-
verted Si taper is used to couple the light from the laser facet to a single mode
Si waveguide. The simulation shows maximum coupling efficiency of 62% with
perfect waveguide alignment and optimized epitaxy stack. This coupling design
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allows the utilization of a standard epitaxial laser structure with high quantum ef-
ficiency to be integrated on an SOI waveguide circuit. Our experiment confirms
this possibility.

However, there are some fabrication limitations which may adversely affect the
laser performance, for example, misalignment between the laser and Si waveguide,
therefore, decreasing coupling efficiency. Another limit of this type of integrated
laser is the difficulty to form a highly reflective mirror for the laser cavity. The
maximum reflectivity that can be achieved in our design is the reflection at the
interface of air and III-V using FIB which is not a wafer scale technique. An alter-
native is to use dry etching. Moreover, there is always a need for single wavelength
lasers.

To solve these problems, in the next chapter, I investigate another type of in-
tegrated laser where the design can accommodate a more efficient light coupling
into an Si waveguide circuit. The design is improved using a distributed feedback
structure formed on the Si waveguide. This structure allows the formation of a
high performance single wavelength laser.
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6
Electrically Pumped Hybrid

InGaAsSb-Si Laser Emitting at
2.42µm

In this work, I report on an electrically pumped hybrid Fabry-Perot (FP) InGaAsSb-
Si laser emitting at 2.42µm wavelength. The device has a threshold current density
(J0) of 1.75kA/cm2 at infinite length at 10◦C in pulsed regime. The design, fab-
rication process and measurement results are discussed. The design of a hybrid
InGaAsSb-Si distributed feedback laser is also included.

6.1 Introduction

In the previous chapter, thin-film GaSb-based FP lasers on InP substrate were
demonstrated. The results were a proof of principle of the fact that the integra-
tion of GaSb-based lasers on an InP substrate operating CW with low threshold
current is feasible. The device was further integrated on an SOI waveguide cir-
cuit. A polymer waveguide is designed to couple the light output from the laser
facet into the Si waveguide circuit. The results bring us a step closer to a fully
integrated spectrometer. Nevertheless, the polymer waveguide is not an optimal
solution for laser integration on a platform. Moreover, typically there is a need for
single wavelength devices instead of FP type lasers.

In this chapter, I propose an electrically pumped hybrid InGaAsSb-Si laser
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Figure 6.1: a) Not-to-scale device schematic b) optical mode profile (λ = 2.42µm,
TE-polarization)

where the optical mode is designed to be predominantly confined in the Si waveg-
uide. The design allows flexible control over the light coupling between laser
cavity and Si waveguide. Single mode lasing operation can be achieved by imple-
menting a wavelength selective grating in the Si.

The chapter begins with the epitaxial and optical design of the integrated hy-
brid laser. It is followed by an explanation of the SOI fabrication process, the III-V
on Si integration as well as the laser fabrication. The measurement results of an
integrated FP lasers on SOI waveguide are presented. The simulation results on a
hybrid distributed feedback (DFB) laser are analysed and discussed. The chapter
ends with a summary and an outlook of this work.

6.2 Design and Simulation

The schematic of the proposed device is shown in Fig. 6.1a. The laser structure
consists of In0.67Ga0.33As0.12Sb0.88 QWs (quantum wells) as a gain region and
uses Si as a passive waveguide material. The 1-dimensional optical mode profile
along the Y axis is shown in Fig. 6.1b. The device is designed such that the optical
mode is divided over the Si waveguide and GaSb laser waveguide. Therefore, a
fraction of the optical mode overlaps with the QW active region to provide gain.
This approach provides a route towards the efficient coupling of the laser radiation
to an adjacent passive Si waveguide circuit. The drawback of this design is the
small overlap with the QWs resulting in low modal gain. This leads to an increase
in threshold current. The optical mode and confinement factor in the active region
can be manipulated by changing the Si waveguide width and thickness and DVS-
BCB thickness as will be discussed later.
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Layer Material
Thickness
(nm) Doping

Refractive
index

loss at
2.4µm
(cm−1)

n-contact GaSb 150 2x1018 3.85 80
n-grading composition grating 100 2x1018 3.5 22
n-
cladding Al0.9Ga0.1As0.08Sb0.92 100 5x1017 3.14 5.6

SCH Al0.35Ga0.65As0.03Sb0.97 100 undoped 3.57
MQWs Ga0.67In0.33As0.12Sb0.88 10x4 undoped 3.9

Al0.35Ga0.65As0.03Sb0.97 30x3 undoped 3.57
SCH Al0.35Ga0.65As0.03Sb0.97 100 undoped 3.57
p-
cladding Al0.9Ga0.1As0.08Sb0.92 500 5x1017 3.14 8

p-
cladding Al0.9Ga0.1As0.08Sb0.92 1000 2x1018 3.14 32

p-grading composition grating 100 32
p-contact GaSb 100 1x1019 3.9 70
etch stop
layer InAs0.91Sb0.09 150 1x1019 3.5

substrate GaSb

Table 6.1: Epitaxial structure used for this work

The laser epitaxial structure is grown by MBE (solid source molecular beam
epitaxy) at the university of Montpellier 2. The epitaxy is grown on a n-doped
(100)GaSb substrate in a reversed stack growth fashion. A highly doped tun-
nel junction consisting of 150nm n-doped InAsSb(Si-1x1019 cm−3)/100nm p-
doped GaSb(Si-1x1019 cm−3) is used as a p-contact with the aim of achieving
low contact resistance [1]. 100nm compositional grading between the p-GaSb
and Al0.9Ga0.1As0.07Sb0.93 p-cladding layer is inserted to reduce the series re-
sistance. 1.5µm of p-doped Al0.9Ga0.1As0.07Sb0.93 is used as a p-cladding to
keep the optical mode away from the p-contact. The doping is done in 2 steps:
Si-1x1018 cm−3for 1.0µm and Si-5x1017 cm−3 for 0.5µm close to the active re-
gion to reduce free carrier absorption. The active region consists of 4 QWs of
In0.67Ga0.33As0.12Sb0.88 with 1.2% compressive strain separated by Al0.35Ga0.65As0.03Sb0.97

