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Samenvatting

1 Introductie

Silicium gebaseerde fotonische geintegreerde circuits die diverse optische com-
ponenten zoals hoog-efficiénte roosterkoppelingen, snelle fotodetectoren en gea-
vanceerde modulatoren op een gemeenschappelijk substraat combineren, worden
op dit moment uitgebreid bestudeerd en toegepast in verschillende technologische
domeinen. Voor hun realisatie wordt gebruik gemaakt van de goed ontwikkelde
processen uit de halfgeleiderindustrie wat ze kostenefficiént maakt. Ondanks de
enorme vooruitgang in het onderzoeksveld blijft het ontbreken van een hoogwaar-
dige geintegreerde laser een belangrijke belemmering voor verdere ontwikkeling
van silicium gebaseerde fotonische chips. III-V halfgeleiders met een directe band-
gap zijn veelbelovende kandidaten voor de realisatie van een praktische en compacte
lichtbron, maar de integratie ervan op silicium blijft een uitdaging vanwege het
grote vershil in roosterconstante. Verschillende hybride en heterogene integratie-
technieken, zoals flip-chip bonding, wafer bonding en transfer printing, worden
onderzocht om deze uitdaging aan te pakken. Hoewel deze methoden toepasbaar
zijn voor een breed scala aan materialen en componenten, introduceren ze extra
processtappen, wat de compatibiliteit met bestaande productieprocessen beperkt.

Een veelbelovend alternatief is de hetero-epitaxiale groei van III-V materialen
op silicium. Geavanceerde technieken zoals oppervlaktereconstructie, Ge/GeSi
virtuele substraten, defectfilterlagen en lokale groeimethoden zijn voorgesteld om
defecten te minimaliseren. Imec stelde recent een alternatieve aanpak voor, de
nano-ridge engineering techniek, die de groei van hoogwaardige I1I-V materialen
op silicium met een dunne bufferlaag mogelijk maakt, wat voordelen biedt op het
gebied van schaalbaarheid, integratiedichtheid en kosten.

Binnen eerder onderzoek binnen onze groep werden reeds distributed feedback
(DFB) lasers gedemonstreerd met geétste roosters en metalen roosters, die optisch
gepompt werden. Echter, deze caviteiten vertoonden een lage koppelingsefficiéntie,
waardoor lange caviteiten (>100 um) en hoge laserdrempels nodig waren. Dit
proefschrift richt zich op innovatieve laserontwerpen om deze beperkingen aan
te pakken, met de nadruk op het verkleinen van de lengte van de caviteit en het
verlagen van de laserdrempels, wat de integratie van de lasers met hoge dichtheid
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mogelijk maakt, en tot een laag energieverbruik zou moeten leiden.

2 Resultaten

Ons werk richtte zich op de ontwikkeling van compacte, laagdrempelige optisch
gepompte nano-ridge lasers. Voortbouwend op eerder onderzoek naar de optische ei-
genschappen van nano-ridge materialen, hebben we met succes een A/4-verschoven,
index-gekoppelde distributed feedback (DFB) laser met een amorfe silicium (aSi)
rooster gedemonstreerd. Dit ontwerp behaalde een onderdrukking van de zijmodes
van >35 dB en een laserdrempel van 7,84 kW/cm? voor 130 um lange caviteiten.
Deze drempel is ongeveer vijf keer lager dan die van apparaten met een geétst
rooster binnen de nano-ridge. De verlaagde drempel is te danken aan het vermijden
van verliespaden voor de ladingsdragers, veroorzaakt door oppervlakte-defecten en
plasma-geinduceerde schade, die inherent zijn aan het fabricageproces van geétste
roosters.

Om de voetafdruk verder te minimaliseren, hebben we een nieuw compact
lasercaviteitsontwerp ontwikkeld waarbij een aSi-roosterkoppeling aan de zijkan-
ten van de nano-ridge wordt geintegreerd, in plaats van op de bovenkant. Deze
innovatieve configuratie maakt nauwkeurige controle mogelijk over de interactie
tussen de lasermodus en het rooster, waardoor fijnafstemming van zowel de nano-
ridge breedte als de roosterdikte mogelijk is voor het bereiken van hoog-Q factor
resonanties, zelfs in caviteiten van slechts 20 um.

In tegenstelling tot conventionele geétste roosters, die vaak leiden tot materi-
aaldegradatie, behoudt ons gedeponeerde aSi-rooster de structurele integriteit, wat
zorgt voor stabiele optische prestaties. Onder gepulste optische pompwerking werd
een laserdrempel van ~ 9.9 kW/cm? gemeten voor een DFB-laser met een compacte
16 um caviteit (100 perioden). De emissiespectra bevestigden éénmoduswerking,
met een zijmodussuppressieverhouding van meer dan 24 dB.

Daarnaast werd een apodized fotonicakristalcaviteit met geétste gaten door
de gehele nano-ridge voorgesteld om de laserdrempels verder te verlagen en de
voetafdruk te verkleinen. Het fabriceren van diepgeétste fotonicakristalcaviteiten
brengt specifieke uitdagingen met zich mee, met name bij het bereiken van nauw-
keurige etsing en effectieve passivering van de actieve regio. Diepe etsing door de
nano-ridge vereist zeer gecontroleerde gasstroomdynamiek, aangezien het proces
extreem gevoelig is voor milieuvariaties in hoog-aspect-verhouding gaten (geé&tste
diepte/gatdiameter). Door geoptimaliseerde ICP-etskracht, RF-kracht, kamerdruk
en gasstromen, werden verticale zijwandgaten met succes gefabriceerd via een
complex etsenrecept.

Ondanks het behalen van nauwkeurige etsing, faalden passiveringsexperimen-
ten met (NH,4)>S—uitgevoerd onder verschillende temperaturen, concentraties en
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blootstellingstijden—in het volledig herstellen van de schade aan kwantumputten
veroorzaakt door het etsproces, wat uiteindelijk de optische efficiéntie beinvloedde.
Dit leidde tot verdere verkenning van ondiepe fotonicakristalontwerpen, die een
betere kwantumputintegriteit bieden, terwijl de effectieve lichtopsluiting behouden
blijft. Toch werd met het diep etsen proces met succes fotonicakristal spiegels met
hoge reflectiviteit gedefinieerd, wat een sterke potentie aantoont voor fotonverza-
meling in enkele-foton lichtbronnen.

Latere ontwerpen maakten gebruik van ondiepe etsing, waarbij werd gestopt
bij de eerste kwantumputlaag zonder diepere lagen te penetreren, om de actieve
regio te behouden. Een indiumrijke kwantumputstructuur werd gekozen om O-band
werking mogelijk te maken. Dit ontwerp ondersteunde O-band lasing met een 25 pm
caviteit, een laserdrempel van 11,83 kW/cm?, een zijmodussuppressieverhouding
van 17 dB. Onder gepulste optische pompwerking werd een drempel van slechts
5,03 kW/cm? bereikt voor een 103 um lange caviteit.

3 Conclusie en Toekomstperspectief

Dit PhD-onderzoek heeft met succes de ontwikkeling van drie geavanceerde nano-
ridge lasers aangetoond, monolithisch geintegreerd op 300 mm siliciumsubstraten,
waarbij lage laserdrempels en compacte afmetingen zijn gerealiseerd onder optische
pompwerking. Door gebruik te maken van hoogwaardige nano-ridge materialen
van imec, werden de belangrijkste uitdagingen in III-V laserintegratie aangepakt,
wat heeft geleid tot efficiénte lichtopsluiting. Bovendien verbeterde de introductie
van amorfe siliciumroosters de optische terugkoppeling en verkleinde het de cavi-
teitsvoetafdruk, terwijl oppervlakterecombinatie werd geminimaliseerd en schade
aan kwantumputten werd voorkomen. Recentelijk is ook lasing onder elektri-
sche injectie gedemonstreerd voor nano-ridge gebaseerde apparaten. Echter, de
zwakke terugkoppeling in deze apparaten resulteerde in caviteiten van 1-2 mm,
wat onpraktisch is voor compacte integratie. De hoogcontrast-roosters die in ons
werk worden geintroduceerd, bieden een veelbelovende oplossing voor aanzienlijk
compactere elektrisch geinjecteerde apparaten. Daarnaast heeft de implementatie
van apodized fotonicakristalcaviteiten sterke potentie getoond voor het realiseren
van hoog-Q, ultracompacte apparaten, terwijl de kwantumputintegriteit behouden
blijft. Deze vooruitgang markeert een belangrijke mijlpaal richting schaalbare en
CMOS-compatibele laserintegratie voor siliciumfotonica-platforms.

Ondanks deze successen blijven er technische uitdagingen bestaan. Het re-
aliseren van continue-golfwerking, efficiénte elektrische injectie en verbeterde
prestaties in de O-band zijn cruciaal voor de praktische toepassing van deze la-
sers. Toekomstig onderzoek zou zich moeten richten op het optimaliseren van
ladingsinjectieschema’s, het verbeteren van thermisch beheer en het verfijnen van
passiveringstechnieken om de kwantumputkwaliteit tijdens fabricage te waarborgen.
Het aanpakken van deze obstakels is essentieel voor het ontwikkelen van volledig
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geintegreerde, hoogwaardige lichtbronnen, geschikt voor next-generation optische
communicatienetwerken en dichte fotonisch-elektronische co-packaged systemen.
Dit onderzoek vormt de basis voor het volledig benutten van epitaxiale nano-ridge
lasers binnen grootschalige siliciumfotonica-productie, en zal toekomstige innova-
ties in optische integratie en schaalbare fotonicatechnologieén stimuleren.



Summary

1 Introduction

Leveraging well-developed processes from the complementary metal-oxide semi-
conductors (CMOS) industry, silicon photonics circuits incorporating various opti-
cal components, including high-efficiency grating couplers, high-response-speed
photodetectors and excellent modulators are now widely studied and used in a
variety of applications. However, the absence of a high-performance on-chip laser
remains a significant bottleneck in the further development of silicon photonics
platforms. Direct-bandgap III-V semiconductors are promising candidates for re-
alizing a practical and compact light source but not easy to integrate on silicon
due to their large lattice mismatch. Several hybrid and heterogeneous integration
techniques—such as flip-chip bonding, wafer bonding, and transfer printing—have
been explored to address this challenge. Although these methods are applicable
to a broad range of materials and devices, they introduce additional processing
steps, complicating the integration and limiting the compatibility with large-scale
production processes.

III-V heteroepitaxial growth on silicon presents an attractive alternative. Ad-
vanced techniques such as surface reconstruction, relaxed graded Ge/GeSi virtual
substrates, defect filter layers, and growth in small regions have been used to mini-
mize defects. Among these, imec’s nano-ridge engineering technique combining
with ART enables high-quality III-V material growth on silicon with a thin buffer
layer, offering scalability, integration density, and cost advantages.

Previous work in our group already demonstrated distributed feedback (DFB)
lasers with etched gratings and metal gratings, operating under optical pumping.
However, these devices exhibited low coupling coefficients, requiring long cavities
(>100 pm) and high lasing thresholds. This thesis explores innovative laser designs
to address these limitations, focusing on reducing cavity size and lasing thresholds
and thereby allowing for high-density integration and low energy consumption.
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2 Results

Our work aimed to develop compact, low-threshold optically pumped nano-ridge
lasers. Building on previous research into the optical properties of nano-ridge
materials, a \/4-shifted, index-coupled DFB laser with an amorphous silicon grating
(aSi) was demonstrated. This design achieved a side-mode suppression ratio >35
dB and a lasing threshold of 7.84 kW/cm? for 130 um cavities. This threshold is
approximately five times lower than that of devices using an etched grating within
the nano-ridge. The reduced threshold results from avoiding carrier loss paths
caused by surface defects and plasma-induced damage inherent in the fabrication
of etched gratings.

To further minimize the footprint, we developed a new approach for realizing
a compact laser cavity by integrating an aSi grating at the sides of the nano-ridge
rather than placing it on top. This innovative configuration allows for precise
control over the interaction between the lasing mode and the grating. The fine-tuned
adjustments in nano-ridge width and grating thickness facilitate the realization of
high-Q factor resonances, even in cavities as small as 20 pm.

Unlike conventional etched gratings, which often degrade material quality, our
deposited aSi grating preserves structural integrity, ensuring stable optical perfor-
mance. Under pulsed optical pumping, a lasing threshold of ~ 9.9 kW/cm? was
measured for a DFB laser with a compact 16 um cavity (100 periods). The emission
spectrum confirmed single-mode operation, achieving a side-mode suppression
ratio exceeding 24 dB.

Finally, an apodized photonic crystal cavity incorporating holes etched through
the nano-ridge was proposed to further lower lasing thresholds and reduce footprint.
Fabricating deep-etched photonic crystal cavities presents distinct challenges, par-
ticularly in achieving precise etching and effective passivation of the active region.
Deep etching through the nano-ridge requires highly controlled gas flow dynamics,
as the process is extremely sensitive to environmental variations in high-aspect-ratio
holes (etched depth/hole diameter). Through optimized ICP etching power, RF
power, chamber pressure, and gas flow, vertical sidewall holes were successfully
fabricated using a complex etching recipe.

Despite achieving accurate etching, passivation experiments using (NH4)2S—
conducted across various temperatures, concentrations, and exposure times—failed
to fully reverse quantum well damage caused by the etching process, ultimately
impacting optical efficiency. This finding led to further exploration of shallower pho-
tonic crystal designs, offering improved quantum well integrity while maintaining
effective light confinement. Nevertheless, the deep etching process successfully de-
fined photonic crystal mirrors with high reflectivity, demonstrating strong potential
for photon collection in single-photon light sources.

Subsequent designs utilized shallow etching, terminating at the first quantum
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well layer without penetrating any quantum well layers, to preserve the active region.
An indium-rich quantum well structure was chosen, to allow for O-band operation.
This design enabled O-band lasing with a 25 pm cavity, a lasing threshold of 11.83
kW/cm?, a side-mode suppression ratio of 17 dB. Under pulsed optical pumping, a
threshold as low as 5.03 kW/cm? was achieved for a 103 um long cavity.

3 Conclusion and perspective

This PhD. research successfully demonstrated the development of three advanced
nano-ridge lasers, monolithically integrated on 300 mm silicon substrates, achieving
low lasing thresholds and compact footprints under optical pumping. By utilizing
high-quality nano-ridge material from imec, we effectively addressed key challenges
in III-V laser integration, enabling efficient light confinement. Additionally, the
introduction of amorphous silicon gratings significantly enhanced optical feedback
and reduced cavity footprint, while minimizing surface recombination and avoid
damage to quantum wells. Recently, also lasing under electrical injection was
demonstrated for nano-ridge based devices. However, the weak feedback in these
devices resulted in a cavity length of 1-2 mm, which are impractical for compact
integration. The high-contrast gratings introduced in our work provide a promising
solution for significantly more compact electrically injected devices. Furthermore,
the implementation of apodized photonic crystal cavities demonstrated strong
potential for achieving high-Q, ultra-compact devices, while preserving the quantum
well. These advancements mark a major milestone toward scalable and CMOS-
compatible laser integration for silicon photonic platforms.

Despite these achievements, several challenges remain. Continuous-wave
operation, efficient electrical injection, and enhanced performance in the O-band
are crucial for enabling practical deployment in real-world applications. Future
research should focus on optimizing carrier injection schemes, improving thermal
management strategies, and refining passivation techniques to maintain quantum
well quality during fabrication. Addressing these challenges will be essential to real-
izing fully integrated, high-performance light sources, suitable for next-generation
optical communication networks and dense photonic-electronic co-packaged sys-
tems. Ultimately, this research lays the foundation for unlocking the full potential of
epitaxial nano-ridge lasers in high-volume silicon photonics manufacturing, driving
future innovations in optical integration and scalable photonic technologies.
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Information technology is a critical driver of economic and social development.
Ultra-large-scale, high-performance silicon-based microelectronic chips play a
pivotal role in processing vast amounts of data. However, as the feature sizes of
electronic components continue to shrink and the demand for highly functional
chips grows, traditional electrical interconnections face significant limitations.
These include increased electrical resistance and capacitance, which lead to time
delays in high-speed operations, and crosstalk between neighboring wires [1,2]. To
address these challenges, a transformative approach to interconnection technology
is required. Optical interconnections have emerged as a promising alternative,
leveraging photons to transmit and process information, thereby overcoming the
constraints of electrical interconnections [3].
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Silicon photonic integrated circuits (Si PICs), which employ optical compo-
nents on silicon substrates, have been under investigation for decades. They benefit
from the mature complementary metal-oxide-semiconductor (CMOS) manufac-
turing processes originally developed for the electronics industry. The potential
applications of Si PICs extend beyond interconnections to fields such as telecom-
munications, imaging, sensing, and neural networks [4, 5].

This chapter introduces the key passive and active photonic components in Si
PICs in Subsection 1.1.1. It then addresses the primary obstacle to their widespread
commercialization—the lack of practical on-chip light sources. Subsection 1.1.2
explores various materials and methods for achieving on-chip light emission, along
with their respective limitations. Subsection 1.1.3 reviews integration approaches
for incorporating III-V materials onto silicon substrates, including flip-chip bonding,
micro-transfer printing, and heteroepitaxy. The discussion also covers different III-
V epitaxial growth techniques, with a focus on direct growth on silicon substrates
using thin buffer layers as the main integration method in this thesis. Finally,
Section 1.2 and Section 1.3 outline the objectives and structure of the thesis, while
Section 1.4 lists my relevant publications.

1.1 Research background

1.1.1 Components in Si PICs

The monolithic integration of silicon photonic components onto chips with fast,
very-large-scale integration (VLSI) silicon microelectronics inspired the devel-
opment of opto-electronic integrated circuits (OEICs). Conceived in the mid-
1980s, early research on Si photonics focused on waveguides and electro-optical
switches [6,7]. By the early 2000s, innovations accelerated, leading to break-
throughs such as ultra-low-loss waveguides, high-efficiency grating couplers, high-
gain amplifiers, high-speed modulators, and high-performance photodetectors,
showcasing the immense potential of silicon-based photonics.

1.1.1.1 Ultra-Low-Loss Waveguides

Similar to high-performance electrical wires in electronics, low-loss photon chan-
nels—waveguides—are fundamental in photonic integrated circuits (PICs). Decades
of effort have prioritized reducing waveguide loss through two primary methods.
The first method optimizes fabrication to smooth waveguide sidewalls and mini-
mize roughness [8—12]. For instance, an etch-less process using selective thermal
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oxidation achieved a low loss of 0.3 dB/cm [9]. The second method reduces optical
mode interaction with rough sidewalls, as seen in silicon-on-insulator (SOI) ridge
waveguides with 50 nm etching depths, achieving 0.274 dB/cm loss [13] or in
multimodal waveguides. A recent spiral waveguide on a 200-nm SOI platform
demonstrated 0.28 dB/cm loss over 100 cm with a 10 um bending radius [14].

1.1.1.2 Grating Couplers and Multiplexing

Advancements in silicon waveguides have enabled the development of critical PIC
components, such as fiber-to-chip grating couplers. In 2015, an apodized design
with optimized parameters like grating period, fill factor, and buried oxide thickness,
incidence angle, achieved -0.7 dB coupling efficiency [15].