barriers. The QW active region is surrounded by 100nm thick Al0.35Ga0.65 AS0.03Sb0.97

separate confinement layers (SCH) on both n and p side. 100nm of 5x1017 cm−3

Te-doped Al0.9Ga0.1As0.08Sb0.92 is used as n-cladding followed by a 100nm com-
positional grading layer to the highly doped (Te-2x1018 cm−3) 100nm thick n-
GaSb contact layer. The epitaxial structure is summarized in Table 6.1.

Fig. 6.2a represents the simulation of the confinement factor in Si and QWs
as a function of Si thickness, for the fundamental TE mode at 2.42µm. The Si
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Figure 6.2: Simulation of Si and QW confinement for different a) Si thickness b) DVS-BCB
bonding thickness. (λ=2.42µm, TE-polarization) The insets show the optical mode field

distribution along the Y-axis (Fig. 6.1) for different parameters of the structure

etch depth and the DVS-BCB thickness between the top of the Si waveguide and
the bottom of the epitaxial structure are kept at 150nm for this simulation. The Si
waveguide width is 3µm and the mesa width is 21µm. The confinement factor in
Si increases significantly in a Si thickness range from 1µm to 1.7µm after which
it saturates while the opposite happens for the QW confinement. A Si thickness of
1.5µm is selected for this experiment to obtain a confinement factor of 50% and
3% in the Si and QW region respectively. Fig. 6.2b shows the impact of the bond-
ing layer thickness on the Si and QW confinement factor. All other parameters
are kept the same as in Fig. 6.2a. A strong dependence of the mode profile on
the DVS-BCB thickness can be seen. In this experiment, 150nm BCB thickness is
selected. The simulated modal loss in this waveguide structure is 9.5cm−1 which
is mostly related to the free carrier absorption losses in the n-doped contact layer.
In addition, due to the narrow Si waveguide trench in this first design (2µm) addi-
tional loss results from the leakage of the optical mode to the Si slab (42cm−1) for
a 2µm wide Si waveguide. This leakage loss can be eliminated by increasing the
trench width from 2 to 6µm

6.3 Integration and device fabrication
The Si waveguide is patterned using i-line contact lithography. The waveguide
is formed using RIE (Reactive Ion Etching) using a SF6-O2 chemistry etching
150nm deep into the Si device layer (see Section 3.3.4.2). The Si sample is then
cleaned using a RCA solution (NH4OH:H2O:H2O2, 1:5:1 v/v) for 15 minutes at



ELECTRICALLY PUMPED HYBRID INGAASSB-SI LASERS 145

Figure 6.3: SEM image of the realized laser a) overall cross section indicating the current
injection channel and mesa b) the inset of Fig. 6.3a representing the bonding interface

80◦C. Afterwards, the sample is dried at 150◦C for 5 minutes. The integration is
performed through a die-to-wafer bonding process utilizing DVS-BCB as a bond-
ing agent. The thickness of the DVS-BCB is controlled by diluting the polymer in
mesitylene. The DVS-BCB:mesitylene 1:3 solution is spin coated on the sample
for planarization. The sample is then pre-cured at 210◦C for 40 minutes. A second
layer of DVS-BCB with the same dilution is then spin coated on the sample as
bonding layer. The epitaxy is brought in contact with the Si waveguide chip in
air after the sample is cooled down to 90◦C. The sample is then loaded into the
bonding chamber (SUSS Microtec Elan CB6L substrate bonder). The bonding is
performed in a vacuum. The DVS-BCB is cured at 250◦C for 1hr in a nitrogen
environment. The general details of bonding machine and bonding procedure can
be found in Section 3.2.4.2. The GaSb substrate is then completely removed by
using a combination of lapping (Section 3.3.2) and wet etching (CrO3:HF:H2O,
1:1:3 v/v, see Section 3.3.3.1), using 150nm InAsSb as an etch stop layer.

The laser mesa is formed completely by wet etching. The selection of the
etching solution depends on the material. For InAsSb, a mixture of citric acid:
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(a) (b)

Figure 6.4: Simulated optical mode of the hybrid integrated InGaAsSb-Si laser waveguide
a) fundamental mode with DVS-BCB thickness of 250nm b) the second-order mode with

DVS-BCB thickness of 250nm. The simulation is performed using a 3µm wide Si
waveguide, 5µm wide injection channel, 2µm wide trench

H2O2 (2:1 v/v) is used (Section 3.3.3.2). A H2O2:HCl:H2O (1:50:100 v/v) solu-
tion is used for etching Al0.9Ga0.1As0.08Sb0.92. Finally, QWs, separate confine-
ment layers (SCH) and GaSb layers are etched using a phosphoric acid based solu-
tion(citric acid:H2O2:H3PO4:H2O 55:5:3:220 v/v). Ti/Pt/Au(2nm/35nm/100nm)
and GeAu/Ni/Au(150nm/50nm/100nm) are deposited as p-contact and n-contact
respectively. The laser ridge is then passivated with 100nm SiO2. DVS-BCB
(3022-46) is finally used for planarization. The p and n contact vias are then
opened using RIE (SF6-O2 chemistry), after which 20/500nm Ti/Au is deposited
for probing. The Si substrate is lapped down to 100µm to accommodate the cleav-
ing process, after which the laser facets are formed. No facet polishing or high
reflection coating is applied. The experiment is performed using 2 different Si
waveguide widths (2, 3µm) and varying laser mesa width and cavity length. The
current injection window is kept nominally at 5µm. Fig. 6.3 shows a SEM (scan-
ning electron microscope) cross section image of one of the lasers. Fig. 6.3a
represents the overall structure of the laser waveguide. The current injection win-
dow is 5.6µm wide and the laser mesa is 15µm wide. The bonding interface is
shown in Fig. 6.3b. The bonding layer is approximately 150nm thick.