To address higher data transmission demands, multiplexing techniques such as
wavelength-division multiplexing (WDM) [16], polarization-division multiplexing
(PDM) [17] mode-division multiplexing (MDM) [18], as well as hybrid methods
like MDM-WDM [19] and MDM-PDM [20] have been implemented. An example
is the WDM receiver chip of [16], which yielded a 25-channel silicon nanowire
arrayed waveguide grating (AWG) with 1.25 Tb/s total capacity at 50 Gb/s per
channel.

1.1.1.3 Amplifiers and Modulators

As Si PICs scale, passive device insertion loss becomes a critical challenge. Optical
amplifiers address this issue effectively. III-V/Si semiconductor optical amplifiers
integrated via die-to-wafer bonding have achieved over 27 dB small-signal gain and
17.24 dBm saturation power [21]. Monolithic quantum dot (QD) amplifiers deliver
similar gains with an expanded 120 nm amplification bandwidth [22].

High-performance optical modulators are essential for Si PICs, requiring high
speed, efficiency, and low power consumption. Traditional electro-optic effects are
weak in silicon [23,24], prompting exploration of plasma dispersion and thermo-
optic effects, as well as wafer-scale integration of alternative materials [25]. Recent
advances include a LiNbOg(Lithium Niobate)-on-insulator modulator with 100
GHz bandwidth and sub-0.5 dB loss [26-28], and PZT(Lead Zirconate Titanate)-
integrated silicon nitride photonic circuits featuring 33 GHz bandwidth and 1 dB/cm
loss [29].
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1.1.1.4 Extended Wavelength Detection

Extending Si photonics to the 1.55 um telecom band has been challenging due
to the 1.1 um cutoff of silicon photodetectors. Germanium photodiodes have
addressed this, offering 265 GHz 3 dB bandwidth, 0.3 A/W responsivity, and
low dark currents [30]. III-V photodetectors grown on silicon via lateral epitaxy
demonstrate responsivities of 0.4 A/W at 1.3 um and 0.2 A/W at 1.5 pm, covering
the telecom band [31].

1.1.2 Noteworthy commercial products

The translation of research into industry has enabled Si photonics to impact diverse
fields. In 2019, NVIDIA acquired Mellanox for $6.9 billion to expand its InfiniBand
and Ethernet product lines [32]. NVIDIA Mellanox now offers QSFP transceivers
with 400 Gb/s capacity, supporting data communication over single-mode fibers up
to 2,000 meters and multimode fibers up to 50 meters [33].

Si photonics is also gaining traction in autonomous driving through its applica-
tion in LiDAR systems. These systems are valued for their accurate long-distance
measurement, high-resolution imaging and all-weather operation. In 2021, Mobil-
eye, a subsidiary of Intel, showcased its new Si photonics LiDAR system-on-chip
(SoC) at the All-Virtual Consumer Electronics Show (CES) [34]. The company
demonstrated self-driving vehicles navigating Paris landmarks like the Eiffel Tower
and Galeries Lafayette [35]. Mobileye’s CEO, Amnon Shashua, announced that the
LiDAR SoC is expected to be used in millions of autonomous vehicles, referring to
the chip as an “on-chip silicon photonic circuit” at the time.

Other notable products include Cisco’s Dense Wavelength-Division Multiplex-
ing (DWDM) Network Convergence System [36] and Sicoya’s 400 G DR4 Engine,
which integrates advanced modulators and photodiodes [37]. These innovations
illustrate Si photonics’ transformative potential across industries.

1.1.3 The ’Holy Grail’: Lasers in Si PICs

Over the past decades, advancements in silicon photonic components have signif-
icantly matured silicon photonic platforms. However, silicon’s indirect bandgap
presents a major challenge for efficient stimulated emission, hindering large-scale
commercialization. Consequently, developing a practical, efficient on-chip laser has
been termed the holy grail” of silicon photonics research. Various materials and
methods have been explored, including bulk silicon light sources [38, 39], erbium
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(Er)-doped laser [40,41], germanium (Ge)-on-silicon lasers [42,43], Titanium-
sapphire lasers [44,45], and III-V-on-silicon lasers [46,47].

1.1.3.1 Bulk Silicon Light Sources

In bulk silicon, non-radiative recombination dominates over radiative recombi-
nation, causing most electron-hole pairs to recombine non-radiatively. Despite
this limitation, strategies such as surface texturing and controlling recombination
mechanisms (see in Figure 1.1) have enabled room-temperature electrolumines-
cence (EL), achieving an external quantum efficiency of 1 % at silicon’s band-edge
emission wavelength [38]. Another approach involves inducing stress fields in bulk
silicon through boron implantation, yielding EL in silicon diodes. However, these
diodes exhibit low efficiency, and their emission wavelength remains restricted to
approximately 1100 nm due to the band-edge constraint, making them unsuitable
for standard telecommunication wavelengths [39].
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Figure 1.1: Schematic of high-efficiency silicon light-emitting diode. Reproduced from
Ref. [38].

1.1.3.2 Erbium-doped laser

Erbium-doped fiber amplifiers, widely used in long-haul optical communications,
have inspired on-chip light amplification and lasers. Incorporating Er3* into the
SizN, waveguide has realized a fully hybrid integrated single-mode lasing erbium-
based laser, exhibiting > 40 nm wavelength tunability in the C and L bands with a
70 dB side-mode suppression ratio (SMSR), a high output power (up to 17 mW)
and a recordable intrinsic linewidth of 50 Hz [40], as shown in Figure 1.2. Another
similar design from the same group gave much higher output power (more than 100
mW) [41]. However, a high pump threshold (tens of watt) and a meter-scale cavity
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length hinder their practical application in term of the high integration density and
low power dissipation.
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Figure 1.2: (a) Schematic of a hybrid integrated Vernier laser consisting of an Er:SisNy
photonic integrated circuit and an edgecoupled I11-V-semiconductor pump laser diode. (b)
Measured optical spectra of single-mode lasing tuned over the 40 nm wavelength range. All

are reproduced from Ref. [40].

1.1.3.3 Ge-on-Silicon Lasers

Epitaxial growth of Ge on silicon addresses silicon’s indirect bandgap limitations.
While Ge is also an indirect bandgap material, pseudo-direct bandgap behavior
can be achieved through band structure engineering, including n-doping, tensile
strain, and GeSn alloys. The first electrically injected Ge laser was demonstrated in
2012, but it suffered from a high threshold (280 kA/cm?) and low efficiency [42].
In 2015, a GeSn layer grown on a virtual Ge-on-Si substrate exhibited a high
density of dislocations at the interface (orange arrows in Figure 1.3 (a) [43]) but no
threading dislocations (TDs) reaching the sample surface, allowing an upper limit
estimate of the threading dislocation density (TDD) at 5x10° cm~2. Leveraging this
high-quality material, optically pumped GeSn lasers have been realized (Figure 1.3
(d)-(e)). However, they require low operating temperatures and high optical pump
intensities (~ 325 kw/cm?). Challenges such as free carrier absorption, wavelength
redshifts, and achieving room-temperature operation remain unresolved.
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Figure 1.3: (a) Cross-sectional TEM image of Geo.g74Sno.126. (b) Dislocation loops
(indicated by blue arrows) emitted below the Geg.g74Sno.126/Ge interface (indicated by
orange arrows) penetrate only into the Ge buffer. (c) High-resolution TEM image of the

interface. (d) Power-dependent photoluminescence spectra of a 5-um-wide and 1-mm-long
Fabry—Perot waveguide cavity fabricated from sample Geg.g745no.126. Inset:
temperature-dependent (20-100 K) photoluminescence spectra at 1,000 kW/cm? excitation
density. (e) Integrated photoluminescence intensity as a function of optical excitation for
waveguide lengths with 250 um, 500 ym and 1 mm. Inset: FWHM around the lasing
threshold for the 1-mm-long waveguide. All are reproduced from Ref. [43].

1.1.3.4 Titanium-doped sapphire lasers

Titanium-doped sapphire (Ti:Sa) lasers are essential for optical sensing, metrology,
communications, and spectroscopy but are traditionally bulky, power-intensive, and
costly. Recently, the titanium:sapphire-on-insulator (Ti:SaOI) photonics platform
addresses these limitations, achieving a record-low 290 uW lasing threshold and
1.0 kW peak power without pulse distortion (see Figure 1.4). Leveraging these
advancements, an on-chip Ti:Sa laser was successfully employed as the sole light
source in a cavity quantum electrodynamics experiment with artificial atoms in
silicon carbide. This demonstrates its potential for scientific applications, offering
low-cost, compact, and scalable solutions for next-generation photonic technologies
[44,45].
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Figure 1.4: (a) Conceptional diagram of the integrated chip-based Ti:Sa laser system,
consisting of an InGaN pump laser diode; a SiN waveguide loaded with Ti:Sa gain; and an
external feedback circuit that includes distributed Bragg reflectors (DBRs), actively tuned

microring resonators and integrated photodetectors (PDs). Ti:Sa laser cavities, external

DBR cavities and diode-pumped lasing are demonstrated, and other parts are displayed in

grey. (b) Lasing signal of the microdisk resonator (measured using spectrometer) with
increasing pump power in the resonator, showing lasing threshold pump power of 290 uW.
Inset, optical microscope image of the resonator under excitation (with 532 nm light filtered),

showing spontaneous emission collected vertically. All are reproduced from Ref. [45].

1.1.3.5 III-V-on-Silicon Lasers

M-V semiconductors, with their direct bandgap and high material gain, are promis-
ing on-chip light sources. However, lattice mismatches, polarity differences, and
thermal expansion disparities between III-V and silicon introduce defects like TDs,
stacking faults and anti-phase boundaries, degrading optical performance. Integra-
tion techniques such as flip-chip bonding, wafer bonding, micro-transfer printing,
and heteroepitaxy have been explored.

1.1.3.5.1 Hybrid integration Flip-chip bonding enables integration of III-V
lasers onto silicon photonic platforms, achieving high-performance laser diodes
and arrays [46,47]. However, challenges in alignment precision and the slow, costly
die-to-die integration process persist.

Alternative hybrid methods like direct and adhesive bonding have shown
promise, producing quantum well (QW) lasers emitting at 1.3 um and 1.55 pm
[48-50]. Despite these advances, challenges such as coupling efficiency, thermal
management, and large-area high-quality contact surfaces remain. Notably, Intel
has commercialized 50G silicon photonics links and expanded communication
bandwidth in data centers and networks using bonding techniques [51,52].

Transfer printing offers benefits such as efficient material use and integration
of diverse components. Recently, electrically pumped Fabry-Pérot (FP), distributed
feedback (DFB), and vertical-cavity surface-emitting lasers (VCSELSs) with high



CHAPTER 1 9

optical power, C-band emission, and high SMSR have been reported [53-55].
However, reliance on adhesives and alignment challenges remain.

1.1.3.5.2 Monolithic Growth The monolithic integration of III-V semicon-
ductor devices on Si has attracted significant interest for Si PICs due to its cost-
effectiveness and potential for large-area production, compared to other heteroge-
neous integration methods. However, differences in material properties between
III-V compounds and Si substrates often lead to strain-induced defects during
monolithic growth. These defects can compromise both device performance and
reliability. Therefore, advanced techniques are needed to control defect formation
in the monolithic hetero-epitaxy of III-V materials on Si. Two primary approaches
for hetero-epitaxial growth on Si are growth on blanket Si wafers and growth on
pre-patterned Si substrates.

III-V on blanket Si  The direct approach to accommodate defects in III-V
semiconductor integration on Si substrates involves inserting a thick buffer layer
between the III-V active region and the silicon substrate. In the early 1980s, M.
Akiyama et al. reported high mobility epitaxial GaAs by incorporating a ~ 5
um GaAs/AlGaAs buffer layer [56]. However, this thick buffer layer poses a
significant risk of thermal cracking during the cooling from growth temperature to
room temperature due to the large difference in the thermal expansion coefficients
between GaAs/AlGaAs and Si.

The presence of antiphase boundaries (APBs) complicates the fabrication
and operation of III-V optoelectronic devices, as they propagate from the hetero-
interface to the material surface. APBs are planar defects that occur in ordered
crystal structures when two adjacent regions (domains) have the same composition
but opposite atomic arrangements. This misalignment creates a boundary where
atoms are incorrectly positioned relative to each other, leading to increased energy
and potential degradation of material properties, such as electrical and mechanical
performance. APBs are commonly observed in compound semiconductors, super-
lattices, and ordered alloys. A conventional strategy to suppress APBs involves
using Si (001) substrates with offcut angles ranging from 4° to 7° toward the [110]
or [111] directions and promotes the formation of stable double atomic steps on the
Si surface after deoxidization and high-temperature annealing [57,58]. However,
this method cannot guarantee consistent double atomic steps, and the deposition of
a III-V pre-layer during continuous growth can disrupt these surface features. As a
result, alternative strategies for (001) Si substrates without intentional offcut angles
have been explored, including thermal annealing processes [59] and epitaxial Si
buffer layers [60-62].
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Figure 1.5: (a) 2 um x 2 um AFM image of Si buffer layer surface. (b) Height measurement
of each step on the surface of 200 nm Si buffer. All are reproduced from Ref. [62].
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Figure 1.6: Temperature dependent L—I curve up to 120 °C of 1300 nm InAs QD laser on
on-axis Si (001). Reproduced from Ref. [62].

In the 1990s, H. Mori et al. replaced the surface rearrangement of Si substrates
through high-temperature annealing with a 5 pm epitaxial Si layer featuring double
atomic steps, successfully demonstrating a laser diode emitting at 1.55 um with a
threshold current of 48 mA [60]. More recently, K. Li et al. investigated a 200 nm
Si buffer with single atomic steps [62], as confirmed by atomic force microscopy
(AFM) and step height measurements (Figure 1.5). Using a three-step growth
method for GaAs and InAs QDs within GaAs following Si buffer deposition, they
achieved an electrically pumped 1.3 pm InAs QD laser. This laser exhibited a
low threshold current density of 83.3 A/cm? at 20 °C, and a maximum operating
temperature of 120 °C, as shown in Figure 1.6. Room-temperature EL spectra
(Figure 1.7) showed spontaneous emission at an injection current density of 80
A/cm? and lasing at 1303.9 nm under 90 A/cm?.
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Figure 1.7: EL spectra of InAs QD laser on on-axis Si (001) substrate at different injection
current densities. Reproduced from Ref. [62].
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Figure 1.8: Cross-sectional SEM images of GaAs layer with (a) GaAs nucleation layer, (b)
Alo.3Gag.7As nucleation layer, (c) Alo.5sGao.sAs nucleation layer, and (d) Alo.7Gao.3As
nucleation layer grown on (001) Si substrates. All are reproduced from Ref. [63].

An alternative strategy for suppressing APBs on Si (001) substrates with
no off-axis angle is optimizing the initial III-V nucleation layer to promote self-
annihilation of APBs [63]. J. Kwoen et al. explored the effect of AlGaAs nucleation
layers on APB elimination, demonstrating an APB-free GaAs layer grown directly
on on-axis (001) Si. Figure 1.8(a)-(d) presents cross-sectional scanning electron
microscope (SEM) images of GaAs/Si with various Al,Ga;_,As (x =0, 0.3,
0.5, 0.7) nucleation layers. Figure 1.8(d) shows that APBs extend through the
GaAs buffer layer on an Aly 7Gag 3As seed layer, while the Aly 3Gag.7As seed
layer effectively induces APB self-annihilation near the nucleation layer (Figure
1.8(b)). In Figure 1.9, the photoluminescence (PL) intensity of the InAs QD layer
grown on GaAs/Si with an Al 3Gag 7As nucleation layer is twice that with a GaAs
nucleation layer. The PL intensity increases as the Al content decreases. These
findings indicate that an APB-free GaAs layer can be achieved with an Aly 3Gag 7As
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Figure 1.9: Room temperature PL intensity of an InAs QD layer grown on Si with different
nucleation layers. Reproduced from Ref. [62].

18
16 | Room temperature

14

—
N

Intensity (arb)

0 100 200 300 400 500 600
Current density [A/cm?]

Figure 1.10: L-I curve of an InAs/GaAs QD laser grown on GaAs/Si (001) substrate under
pulsed operation conditions at room temperature (25 °C). Reproduced from Ref. [64].

nucleation layer, with APB suppression attributed to self-annihilation. However, the
detailed annihilation mechanism remains unclear, and critical parameters are yet to
be determined. This group also fabricated a 2 mm-long electrically driven FP laser
using the Alp 3Gag 7 As nucleation layer [64]. The laser exhibited a threshold current
density of 320 A/cm? at room temperature and a maximum operating temperature
of 70 °C (Figures 1.10 and 1.11). Room-temperature EL spectra (Figure 1.12) show
spontaneous emission below the threshold and lasing above it.
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Figure 1.11: L-I curves of an InAs/GaAs QD laser grown on GaAs/Si (001) substrate under
pulsed operation conditions at various temperatures. Reproduced from Ref. [64].
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Figure 1.12: Emission spectra of the InAs/GaAs QD laser on GaAs/Si (001) substrate at
room temperature (25 °C). Reproduced from Ref. [64].
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TDs are line defects in a crystal where an atomic plane is disrupted, extending
from the interface to the surface. They commonly occur in heteroepitaxy due to
lattice mismatch. The difference between APBs and TDs are given in the table 1.1.

Feature Threading dislocations (TDs) anti-phase boundaries (APBs)
Type Line defect Planar defect
Cause Lattice mismatch, strain Ordered domains misalignment
Effect Degrades electrical, mechanical properties | electrical properties degradation
Common in Heteroepitaxy, strained layers Ordered alloys, superlattices

Table 1.1: The difference between TDs and APBs.

Achieving a low TDD is crucial for high-quality ITII-V layers monolithically
grown on Si. TDs that penetrate the active region of optoelectronic devices can sig-
nificantly degrade performance. For example, QW lasers monolithically grown on
Si substrates, with a TDD of approximately 5 x 107 cm~2 (common for GaAs/Si),
exhibit no lasing behavior [65]. As a result, extensive efforts have focused on
methods such as two-step growth [66—68], thermal cycle annealing [69,70], graded
buffer layers [71-74], and defect filter layers [75-85] to reduce TDD. These ap-
proaches have led to a TDD of about 10% cm~2 for GaAs-on-Si [80], as discussed

below.
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Figure 1.13: Schematics of the laser structures on GaAs (a) and Si (b) substrates. (c)
Cross-sectional TEM images of the sample of the laser structure on Si. (d) and (e) are the
amplified images of region A and B in (c). All are reproduced from Ref. [70].