Additionally, the uniformity of the thickness of the DVS-BCB layer is inves-
tigated in this structure by performing a FIB cross section at several points on the
sample within an area of 1x1mm2. The thickness of the DVS-BCB layer is found
to be between 150nm to 250nm. This thickness variation is most likely caused by
the nonuniform force applied on such a small sample. This thickness variation is
believed to cause the lasing mode profile to be a combination of the fundamen-
tal hybrid mode and the second-order mode which is predominantly confined to
the III-V. Fig. 6.4 shows the simulated mode profiles (TE-polarization) of a) the
hybrid optical mode in a III-V/Si structure with 250nm DVS-BCB thickness and
b) a second-order hybrid mode (250nm DVS-BCB thickness) using the following
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parameters: 3µm Si waveguide, 5µm injection channel, 2µm trench. As can be
seen, in Fig. 6.4a, for the fundamental mode, the confinement in Si increases as
the thickness of DVS-BCB increases. This leads thereby to a reduction of the opti-
cal gain and consequently increasing threshold current. The second-order mode is
strongly leaking when the DVS-BCB thickness is 150nm. As the thickness of the
DVS-BCB increases, the overlap of the optical mode and QWs increases as shown
in Fig. 6.4b. At the same time, the modal loss of the second-order mode is reduced,
therefore, it is possible for the second-order mode to start lasing when the DVS-
BCB thickness is at 250nm. This problem can be solved by increasing the trench
width to be wider than 6µm. This suppresses the leakage loss, thereby, maintain-
ing the internal loss of the fundamental mode to be smaller than the second order
mode at thick DVS-BCB layer.

6.4 Experimental results and discussion

The lasers are characterized using standard multimode fiber (50µm core) butt-
coupled to the laser facet. An optical spectrum analyzer (Yokogawa AQ6375) is
used to record the output spectrum and average optical output power from a single
facet. Needles probes are used to inject current from a Keithley 2400 source for
CW operation and from a Lightwave 3811 current source for pulsed operation. A
thermoelectric cooling stage is used for controlling temperature.

6.4.1 Optical Performance

Fig. 6.5 represents the L-I characteristic of a InGaAsSb/Si hybrid laser at 10◦C in
pulsed regime. The output spectrum of this device is presented in the inset of Fig.
6.5. The device is 590µm long and has a 5µm wide current injection window, a
laser mesa width of 17µm and a Si waveguide width of 3µm. This yields a thresh-
old current density (Jth) of 3.78kA/cm2. The spectrum shows multimode behavior
as expected from a FP laser. The threshold current density Jth is plotted in Fig.
6.6 as a function of the inverse of the device length for 2µm and 3µm width Si
waveguide devices, while the other parameters are kept the same. A transparency
threshold current density (J0) of 1.75kA/cm2 and 816A/cm2 is obtained for a Si
width of 2µm and 3µm respectively. As discussed earlier, this high J0 is expected
from the high modal loss as well as the small overlap with the gain region. There-
fore, this can be improved by reducing the doping level in the n-contact layer to
decrease free carrier absorption. Increasing the overlap with the QW active region
by using thinner DVS-BCB and/or Si is also possible. In addition, the threshold
current density at infinite length J0 of 2µm Si waveguide structures is higher than
that of the 3µm Si waveguide width. This agrees well with the estimation of the
optical mode leakage in the 2µm wide Si waveguide as discussed earlier.
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current density J0 at infinite length of 1.75kA/cm2 for a 2µm Si waveguide width and

816A/cm2 for a 3µm wide Si waveguide.

6.4.2 Thermal Characteristics

Fig. 6.7a represents the L-I characteristic of the hybrid laser at different tempera-
tures. By fitting the natural logarithm of the threshold current density as a function
of the stage temperature as shown in Fig. 6.7b, a characteristic temperature (T0)
of 53K is obtained. This value of T0 is comparable to the value obtained for GaSb
lasers on their native substrate with an emission wavelength close to 2.5µm (40-
71K) [2, 3].
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Figure 6.8: a) I-V characteristics and b) series resistance as a function of mesa width
(3µm wide Si waveguide, 5µm current injection window, 718µm long laser cavity)

6.4.3 Electrical Characteristics

Fig. 6.8a represents the I-V characteristic of different lasers (3µm Si width, 5µm
current injection window and 718µm length) with varying mesa width. Fig. 6.8b
shows the series resistance as a function of mesa width. As can be seen, at negative
bias, the leakage current increases for narrower mesas, while the series resistance
at positive bias increases linearly with the mesa size. This leakage current implies
that current injection of these lasers is not very efficient. This is attributed to a
leakage current on the surface of the etched mesa. Therefore, it can be improved
by increasing the mesa width in exchange for a slight increase in series resistance.
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along YZ representing important parameters for designing hybrid DFB laser

6.5 Towards integrated hybrid InGaAsSb-Si distributed
feedback (DFB) laser diodes

FP lasers support many longitudinal modes which is not suitable for several appli-
cations such as gas sensing. In order to obtain a single mode laser, a wavelength
selective element such as a Bragg grating can be incorporated into the laser cavity.
Fig. 6.9a presents the proposed laser structure where the Bragg grating is formed
on the Si waveguide. The epitaxial die is bonded on top of SOI waveguide circuit
similar to the proposed hybrid FP laser structure as described earlier. A schematic
of a cross section of Fig. 6.9a along the YZ is presented in Fig. 6.9b which indi-
cates the critical parameters for this design.