Two-step growth begins with low-temperature epitaxial growth (around 400
°C for GaAs) to control defect generation near the III-V/Si interface, followed by
high-temperature epitaxial growth for optimal crystal quality. In recent years, a
three-step growth method, which adds an intermediate-temperature layer between
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the low- and high-temperature stages, has been commonly employed. In 2015, J.
Wang et al. applied this three-step method to grow low-threshold-current-density
InGaAs/AlGaAs QW lasers on Si [70], comparing them with devices grown on
native GaAs substrates. The device schematics are shown and most of defects are
confined at GaAs/Si interface (see Figure 1.13). They also introduced thermal cycle
annealing during growth to further reduce dislocations, as it promotes thermally
activated dislocation migration and annihilation. The laser on the Si substrate
achieved lasing with a cavity length of 1 mm and a threshold current density of 313
A/cm? (Figure 1.14), while the GaAs-based device exhibited a threshold current
density of 135 A/cm?. The Si-based QW laser could be operated under continuous
pumping at 240 K (Figure 1.15).
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Figure 1.14: L-I characteristics of the lasers grown on Si and GaAs substrates, respectively.
Reproduced from Ref. [70].
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Figure 1.15: L-I characteristics of the laser on Si under continuous wave conditions at
different temperatures. Reproduced from Ref. [70].
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To address the material dissimilarity between Si and III-V, a common solution
is to use materials that match the lattice constant and thermal expansion coeffi-
cient of Si. For GaAs/Si heteroepitaxy, a compositionally graded buffer has been
extensively studied [71-74]. For instance, M. E. Groenert et al. demonstrated room-
temperature continuous-wave (CW) GaAs/Al,Ga; _,As QW lasers monolithically
grown on 10 um relaxed graded Ge/Ge,,Si; —, virtual substrates (Figure 1.16 (a)-(b))
on Si [71]. This device exhibited lasing at 858 nm with a threshold current of 86
mA, corresponding to a calculated threshold current density of 577 A/cm? (Figure
1.16 (c)). The laser on the Si substrate showed similar turn-on behavior to that on
the native GaAs substrate. However, the use of graded Ge, Si; _, buffers generally
requires a thicker layer. For monolithic integration on Si platforms, a thinner buffer
layer is preferred to minimize thermal cracking and enable co-integration with other
components.

(b) AL (a)

«15m—p}

AlGaAs
GRINSCH

Optical Power @ 860nm (mW)

0 50 100 150 200
Current (mA)

Figure 1.16: (a) Band gap schematic of AlGaAs/GaAs quantum well structure used for
successful laser demonstration on Ge/GeSi1—./Si substrates, and (b) TEM cross-section
micrograph of this laser structure on Ge/GeySi1_5/Si. Processed lasers had cavity lengths
of 1.0-0.7 mm and oxide stripe widths of 5-20 mm. (c) Light vs current for identical
AlGaAs/GaAs quantum well lasers grown on Ge/GeSi1—/Si and GaAs substrates. All are
reproduced from Ref. [71].

Defect filter layers have been widely studied since the 1980s to reduce disloca-
tion density [75-78]. QD [79] and strained super-lattice layers [80,81] have emerged
as effective candidates for defect filtering. Leveraging this advanced technology,
carrier lifetime for QDs from Huiyun’s and Bowers’ group extend to nano-second
scale [82,83] and high performance electrically-driven devices [80, 84, 85] were
demonstrated. For example, B. Shi et al. [79] used multiple InAs/InP QDs as
dislocation filters, reducing the defect density on the InP surface to 3x10% cm—2
and improving the optical properties of active photonic devices. S. Chen et al. [80]
optimized InGaAs/GaAs super-lattice defect filter layers, achieving a TDD of
around 10° cm™2 in the III-V epilayers (see Figure 1.17). Using this approach,
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they demonstrated a 3.2-mm electrically-driven CW InAs/GaAs QD laser with a
low current density of 62.5 A/cm?, room-temperature output power exceeding 105
mW (Figure 1.18(a)), and an operation temperature of up to 120 °C (pulse, Figure

1.18(b)).
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Figure 1.17: (a) High-angle annular dark-field scanning TEM image of the interface

between the 6 nm AlAs nucleation layer and a silicon substrate. (b) Bright-field scanning

TEM image of dislocation filter layers. (c) Dislocation density measured at different
positions, as indicated in (b). All are reproduced from Ref. [80].
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Figure 1.18: (a) LIV characteristics for a 50 um x 3200 um InAs/GaAs QD laser grown on a
Si substrate under continuous-wave operation at 18 °C. (b) Light output power versus
current density for a 50 um x 3200 um InAs/GaAs QD laser on Si at various heat sink

temperatures under pulsed operation. All are reproduced from Ref. [80].



18 INTRODUCTION

Growth in small regions The growth of III-V materials in small regions has
been extensively studied in recent decades. This approach enables epitaxial III-V
layers to be grown on pre-patterned silicon substrates, typically defined by SiO,, or
SiN, dielectric masks. Advanced techniques such as epitaxial lateral overgrowth
(ELO), template-assisted selective epitaxy (TASE), and selective area growth (SAG)
combined with aspect ratio trapping (ART) have been explored and are discussed
below.

Dislocations

ELO III-V layer L
Dielectric mask Dielectric mask
1I1-V buffer layer X//\%/ )& /
Dislocations
Si substrate

Figure 1.19: A schematic illustration of the epitaxial lateral overgrowth. Reproduced from
Ref. [86].

To enable large-area growth of III-V materials on Si, ELO was developed.
In this process, a III-V buffer layer is first grown on the Si substrate, followed
by deposition of a dielectric mask (such as SiO5 or SigNy). The mask is then
selectively etched to expose the III-V buffer layer for regrowth. The III-V epitaxial
layer grows both vertically through the exposed mask regions and laterally over
the mask. Most TDs in the buffer layer are blocked by the mask’s bottom, with
only a few propagating upwards around the openings (Figure 1.19). As a result,
the laterally grown layer above the mask exhibits high crystalline quality. This
technique has enabled the development of GaAs/AlGaAs lasers [87] and 100 pm-
cavity GaN-based edge-emitting laser diodes [88] on Si, achieving thresholds of 0.81
kA/cm? at 854 nm and 83 kA/cm? at 416 nm, respectively. However, ELO-grown
III-V materials suffer from limited defect-free regions and mechanical weakness
in the laterally grown layers, which become more pronounced with increased
layer thickness. Additionally, defects may arise during the lateral epitaxial island
coalescence.

Despite these limitations, Plessey, a leader in the microLED industry, has com-
mercialized single-chip high-power LEDs based on GaN-on-Silicon [89]. Recently,
the company also proposed a record-breaking 2.5-micron pixel pitch ultra-high-
resolution microLED display for next-generation Augmented Reality (AR) and
Virtual Reality (VR) applications [90].

TASE, developed by the IBM research group in Zurich, is a promising method
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Figure 1.20: Schematic illustrating TASE process and experimental results. (a) From top to
bottom: shape definition, nanostructure formation by oxide deposition and Si back-etching,
selective epitaxy, and template oxide removal. (b) SEM images of a template structure
containing a Si pad and a Si nanowires covered by a SiO2 film. Part of the Si nanowires was
back-etched to create a hollow tube, which was partially filled with InGaAs (c). (d) SEM
cross-section image after removal of the template oxide, showing a co-planar integrated Si
and InGaAs nanostructure. All are reproduced from Ref. [91].

for in-plane growth of III-V materials on Si wafers [91-94]. The process overview
is illustrated in Figure 1.20 (a) [91]. A patterned Si device layer on an SOI substrate
is covered with a SiO5 layer using atomic layer deposition. Openings in the
SiO, are created using buffered hydrofluoric acid (BHF) etching, followed by
tetramethylammonium hydroxide (TMAH) etching to expose the underlying {111}
Si planes. The prepared substrate is then dipped in diluted (2.5 %) HF to remove the
native oxide and immediately transferred to the MOCVD (Metal-Organic Chemical
Vapor Deposition) reactor for III-V material growth. Figures 1.20 (b), (c) and
(d) show SEM images of InGaAs nanowires grown on Si using TASE, giving a
perfectly co-planar geometry and electrically isolated Si and InGaAs nanowires.

This technique also facilitates electrical contact fabrication for III-V lasers and
light coupling from the cavity to silicon waveguides. Recent device demonstrations
from this group include GaAs microdisk lasers [92], InGaAs microdisk lasers [93],
and InGaAs/InP QW lasers [94], all integrated on III-V virtual substrates via TASE.
The GaAs microdisk laser [92] exhibited lasing at 837 nm and 857 nm, with a
threshold of 3 pJ/pulse at 300 K (Figure 1.21). This laser has a small footprint of
9 um?, showing promise for high-density integration. However, TASE depends
heavily on the pre-definition of SiO; templates with Si seeds for III-V nucleation,
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posing mechanical stability challenges for large-area epitaxial growth.
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Figure 1.21: Optical characteristics of GaAs microdisk lasers at (a) room temperature and
10 K (inset). (b) Temperature dependent light-in light-out curves. The
temperature-dependent lasing threshold is shown in the inset. All are reproduced from
Ref. [92].

ART offers another solution for achieving high-quality ITII-V layers on Si by
trapping defects within the patterned dielectric mask, typically SiO». This method
requires optimized growth parameters, mask pattern designs, and specific Si surface
cleaning techniques due to the confined structures and reduced dimensions [95].
When the dielectric mask pattern has an adequate aspect ratio (mask height/mask
width), it effectively reduces defect density. As shown in Figure 1.22 [96], TDs
tend to glide along the {111} slip plane, reaching the oxide sidewall and becoming
trapped, regardless of whether the {111} plane is parallel or perpendicular to the
trench orientation. The minimum aspect ratio for effective trapping is at least
1.43. APBs can also be trapped using trench structures, but only when the {111}
planes are parallel to the trench. Trapping APBs on planes perpendicular to the
trench orientation is not possible. Using V-shaped Si surfaces and advanced surface
cleaning techniques can control the APBs and stacking faults formation during
I1I-V material nucleation on etched {111} Si planes [97].

Using advanced ART techniques, Han et al. [98] successfully demonstrated
the growth of InP/Ing 53Gag 47As nanoridges within nanoscale Si trenches, as
illustrated in the tilted-view SEM and TEM images (Figure 1.23(a), (b), and (d)).
Figure 1.23(b) reveals that the significant lattice mismatch between InP and Si
is mitigated by the formation of a thin layer of high-density planar defects at
the III-V/Si interface, thereby improving the crystalline quality of the upper InP
layer. At room temperature, the nanoridge array emits at approximately 1500 nm
(Figure 1.23(c)), attributed to the five Ing 53Gag 47As QW layers (Figure 1.23(d)).
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Figure 1.22: The trapping mechanism of the ART technique for TDs and planar defects.
Reproduced from Ref. [96].
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Figure 1.23: (a) SEM image of the InP/Ing 53Gao.47As nanoridge array on (001) SOL. (b)
TEM image of one nanoridge, showing inserted Ing.53Gao.a7As ridge QWs and buried oxide
layer. (c) Room-temperature photoluminescence spectra of the as-grown nanoridges. (d)
Close-up of one side of the InGaAs ridge QWs. All are reproduced from Ref. [98].

These high-quality nanoridges enabled a 40 um-long FP cavity, achieving single-
mode lasing with a remarkably low threshold of ~ 40 pJ/cm? at room temperature
(Figures 1.24 and 1.25).
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Figure 1.24: (a) Tilted-view SEM image of the InP/Ing 53Gao.47As nanolaser array on (001)
SOL. (b) Zoomed-in SEM image of the end facets of the nanolaser array. All are reproduced
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Figure 1.25: (a) Room-temperature emission spectra from InP/Ing.53Gao.a7As nanolaser
around threshold. Inset shows the emission spectra plotted in a logarithmic scale. (b) The
evolution of the peak intensity and the linewidth as the excitation level increases. All are

reproduced from Ref. [98].

Buried oxide

Figure 1.26: The scheme of LART. The red dotted lines denote the confinement of the
majority of crystalline defects at the I1I-V/Si interface and the trapping of residual TDs by
the top and bottom SiOz layers. Reproduced from Ref. [99].
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Figure 1.27: (a) Tilted view SEM image of the InGaAs/InP DFB lasers and adjacent 11I-V
segment on SOL. (b) Top view SEM image presenting the uniformity of the lateral grating.
All are reproduced from Ref. [100].

To meet the demands of Si PICs, III-V light emitters not only require large
epitaxial material volumes but also enable direct light coupling to silicon waveg-
uides. While conventional ART combined with overgrown III-V material shows
potential for large-area in-plane growth, achieving effective light coupling remains
a challenge. To address this, the lateral aspect ratio trapping (LART) technique was
developed [99-101]. LART, as illustrated in Figure 1.26, enables the direct growth
of in-plane, micrometer-scale III-V crystals above a buried oxide layer. Unlike ART,
LART changes the groove direction to facilitate lateral growth, with {111}-oriented
silicon pedestals inhibiting APB formation and wide SiO, trenches blocking TDs,
thereby enhancing lateral aspect ratio characteristics. This approach allows for
better control over III-V material volume by varying the Si layer dimensions on
SOI substrates. The in-plane and close placement of the III-V layer with the Si
device layer supports integration with Si photonic components. Using LART, Xue
et al. [99] demonstrated a compact in-plane 1.5 pm DFB laser with InP gratings on
both sides, as SEM images shown in Figures 1.27. The fabricated laser exhibited
a threshold of 17.5 puJ/cm? and a cavity length of ~ 40 pum (Figures 1.28). This
co-planar laser configuration with the silicon device layer presents a new approach
for achieving large III-V material volumes and direct coupling. However, exposing
the III-V active material to air increases the risk of non-radiative recombination,
which can degrade optical performance and device lifetime.

To overcome the limitations of total III-V material volume in ART, the III-V
epitaxy group at imec developed an innovative approach known as nano-ridge engi-
neering (NRE). The idea is to increase the III-V volume with the growth out of the
narrow trench. By optimizing metal-organic vapor phase epitaxy (MOVPE) growth
conditions, distinct nano-ridge shapes, such as elongated rectangles, different dia-
mond profiles or triangles, can be engineered [102], as shown in Figure 1.29. The
straight and uniform ridges in Figure 1.29(a) with flat surfaces in all directions are
promising for realizing waveguides with low light scattering losses. Compressively
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Figure 1.28: (a) Room temperature spectra of the InGaAs/InP DFB laser on SOI at various
pump powers. (b) Measured light-in—light-out curves of the DFB lasers on SOI. Inset:
linewidth evolution proving the lasing behavior. (c) Rate equation model solutions for

various 3 values with (3 of 0.7 delivers the best fit to the experimental data. All are
reproduced from Ref. [100].

strained InGaAs/GaAs multiple QWs incorporated within the box-shaped sections
outside the trench, have been shown to exhibit significant QW photoluminescence
at room temperature [103—105]. Key factors for achieving high-quality nano-ridges
include: 1) controlling the plastic relaxation region as close to the III-V/Si interface
as possible during the nucleation process [106, 107], 2) maintaining high enough
aspect ratio to separate defects in the trench from the gain region in the box-part
outside the trench, 3) leveraging the crystal plane dependent growth rate to obtain
well-defined nano-ridges’ profiles [108].

Exploiting these high-quality ITI-V nano-ridges, Shi et al. [103] demonstrated
an optically pumped InGaAs/GaAs DFB laser directly grown on Si.The tilted SEM
image (see Figure 1.30(a)) illustrates the overview of the fabricated DFB lasers,
leaving enough space between two individual devices for the single laser char-
acterization. The cross-sectional SEM images in Figure 1.30(b) and (c) give the
zoomed-in A\/4 phase shift section, and the second-order grating coupler section.
This device showed lasing at a wavelength of ~ 1020 nm with a pump density
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Figure 1.29: (a)-(d) Cross-section SEM images of GaAs nano-ridges deposited under very
different MOVPE growth conditions. The simplified sketch next to each SEM image
compares the growth rates on the different facets indicated by the size of the red arrow. All
are reproduced from Ref. [102].
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Figure 1.30: SEM of (a) the InGaAs/GaAs DFB laser array, (b) the zoomed-in A\\4 phase
shift section and (c) the second-order grating coupler section. All are reproduced from
Ref. [103].

threshold of 33.6 kW/cm? and a cavity length of ~ 100 um (Figure 1.31). The
lasing wavelength can be tuned by adjusting the nano-ridge dimensions and grat-
ing period, which is useful for wavelength division multiplexing in integrated Si
photonic circuits (Figure 1.32). Colucci et al. [105] later explored the growth of
Ing.25Gag.75As matrix containing three Ing 45Gag 55 As QWSs. Using the higher
Indium content in the active regions, they demonstrated a ~ 1300 nm DFB laser
with a metal grating atop the nano-ridges for telecommunications applications.

The mode profiles of these lasers are confined to the box-shaped region outside
the trench, minimizing carrier loss. However, this configuration results in lower
light coupling efficiency to Si waveguides compared to LART-grown III-V materials.
Shi et al. [109] explored various couplers — directional, linear taper, and adiabatic
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pump powers (100 nm trench width, 170 nm grating period and 340 nm second-order
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experimental data and the rate equations fit, respectively. All are reproduced from
Ref. [103].
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Figure 1.32: (a) Measured lasing spectra of the InGaAs/GaAs DFB laser array with grating
period 170 nm. (b) Lasing wavelength versus grating period for trench size varying from 60,
80,100, 120 nm. All are reproduced from Ref. [103].

— to enhance coupling efficiency. This paves the way for integrating I1I-V lasers
monolithically grown on SOI wafers with other photonic components and move
closer to a fully functional silicon photonics platform.
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1.2 Research objectives

The aim of this Ph.D. research was to investigate the feasibility of using Ing 25 Gag 75As/GaAs
and Ing 45Gag 55 As/Ing 25Gag. 75 As nano-ridges as low-threshold, compact on-chip
light sources. This objective can be divided into three key aspects:

* Characterizing the optical properties of nano-ridges
* Demonstrating nano-ridge lasers with low thresholds and small footprints
» Extending the lasing wavelength to the O-band

The initial goal was to lower the threshold in DFB lasers and photonic crystal
(PC) laser through manipulating the electric field distribution, following the optical
characterization of nano-ridge materials. To meet the requirement of high-intensity
integration, strong gratings or photonic crystals with high refractive index contrast
were employed to enhance light-matter interaction within a compact footprint. This
work aims to achieve ultra-compact lasers as small as 10 um, a significant reduction
from previously demonstrated cavities exceeding 100 um. Given the demands of
telecommunication applications, extending the lasing wavelength to the O-band is
a significant challenge.

This research was conducted within the Photonics Research Group (PRG)
at Ghent University as part of the optical interconnect program at imec, which
supplied the nano-ridge materials.

1.3 Outline of this thesis

The introduction chapter provides an overview of the background on Si PICs, III-V
material hybrid integration methods and the state-of-the-art in III-V monolithic
growth strategies. We discuss the requirements, opportunities, and challenges for
III-V integration on silicon. Based on this, we introduced the objectives of this
research work: the development of monolithically grown nano-ridge lasers with
low thresholds and small footprints.

Chapter 2 describes the nano-ridge DFB lasers with an amorphous silicon
(aSi) grating on top. We begin with device simulations using a well-defined model,
followed by fabrication details. A\/4-shifted DFB lasers are then presented, demon-
strating single-mode lasing with a low threshold. A rate equation analysis provides
deeper insights into threshold behavior.

Chapter 3 focuses on nano-ridge DFB lasers designed with minimized cavity
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dimensions. We compare the optical properties of DFB lasers with aSi gratings
placed on the top and on both sides of the nano-ridge.

Chapter 4 explores PC nano-ridge lasers targeting low thresholds, compact
cavity footprints, and wavelength extension into the optical fiber communication
band. Advanced design principles, etching processes, and passivation techniques
are discussed, alongside an analysis of the optical performance of these devices.

Finally, Chapter 5 summarizes the overall research findings and suggests
directions for future work in the field of monolithic III-V integration on silicon.
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In Chapter 1, we explored the potential of III-V material integration for on-
chip lasers, emphasizing the challenges of heteroepitaxy and strategies to address
them. Despite progress, many devices still exhibit high threshold values in the
range of pJ/pulse (100 fs) [99] or kA/cm? [87, 88, 110], falling short of low-energy
consumption requirements.

In our group, the previous work on DFB lasers with etched gratings in nano-
ridges has shown promising results. However, the threshold of these devices was
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still relatively high. One of the suspected reasons is that the etched structure caused
damage to the InGaP passivation layer, which introduces carrier loss paths at the
GaAs-air interface and within the GaAs bulk. Hence, it is necessary to avoid such
defect formation for improving the laser performance. Therefore, in this work, a
high-refractive-index aSi grating was deposited on top of the nano-ridge rather than
etching a grating inside the nano-ridge. The design of the aSi grating considered
the trade-off between coupling strength of the grating and mode overlap with QWs,
resulting in a nano-ridge cavity with low lasing threshold. The proposed device
model is shown in Figure 2.1.

M aSi B GaAs
InGaP [ InGaAs

B GaPAs
SiO,
[ Si substrate

Figure 2.1: The proposed device model of DFB laser with an aSi grating on the top.

This chapter begins with an investigation of the morphological features and the
optical characteristics of the epitaxial III-V materials grown using ART and NRE
techniques via SEM imaging and PL (Sections 2.1 and 2.2). Next, we calculate
the mode polarization and QW confinement through Finite Difference Eigenmode
(FDE) simulations (Section 2.3). Grating designs are explored using 3D-FDTD
simulations (Section 2.4). Fabrication challenges and optical characterization are
discussed in Sections 2.5 and 2.6, with results and conclusions detailed in Sections
2.7 and 2.8.

2.1 Morphological characterization

The dimensions of the rectangular nano-ridges, typically several hundred nanome-
ters in width and height, can be precisely measured via SEM. The QWs, although
on the nanometer scale, are observable through SEM after specific post-processing.
SEM imaging reveals the structure of as-grown nano-ridges, with Figure 2.2(a)
showing a top view of nano-ridge arrays, and Figure 2.2(b)-(e) presenting cross-
sectional views for trench widths of 60 nm, 80 nm, 100 nm, and 120 nm, respectively.
Increased space between trenches enhances precursor supply, resulting in larger
nano-ridge volumes. The most important nano-ridge dimensions are defined in
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80 nm Trench

Nano-ridge

Figure 2.2: (a) Top view SEM image of nano-ridge array with 60 nm, 80 nm, 100 nm and
120 nm trench widths. Cross-sectional SEM image of nano-ridge with 60 nm (b), 80 nm (c),
100 nm (d) and 120 nm (e) trench width. The nano-ridge height, nano-ridge width and
trench width are defined in (e).

Designed trench width (nm) | a (nm) | 8 (nm) | v (nm)
60 411.3 485.4 87.5
80 471.7 533.0 98.3
100 541.7 520.8 112.5
120 582.5 539.3 132.5

Table 2.1: The nano-ridge height, nano-ridge width and trench width taken from the
cross-sectional SEM images.

Figure 2.2(e). The extracted values are summarized in Table 2.1, and are used for
subsequent laser design steps described in the remainder of this chapter.

Figures 2.3(a)-(c) give the cross-sectional SEM images of the overall structure
after 1 minute wet etching using a solution consisting of 50 % citric acid mixed with
30 % hydrogen peroxide at a ratio of 10:1. Due to the differing etching rate of the
different materials constituting the nano-ridge, the InGaP capping layer, the GaAs
bulk layer, 2 InGaAs QWs, the GaPAs carrier blocking layer and the defect-rich
GaAs trench are clearly visible in Figure 2.3(a). In the enlarged SEM image of
Figure 2.3(b) the GaPAs carrier blocking layer and the QWs are clearly visible. The
GaPAs carrier blocking layer confines the carriers above the trench and reduces
carrier loss in the defect-rich trench region [111]. Figure 2.3(c) details the trench
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Figure 2.3: (a) Cross-sectional SEM image of nano-ridge structure. (b) Enlarged image of
the InGaAs QWs and GaPAs carrier blocking layer. (c) Image of the defect-rich ART-trench
region.

structure.

2.2 Photoluminescence characterization

PL, a non-destructive and efficient technique for material characterisation, involves
the emission of light under optical excitation, providing insights into material
properties such as energy band structure, composition, impurity levels, and temper-
ature behavior [112]. PL measurements, influenced by parameters like excitation
energy, and temperature, can be performed under CW or pulsed excitation. Key
characteristics in the PL spectrum include spectral width, peak wavelength, and
intensity.

We present PL. measurements of nano-ridges under CW excitation at room
temperature as an initial evaluation of their optical properties. To further inves-
tigate carrier lifetime, defects, and surface-related non-radiative recombination,
measurements were conducted using pulsed excitation at both room and cryogenic
temperatures.

Previous studies [95,107,108,111] investigated nano-ridges with varying ridge
size, QW number, and passivation thickness. Here, we focus on one representative
sample using the same micro-PL setup as in Ref. [113]. The nano-ridges were
excited from the top by a 532 nm CW solid state diode laser. The emission scattered
from the nano-ridges was collected from the top and detected with a monochromator
and a thermo-electric-cooled InGaAs detector, as previous described [103—105].
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Figure 2.4: The normalized photoluminescence spectra from nano-ridges with the trench
widths from 60 nm, 80 nm, 100 nm and 120 nm under 4.20 W/em? CW 532 nm excitation.

Figure 2.4 presents normalized PL spectra from GaAs nano-ridges with two
InGaAs QWs for trench widths ranging from 60 nm to 120 nm, at a pump power
density of 4.20 W/cm?. Nano-ridges with smaller or larger trench widths exhibit
weaker emissions due to higher surface-to-volume ratios or increased TDs caused by
lower aspect ratios and inefficient defect trapping [107]. The spectra display broad
peaks (1000-1060 nm), attributed to active Iny 2Gag gAs QWs and non-uniform
band structures caused by the strain. The redshift with increasing trench width
is believed to arise from changes in indium concentration and/or QW thickness,
causing energy shifts in the quantized states. These variations reflect the sensitivity
of the epitaxial process to the local growth environment.

2.3 Transversal optical mode

The rectangular configuration of the GaAs/InGaAs nano-ridges naturally allows
them to function as optical waveguides, confining light transversely within the high-
index GaAs volume. In this section, we calculate the optical modes of the nano-
ridges, from which we derive the mode profile, polarization, effective refractive
index (n.ss) and the QW confinement (I'gqw ).

The transverse optical fields are obtained by solving Maxwell’s equations
[114], with solutions corresponding to different eigenvalues referred to as eigen-
modes. Each eigenmode propagates without change as long as the waveguide’s
transverse shape remains invariant. Based on the direction of their electric and
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Figure 2.5: The first three optical modes of the nano-ridge with 60 nm trench width. The
polarization of the modes is labelled at the top of the images. The simulation was carried
out with a FDE solver.

magnetic fields relative to the propagation direction, the two common mode types
in integrated waveguides are:

- Transverse electric (TE) modes: the electrical field is dominantly perpendic-
ular to the direction of propagation.

-Transverse magnetic (TM) modes: the magnetic field dominantly perpendicu-
lar to the direction of propagation.

The transverse modes, their polarization, n. sy and I' gy are calculated using
the commercial FDE solver from Lumerical (now acquired by Ansys) [115]. All
calculations were carried out at a wavelength of 1030 nm. The cross-section used
in the simulations was based on the nano-ridge geometry («, nano-ridge width; 3,
nano-ridge height; v, trench width) extracted from cross-sectional SEM images
(Figure 2.2(e)). The measured dimensions were summarized in Table 2.1.

A key parameter is the confinement factor I' gy . It defines the fraction of the
optical field, which is confined in the QW region. It is calculated by the ratio of the
integrated electric field intensity in the QW to the one in the total simulation region,

Figure 2.5 displays the first three optical modes of a nano-ridge with a 60 nm
trench width. Higher-order modes were excluded due to their weak confinement.
The first mode, a TM-like mode, extends vertically. The second mode, a TE-like
mode, exhibits an effective refractive index (n.sy) of 3.048 and strongest QW
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Figure 2.6: The simulated n.yy and I"qw of different optical modes in the nano-ridge with
60 nm trench width. The simulation was carried out with a FDE solver.
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Figure 2.7: The TE-like ground modes of the nano-ridges with trench width 60 nm, 80 nm,
100 nm and 120 nm (left to right). The simulation was carried out with a FDE solver.

confinement (I'gw = 6.916 %) compared to other modes (Figure 2.6). The third
mode, a higher-order TEM-like mode, demonstrates weaker QW confinement
Tow =2.822 %).

Among these modes, the TE-like ground mode emerges as the most favorable
for lasing, offering the highest I'gy. Consequently, this mode was chosen for
further analysis. Figure 2.7 and 2.8 depict the mode profiles, as well as the effective
refractive index (n.ss) and confinement factor (I'gw ) for nano-ridges with trench
widths of 60 nm, 80 nm, 100 nm, and 120 nm. As the trench width increases, the
nano-ridge size expands, resulting in higher n. s s. These modes exhibit strong QW
confinement.
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Figure 2.8: The simulated neyy and I'qw of TE modes in the nano-ridge with 60 nm, 80 nm,
100 nm and 120 nm trench width. The simulation was carried out with a FDE solver.

2.4 /4 shifted DFB laser design

In the previous section, we have examined the nano-ridge morphology, PL spectrum
and the optical modes confined transversally within the nano-ridges. A laser device
requires light confinement in all three dimensions and feedback in the propagation
direction, which is typically provided by a laser cavity.

Advanced DFB lasers have been the workhorse of telecom networks for
decades due to their low thresholds, stable single-mode operation, and high quantum
efficiency. In standard DFB lasers with continuous gratings, two symmetric resonant
peaks appear at the edges of the Bragg stopband. Introducing a quarter-wave (\/4)
shift in the grating’s center enables single-mode lasing. Therefore, in this section,
we explore the design of a A/4 shifted DFB laser to reduce the lasing threshold.

As discussed in chapter 1, in previous work within the group, lasing from
nano-ridge devices using an etched grating to define the cavity was demonstrated
[103]. However, the threshold of these devices was still relatively high. One of
the suspected reasons is that the etched structure caused damage to the InGaP
passivation layer, which introduces carrier loss paths at the GaAs-air interface and
within the GaAs bulk. Hence, the assumption is that such defect formation needs to
be avoided for improving the laser performance. In this section, a high-refractive-
index aSi grating is deposited on top of the nano-ridge rather than etching a grating
inside the nano-ridge. The details of the DFB laser design will be given below.

The lasers were designed using 3D-FDTD solver. The device model is shown
in Figure 2.1. The grating duty cycle was fixed to 50 % and the period of the aSi
grating (A) was chosen to match the cavity resonance with the PL peak. From here
on, we focus on a 539 nm-high and 582 nm-wide nano-ridge (120 nm trench width).
These dimensions are measured via SEM in Figure 2.2. To optimize the trade-off
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Figure 2.9: Dependence of FOM on Hgs;.

between the light interaction with the grating and the mode confinement in the QWs,
the height of the aSi grating (H,s;) was varied in the simulation. As the figure of
merit (FOM) we choose the product I'gw I'4s;, with I', 5; the mode confinement
in the grating, defined simalarly as I'gw earlier on. The simulation was performed
with Bloch boundary conditions using a 3D-FDTD solver. Figure 2.9 shows the
simulated FOM as function of H,s;. The FOM first increases and then decreases
with increasing H,s;, which is ascribed to a shift of the lasing mode to the thicker
high-index aSi grating. Although the FOM reaches a maximum when H,g; = 200
nm, experimentally we found that grating teeth higher than 100 nm tended to bend
and touch each other after processing (will be shown in the fabrication section), due
to the high aspect ratio. Thus, from here on we mostly focus on devices with H,g;
= 100 nm, taking both the height optimization and process tolerances into account.

Figure 2.10 shows simulated spectra for nano-ridge devices with aSi gratings
with A = 161 nm and different cavity lengths. For devices with 800 and more
periods in total, the strength of the resonance peak strongly increases, indicating in
this case the grating provides sufficient reflection to form a cavity.

Figure 2.11 plots the simulated Q-factor as function of the number of periods.
The Q-factor increases with increasing number of periods due to the reduction
of the light leaking at the beginning and end of the grating. Above 800 periods,
the Q-factor starts to stabilize because other leakage mechanisms become more
important. Therefore, in our final design we choose a grating with 800 periods and
H,s; = 100 nm, to achieve a low threshold device. A second-order grating coupler
with 200 periods was added at each side of the nano-ridge cavity to facilitate device
characterization.
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2.5 Fabrication process

2.5.1 Deposition of aSi with PECVD

Pt aSi

Figure 2.12: The nano-ridge sample with 100 nm aSi thin film full coverage.

A uniform coverage of the nano-ridge by the deposited aSi is critical for
subsequent process steps, particularly considering their unique surface topography.
A plasma-enhanced chemical vapor deposition (PECVD) process was used to
deposit the aSi layer, as shown in Figure 2.12. Despite the irregular shape of the
nano-ridges, the aSi layer successfully nucleated and grew uniformly across the
entire surface, ensuring complete coverage.

2.5.2 EBL mask and spin coating

The DFB laser design incorporated an aSi grating with 800 periods (400 periods
on each side) positioned on the top surface of the GaAs ridge waveguide. A \/4
phase shift section was located at the center. The gratings were fabricated using
electron-beam lithography (EBL). Figure 2.13 shows the EBL patterning mask,
including zoomed-in views of the first- and second-order gratings. The purple
rectangles represent the nano-ridge trenches. Each array consists of 10 identical
nano-ridge trenches, separated by 11 times the trench width. This DFB cavity
design was applied to 2 out of the 10 nano- ridges in each array, with trench widths
of 60 nm, 80 nm, 100 nm, and 120 nm (arranged from right to left). This enables
single-device characterization and minimize crosstalk.

The resist thickness on top of the nano-ridges was optimized for both EBL and
reactive ion etching (RIE) using a CF4/H»/SFg gas recipe. This recipe was chosen
for its 1:1 selectivity, ensuring comparable etch rates between HSQ (Hydrogen
silsesquioxane, pure FOX-15) and aSi. The resist thickness was evaluated using
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Figure 2.13: The EBL mask used for defining the gratings atop the nano-ridges with
trenches varying from 60 nm (right) to 120 nm (left). The trenches of the nano-ridges are
shown in purple lines, the DFB gratings and grating couplers are depicted in green and blue,
and can be more clearly seen in the magniefied views.
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Figure 2.14: The spin coating curve of HSQ thickness atop nano-ridges with 60, 80, 100 and
120 nm trench widths. The spin coating acceleration is between 500 and 3000 rpm/s. The
spin coating speed is between 500 and 1000 rpm.
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Figure 2.15: The spin coating curve of HSQ thickness atop nano-ridges with 60, 80, 100 and
120 nm trench widths. The spin coating acceleration is between 500 and 3000 rpm/s. The
spin coating speed is between 2000 and 3000 rpm.

cross-sectional SEM images, with spin-coating curves displayed in Figure 2.14 and
2.15. Spin coating was performed at various speeds and accelerations to achieve
optimal resist thickness on the nano-ridges. A spin speed of 2000 rpm and an
acceleration of 1000 rpm/s (describing the rate of increase from O to the target
speed) was selected. This ensured a minimum HSQ thickness of 150 nm while
preserving adequate thinness and high EBL exposure resolution. After spin coating,
the HSQ solvent was evaporated through two sequential baking steps at 120 °C and
220 °C, each lasting 2 minutes.

2.5.3 Cured BCB protection layer

Almost no resist No aSi?

Figure 2.16: The top (a) and cross-sectional (b) SEM images of nano-ridge test sample with
60 nm trench width.
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Gratings with 800 periods were patterned into the HSQ resist using EBL. The
development process involved HSQ developer (AZ400K:DI water = 1:3) and a
stopper (DI water), each applied for 3 minutes and 40 seconds. However, numerous
bubbles formed during development, leading to the complete removal of the aSi
thin film, as shown in the SEM images in Figure 2.16. This issue was attributed to a
chemical reaction between the KOH (Potassium Hydroxide) present in the AZ400K
developer and the aSi thin film, represented by the following reaction:

Si+ HoO + KOH = K52S5i03 + Ho

Supporting evidence for this reaction is provided in Figure 2.17 [116], which
compares the etching rates of (100) and (110) crystallographic planes in silicon crys-
tals under varying temperatures. However, the current study utilizes an amorphous
silicon (aSi) thin film, which exhibits different behavior. To further investigate this
issue, the change in aSi thickness was measured using a test sample (70 nm aSi -
300 nm SiO,, - Si substrate) immersed in AZ400K for varying development times.
Figure 2.18 shows the dramatic decrease in thickness measured at five points on the
sample, highlighting the removal of the aSi layer.

To mitigate this issue, a ~ 50 nm BCB (benzocyclobutene) layer was spin-
coated and cured, serving as a protective coating before applying a ~ 150 nm HSQ
resist layer. The curing recipe is provided in Table 2.2. Cured BCB was chosen for
its resistance to the developer.

Step | Duration(hh:mm:ss) | Temperature (°C) | Temperature increasing rate (°C/min)
1 0:02:00 20 10
2 0:20:00 20 0
3 0:19:03 100 4.2
4 0:15:00 100 0
5 0:13:53 150 3.6
6 0:20:02 150 0
7 0:18:00 180 1.67
8 0:15:00 180 0
9 0:59:10 280 1.69
10 0:59:10 280 0
11 0:44:57 75 -4.56
12 0:05:00 25 -10

Table 2.2: BCB curing recipe.
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2.5.4 Critical HSQ thickness and etching process
2.5.4.1 Critical HSQ thickness

In section 2.5.2, the spin coating curve of HSQ was discussed and the optimal
thickness was determined as ~ 150 nm, considering both HSQ/BCB and HSQ/aSi
etching selectivity into account. Thicker resist is theoretically more favorable for
the etching process. However, higher HSQ grating teeth tend to bend and touch
each other (Figure 2.19) after the development due to the high aspect ratio and weak
adhesion between HSQ and cured BCB. This limited HSQ thickness restricts the
aSi height used for the gratings. For this reason, a grating height of 100 nm was
employed for simulations in the previous section, despite a larger FOM associated
with higher aSi gratings.

2.5.4.2 Etching process

Figure 2.19: 52-degree tilted SEM image of developed HSQ on nano-ridge.

Next, the etching process was optimized using test samples (150 nm HSQ -
55 nm BCB - 100 nm aSi - 300 nm buffer oxide - Si substrate). The structures
patterned in the HSQ resist were transferred to the aSi layer by reactive ion etching
of the BCB layer and the aSi layer with SFg/O2 and CF4/Hs5/SFg, respectively.
Etching quality was assessed based on surface roughness and verticality. Tilted
and cross sectional SEM imaging (Figure 2.20 and 2.21) was used to evaluate the
impact of varying the O, flow on the quality of the BCB etching. Sidewalls etched
with an O, flow rate of 30 sccm exhibited notably reduced striped and dot-like
surface features (Figure 2.20) and more vertical profiles (Figure 2.21) compared to
other conditions. This optimized O flow was thus selected for subsequent structure
definition. A similar assessment was conducted for the effect of varying the Hy flow
on the aSi etching, as shown in Figure 2.22 and 2.23. Etching with Hs =9 sccm
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Figure 2.20: (a) 52-degree tilted SEM image of etched BCB layer on the test samples, for
various Oz flows.