The DFB laser behaviour is determined by the Bragg condition:

2 · Λ = m · λ = m
λ0

neff
with m = · · · ,−2,−1, 0, 1, 2, · · · (6.1)

where Λ is the grating period, λ is the wavelength of the lasing mode and neff
is an average effective index of the fundamental mode of the etched and unetched
waveguide. m is the integer representing the order of the grating. Generally, first
and second-order gratings are most commonly used. Λ is inversely proportional
to the average of the effective refractive indices which depends on the waveguide
structure, the duty cycle of the grating and the etch depth as depicted in Fig. 6.9b.
The duty cycle is defined as the ratio of the length of the unetched slab (Λh) to Λ.
In this work, the epitaxial structure is kept the same as for the FP laser. CAMFR
[4] is employed to calculate the effective index of the 1D structure as well as
the period of the grating. The simulation of the first-order grating period as a
function of lasing wavelength is depicted in Fig. 6.10. The period has to be varied
from 0.34 to 0.37µm to cover the wavelength from 2.3 to 2.5µm which is already
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Figure 6.10: The first-order grating period as a function of lasing wavelength assuming a
50% duty cycle a) at different etch depth where the DVS-BCB thickness is 150nm b) at

different DVS-BCB thicknesses where the etch depth is 50nm

boarder than the bandwidth of the gain medium. There are small changes in the
grating period when the etch depth and the thicknesses of DVS-BCB are varied
as shown in Fig. 6.10a and b respectively. However, if the etch depth is large, it
is difficult to fill in all trenches using DVS-BCB. Consequently, it leads to poor
bonding quality. Therefore, an etch depth of 50nm was selected and used for
following simulations. For the first-order grating, a duty cycle of 50% is used
for this simulation. From the previous discussion on hybrid FP lasers, we can
conclude that the gain peak is located at 2.4µm wavelength. Therefore, 2.4µm is
used for the following simulations.

The parameter typically used to design distributed feedback gratings is the
coupling coefficient (κ) which represents the reflectivity of the fundamental prop-
agating mode per unit length (cm−1). Assuming a square profile of the grating and
using a perturbation approximation, κ is expressed as [5, 6]:

κ =
2(nheff − nleff )

m.λ0
.sin(m.π

Λh
Λ

) (6.2)

where nheff and nleff are the effective indices of the fundamental mode in the
unetched and etched slab respectively. m is the order of the grating. The maximum
value of κ is obtained when 50% duty cycle is used for the first-order grating. From
Equation 6.2, one can see that κ depends strongly on the effective indices of the
etched and unetched structure i.e. it depends, therefore, on the etch depth and the
thickness of DVS-BCB layer. Fig. 6.11 shows the dependence of κ as a function
of the thickness of DVS-BCB layer and etch depths. A very high value of κ is
not desirable because it leads to a short cavity length, thereby, increasing the self-
heating effect. Reducing κ by using thick DVS-BCB layer would also leads to an
increment in self-heating effect due to the low thermal conductivity of the DVS-
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Figure 6.11: Coupling coefficient κ as a function of DVS-BCB thickness at different etched
depths

BCB as discussed in Section 5.2.3. A compromise between a reasonable value for
the coupling strength κ and bonding yield leads to the selection of a 50nm etch
depth and 100nm bonding layer thickness for this work.

In order to decide the length of the grating of DFB lasers (Lg which would
provide sufficient reflectivity (R) for laser cavity as well as light output coupling),
the product of κ and the grating length (Lg) is normally assessed. The relationship
between κ , Lg and R is expressed as [7] (assuming a transparent laser waveguide):

R = tanh2(κ · Lg)→ κ · Lg = arctanh(
√
R) (6.3)

A typical value of κ.Lg is chosen between 1-3 for a DFB laser. Very high κ.L
results in spatial hole burning and low output power [8] which is undesirable. Fig.
6.12a and b illustrates κ.L as a function of grating length for different DVS-BCB
thickness both for a first-order and second-order grating respectively. As expected,
thin DVS-BCB layers provide a high κ.Lg product for both the first-order grating
(assuming a 50% duty cycle) and the second-order grating (assuming a 75% duty
cycle). An etch depth of 50nm is used for this simulation. Considering 100nm
DVS-BCB thickness, it is possible to obtain a value of κ.Lg up to 4 with a Lg of
only 300µm. The reflectivity in the second-order grating is weaker compared to
the first-order grating at the same DVS-BCB thickness. This results in a longer
device in the second-order grating in order to obtain the same κ.Lg product as in
the first-order grating. Nevertheless, the second-order grating device (Λ ∼0.7µm)
is of interest in this work because it is very challenging to fabricate the first-order
grating period of ∼ 0.35µm using electron-beam lithography. By fabricating the
second-order grating with a period of 0.75µm, it would relax fabrication process
of the grating. Also, using a second-order DFB reduces the thermal resistance of
the laser.
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Figure 6.12: κ.L as a function of Lg at different thicknesses of DVS-BCB with 50nm
corrugation depth a) the first-order grating b) the second-order grating
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Figure 6.13: Simulated reflectivity of Bragg grating with different DVS-BCB thicknesses a)
the first-order grating with Lg = 105µm b) the second-order grating with Lg = 420µm