Figure 2.21: (a) Cross-sectional SEM image of etched BCB layer on the test samples, for
various Oz flows.
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Figure 2.22: (a) 52-degree tilted SEM image of etched aSi layer on the test samples, for
various Hs flows.

Figure 2.23: Cross-sectional SEM image of etched aSi layer on the test samples, for various
Hs flows.
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resulted in improved sidewall roughness and verticality, making it the preferred
condition for defining aSi grating structures in the later fabrication.

To ensure consistency, etching was performed under stable conditions rather
than during the plasma build-up process. This is particularly important for small
structures, as they are highly sensitive to gas flow fluctuations and etching environ-
ment variations. The finally selected etching recipes for DFB laser fabrication are
summarized in Table 2.3.

BCB etching recipe | aSi etching recipe
Gases OQ/SF() CF4/H2/SF6
Flow 30/5 100/9/3
Chamber pressure (mTorr) 10 20
RF power (W/V) 150 W 420V
Temperature 18 18

Table 2.3: The etching recipes selected for the DFB lasers fabrication.

In the end, two optimized etching recipes were used for the DFB laser fabrica-
tion. Figure 2.24(a) shows a 52-degree tilted SEM view of the fabricated devices
with the 200 period second-order gratings clearly visible at the bottom-right corner.
Figure 2.24(b) is a zoomed-in image of the region with the first-order grating and
Figure 2.24(c) shows that the sidewalls of the aSi grating are vertical.

In summary, the aSi film was deposited on the nano-ridge chips by PECVD
after aceton, isopropyl alcohol (IPA) and DI water cleaning. A ~ 50 nm cured BCB
layer was added as a protection layer before spin coating ~ 150 nm HSQ electron
beam resist. This protection layer is critical given the reaction between the aSi
layer and the HSQ developer (AZ400K:DI water = 1:3). Then, gratings with 800
periods were patterned using EBL into the HSQ resist. The patterned structures
were transferred from the HSQ resist to the aSi layer by reactive ion etching of the
BCB layer and the aSi layer with SF5/O4 and CF4/H2/SFg, respectively. Figure
2.25(a) and 2.25(b) illustrate the process flow and provide a top-view schematic of
the device.



50 DFB LASER WITH ASI GRATING ON TOP

i

"-\ Nano-ridge
. =~ P A..

200 hm

Figure 2.24: (a) 52-degree tilted SEM image of DFB lasers with 60, 80, 100, 120 nm trench
widths. (b) Zoomed-in image of the region with the first order grating on nano-ridge with
120 nm trench width. (c) Zoomed-in image of the grating.

() Nano-ridge aSi deposition BCB spin coating and curing
a
— —
aSi etching BCB etching EBL and
development

InGaP GaAs M InGaAs SiO, M Sisubstrate [l HSQ [ aSi |l BCB

(b) | Top-view of the device model |

(00 I U TR R UUUDU LT LT i—

InGaP [ aSi grating [l aSi grating coupler

Figure 2.25: (a) Process flow for fabrication of the DFB laser with an aSi grating atop the
nano-ridge. (b) Top-view schematic of the device.
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2.6 Optical characterization

Figure 2.26: (a) Microscope image of a full array of devices excited simultaneously by a 532
nm pulsed pump. (b) Microscope image sample excited with rectangular aperture to select a
single DFB laser:

The devices were excited by a Nd:YAG 532-nm nanosecond pulsed laser (7
ns pulse width, 938 HZ repetition rate) at room temperature. The emission from
the devices was collected and detected with the same monochromator and InGaAs
detector, as mentioned in the section 2.2. Figure 2.26(a) shows a microscope picture
of a full array of devices excited simultaneously by a pump spot with a Guassian
profile and a full width at half maximum of 400 um. To characterize the individual
devices, a rectangular aperture was utilized to control the pump beam shape, as
shown in Figure 2.26(b). Figure 2.27(a) shows the PL spectrum from the DFB
laser having an aSi grating with H,g; = 100 nm and A = 161 nm, under different
pulsed pump power densities. The 1044 nm lasing peak becomes apparent when
the pump density reaches 2.5 kW/cm?, and the peak intensity increases strongly
with the further increase of the pump density. At a pump density of 35 kW/cm?,
the lasing peak reaches a SMSR of more than 35 dB. The linewidth of the laser,
obtained from a Gaussian function fitting as shown in Figure 2.27(b), is 1.5 nm and
likely limited by the pulsed operating regime. In this regime, thermal fluctuations,
non-equilibrium carrier dynamics, and mode competition contribute to spectral
broadening. Additionally, averaging over pulses during measurement can further
increase the observed linewidth.

The reported power density in kW/cm? refers to the peak output power density
of the nanosecond (ns) laser during a pulse cycle. It is calculated theoretically using
the measured average power from the power meter, following the equation:

— Pay 8
Pien = pprFw T2 * 0-804 X 10

where Pyern, Pyvg, PPR, FWHDM and r are the peak power density, average
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Figure 2.27: (a) PL spectrum from the DFB laser under different pulsed pump power
densities. (b) PL spectrum on linear scale with Gaussian function fitting from the same DFB
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Figure 2.28: Light in - Light out curve on linear (a) and logarithmic (b) scale of the same
DFB laser in Figure 2.27.
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power, pulse repetition rate, full width at half maximum of the pulse, and pump
spot radius. The conversion factor 0.804 x 108 ensures unit consistency.

Figure 2.28 shows the light in (pump power density) - light out (integrated PL)
curve on a linear (a) and a logarithmic (b) scale for the same measured laser. The
integrated wavelength range is from the peak wavelength +1 nm. A clear change
of slope is a signature of the lasing turn-on. The threshold density is 7.84 kW/cm?
(48 wJ/cm?). This value is obtained from the second order derivative of the light in -
light out curve on linear scale [117]. This threshold is ~ 5 times smaller than the
value for the nano-ridge with an etched grating (33.4 kW/cm?) [103]. The light in -
light out curve on both linear and log scale are fitted to the rate equations [118,119]
giving a value 3 ~ 0.9 % for the coupling efficiency from the spontaneous emission
to the cavity mode. In theory, a higher 3 value is beneficial to obtain a lower lasing
threshold value. However, the /3 value is almost the same as for the nano-ridge laser
with an etched grating. Thus, the coupling efficiency [ is not the main reason for
the lower lasing turn-on threshold value.

Note that in principle the coupling efficiency 5 could be improved by opti-
mizing the nano-ridge dimensions. Simulations show that this leads to a strongly
reduced overall cross-section, which is not necessarily favorable in terms of overall
laser design and might e.g. lead to considerably lower output powers.

To better understand the origin of the lowered threshold, time-resolved photo-
luminescence (TRPL) measurements were carried out, as these can provide insight
in extra carrier losses introduced by the etched grating at the GaAs-air surfaces
and in the QWs. The nano-ridges were excited by a Ti:Sapphire ultrafast laser
(35 fs pulse width, 8 MHZ repetition rate) at both room temperature (R.T.) and
cryogenic temperature(Cryo., SK), using the similar setup as in Ref. [113]. The
emission from the nano-ridges was collected and detected with a monochromator
and a superconducting nanowire single photon detector.

Figure 2.29 presents the decay curve for the room temperature emission at
1044 nm from a nano-ridge with and without etching. A single exponential decay
function is utilized for fitting. The fitted lifetime value of the etched nano-ridge is 5
times smaller than the one without, 76 ps compared to 379 ps. This is consistent
with the reduction in threshold for the lasers with an aSi grating vs. those with an
etched grating (5x) [103].

To further investigate the origin of the decreased lifetime, the measurements
were repeated at cryogenic temperature (5K), see Figure 2.30. At this temperature,
the carriers are expected to have insufficient thermal energy to escape the InGaAs
QWs and hence the measured lifetime only should depend on the material quality of
the QWs, and not on the surface defects. The lifetime for the nano-ridge with etched
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Figure 2.29: Decay traces of the 1044 nm and 1000 nm emission from nano-ridges with and
without etching under 800 nm pulsed pump at room temperature.

grating is now 153 ps, double that of the one at room temperature, but still smaller
than the one without etching (379 ps and 475 ps at room temperature and cryogenic
temperature, respectively). This demonstrates the etching introduces extra carrier
loss paths. In summary, we believe the decreased lifetime for the devices with
etched grating originates both from surface non-radiative recombination centers
at the GaAs-air interface, which is exposed by etching the InGaP passivation
layer [111], and by defects introduced in the QWs by the high-impact ions used in
the plasma etching process.

Previously, we reported InP [120] and InGaAs/InP [121] DFB-lasers with
etched gratings exhibiting laser thresholds of 2143 kW/cm? and 760 kW/cm?. The
DFB laser reported here, with an aSi grating on top, demonstrates a threshold of
7.48 kW/cm?, more than two orders of magnitude lower. This superior performance
can be attributed to the following reasons: 1) the high quality of the epitaxial
material and the incorporation of an extra InGaP passivation layer suppressing
non-radiative recombination via surface states. 2) the absence of damage to the
nano-ridge material during aSi grating fabrication. 3) enhanced carrier confinement
inside the QW layers. Leveraging LART techniques, Han and Xue, et al. reported
InP FP lasers, distributed Bragg reflector (DBR) laser and DFB lasers with an
etched grating on the two sides [98,99, 122, 123]. These devices had a lasing
threshold ranging from 16 uJ/cm? to 40 pJ/cm?. In this case ultrashort pulses (100
fs) were used, making a direct comparison not straightforward. In contrast, given
that the 7 ns pump pulse width used here is much larger than the measured lifetime,
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Figure 2.30: Decay traces of the 1044 nm and 1000 nm emission from nano-ridges with and
without etching under 800 nm pulsed pump at cryogenic temperature.

the DFB laser with aSi grating can be considered to lase under quasi-continuous
pump conditions.

2.7 Threshold discussion

To further explore how this improved lifetime influences the device’s threshold, we
study the threshold condition and compare with our earlier results.

In general, the threshold condition is given by:

nlowgih = am + a; 2.1

With n the number of QWs, Iy the confinement factor per QW, gy, the threshold
material gain, o, the mirror losses and «a; average internal losses. We explicitly
take into account the number of QWs here, as we compare our current device
containing 2 QWs with the previous device [103] having 3 QWs.

The mirror losses are determined by the laser’s kL, where x and L are the
coupling coefficient and the length of the DFB cavity. «L is a measure for the
grating reflection and was estimated to be 7.19 for the aSi grating device using [124]
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)\2

KL = \/(MmeffL)2 — 2 2.2)
Bragg

In this equation, A\, ners and Aprqqq are the stopband width, the effective re-
fractive index of the lasing mode and the Bragg wavelength. All of them can
be obtained from a numerical simulation. The large <L indicates the aSi grating
provides a strong mirror reflection, resulting in limited light loss at both cavity ends.
For the etched grating device <L is 3.3. In both cases these values are very high
and as such we can assume that the mirror losses are negligible compared to the
internal losses, such that equation (2.1) simplifies to:

nlowgin ~ a; (2.3)

From the threshold material gain gy, we can derive the required threshold
carrier density Ny, To relate the carrier density with the carrier generation rate and
ultimately the pump density, we start from the rate equation for the carriers:

% =G — (AN + BN? + CN?®) (2.4)

where NV, G, A, B and C are the carrier density, the net optical generation rate, the
linear non-radiative recombination rate, the bimolecular recombination coefficient
and the Auger recombination coefficient. It is common to combine the effect of all
carrier recombination mechanisms in a single lifetime 7, simplifying the equation
to:

dN N
=G - = 2.5
dt T (2.5)
However, one must consider that the carrier lifetime 7 is then dependent on the

carrier density in principle. The generation rate is given by:

G = M (2.6)

ntQW hv

With 7., the external quantum efficiency, P the pump density, {gw the thickness
of the QW, h Planck’s constant and v the emission frequency. Given that 7 ns
pump pulse width is much larger than all other time constants in the system, we
can assume to operate under quasi-continuous pump conditions, which simplifies
equation (2.5) as
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G = N 2.7

Py =— (2.8)

In a first order approximation, we can connect the material gain and the carrier
density as:

g =a(N — No) 2.9)
From which we finally find:

Qg
T [aranew(Nth — Np)

thhUNth

Py, = ] (2.10)

While this relation is simplified a lot — in reality a more complex relation
should be considered to connect gain and carrier density — it shows that in first
order, the threshold density is independent of the number of QWs but is dominated
by the carrier lifetime and the internal losses of the laser cavity. This equation
clearly shows that the dramatic decrease of lifetime 7 after etching, as shown in
Figure 2.29, can indeed explain the strong difference in threshold for the aSi grating
and etched grating based devices.

2.8 Conclusion

A 100 nm high, 161 nm period aSi grating with 800 periods was integrated on
top of a GaAs nano-ridge directly grown on a standard 300 mm Si wafer. This
approach allowed to demonstrate lasing with strongly lowered threshold compared
to the device with an etched grating, which suffers from additional non-radiative
recombination [103, 120, 121], and compared to the devices with a metal grating
on top [104, 105], which suffer from increased propagation losses. The room
temperature photoluminescence spectrum shows single mode laser operation with
more than 35 dB side-mode suppression ratio and 7.84 kW/cm? lasing threshold.
This lasing threshold is ~ 5 times smaller than for a DFB laser with a grating etched
into the nano-ridge. This is ascribed to the fact that the aSi grating fabrication
process allows to avoid extra carrier loss paths from surface state defects at the
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GaAs-air interface and from damage in the quantum wells active region due to the
high-energy ions involved in the plasma process used for the etched gratings. This
demonstration of a nano-ridge laser with low threshold proves the high quality of the
III-V-on-silicon epitaxial material again and opens up the road towards achieving
electrically driven devices.
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The exponential growth of data traffic requires efficient chip-to-chip and
on-chip optical interconnection methods with low energy consumption and high-
density integration. Ultra-compact and low-threshold III-V semiconductor lasers
are promising as light source for the silicon photonic platform due to their small
footprint and low energy consumption.
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In Chapter 2, we employed an aSi grating atop the nano-ridge to avoid intro-
ducing extra carrier loss mechanisms, which were present in our previous DFB
lasers designs featuring etched gratings [103] or metal gratings on top [104, 105].
These lasers demonstrate excellent threshold performance, supporting their poten-
tial for low energy operation. However, these lasers suffer from small interaction
with the optical mode and hence long cavities (over 100 um). This limits integration
density, emphasizing the need for footprint reduction and miniaturization.

To address this, Chapter 3 introduces high-refractive-index aSi gratings de-
posited on the sidewalls of nano-ridges, enhancing interaction with the guided mode
and enabling cavity dimension reduction. The proposed device model is shown in
Figure 3.1. This modification is a step toward practical on-chip laser applications.
From Sections 3.1 to 3.7, we explore the following:

* Sections 3.1-3.2: Characterization of morphological features and optical
properties using SEM imaging and PL spectroscopy to determine ridge dimensions
and QW emission wavelengths.

* Section 3.3: Optical mode analysis using FDE simulations.

e Section 3.4: Design and comparison of compact nano-ridge lasers with
sidewall gratings (SG) and top gratings (TG).

* Sections 3.5-3.7: Fabrication challenges, optical characterization, results,
and conclusions.

InGaP
M GaAs
M InGaAs
M asi
B GaprAs  SiO, HMSi substrate

Figure 3.1: The proposed device model of DFB laser with an aSi grating on the sides.

3.1 Morphological characterization

To obtain the nano-ridge dimensions needed for the laser design, we performed top
and cross-sectional SEM imaging (Figure 3.2). The sizes of the nano-ridges with
60 nm, 80 nm, 100 nm and 120 nm trench width are summarized in table 3.1. The
nano-ridge dimensions are defined similarly to those in Figure 2.1.
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Figure 3.3(a)-(b) give the cross-sectional SEM images of the overall structure
after preparing the sample using the same solution described in Section 2.1. The
InGaP capping layer, the GaAs bulk layer, the InGaAs QWs, the GaPAs carrier
blocking layer and the defect-rich GaAs trench are clearly visible in Figure 3.3.
Unlike the nano-ridge samples in Chapter 2, these include three QW layers, as
shown in Figure 3.3(b).

SOnm
Trenches

120nm
Trenches

60nm
Trenches
100nm
Trenches

Figure 3.2: (a) Top view SEM image of nano-ridge array with 60 nm, 80 nm, 100 nm and
120 nm trench widths. Cross-sectional SEM image of nano-ridge with 60 nm (b), 80 nm (c),
100 nm (d) and 120 nm (e) trench width. The nano-ridge height, nano-ridge width and
trench width are defined similarly to those in Figure 2.1.

Figure 3.3: (a) Cross-sectional SEM image of nano-ridge structure. (b) Enlarged image of
the InGaAs QWs and GaPAs carrier blocking layer:
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Designed trench width (nm) | a (nm) | 8 (nm) | ~ (nm)
60 333.8 452.1 75
80 378.3 459 91.7
100 395.8 510.2 110.4
120 4479 502.3 133.3

Table 3.1: The nano-ridge height, nano-ridge width and trench width taken from the
cross-sectional SEM images.

—— 60 nm
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Figure 3.4: The normalized PL spectra from nano-ridges with trench widths 60 nm, 80 nm,
100 nm and 120 nm under 4.20 W/cm?* CW 532 nm excitation.

3.2 Photoluminescence characterization

The nano-ridge arrays were optically pumped using a 532 nm CW laser at 4.20
W/cm?, consistent with conditions in Section 2.2. Normalized PL spectra (Figure
3.4) reveal a broad emission peak between 1000 nm and 1060 nm, attributed to the
active Ing 2Gag gAs QWs. The redshift observed in the PL peak is explained by
mechanisms similar to those in Section 2.2. This wavelength region serves as the
focus for cavity design in the next section.

3.3 Transversal optical modes

Simulations of the optical modes supported in the nano-ridges were performed
using an FDE solver, as described in Section 2.3. Figure 3.5 shows the first three
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Figure 3.5: The first three optical modes of the nano-ridge with 80 nm trench width. The
polarization of the modes is indicated on top of the images. The simulations were carried

out with an FDE solver.
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Figure 3.6: The simulated neyy and I'qw of different optical modes in the nano-ridge with
80 nm trench width. The simulation was carried out with an FDE solver.
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Figure 3.7: The TE-like ground modes of the nano-ridges with trench width 60 nm (a), 80
nm (b), 100 nm (c) and 120 nm (d). The simulation was carried out with an FDE solver.
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Figure 3.8: The simulated n.yy and I'qw of TE modes in the nano-ridge with 60 nm, 80 nm,
100 nm and 120 nm trench width. The simulation was carried out with a FDE solver.
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optical modes for nano-ridges with a 60 nm trench width, including a TM-like, a
TE-like, and a higher-order TEM mode. The TE-like ground mode remains the
most promising candidate for lasing due to its high QW confinement factor (I'qw =
9.312 %), as can be seen in Figure 3.6. Figure 3.7 and 3.8 show the TE-like modes
and their n.z ¢, Tow .