The impact of the thickness of the DVS-BCB layer on reflectivity and peak
wavelength of the grating is investigated. 50nm etch depth and 100nm DVS-BCB
thickness are used for the simulation. Λ is set at 0.35µm for the first order grating
and 0.7µm for the second-order grating to achieve maximum reflectivity at 2.4µm
wavelength. Lg is set at 105µm and 420µm for the first and second order grat-
ing respectively. The peak wavelength is blue-shifting with increasing DVS-BCB
thickness for both the first and second order grating as depicted in Fig. 6.13a and
b respectively.
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6.6 Conclusion
In conclusion, I have demonstrated hybrid Si-InGaAsSb lasers which emit at 2.42µm.
The devices operate at room temperature in pulsed regime. While there is still
scope for device performance improvement, this demonstration brings us signifi-
cantly closer to fully integrated spectroscopic systems on a Si chip. A laser with
single wavelength emission using this hybrid structure is proposed. The simulation
results shows the potential of this laser structure to realize a hybrid InGaAsSb-Si
DFB laser emitting at 2.4µm on an SOI platform.
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7
Conclusions

7.1 Conclusions

Interest in sensing liquids and gases such as glucose, CH4 and CO using SWIR
spectroscopy has increased over the past decade due to the low absorption of wa-
ter in this wavelength region. Conventional spectroscopic techniques, which may
offer high accuracy, however, require expensive and bulky sources and detectors.
A compact, low-power system is thus strongly desirable for many portable and
body-implantable applications. GaSb and its compounds are excellent semicon-
ductor materials for the SWIR. Several room temperature lasers and detectors have
thus far been demonstrated using GaSb, underscoring its suitability for integrated
active components. Silicon-On-Insulator (SOI), on the other hand, offers mass
production of optical circuits with CMOS compatibility. This makes it ideal as
a passive integrated optical circuit platform, but without the capability of light
emission and detection due to the absence of a direct band gap. Combining SOI
and GaSb optoelectronic components could thus yield a compact, efficient spec-
troscopic detection system.

The work in this thesis deals with the challenges in heterogeneous integration
of GaSb based devices on SOI waveguide circuits. The work begins with an inves-
tigation of the potential of SOI waveguides as a passive, SWIR platform. Chapter
2 discusses state-of-the-art results for high efficiency fiber-to-chip grating couplers
with -3.8dB insertion loss at 2.1µm. In Chapter 3, the integration and fabrication
techniques for GaSb-based lasers and detectors are developed. An adhesive inte-
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gration technique using DVS-BCB is used in this thesis because of its good bond-
ing properties regardless of the substrate. An assessment of different substrate
surface treatments is performed to optimize the integration process. Depending
on the device components and materials composition, etching processes (wet and
dry) and metallization are assessed and optimized. In Chapter 4, the realization of
integrated InGaAsSb photodiodes on SOI is demonstrated. The design is focused
on two main approaches to couple light from Si to III-V: evanescent and grating-
assisted coupling. The fabricated devices operate at room temperature with high
responsivity. These results prove the feasibility in integrating GaSb-based devices
on the SOI waveguide circuit platform.

In Chapter 5, an integrated Fabry-Perot (FP) laser on an SOI waveguide circuit
is investigated. The first step is to assess the possibilities in integrating lasers on
SOI waveguide circuits in developing a robust fabrication process. Standard laser
epitaxy bonded on a InP substrate is selected as a first test. FP lasers with different
lengths and mesa widths are fabricated and characterized. The minimum threshold
current density achieved at room temperature is 422 and 676A/cm2 for pulsed and
CW operation, respectively. In the second step, the integration of FP lasers on SOI
waveguides with DVS-BCB polymer waveguides formed on a Si inverted taper to
couple light from the laser to Si waveguide are demonstrated. The lasers operate
in CW mode up to 10◦C. The result demonstrates the possibility in integrating a
GaSb-based laser on any carrier. However, this laser design limits light coupling
efficiency from laser to Si waveguide. Therefore, a hybrid InGaAsSb-Si laser is
proposed and designed in Chapter 6. The design of the hybrid laser is focused on
increasing the confinement of the optical mode in the Si waveguide such that only
the evanescent field overlaps with the gain region. The first hybrid InGaAsSb-Si
FP laser emitting at 2.4µm operates up to 10◦C in pulsed regime with a threshold
current density of 1.75kA/cm2 at infinite length. This result opens up possibilities
in designing hybrid InGaAsSb-Si distributed feedback lasers.

7.2 Perspectives and future work

The successful demonstration of both GaSb-based integrated photodiodes and lasers
on the SOI platform opens up new research and development opportunities. The
following subsections lists some of these possible research directions.

Integrated InGaAsSb photodiodes

In Chapter 4, I showed that the sensitivity is greatly affected by sidewall leakage
currents. This is attributed to the sidewall surface states. To improve the sensi-
tivity, attention in reducing surface leakage current is recommended. This can be
implemented by optimizing the sidewall surface treatment using, for example, am-
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monia sulfide or changing the passivation material such that the number of surface
trap states is reduced. Reducing sidewall roughness/damage by further optimizing
the etching recipe would also decrease sidewall leakage.

Integrated InGaAsSb-Si lasers

For integrated InGaAsSb-Si lasers, the results presented in this thesis are prelim-
inary. There are several aspects which can be improved including thermal resis-
tance, laser design in both optical and electrical properties, integration and fabri-
cation technology.

Thermal resistance

As discussed in Chapter 5, the DVS-BCB bonding layer limits the heat conduction
from laser to the environment, thereby, increasing thermal resistance and decreas-
ing laser efficiency. Nevertheless, this problem can be overcome by introducing
heat removal structures on top and bottom contacts (Section 5.2.3) through which
the thermal resistance is reduced by 34%. Increasing the thickness of the Au for
the final contact would also allow better heat conduction. Alternatively, reducing
DVS-BCB thickness can also improve heat conduction through the Si substrate.
However, the latter approach would compromise integration yield as thinner DVS-
BCB bonding layers are found to reduce bonding yield. In addition, by flipping
the laser onto a better heat conduction material such as SiC would also improve
heat conductivity and thus, laser efficiency.