3.4 Ultra-compact DFB laser design

In Chapter 2, we demonstrated lasing from nano-ridge devices with a grating on
top (TG). However, insufficient grating modulation limited the coupling efficiency
and prevented compact device footprints. To address this, in this chapter we place
a grating on the side of the nano-ridges (SG), aiming to enhance light-matter
interaction and achieve further miniaturization. The detailed design of the DFB
laser is discussed below.

3.4.1 Comparison of top and side grating

InGaP M GaAs lInGaAs M aSi Ml GaPAs  SiO, HSi substrate

(@)

Grating
width

aSi

-400 -200 0 200 400
Y (nm)

Figure 3.9: Device models with the definition of Wqsi, Hasi for the (a) SG and (b) TG. The
lowest order transverse electric (TE)-like mode from the models with (c) Was: = 200 nm SG
and with (d) Hys; = 200 nm TG.

For the design of the sidewall grating laser cavities (SGL) and top grating laser
cavities (TGL), we used a 3D-FDTD solver with Bloch boundary conditions. The
simulation models for both types of devices and the definition of the most relevant
parameters, the grating width W, g; (for SGL) and grating height H,g; (for TGL),
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are depicted in Figure 3.9(a) and 3.9(b). Figure 3.9(c) and 3.9(d) show the lowest
order transverse electric (TE)-like modes for both device models with W, g; = 200
nm for the SGL and H,s; = 200 nm for the TGL. The nano-ridge itself has a height
Hpy g =452 nm and width W y g = 334 nm. The trench width is 60 nm. The field
distribution was calculated, assuming a 50 % duty cycle for the gratings, with the
cross-section taken in the high-index region. Figure 3.9(c) and 3.9(d) show that the
mode is strongly confined inside the nano-ridge.

3.4.2 Cavity simulation

Grating type | Wyg (nm) | Hyg (nm) | Wy5/Hgs; (nm)
S1 SG 200 452 200
S2 SG 267 452 200
S3 SG 334 452 200
S4 TG 334 452 200

Table 3.2: The dimension of simulated devices.
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Figure 3.10: Simulated Q-factor for devices SI1-S4 as defined in the text, for varying number
of periods.

The interaction between the guided mode and the gratings was investigated
by simulating the Q-factor and the confinement of the optical mode in the grating
and the QWs, using a 3D-FDTD solver with PML and Bloch boundary conditions.
All simulations were carried out for a wavelength of 1016 nm, the peak of the PL
spectrum for the 60 nm nano-ridge. Figure 3.10 presents the calculated Q-factor
for different structures, as function of the number of periods. S1, S2 and S3 are
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Figure 3.13: FOM as function of Wqs; for SGL with W g = 334 nm.

SGL devices for which the width of the nano-ridge was varied (W y r is 200 nm,
267 nm and 334 nm for S1, S2 and S3 respectively). The height of the nano-ridge
and the thickness of the grating are kept constant at Hy g = 452 nm and W, g; =
200 nm. S4 is a TGL device with Hy gz =452 nm, Wy g = 334 nm and H,5; = 200
nm. The latter is chosen to allow for a direct comparison with the SGL device. All
dimensions of simulated devices are given in table 3.2.

It is obvious that for all devices the Q-factor increases with increasing number
of periods. Further, for the SGL devices, the Q-factor increases faster for the
narrower nano-ridges. This is a result of the increasing overlap of the optical mode
with the grating. On the other hand, the Q-factor saturates at a slightly higher value
for the wider devices and for the top grating. Finally, for the shorter gratings, the
SGL devices always exhibit a higher Q-factor than the TGL devices.

Figure 3.11 shows the simulated spectrum for nano-ridge with Wy r = 334
nm, Hy g =452 nm, W, g; = 200 nm, A = 165 nm and different cavity lengths. As
the number of periods increases, the linewidth narrows due to reduced light leakage,
consistent with the Q-factor trend.

These simulations show that, in particular for the SGL devices, a narrower
nano-ridge results in a stronger interaction of the mode with the grating and hence
potentially shorter devices. However, reducing the nano-ridge width also results
in a reduced confinement in the QWs, and hence a reduced modal gain. To further
explore this trade-off, we used FOM =T, 5;I"ow, similar as in Section 2.4. Figure
3.12 shows this FOM for the 4 devices previously introduced. For all SGL devices
the FOM is significantly larger than that for the TGL. In addition, the FOM for
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the SGL devices shows an optimum for Wz ~ 260 nm. The dependence of the
FOM on the nano-ridge width is limited however, and all experimental results were
obtained for devices with W yr = 334 nm as these were readily available. Figure
3.13 shows how the FOM varies for a SGL device, as a function of W,g; (with
Wnxnr =334 nm). Increasing W,g; increases the confinement in the grating and
leads to an increased FOM. After reaching a maximum, the FOM decreases again
as the mode shifts to the grating region and the overlap with the QWs decreases.
Experimentally we found aSi grating teeth wider than 200 nm bended and touched
each other after processing due to the high aspect ratio and the weak adhesion
between the III-V material and the aSi grating, similarly as Section 2.5. Thus, in
the remainder of this work, we mostly focus on devices with W, g; = 200 nm.

3.5 Fabrication process

3.5.1 aSi deposition

The fabrication of the grating began with depositing a thick aSi layer on both sides
of the nano-ridges. PECVD was used to evaluate the aSi coverage on the test sample
(Figure 3.14). However, the deposition resulted in faster growth on the tops than
the sides, causing the aSi on neighboring nano-ridges to merge before fully filling
the gaps.

Figure 3.14: The test nano-ridge sample with the deposited aSi thin film by PECVD.

Due to these limitations, electron beam evaporation was explored (Figure 3.15).
While this increased the aSi volume between nano-ridges, achieving complete
coverage remained a challenge.

To improve coverage, we returned to PECVD and partially removed nano-
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Figure 3.15: The test nano-ridge sample with the deposited aSi thin film by electron beam
evaporation.

ridges in the array to create more open spaces. Using HSQ as a mask, we tested
various etching recipes (table 3.3). Figure 3.16 and 3.17 show the etching rates of
GaAs and HSQ, along with the GaAs/HSQ selectivity for each recipe. Transitioning
from recipe 1 to recipe 2 increased both etching rate and selectivity due to higher
ICP (Inductively Coupled Plasma) power, which enhances plasma concentration.
Recipe 3 further improved selectivity by reducing RF power, minimizing physical
bombardment. A similar trend was observed in recipe 4 with increased ICP power.
Ultimately, recipe 3 was selected for its balance of high selectivity and moderate
etching rates.

Figure 3.18 presents cross-sectional SEM images of the test sample at various
stages: (a) EBL patterning and development, (b) nano-ridge etching, (c) HSQ
removal, (d) aSi deposition, and (e) top aSi film etching. These results confirm that
the filling and coverage challenges were resolved.
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Figure 3.16: The etching rates of GaAs and HSQ from different etching recipes in table 3.3.
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Nano-ridge etching recipe 1 | Nano-ridge etching recipe 2 | Nano-ridge etching recipe 3 | Nano-ridge etching recipe 4
Gases BCl3/Ny BCl3/Ny BCl3/N,y BCl3/Ny
Chamber pressure (mTorr) 3 3 3 5
Flow 20/8 20/8 20/8 20/8
ICP power (W/V) 200 W 400 W 400 W 600 W
RF power (W/V) 120W 120 W 100 W 100 W
Temperature(°C) 18 18 18 18
Etching time 1 min 2 min 1 min 1 min

Table 3.3: Etching recipes for removing the nano-ridges.
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Figure 3.17: The selectivities of GaAs/HSQ from different etching recipes in table 3.3.

Figure 3.18: The cross sectional SEM images of the test sample with (a) EBL patterning and
development, (b) nano-ridge etching, (c¢) HSQ removal, (d) aSi deposition and (e) top aSi

film etching
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3.5.2 SiO, etching

In Chapter 2, a ~ 50 nm cured BCB layer was used as a protective layer but proved
unstable for etching. Here, it was replaced with a more robust SiO,, hard mask
deposited via PECVD. The etching process was optimized to minimize effects
on subsequent SG structure definition, using a test sample (400 nm HSQ - 200
nm SiO, on Si substrate) patterned with HSQ resist. Etching was performed in
RIE mode on an ICP-RIE (Inductively Coupled - Plasma Reactive Ion Etching)
system, with recipes detailed in table 3.4. Cross-sectional SEM images (Figure
3.19) were used for evaluation. Although distinguishing HSQ from SiO,, in SEM
images is challenging due to similar contrast, the layer adjacent to the Si substrate
was confirmed as SiO,.

Figure 3.19 illustrates that the volume of SiO,, near the silicon substrate in-
creases with higher CHF3 flow rates. When CHF3 = 200 sccm is used as the etching
gas, the etched profile near the substrate approaches a rectangular shape—indicating
enhanced anisotropic etching. This improvement is attributed to surface passivation
caused by etching by-products, which suppress lateral etching. While the SiO,,
sidewalls were not entirely vertical, over-etching produced sufficiently vertical, thin
layers for protection (Figure 3.20). Top, cross-sectional, and tilted SEM images
(Figure 3.20) of a sample (40 nm SiO,, - 600 nm aSi - 300 nm SiO,, - Si substrate)
confirm the results.

SiO, etching recipe 1|SiO, etching recipe 2|SiO,, etching recipe 3
Gases CHF3/0, CHF3/0, CHF3/09
Flow 50/21 100/21 200/21
Chamber pressure (mTorr) 5 5 5
RF power (W/V) 150 W 150 W 150 W
Temperature(°C) 18 18 18
Etching time 25 mins 25 mins 25 mins

Table 3.4: Etching recipes for SiO,.

Figure 3.19: The cross sectional SEM images of the test sample (400 nm SiOy, - Si substrate)

etched with SiO4 etching recipe 1 (a), recipe 2 (b) and recipe 3 (c).
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Figure 3.20: The top, cross sectional and tilted SEM images of another test sample (40 nm
SiO, - 600 nm aSi - 300 SiO,, - Si substrate) over-etched with SiO,, etching recipe 3.

aSi etching recipe 1|aSi etching recipe 2/aSi etching recipe 3(aSi etching recipe 4
Gases CHF3/SFs/Hy CHF3/SFs/Ha CHF3/SF¢/Hs CHF3/SF¢/Hs
Flow 98/10/4 98/10/5 98/10/6 98/10/8
Chamber pressure (mTorr) 3 3 3 3
RF power (W/V) 150 W 150 W 150 W 150 W
Temperature(°C) 18 18 18 18
Etching time 1 min 45s 1 min 45s 1 min 45s 1 min 45s

Table 3.5: aSi etching recipes

Figure 3.21: Cross sectional SEM images of the test samples (40 nm SiOg - 600 nm aSi -
300 nm SiOy, - Si substrate) etched with different aSi etching recipe 1 (a), recipe 2 (b), recipe
3 (c¢) and recipe 4 (d).
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3.5.3 aSi deep etching

Figure 3.22: The tilted SEM images of the same test samples in Figure 3.21.

Section 2.5.4.1 highlighted the low selectivity of the aSi etching process with
respect to HSQ, which was inadequate for defining the high aSi grating on both
sides. To optimize the etching process, we used a test sample (40 nm SiO,, - 650 nm
aSi - 300 nm SiO,, - Si substrate) patterned with HSQ resist. The etching recipes
(table 3.5) were assessed using cross-sectional and tilted SEM images (Figure 3.21
and 3.22). Although all conditions resulted in sidewalls with good verticality, the
top portion of the sidewalls consistently exhibited surface roughness, indicating
potential limitations in resist integrity or etching uniformity near the surface.

Etching depths of 300400 nm (Figure 3.21) were insufficient for grating

Figure 3.23: (a) Top and (b) cross sectional SEM images of the etched test samples with the
increased etching time.
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Figure 3.24: (a)-(c) Cross sectional and (d)-(f) tilted SEM images of the etched test samples
with 2 etching steps and time interval of 10 mins.

CHF,/SF,

Figure 3.25: Cross sectional SEM images of the etched test samples with 4 etching steps and
time interval of 10 mins.
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CHF,/SF¢/H,=98, 7, Si, 455 X 4

Figure 3.26: Tilted SEM images of the etched test samples with 4 etching steps and time
interval of 10 mins.

definition. While extending the etching duration was considered, a total etching
time of 2 minutes and 50 seconds led to significant distortion of the grating pro-
files however (Figure 3.23). The resulting structures in Figure 3.23(b) exhibited
sharp triangular shapes, which likely caused by inadequate heat dissipation during
continuous etching.

To mitigate thermal effects and improve etching quality, the process was di-
vided into two steps with a 10-minute cooling interval. This adjustment produced
clearer grating profiles, albeit with rough sidewalls, as observed in Figure 3.24.
Further refinement was achieved by splitting the etching into four steps, each sepa-
rated by a 10-minute cooling period. This multi-step approach yielded improved
structural integrity and more uniform sidewall quality.

Figure 3.25 and 3.26 show the improved etching results. The sidewall rough-
ness was caused by the SEM imaging but not the etching process. Initially, the
sidewall appeared smooth under the electron beam imaging, but white spots emerged
with increasing imaging time. Key optimizations included: 1) using a pure Si sub-
strate carrier for enhanced heat dissipation, 2) allowing sufficient cooling intervals
to prevent heat accumulation, and 3) cleaning the chamber with O» plasma after
every four-step cycle to prevent by-product buildup, which could increase chamber
pressure and weaken anisotropic etching.

The optimized SiO, and aSi recipes were utilized for defining the SG. The
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Figure 3.27: (a) Process flow diagram illustrating the fabrication steps of nano-ridge DFB
laser with the SG. (b) Top-view schematic of the device.

full fabrication process and the top-view schematic of the device are illustrated in
Figure 3.27(a) and 3.27(b) . First, part of the nano-ridges in the dense array were
removed to reduce the overall filling ratio of the nano-ridge pattern and allow for
complete aSi filling, using a combination of EBL and plasma etching. We used
HSQ resist, developed in a 1:3 mixture of AZ400K and DI water. The non-protected
nano-ridges were removed using ICP-RIE with BCl3/N5 and the remaining HSQ
resist was removed by a buffered oxide etching solution (BOE). Then, a ~ 600 nm
aSi thin film was deposited using a PECVD process. Next, the aSi thin film was
uniformly etched using a CHF3/SFg/H gas mixture through ICP-RIE, leaving only
the aSi on the sidewalls. To protect the aSi layer from the HSQ-developer used in
the subsequent lithography step, ~ 40 nm SiO,, was deposited using PECVD. Then
a second EBL step was used to define the grating in HSQ. Finally, the aSi grating
structures on both sides of the nano-ridge and a second-order grating coupler were
transferred from the HSQ resist to the aSi layer by ICP-RIE etching of the SiO,,
layer and the aSi layer with CHF3/O5 and CHF3/SFs/Hs, respectively. A second-
order grating is added to allow vertical coupling of the light emission. Figure
3.28(a) and Figure 3.28(b) depict a top-view SEM image and a tilted SEM image
of DFB lasers with Hy g = 452 nm and W yr = 334 nm. Figure 3.28(c) shows an
enlarged view of the aSi grating. The crack visible in the lower part of the grating
is aligned with the transition from the angled section at the bottom to the vertical
section at the side of the nano-ridge. The current deposition process for the aSi
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Figure 3.28: (a)Top-view SEM image of DFB lasers. (b) Tilted SEM image of the same DFB
lasers. (c) Enlarged tilted SEM image of the aSi grating on the one side.

layer does not result in a perfectly conformal layer here. This could be improved in
the future but at this moment does not seem to influence the operation of the device.

3.6 Optical characterization

—100 periods

e KW/em?

1010 1020 1030 1040
Wavelength (nm)

Figure 3.29: PL spectrum on logarithmic scale from the DFB laser with a 100-period SG
under 25 kW/em? 532 nm-pulsed pump power density.

The devices were characterized using pulsed optical pumping, using the setup
and settings discussed in Section 2.6. Figure 3.29 shows the PL spectrum for a SGL
device with a grating having 100 periods, W, g; = 200 nm and period A = 165 nm.
The total length of the cavity was 16 um. The pump power density was 25 kW/cm?.
The peak from the DFB laser is located at 1027 nm, achieving a SMSR of over 24
dB. The linewidth of this laser, obtained from a Gaussian function fitting as shown
in Figure 3.30, is 1.25 nm and likely limited by the pulsed operating regime. Figure
3.31 shows the light in (pump power density) - light out (integrated PL) curve
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Figure 3.30: Normalized PL spectrum of the same DFB laser in Figure 3.29, fitted with a
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Figure 3.31: Light in - Light out curve on the linear (a) and logarithmic (b) scale of this
DFB laser.

for the same device on a linear (a) and a logarithmic (b) scale. The characteristic
S-shaped curve and a clear change of slope are the signature of lasing turn-on. The
curve is fitted to a rate equations based model [118, 119] giving a value 3 ~ 0.8 %
for the coupling efficiency from the spontaneous emission to the cavity mode.

To explore the effect of the grating length on the laser operation, the PL spectra
and the light in — light out curves of a series of SGL devices with increasing number
of periods was measured. Figure 3.32 shows the PL spectra taken at a pump power
density of 25 kW/cm?. All show a sharp peak, indicating laser operation. This is
further confirmed by the light in — light out curves shown in Figure 3.33, which all



80 ULTRA-COMPACT INGAAS/GAAS NANO-RIDGE LASER

48}
e 700 KW/cm?
—300
—200
—150
40F —100
—_
==}
o
N’
- 32}
[
24}

1010 1020 1030 1040
Wavelength (nm)

Figure 3.32: PL spectrum on dB scale from the DFB lasers with the SG comprising various
numbers of periods at 25 kW/em?.

show a clear threshold behavior. The extracted threshold values are shown with
black markers (design 1) in Figure 3.34. As expected, the threshold decreases with
increasing grating length.

To investigate the effect of the grating strength, we measured the length
dependent light in — light out curves for first 4 different device designs, as shown in
table 3.6. The extracted laser thresholds for all 20 devices are shown in Figure 3.34.
Comparing design 1 (black) and design 2 (red), we see that decreasing the thickness
of the SG results in a higher threshold for shorter devices, associated with the lower
confinement in the grating. For longer devices, the situation reverses, probably
due to lower scattering losses in the shallow grating devices. This behavior is also
expected from the simulations for the Q-factor shown in Figure 3.10, where we see
a higher maximum Q-factor for devices with a weaker grating interaction. Design 3
and 4, with a TG, require a further increased cavity length to ensure low threshold
lasing. Figure 3.35 shows the light in — light out curves for the 4 devices within the
magenta ellipsis in Figure 3.34, which all exhibit a similar lasing threshold pump
density. Here the effect of increasing the grating strength is even more obvious, with
design 4 requiring 4 times the number of periods for reaching the same threshold
density as design 1. Note that this effect would be even more pronounced if we
referred to the absolute pump power. (i.e. the pump power density multiplied by
the device surface).