Laser design

In terms of laser design, Chapter 6 demonstrates the possibilities in modifying
the GaSb-based epitaxy to accommodate a different optical mode design while
maintaining lasing capability. The results in Chapter 6 establish a platform for
further design improvement to achieve single wavelength hybrid lasers. This can
be implemented by incorporating distributed feedback (DFB) into the laser cavity,
as proposed in Section 6.5. Moreover, several types of reflector such as, external
Bragg reflector and ring resonators can be incorporated into the laser cavity outside
the gain area. With external wavelength selective components, adiabatic tapering
is used to couple light from the laser to the Si waveguide. Moreover, GaSb-based
material suffers from strong oxidization of AlGaAsSb, which is typically used
as claddings of laser waveguides. This makes it difficult in epitaxial regrowth.
Therefore, currently, the best technique to create GaSb-based DFB laser is post
processing by depositing metal grating. Our technique, through incorporation of
Si grating formed on SOI into the GaSb-laser cavity, allows not only integrated
photonic circuit in the short-wave infrared but also alternative techniques to form
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single wavelength laser without metal grating. In addition, the laser epitaxy can be
further optimized to obtain lower modal loss by reducing doping in the n-contact
layer.

Integration and Fabrication Technology

GaSb-based materials are considered to be at its early stage in terms of develop-
ment. Indeed, little information is available in literature on both material proper-
ties and integration/fabrication techniques. For integration, yield improvement is
considered to be the first priority. With the current fabrication process, the bot-
tleneck is the substrate removal where the etchant (HF) strongly etches GaSb, Si
and SiO2. Thus the SOI substrate is damaged, when the etchant penetrates under-
neath the bonded die, resulting in detachment. This problem is now minimized by
using CrystalBond Glue. However, this problem could be solved completely with
a new etchant which can etch only GaSb with good selectivity to the etch stop
layer but cannot etch SiO2 and Si. NaK Tartrate based acid (Section 3.3.3.4) is an
example of a research in this direction. However the solution still requires further
optimization. Furthermore, GaSb-based material suffers from highly oxidization
of AlGaAsSb which is typically used as claddings of laser waveguide. This makes
it difficult in epitaxial regrowth. Therefore, currently, the best technique to cre-
ate GaSb-based DFB laser is done post processing by depositing metal grating.
With our technique, by incorporating Si grating formed on SOI into GaSb-laser
cavity, it allows not only integrated photonic circuit in the short-wave infrared but
also offers alternative technique to form single wavelength laser apart from metal
grating. Alternatively, adding an InAsSb layer would also minimize HF etchant
penetration because of its slow etch rate. For the mesa etching, by investigating
new etchants to improve etching selectivity between materials improved control
in the fabrication process could be obtained, and thereby, an enhanced fabrication
yield. Further decrease on contact resistance would lower heat generation, thereby
increasing laser efficiency.

The short-wave integrated photonic circuit platform

Considering the success in discrete array of integrated photodetectors and lasers
in this work, it is reasonable to expect fully functional integrated photodetectors
and lasers on SOI spectrometer waveguide circuit in near future. The main chal-
lenge remaining includes development of substrate removal process for large area
devices.

In conclusion, the successful demonstration of integrated GaSb based lasers
and detectors on SOI in this thesis has brought us a significant step closer to a
fully integrated photonic circuit for sensing applications in the SWIR. While opti-
mizations in both design and fabrication are still required to reach industrial scale



SUMMARY 161

manufacturing, it is only considered a technology issue. From this work, there is
no indication of fundamental limitations in the realization of the integrated GaSb-
based devices on the SOI platform. Therefore, with the right technology, efforts
in optimization and process engineering, integrated GaSb-based devices on SOI
waveguide circuits could definitely become an important technology.





A
Material parameters

A.1 Introduction
In this section, a summary of material properties including refractive indices, ab-
sorption coefficients and thermal conductivities of several semiconductor alloys
are given.

A.2 Parameter interpolation
An interpolation scheme was first introduced by Adachi et al. [1] to estimate some
parameters (including refractive index, absorption coefficient, thermal conductiv-
ity) for ternary and quaternary compound semiconductors. The technique is widely
used, however, its validity is still open to experimental verification.

Quaternary alloy (AxB1−xCyD1−y) are a composition of binary compounds
(AC, AD, BC and BD), the parameter Q(x,y) of the quaternary alloy is therefore
given by [1]:

Q (x, y) = xyBAC + x (1− y)BAD + (1− x) yBBC + (1− x) (1− y)BBD
(A.1)

If the relationship of ternary alloys is available, the parameter Q can also be
extracted. For the full analysis of the interpolation technique, I refer to [1, 2].

For ternary alloys, the parameter T(x) can be approximated using a quadratic
function [1]:
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AlGaAsSb

Figure A.1: Energy gaps as a function of composition for (GaSb)1−z(AlAs0.08Sb0.92)z and
(InAs0.91Sb0.09)1−z(GaSb)z quaternary alloys, lattice matched to GaSb, at T= 300K. The

dotted line is the approximate location of the miscibility gap (reproduced from [4])

TA(1−x)Bx (x) = xTB + (1− x)TA − x (x− 1)C (A.2)

where C is the bowing parameter.

A.3 Quaternary alloy compositions and its band gaps

A.3.1 GaSb

GaSb has a band gap of 0.726eV at 300K [3].

A.3.2 InAsxSb1−x

The bandgap energy of InAsxSb1−x is obtained using the quadratic interpolation
scheme as discussed earlier. As x = 0.91 and the bowing parameter C = 0.67eV [4],
an Eg of 0.33eV is obtained.

A.3.3 AlxGa1−xAsySb1−y/GaSb

AlxGa1−xAsySb1−y lattice matched to GaSb is generally used as separate con-
finement layer and cladding layer for the laser waveguide. Vurgaftman et. al [4]
recommends a band gap Eg calculation at 300K as:

Eg = [0.727 (1− z) + 2.297z − 0.48z (1− z)] (A.3)

Where x=z and y=0.08z. The energy gaps of AlxGa1−xAsySb1−y as a function of
composition is depicted in Fig. A.1.
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A.3.4 GaxIn1−xAsySb1−y/GaSb

GaxIn1−xAsySb1−y lattice matched to GaSb is an important material used in the
quantum well region of a laser waveguide. The bandgap energy/composition de-
pendence is calculated as [4]:

Eg = 0.727 (1− z) + 0.283z − 0.75z (1− z) (A.4)

Where x=z and y=0.08z. The energy gap of GaxIn1−xAsySb1−y as a function of
composition is depicted in Fig. A.1.

A.4 Refractive index

A.4.1 GaSb

The refractive index of a material depends on the photon energy, the material com-
position and the carrier concentration. Fig. A.2a and b present the refractive index
of GaSb with n and p-doping, respectively, at different free carrier densities 1) in-
trinsic material 2) 2x1017 cm−3, 3) 5x1017 cm−3 4)1x1018 cm−3 and 5) 2x1018

cm−3. The dots are the experimental results for Nh=1x1017 cm−3 [5].

GaSb

Figure A.2: Refractive index of GaSb with n and p-doping at different free carrier densities
1) intrinsic material 2) 2x1017 cm−3, 3) 5x1017 cm−3 4) 1x1018 cm−3 and 5) 2x1018

cm−3. The dotted line is the experimental result for Nh=1x1017 cm−3 (reproduced
from [5])
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InAsSb

Figure A.3: Refractive index of InAsSb with n and p-doping at different free carrier
densities a) intrinsic material b) p-type with Nh=1x1018 cm−3 c) n-type with Ne=1x1018

cm−3. The dotted line indicates the experimental results (reproduced from [5])

A.4.2 InAsxSb1−x

The refractive index of InAsSb is calculated using the same technique as for GaSb
[5]. The refractive index as a function of photon energy is plotted for different
compositions and carrier densities as shown in Fig. A.3.

A.4.3 AlxGa1−xAsySb1−y/GaSb

Alibert et al. [6] reports the experimental and simulated refractive index of AlxGa1−xAsySb1−y
grown by liquid phase epitaxy measured by reflectometry. The detail calculation
can be found in [6]. The simulation and measurement results of the refractive
index are shown in Fig. A.4a and b respectively. The results agree well with [7].
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(a) (b)

AlGaAsSb

Figure A.4: a) Calculated refractive index as a function of wavelength for different
AlxGa1−xAsySb1−y compositions (reproduced from [6]) b) comparison between

calculated results and experimental results

\cite{Rabah2003}

\cite{Adachi1987}

(a)
(b)

Figure A.5: Calculated refractive index as a function of wavelength for different
GaxIn1−xAsySb1−y compositions (reproduced form [1])

A.4.4 GaxIn1−xAsySb1−y/GaSb

Adachi et al. [1] have calculated the refractive index of GaxIn1−xAsySb1−y com-
positions. The results are plotted in Fig. A.5.

A.5 Absorption coefficient

A.5.1 Absorption coefficient: Direct bandgap

The absorption coefficient (α) of a material is important for photodiode simulation.
The absorption coefficient of several binary compounds is calculated by Adachi et
al. [8].
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GaSb absorption

(a) (b) (c)

Figure A.6: Absorption coefficient of intrinsic GaSb at 300K a)reproduced from [9] b)
analyzed by Munoz et al. [10] c) analyzed by Adachi et al. [8]

A.5.1.1 GaSb

An experimental value of α is reported by Milnes et al. [9] as depicted in Fig.
A.6a. Munoz et al. employed spectral ellipsometry to analyse and model [10] the
absorption coefficient of GaSb. The measurement is depicted in Fig. A.6b. The
calculation result for GaSb by Adachi et al. [8] is plotted in Fig. A.6c comparing
with experimental results.

A.5.1.2 InAsxSb1−x

In this thesis, the absorption coefficient of InAs is used instead of InAsxSb1−x
because of difficulty in obtaining the data. Moreover, the fraction of Sb is rela-
tively small in our case (InAs0.91Sb0.0.09). A similar method as for GaSb is used
to model α for InAs [8]. Adachi et al. reports the calculation comparing with
experimental results as depicted in Fig. A.7.

A.5.1.3 GaxIn1−xAsySb1−y/GaSb

For GaxIn1−xAsySb1−y/GaSb, Munoz et al. [11] proposed linear interpolation
from binary compounds similar to [8]. The expression is given by:

αquat(e,y) (E) = xyαInAs
[
E + E0,InAs − E0,quat(x,y)

]
+ x (1− y)

αInSb
[
E + E0,InAS − E0,quat(x,y)

]
+ y (1− x)

αGaAs
[
E + E0,GaAs − E0,quat(x,y)

]
+ (1− x)

(1− y)αGaSb
[
E + E0,GaSb − E0,quat(x,y)

]
where αi and E0,i are the absorption coefficient and fundamental band gap of

the relevant end-point materials (i=InAs, InSb, GaAs or GaSb) and E0,quat(x,y) is
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Figure A.7: Absorption coefficient of InAs as a function of photon energy (reproduced
from [8])

the fundamental bandgap of the quaternary with composition x, y. The values of αi
and E0,i can be found in [3]. The calculated results comparing with experimental
data of α of GaxIn1−xAsySb1−y/GaSb are shown in Fig. A.8

A.5.2 Absorption coefficient: Free carrier absorption

The materials in this section are used in a laser waveguide where the fundamental
band gap of these materials are larger than the lasing photon energy. Therefore
absorption due to band-to-band transition does not occur. However, the materials
are doped to reduce resistivity. This results in an absorption of photons by the
interaction with free carriers within a band. The absorption coefficient due to free
carrier (αFC), is therefore of interest.