To investigate the effect of the duty cycle, we measured the PL spectrum
and length-dependent L-L curves for designs 1 and 5, as summarized in table 3.6.
Figure 3.36 presents the PL spectrum for SGL devices with gratings of 200 periods
and a 50 % duty cycle, and 400 periods and an 80 % duty cycle. The duty cycle is
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Figure 3.33: Light in - Light out curves on linear scale of the same DFB lasers in Figure
3.32
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Figure 3.34: Extracted threshold values for devices with designs 1-4 as defined in table 3.6,
for varying number of periods.
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Figure 3.35: Light in—light out curves for the 4 devices within the magenta ellipsis in Figure
3.34.
Grating type | W,s:/Hyg; (nm) | Duty cycle (%)

design 1 SG 200 50

design 2 SG 50 50

design 3 TG 100 50

design 4 TG 50 50

design 5 SG 200 80

Table 3.6: The dimension of fabricated devices.

defined as the grating teeth width relative to the grating period. The SGL device
with an 80 % duty cycle exhibited a shorter emission wavelength, likely due to the
mask design error in the grating period. Theoretically, increasing the duty cycle
contributes to a larger n. s , leading to a longer lasing wavelength. However, the
default 5 nm interval setting in IPKISS imposed a limitation, restricting the grating
periods in this mask to 165, 170, 175 nm and so on. This issue was resolved for the
series with a 50 % duty cycle.

Figure 3.37(a) displays the extracted laser thresholds for all 10 devices. Com-
paring design 1 (black) and design 5 (orange), we observe that increasing the SG
duty cycle raises the threshold for shorter devices, likely due to higher loss from
the high-order mode. Figure 3.37(b) illustrates the L-L curves for the two devices
within the magenta ellipsis in Figure 3.37(a), showing similar lasing threshold
pump densities. However, design 5 required twice the number of grating periods as
design 1 to achieve the same threshold density, highlighting the significant impact
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Figure 3.36: PL spectrum for for devices with design 1 and 5 as defined in table 3.6, with

200 periods, 50 % duty cycle and 400 periods, 80 % duty cycle, respectively.

12t -@-design 1
design 5
~ 11}
o (a)
5
= 10r g
()
2 9
= ?
w
o
= g
C]
7t
0 200 400 600 800

Number of periods

x10°

3.6F

Integrated PL

0.0 1

3
EN

=
5

(b)

0

10

20

30

20
Power density (kW/cm?)

Figure 3.37: (a) Extracted threshold values for devices with design 1 and 5 as defined in
table 3.6, for varying number of periods. (b) Light in — light out curves for the 2 devices
within the magenta ellipsis in (a).

of increasing the duty cycle.

3.7 Conclusion

We proposed a novel approach for realizing compact laser cavities, monolithically

integrated on a silicon substrate, using an amorphous silicon grating deposited

at the sides of a nano-ridge. By modifying the nano-ridge width or the grating
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thickness, the interaction of the lasing mode with the grating can be controlled and
a high Q-factor can be obtained, even for cavities shorter than 20 um. Compared
to approaches based on etched gratings or photonic crystals, the deposited grating
does not deteriorate the material quality. Under pulsed optical pumping, a ~ 9.9
kW/cm? lasing threshold was observed for a DFB laser with a cavity length of
only ~ 16 um (100 periods). The spectrum reveals single mode operation with
more than 24 dB side-mode suppression ratio. This result also again demonstrates
the high-quality of the epitaxial material obtained using the nano-ridge approach.
Recently, also lasing under electrical injection was demonstrated for nano-ridge
based devices [125]. However, the weak feedback in these devices resulted in a
cavity length of 1-2 mm. The high contrast gratings demonstrated in the current
work, open up the road towards realizing much more compact electrically injected
devices that can be used in high density optical interconnects and other high volume
applications based on silicon photonics.
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Chapters 2 and 3 examined GaAs nano-ridge devices, with Chapter 2 focusing
on achieving low thresholds and Chapter 3 on achieving small footprints. Lasers
meeting these targets simultaneously have been pursued due to their low energy
consumption and high-density integration. Achieving high integration density
and low power consumption necessitates device miniaturization and low-threshold
lasing. This work employs a PC cavity to minimize footprint and power consump-
tion, benefiting from its strong light-matter interaction at the wavelength scale
and its apodized cavity design. The proposed device model is shown in Figure
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Figure 4.1: 3D model of PC cavity.
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Figure 4.2: (a) PL spectra from GaAs-based and InGaAs-based nano-ridges under different
pulsed pump power. (b) TRPL from the same nano-ridges at 0.15 mW.

4.1. Additionally, previous emissions were limited to around 1100 nm, whereas
optical interconnect applications typically require emissions at 1.31 um or 1.55 um.
As discussed earlier, we will use InGaAs nano-ridge devices with higher indium
content to shift emissions to longer wavelengths [105].

In our previous work, InGaAs-based nano-ridges demonstrated emission at
1.31 um. However, GaAs-based nano-ridges showed superior material quality, while
InGaAs-based structures still require further optimization (see Figure 4.2). Details
on the growth process can be found in [126]. From Figure 4.2, although the carrier
lifetimes of GaAs- and InGaAs-based nano-ridges are comparable, the PL intensity
is significantly higher for GaAs-based nano-ridges, indicating a greater proportion
of radiative recombination. Thus, we began device design with GaAs-based nano-
ridges emitting at ~1.1 um. Section 4.1 evaluates the optical performance using
PL spectra and lists the nano-ridge dimensions. These measurements informed
subsequent cavity designs using a 3D-FDTD solver. Section 4.2 analyzes cavity
modes through FDE simulations, while Section 4.3 presents the cavity design
principles, including band structure simulations and Q-factor calculations. Section
4.4 addresses fabrication challenges while section 4.5 discussed the extension of the
wavelenght to 1.31 pm and the optical characterization. Conclusions are provided
in Section 4.6.
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4.1 Photoluminescence characterization

Normalized PL
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Figure 4.3: Normalized PL spectra from nano-ridges with trench widths 60 nm, 80 nm, 100

nm and 120 nm under 4.20 W/em? CW 532 nm excitation.

Designed trench width (nm) | « (nm) | 5 (nm) | v (nm)
60 376.3 501.3 87.5
80 4354 515.5 95.8
100 505 545.7 116.7
120 510.4 557.8 135.4

Table 4.1: Nominal trench width, nano-ridge height, nano-ridge width and actual trench
width.

The nano-ridge arrays are pumped at 4.20 W/cm? using a 532 nm CW diode
laser, as described in Section 2.2. These arrays have different dimensions and
emission wavelengths compared to those in previous chapters. Figure 4.3 shows
normalized PL spectra for GaAs nano-ridges with three InGaAs QWs for different
trench widths. The PL spectra exhibit a broad peak from 1000 nm to 1060 nm, with
peak emissions attributed to active Ing 2 Gag g As QWs. The cavity design, discussed
in the following section, targets this wavelength range. Redshifts in PL peaks with
increasing trench width are consistent with findings in Section 2.2. The nano-ridge
dimensions measured with SEM are provided in Table 4.1, with parameters «, 3,

and +y defined in Section 2.1. These serve as inputs for the cavity design.
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Figure 4.4: The first three optical modes of the nano-ridge with 80 nm trench width. The
polarization of the modes is shown at the top of the images. The simulation was carried out
with an FDE solver.
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Figure 4.5: The simulated n.yy and I"qw of different optical modes in the nano-ridge with
80 nm trench width. The simulation was carried out with an FDE solver.

4.2 Transversal optical mode

The optical modes supported by the nano-ridges were simulated using the FDE
solver described in Section 2.3. Figure 4.4 illustrates the first three optical modes
— TM-like, TE-like, and high-order TEM modes — for a 60 nm trench width.
The TE-like ground mode was identified as the most promising for lasing due to
its highest I'gw (9.072 %) in Figure 4.5. Figure 4.6 visualizes the TE-like mode
profile, while Figure 4.7 shows how I'gy and n. ¢ change with trench width.
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Figure 4.6: The TE-like ground modes of the nano-ridges with trench width 60 nm (a), 80
nm (b), 100 nm (c) and 120 nm (d). The simulation was carried out with an FDE solver.
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Figure 4.7: The simulated neyy and I'qw of the TE modes in the nano-ridge with 60 nm, 80
nm, 100 nm and 120 nm trench width. The simulation was carried out with an FDE solver.
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4.3 Apodized PC laser design

An apodized PC cavity design begins with band structure simulations for varying
periods. The optical properties of PC cavities are analyzed to achieve a Gaussian
electric field distribution through geometry optimization, aiming to maximize Q-
factors while minimize the footprint. In this design, the cavity is divided into blocks
with equal periodicity, progressively increasing from the center outward (see Figure
4.16). This shifts the bandgap position downward, as illustrated in the cavity band
diagrams (see Figure 4.23(a)). The irregular shape of the nano-ridge complicates
both band structure simulations and cavity design. Further details on addressing
these challenges are provided in the sections below.

4.3.1 Band structure
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Figure 4.8: Photonic band structures for the PC inside the nano-ridge, with different periods
and r = 65 nm.

Band structure analysis is essential for designing PC cavities. Band diagrams
for structures with varying periods and a hole radius () of 65 nm were computed
using a 3D FDTD solver with Bloch boundary conditions. The PC structure used in
these simulations resembles Figure 4.16, but with an identical period (a;). Figure
4.8 illustrates the formation of a photonic band gap at the Brillouin zone edge.
Specifically, in Figure 4.8(c), the connections formed by the small blue squares
in the upper region define the conduction band (or air band edge), while those in
the lower region define the valence band (or dielectric band edge). The frequency
range separating these bands is known as the band gap. The band gap increases
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with the period from 190 nm (Figure 4.8(a)) to 210 nm (Figure 4.8(c)), while the
band-edge frequencies shift downward. In the simulation, the band frequencies
were determined from the spectral peak positions across various wavevectors. Three
key approaches were employed: (1) anti-symmetric boundary conditions along
the light propagation direction and a TE-mode light source to select only TE-like
cavity modes (2) exclusion of frequency points corresponding to peaks significantly
smaller than the maximum peak (3) the use of a 3D-FDTD solver instead of
conventional 2D or 2.5D solvers, to account for the nano-ridge’s irregular shape.

4.3.2 Design principle
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Figure 4.9: Analysis of cavities with different in-plane confinement characteristics. (a)
Simplified model of a cavity. Electric field profiles of cavities with (b) a rectangular envelope
function, and (c) a Gaussian envelope function. (d) and (e): respective Fourier transform
spectra of (b) and (c). All are reproduced from Ref. [127].

The simplest PC cavity consists of two periodic hole arrays separated by
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a specific distance, functioning as mirrors for frequencies within the photonic
band gap, similar to a FP resonator. Optical losses in these cavities stem from
weak confinement in both the horizontal (x-direction) and vertical (z-direction)
dimensions. While horizontal losses can be reduced by increasing the mirror length,
vertical losses depend on the cavity’s k-space distribution [128].

Vertical confinement strength, determined by total internal reflection, can
be analyzed by decomposing the electric field within the cavity into plane wave
components with varying wave vectors (k-vectors) via spatial Fourier transfor-
mation. When the tangential component k,, (x-z plane) falls within the range
0<k /)< 27 /Mo (Where \g is the light wavelength in air), waves can escape
into the air cladding, as the conservation law for k,, (generalized Snell’s law) is
satisfied at the cavity-air interface. This results in weak vertical confinement. Since,
when k/,>27 /), the conservation law is no longer held at the interface, enabling
strong vertical confinement. Figure 4.9(d) depicts the spatial Fourier spectrum of
the electric field—modeled as the product of a sinusoidal wave () and an envelope
function F'(z) = 1 — as shown in Figure 4.9(b). Components within the leaky
region k,, < 27 /)¢ correspond to significant radiation loss.

Akahane et al. [129] proposed the “gentle confinement” design principle,
employing gradual spatial variations in the envelope function at the cavity edges
rather than abrupt changes to prevent components from entering the leaky region.
Using a Gaussian envelope function F'(x) (see Figure 4.9(c)) significantly reduces
components in the leaky region, as shown in the corresponding Fourier spectrum
(see Figure 4.9(e)). This approach demonstrates that high-Q cavities can be achieved
by carefully tailoring the envelope function and suppressing k-space components
in the leaky region [127].

High Q-factors (up to 10° - 10'°) have been demonstrated in 1D PC cavities
by varying the geometry (hole radius, periodicity, and width) [130—133]. These
optimized structures produce a Gaussian field envelope by causing the field decay
to vary quadratically with the distance from the cavity center. In this work, we
optimized the lattice constants to produce a Gaussian field envelope. Using EBL to
vary the lattice constants and define the relative positions of holes simplifies the
fabrication process, as it avoids the high etching precision required for varying hole
radii or widths. Following Ref. [127], we constructed a high-Q PC cavity with
variable lattice constants. Figure 4.1 and 4.16 illustrate the simulation model.

For frequencies in the photonic band gap, no propagating modes exist. Wavevec-
tors exhibit non-zero imaginary components ¢, causing fields to decay as e ~%*. To
achieve a Gaussian field profile, ¢ was varied linearly with distance = from the
cavity center, producing an envelope decay of e~ 87" where q = Bzx. Thus, our
design approach leverages dependence of ¢ on the lattice constant a. The value
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of g directly correlates with the frequency’s position relative to the band edges,
allowing tuning along the cavity by modifying the lattice constant. The design
process involved:

(a). Calculating q as a function of frequency for various lattice constants.
(b). Analyzing the impact of lattice constant changes on the band structure.

(c). Determining the lattice constant variation required to achieve a Gaussian
field profile.

Figure 4.10: The top and cross-section view of the simulated model in a 3D-FDTD

simulation.
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Figure 4.11: Electric field intensity distribution in a logarithmic scale along the linear
monitor and in a frequency range across the photonic band gap, with a = 210 nm and r =
65 nm.
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4.3.2.1 Decay factor ¢(f) inside the photonic band gap

We calculated ¢(f) for the nano-ridge photonic band gap using 3D-FDTD simula-
tions, followed by data processing. Figure 4.10 gives the top view of the simulation
model, where a broadband pulse enters the nano-ridge waveguide and encounters a
PC mirror with a fixed period a. Inside the photonic band gap, the field penetrates
the PC mirror evanescently, with a decay length inversely proportional to ﬁ. A
linear time monitor at the nano-ridge center captures the time-domain signal and a
discrete Fourier transform is applied. Figure 4.11 shows the spatial electric field
intensity distribution, highlighting the photonic band gap as a low-intensity region
(dark blue zone).

0 Mid-gap frequency for a =210 nm
f=288 THz

401 q~4.16 x10°m™

—E™)*
===- Cos*Exp Fit

0.0 5.0x107  1.0x10° 1.5x10°°
Position x (m)

Figure 4.12: Calculated electric field intensity energy distribution for the mid-photonic band
gap frequency along the simulated structure, with a = 210 nm and r = 65 nm.

The decay factor ¢(f) was determined by fitting the electric field decay curve
at each frequency within the photonic band gap. This fitting, shown as a red curve
in Figure 4.12, used a product of a cosine function and an exponentially decaying
function. Repeating this process for different periods a yielded the relationship
between ¢(f) and frequency, as plotted in Figure 4.13. Each ¢(f) curve was fitted
using Equation (4.2) to extract A,, which was subsequently used for linear fitting
in Figure 4.15.

Near the dielectric band-edge mode frequency, the dispersion relation f(g,)
inside the gap is approximated by:

f=f+ Aq? 4.1)

Alternatively, g, can be expressed as:
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Figure 4.13: Calculated q(f) in the photonic band gap with a = 210 nm and r = 65 nm.

__ fcut
Qo = % (4.2)

Here, A, is slightly dependent on the period a and where the cut-off frequency

cut of the dielectric band-edge mode can be expressed

. K -
[t =—+1 4.3)

where f is a constant derived from period ag and and its associated cut-off frequency
g[’)‘t. Figure 4.14 plots the calculated cut-off frequencies for the two band-edge
modes of the nano-ridge PC as a function of % A linear fit gives K = 5.24x10*

THz-nm and f = 11.38 THz.

Using equation (4.3), we can rewrite equation (4.2) in the following form:

_Kl_i _ fcut
qa(f):\/f (o= o) = 4.4)

Aq

We determined A, by fitting the curves in Figure 4.15 to equation (4.2) near the
dielectric band-edge mode frequency. A,(a) varies linearly with a as:

Aqla) = Ay + ala — agp) (4.5)

where Figure 4.15 shows A, values with a linear fit, giving Ag = 0.96 Hz-m? and
a=0.027 GHz-m.
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Figure 4.14: Cut-off frequencies of the band-edge modes of the nano-ridge PC as a function
of %
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Figure 4.15: Parameter A, as a function of the period a of the PC inside the nano-ridge.

In conclusion, we analyzed the relationship between the decay factor ¢(f),
frequency, and period a within the nano-ridge photonic band gap. Using these
parameters, optimizing a(x) enables us to achieve an apodized PC laser with a
Gaussian field profile.
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4.3.2.2 Continuous function a(x)
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Figure 4.16: Top view of the apodized cavity.

Starting from = = 0, we vary the lattice constant a = a(z), as depicted in
Figure 4.16, to achieve a linear increase in g with z,

q(z) = Bz (4.6)

where B is a constant with the unit of m~2. The hole-to-hole distance at cavity
center is fixed to ag and the cavity frequency f.,, is set to the cut-off frequency

cut
aop °

The apodized structure is divided into two regions, as depicted in Figure 4.16:

1. A region with a variable lattice constant a(x), composed of 12 blocks with
24 holes starting from the center. The choice of 12 blocks balances the gentle period
variation with the maximum stage movement resolution of our system.

2. A mirror block, consisting of 15 holes with a fixed lattice constant on each
side.

Applying equation (4.4) at f = feq., the decay factor g[a(x)] is expressed as:

Kl = o]
q(feav, ) = i 4.7
a(x)
Equalizing equation (4.6) and (4.7), the following equation is given:
—~ K
aB?*z?a(x)? + (AgB%2* — —)a(z) + K =0 (4.8)

ao

where Z;J = Ag — aag for simplicity.

* If & = 0, the solution of equation (4.8) simplifies to
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ao
a’(m) = 1 o A0i2a0 {L‘Q (49)
o If a # 0, then equation (4.8) is a quadratic equation with the determinant:
—~ K
A(r) = (AgB*2* — ;)2 —4aB*2’K (4.10)
0
A 2pa 4 2 1 Ao ?
A(z) = Ay B'z* — 2B*K (= + 2a)z? +— (4.11)
aQ ag
Substituting X = 22, we rewrite the determinant as:
T 2pay2 - §
A(X) = Ay B°X* —2B°K(— +2a)X + — (4.12)
ap ag
with a new determinant J x:
Ay K2
Sx = AB'K2 (20 4 20)? — 44, BA 2 (4.13)
ag ag
4 72 Ag
dx =16B" K a(— +a) >0 (4.14)

ao

This confirms that equation (4.12) has two solutions, X and X _:

Xy = NIQ{ [(@ +20) iwa(@ + )] (4.15)
A, B2 ago ao

Both solutions are positive, allowing us to express A(z) in terms of x:

Al@) = (2 — VXD + VD)@~ VX )@ +V/E)  @16)

The quadratic equation in a(z) has solutions for z € [0, /X _]and x € [\/X 1, +0o0].
Between /X _ and \/)T , no solution exists for a(z). Starting from = = 0, the
values of a(z) will be determined as a function of x values in the range [0, /X _].
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Two solutions a4 and a_ of equation (4.8), only a_ is physically meaningful,
as ay — +oo when av — O:

~(AB%? — £) — \[(AB2? ~ K)? — daB22K
_= % x 4.17)
@ 200822 “.