A.5.2.1 GaSb

GaSb is used in this thesis as a contact layer which is typically highly doped. In
standard laser design, the overlap between the optical mode and contact layers
are minimized. This leads to almost no free carrier absorption contribution from
doped-GaSb to the modal loss. Therefore, in this case, αFC is not very important
to consider. However, with our design in Chapter 6, the contact layer is located
between the III-V gain region and the Si passive waveguide. Therefore, a judicious
choice of the doping level is required, trading off optical absorption versus resis-
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Figure A.8: Experimental values of the absorption coefficient for InGaAsSb. The inset
shows the comparison between linear interpolation (dashed line) and experimental result

(solid line) in the region near the bandgap. (reproduced from [11])
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Figure A.9: Absorption coefficient due to free carriers absorption for p and n doped GaSb
and hole/electron mobility (reproduced from [12–14])

tivity of the material. The measured values of αFC and majority carrier mobility
versus doping concentration for p-doped and n-doped GaSb measured at 2.3µm
are shown in Fig. A.9a and b respectively [12–14].

A.5.2.2 AlxGa1−xAsySb1−y/GaSb

AlxGa1−xAsySb1−y/GaSb is used in this thesis as a cladding layer in the laser
waveguide. The free carrier absorption αFC contributes to modal loss in the laser
cavity. αFC of AlxGa1−xAsySb1−y/GaSb as a function of wavelength is approx-
imated as [15]:

αFC = AnλB + CpλD
(
cm−1

)
(A.5)

where A, B, C and D are constants. λ is the incident wavelength in nm. n/p is
the electron/hole concentration in cm−3. For n-type AlSb, A is equal to 1.9x10−24
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\cite{Braunstein1962}

(a) (b)

(c)

Figure A.10: a) Absorption coefficient of p-doped AlSb as s function of photon energy at
different temperatures [17] b) logarithm of absorption coefficient versus logarithm of

wavelength at 300K and c) 78K [18]

and B is equal to 2 [15]. For p-type AlSb, the data is very limited. In our case,
we use D the same as B for n-type which is 2. C is then calculated from the
experimental data in Fig. A.10. This yields C equal to 2.78x10−24 at λ = 4µm.
This coefficient agrees well with experimental results in [16].

A.6 Thermal conductivity

The thermal conductivity (K) of a material is an important parameter to estimate
thermal resistance of opto-electronics devices. K values of binary compounds are
listed in Table A.1. Adachi et al. [19] proposes the analysis of K of quaternary
compound using a simplified model of the alloy-disorder scattering. The bowing
parameters (C) of several binary compounds are reported. This results in the pos-
sibility to estimate the thermal conductivity of quaternary compounds using an in-
terpolation method as discussed in Section A.2. For InAs0.91Sb0.09, in this thesis,
the thermal conductivity of InAs is used for simulation. The thermal conductivity
of quaternary compounds used in this thesis are discussed in the following.
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Material K (W/cm K) Cα−β (cm K/W)
C (diamond) 22 CSi−Ge=50

Si 1.56 CAl−Ga=32
Ge 0.6 CAl−Ga=32

AlN 3.19 CGa−In=15
AlP 0.9 CN−P=36

AlAs 0.91 CN−As=12
GaN 1.95 CP−As=15
GaP 0.77 CP−Sb=16

GaAs 0.45 CAs−Sb=91
GaSb 0.36
InP 0.68

InAs 0.3
InSb 0.175

Table A.1: Thermal conductivity (K) of group IV materials and III-V binary compounds
with bowing parameters (C) (reproduced from [19])

Composition Bandgap (eV) Thermal resistivity W (cm K/W)
Ga0.8Al0.2Sb0.98As0.02 0.96 5.8

Ga0.73Al0.27Sb0.97As0.03 1.05 9.5
Ga0.49Al0.51Sb0.95As0.05 1.3 13.0

Table A.2: The thermal resistivities of AlGaAsSb for different compositions (reproduced
from [9])

A.6.1 AlxGa1−xAsySb1−y/GaSb

According to Adachi et al. [19], the thermal conductivity of AlxGa1−xAsySb1−y
is plotted as in Fig. A.11a. The results agree well with the data reported by [9] as
listed in Table A.2.

A.6.2 GaxIn1−xAsySb1−y/GaSb

Thermal conductivity values calculated using linear interpolation [19] are plotted
in Fig. A.11b. The results agree well with the report from Milnes et al. [9] as
presented in Table A.3. In addition, the simulation of thermal resistivity by [20] is
also presented in Fig. A.12.
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(a) (b)

Figure A.11: Thermal conductivity as a function of material composition: a)
AlxGa1−xAsySb1−y/GaSb b) GaxIn1−xAsySb1−y/GaSb (reproduced from [19])

Composition Bandgap (eV) Thermal resistivity (cm K/W)
In0.06Ga0.94Sb0.95As0.05 0.67 5.5
In0.15Ga0.85Sb0.87As0.13 0.59 7.1
In0.19Ga0.81Sb0.83As0.17 0.56 10.4

Table A.3: The thermal resistivities of InGaAsSb for different compositions (reproduced
from [9])

\cite{Rabah2003}

\cite{Adachi1987}

GaSbSbAsGaIn yyxx /11 

InASSbAsGaIn yyxx /11 

Figure A.12: The calculated thermal resistivity as a function of material composition for
InGaAsSb lattice matched to GaSb (bold) and InAs(dashed) (reproduced from [20])
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