Equation (4.17) is the most general solution in our approach.
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Figure 4.17: Hole-to-hole distance as a function of x for different o x is defined as the
distance from the center of hole to the center of the cavity.
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Figure 4.18: Decay factor q as a function of x for different c.

Figure 4.17, 4.18 and 4.19 show examples of the calculated “ideal” variations
in lattice constant a, the decay factor ¢ and the field envelope with position x for
three values of a. The continuous variation requires a PC with a continuously
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Figure 4.19: Ideal field envelope as a function of x for different c.

changing ’period’ along x. However, such a variation is impractical for real-world
fabrication.

As we expect, the period a increases more abruptly with x when o becomes
larger. The parameter a becomes more constrained as « increases due to the diverge
of a(x) at \/f . In practice, the lattice constant remains constant before \/K .
This has a noticeable effect on the variations of ¢: close to 0, ¢ varies proportionally
with x as expected but close to \/)T , the value of ¢ is clamped to a constant value,
which means that the decay of the field transitions from a Gaussian profile to a
purely exponential one for z > \/)T . These “ideal” field envelopes are plotted in
the inset of Figure 4.19 where the red and the green curves become straight lines

forx > /X_.

However, even with a large value for o = 0.054 GHz-m, the field envelopes
are nearly identical. Hence, in the following, we will simply neglect the effect of «
and use equation (4.9) for a(z).

Until this point, we have considered continuous variations of a and ¢, even
though a(x) varies stepwise in a real structure. The variation of ¢ induced by
this discretization can significantly differ from the one obtained in a continuously
varying model. The challenge in constructing apodized PC cavities is to ensure the
value of ¢ closely approximates the “ideal” case.

We will now describe and explain the hole positioning method chosen in this
work.
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4.3.2.3 Construction method

x==0 H 3 H H } X

i Block, | i Block, { Block, § Block, , .
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Figure 4.20: The detailed definition of p.

Following the designs proposed by Noda’s group [127], the cavity center at =
= 0 is positioned between two holes (see Figure 4.16), where the maximum field
intensity is also located. Similarly one could design a cavity with a hole in the
centre, offering comparable characteristics. However, our design follows the former
approach. For simplicity, our discussion focuses on the region x > 0, leveraging
the symmetry of the structure.

Each region with a given periodicity is termed a "block.” Blockg, with a lattice
constant ag, spans three periods, with the first two hole positions given by:

1
P?:*ao

3
0—7
p2_ 20’0

Subsequent blocks are two periods long, except for the mirror block. A single-
period block could theoretically reduce discretization and enhance the Q-factor,
but such a design demands exceptionally precise EBL control — down to a few
angstroms — exceeding the capabilities of our EBL system. A two-period block
design is a practical compromise, achieving a sufficiently high Q-factor.

In a two-period block, the 715! hole” refers to the central hole of that block.

The positions of the two holes (indexed by k) in the i*" block are expressed as:

i—1

.3
p;:§a0+2zaj+k*ai (4.18)
j=1

or equivalently:

pi=Ci+kxa (4.19)
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where a; = a(p?) and C; = (Z;;B 2a;) — 3ag. Figure 4.20 provides a
detailed definition of p, for the region z >0.

Hole positioning strategy

The hole positioning strategy, illustrated in Figure 4.21, aims to achieve blocks
with decay factors g;, taken in the middle of the block. This is not straightforward
anymore as it implies finding simultaneously the middle position of the block,
which is conveniently placed here at the position p} of the first hole, with its
associated lattice constant a;. Mathematically, this necessitates solving equation
(4.9) at x = p', expressed as:

i Qo
a(py) = ——=—7—— (4.20)
1 — Aefen (pi)?

Solving equatlon (4.20) involves resolving a cubic equation in a,. To simplify,
we assume that AOB % (pi)? < 1 then

Ay B2
a; :a0[1+°Ta°(C +a;)? 4.21)
S
0 = ag1 + 0B F2 | o0F g 4 02 4.22)

which can be rewritten as the following quadratic equation:

~ K K
a? 4+ a;(2C; — =———)+ (C? + =——) =0 (4.23)
A()Bza(z) A032a0

The solutions to this quadratic equation are:

_(20 :l: 2 2) (sz 2 )
ot — V AOB AoBRe0” (4 04

—(2C; — F) 4/ —4C,F + F(F — 4a
af = ( ) \/ . ( ) (4.25)

_K
AgB2a2’
significantly larger than ag, even for blocky.

where ' = The acceptable solution for our model is a; since az'-" is
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Figure 4.22 compares the hole-to-hole distances and field profile envelopes
for continuous and discrete variations of a(z). The approximation used to simplify
equation (4.9) to (4.22) slightly reduces the variation in a, yielding a nearly identical
ideal field envelope. Using equation (4.25), we iteratively computed and plotted the
discrete lattice constant a; case. For these values, the field envelope was determined
by setting ¢ = q(a; = constant(i)) for each block (Figure 4.22(b)). This analysis
shows that the discretized envelope exhibits a slightly greater spatial extension than
the continuous case, due to the initial “decayless” propagation in Blocky, which
shifts the onset of envelope attenuation.

The next section discusses the results of 3D FDTD simulations of cavities with
Gaussian field envelopes.

=1.006

p;: 1.5xa +2xa +2xa,+a,

o

1.004 |
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aj/a,
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Figure 4.21: Hole positioning strategy: the value of the decay factor in the middle of each
block is fixed. a3 and p} are given by solving equation (4.20).
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Figure 4.22: (a) Period a and (b) their corresponding field envelope profiles as a function of
the position x from the cavity center for the three considered cases.

4.3.3 Cavity simulation
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Figure 4.23: (a) Band diagram of the cavity. (b)Simulated spectrum from a PC nano-ridge
laser.

The nano-ridge used in this design has dimensions of 546 nm and 505 nm
in height and width. The periods in the cavity center, mirror block and the hole
radius are ag = 189 nm and a,, = 198 nm, r = 65 nm. Figure 4.23(a) presents
the cavity band diagram, illustrating the increasing period shifts the band gap
downward. Figure 4.23(b) shows the simulated cavity spectrum. It shows two peaks
at wavelengths A = 1060 nm and A = 1080 nm, corresponding to the first symmetric
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Electric field profile - top view
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Figure 4.24: Gaussian electric field distribution of (a) the first symmetric mode and (b) the
first anti-symmetric mode in the designed PC nano-ridge cavity.

mode and the first anti-symmetric mode. The simulation was performed using a
3D FDTD solver, with PML (perfectly matched layer) boundary conditions applied
along the x and z axes and an anti-symmetry boundary condition along the y-axis.
The definitions of the x, y, and z axes are provided in Figure 4.10.

Figure 4.24 shows that the electric field distribution for these modes is localized
in the high-index material between the holes, which is expected as the cavity
wavelength corresponds to the dielectric band-edge modes. The first symmetric
mode achieves a Q-factor of approximately 2.7x10° at the resonance wavelength of
A = 1060 nm, which is two orders of magnitude larger than that of the cavities with
aSi gratings. The first anti-symmetric mode has a higher resonance wavelength \ =
1080 nm but significantly smaller Q-factor of around 7.28x103.

The anti-symmetric mode originates from the band-edge states of lateral
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Figure 4.25: E, field profile of the symmetric cavity mode along the cavity axis, fitted with
the product of a Cosine and a Gaussian function.

blocks, which are segments of the cavity defined by their periodic structure and
distinct band gap properties. In contrast to the symmetric mode, which is highly
localized and represents the primary dielectric band-edge mode of the entire cavity,
the anti-symmetric mode is associated with localized states within individual lateral
blocks. These states are less confined to the cavity center and extend laterally
across the periodic blocks. Subsequently, the anti-symmetric mode demonstrates a
different propagation dynamics, oscillating between the blocks in a manner similar
to that of a FP cavity. Due to its less localized nature, the anti-symmetric mode
exhibits a lower Q-factor. Higher Q-factors for this anti-symmetric mode can
be obtained by extending the apodized region with additional blocks. However,
for most practical applications, single mode operation is preferred. As such, the
fabricated laser has the potential to meet this requirement due to the higher loss
associated with the anti-symmetric mode.

Figure 4.25 shows the FE, field profile of the first symmetric cavity mode
along the cavity axis. The electric field profile follows almost perfectly a Gaussian
envelope, as indicated by the fitting with the product of a Cosine and a Gaussian
function.

To further analyze the effect of the mirror block period on the cavity perfor-
mance, we calculated the Q-factor as a function of the mirror block period. Figure
4.26 plots the simulated Q-factor with the central period fixed at ag = 189 nm, while
the mirror block period a,,, varies from 194 nm to 212 nm in 2-nm increments.
The Q-factor peaks at a,, = 198 nm due to a downward shift in the bandgap with
increasing value of the period. This means that the reflection of the central block’s
dielectric-band edge mode first increases and then decreases. Figure 4.27 presents
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the relationship between the simulated Q-factor and the number of holes in the
mirror block, with ag = 189 nm and a,,, = 198 nm fixed. The Q-factor increases
and stabilizes for 7 periods in the mirror block, attributed to the less transmission
loss with more periods.

4.4 Fabrication process

The fabrication process resembles the workflow outlined in Figure 4.47, with
the etching extending through the entire nano-ridge. Patterning holes precisely
at the center of the nano-ridge demands extremely accurate alignment during
EBL. This issue is addressed by introducing intentional positional deviations in
the mask design to compensate the potential misalignment. The proximity effect
during exposure causes deviations in structure shapes, which are corrected using
a commercial Beamfox software to apply the proximity effect corrections to the
mask. Challenges arise from the small feature size of the hole radius and the high
aspect ratio of etching (hole diameter to etching depth). These factors complicate
PC definition within the nano-ridge due to the sensitivity of the etching gases to the
local environment. Further details of the etching process exploration are provided
below.

4.4.1 SiN, etching

Recipe 1 |Recipe 2 |Recipe 3
Gases CHF3/02 CHF3/02 CHF3/02
Flow 52/3 50/5 48/7
Chamber pressure (mTorr)] 55 55 55
RF power (W/V) 340V | 340V | 340V
Temperature(°C) 18 18 18

Table 4.2: Etching series I for defining PC inside the SiN,, hard mask.

Recipe 4|Recipe 5 |Recipe 6
Gases CHF3/05|CHF5/O5|CHF3/04
Flow 52/3 52/3 52/3
Chamber pressure (mTorr)] 14 28 75
RF power (W/V) 340V | 340V | 340V
Temperature(°C) 18 18 18

Table 4.3: Etching series Il for defining PC inside the SiNy hard mask.

Given the low etch selectivity between electron beam resist and GaAs, a SiN,,
layer deposited by PECVD is used as a hard mask for PC patterning. The non-
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Figure 4.28: Top image of the test sample (130 nm SiN,, - Si substrate) etched with a
CHF'3/05 ratio of 52/3.
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Figure 4.29: (a)-(c) Cross sectional SEM images of the PC, (d)-(f) tilted and (g) cross
sectional SEM images of a 100 nm-wide trench, etched with different gas flows.
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Figure 4.30: (a)-(c) Cross sectional SEM images of the PC, (d)-(f) tilted SEM images of a
100 nm-wide trench, etched with different chamber pressures.

Recipe 7|Recipe 8 |Recipe 9
Gases CHF3/02 CHF3/02 CHF3/02
Flow 52/3 52/3 52/3
Chamber pressure (mTorr)] 55 55 55
RF power (W/V) 230V | 285V | 390V
Temperature(°C) 18 18 18

Table 4.4: Etching series III for defining PC inside the SiN, hard mask.

radiative recombination rate in the nano cavity is highly sensitive to the surface
quality. Thus, the SiN,, etching is optimized to minimize the surface roughness and
prevent the roughness transfer to the PC patterned inside the nano-ridge. Optimiza-
tion was conducted on a test sample (130 nm SiN,, - Si substrate) with ARP ebeam
resist patterns using only the RIE mode in an ICP-RIE tool.

The etch recipes for three sample series are shown in Tables 4.2, 4.3, and
4.4. The results were evaluated via cross-sectional SEM imaging. Figure 4.28
displays a top-view SEM image of holes (r = 65 nm) with ARP resist on SiN,.
The blue curve represents the location of the cross-section made using Focused
Ion Beam and Scanning Electron Microscopy (FIB-SEM). Figures 4.29(a)—(c)
present cross-sectional SEM images showing that higher Oy flow rates result in
thinner SiN, layers. This thinning is accompanied by enhanced etching isotropy,
which is attributed to reduced organic passivation on the sidewalls at elevated O,
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Figure 4.31: (a)-(c) Cross sectional SEM images of the PC and (d)-(f) tilted SEM images of
a 100 nm-wide trench etched with different RF powers.

concentrations. Meanwhile, Figures 4.29(d)-(f) display tilted SEM images of 100
nm-wide trenches, revealing that an optimal CHF3/O5 ratio (53/3) results in smooth
surfaces. Figure 4.29(g) shows nearly vertical trench edges. Figure 4.30 and 4.31
further refine the recipe, varying chamber pressure and RF power. However, vertical
stripes persisted on the sidewalls.

The etching rates of SiN, and the ARP resist, and the SiN,/ARP selectivity
were calculated under varying CHF3/O4 gas flows, chamber pressures, and RF
powers. The black curve in Figure 4.32 shows a rise in the etching rates for both
SiN, and ARP. During SiN,, etching, increasing O, flow reduces CF3>~ and CF?~
passivation layers, while also accelerating the decomposition of ARP (a C-H-based
organic compound). As Figure 4.33 shows, the SiN,/ARP selectivity decreases
with increasing O5 flow, indicating that the ARP resist decomposes faster than SiN,
etches.

Chamber pressure effects are depicted by the red curve in Figure 4.32. Initially,
higher pressure enhances reactive plasma density, raising the etching rates. However,
beyond 75 mbar, the mean free path of reactive molecules shortens, reducing plasma
energy and lowering the etching efficiency and SiN,/ARP selectivity.

Figure 4.34 shows that increasing RF power continuously raises etching rates
for both SiN, and ARP, attributed to enhanced physical bombardment. This bom-
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Figure 4.32: Etching rate of ARP and SiN, with different Oz flows and chamber pressures.
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Figure 4.33: Selectivity of SiN./ARP with different O2 flows and chamber pressures.

bardment affects ARP more significantly than SiN,, further reducing SiN,/ARP
selectivity (see Figure 4.35).

Therefore, Recipe 1 was chosen for defining the PC pattern within the SiN,,
hard mask, balancing the sidewall roughness and SiN,/ARP selectivity.
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Figure 4.34: Etching rate of ARP and SiN, with different RF powers.
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Figure 4.35: Selectivity of SiN./ARP with different RF powers.
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4.4.2 GaAs and nano-ridge etching

Recipe 10| Recipe 11 Recipe 12 Recipe 13 Recipe 14
Gases BC13/N2 BCIg/AI‘/Nz BC13/Ar/N2 Ar BCl3/Ar/N2 Ar/SFg BCIg/AI‘/NQ AI‘/SFG
Flow 20/12 20/10/4 20/10/4 | 10| 20/10/4 | 100/5| 20/10/4 | 100/5
Chamber pressure (mTorr) 4 4 4 20 4 20 4 20
RF power (W/V) 150 150 150 42 150 42 150 42
ICP power (W) 400 400 400 400, 400 400 400 400
Temperature(°C) 18 18 18 18 18 18 18 18
Etching time per cycle (s) 60 60 30 5 30 5 15 5
Etching cycle 1 1 9 9 9

Table 4.5: Etching series 1V for defining trench in GaAs substrate with the SiN, hard mask.

Before milling

Milling {;7'\ 3rd
2 nd

Redeposited layer
: ()

nd milling

Figure 4.36: (a) Schematic top view of the trench in the test sample with the different milling
steps. The tilted SEM images of the trench before(b), and after first(c), second(d), third(e)
milling step. (f) Schematic cross sectional view of the trench with the redeposited layer on

the side wall surface in the test sample.

Next, the GaAs etch process was optimized using a test sample consisting of a
GaAs substrate with a 300 nm SiN, mask. The test pattern consisted of a elongated
trench with the width of 80 nm, defined using EBL. This pattern was transferred in
the SiN, mask using recipe 1 defined in Table 4.2.

The optimization began with Recipe 10 from Table 4.5. To minimize damage or
uncertainty to the sidewalls during FIB milling, the process started at a distance from
the defined trench and gradually moved closer in steps. Figure 4.36(a) provides a
top-view schematic of the trench in the test sample, illustrating the ion milling steps
taken to minimize the impact on sidewall surface assessment after etching. Figures
4.36(b)-(d) present tilted SEM images before and after FIB milling, revealing
that the redeposition during the etching increases the sidewall roughness. If the
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Figure 4.37: The tilted SEM images of the trench with Recipe 11 (a), Recipe 12 (b), Recipe
13 (c) and Recipe 14 (d).

redeposition originated from the milling step, the sidewall surface post-milling
would appear rough rather than smooth, as shown in Figure 4.36(c). Figure 4.36(f)
illustrates the redeposition on the sidewalls in cross-sectional view.

To remove the redeposited material, physical Ar bombardment during or after
GaAs etching (Recipes 11 and 12 in Table 4.5) were tested. Alternatively, Recipe
13 combines a short GaAs etching step followed by chemical etching. Figures
4.37(a)—(b) show that Ar bombardment leaves residual redeposition on the upper
sidewall regions, while subsequent etching using SFg completely eliminates this
residue in Figures 4.37(c)—demonstrating that chemical methods are more effective
for redeposition removal. Short etching cycles (15s GaAs etching, 5s redeposition
removal from Recipe 14) further improved sidewall smoothness, as shown in Figure
4.37(d).

Finally, the recipe for the hole definition in the GaAs substrate was refined
(Table 4.6), accounting for different gas flow requirements between hole and trench
structures. Figure 4.38(c) shows that holes etched with Recipe 17 exhibit good top
verticality and reduced lateral etching but a long GaAs tail at the bottom, which
can be removed through over-etching. As the etching depth increases, gas delivery
to the bottom of the holes becomes less efficient, necessitating additional process
optimization. To address this, Recipe 18 (outlined in Table 4.7) was developed.
The corresponding cross-sectional SEM image in Figure 4.39 confirms that this
recipe yields hole structures with strong vertical profiles and minimal lateral etching,
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Recipe 15 Recipe 16 Recipe 17
Gases BCl3/N2|Ar/SFg|BCl3/No|Ar/SFsBCl3/Ny|Ar/SFg
Flow 10/4 | 100/5| 10/8 |100/5| 10/12 | 100/5
Chamber pressure (mTorr) 3 20 3 20 3 20
RF power (W/V) 127 42 127 42 127 42
ICP power (W) 400 400 400 400 400 400
Temperature(°C) 18 18 18 18 18 18
Etching time per cycle (s)| 15 5 15 5 15 5
Etching cycle 9 9 9

Table 4.6: Etching series 'V for defining PC inside GaAs substrate with the SiN on top as a
hard mask.

indicating successful optimization for deep-hole definition.

Figure 4.38: Cross sectional SEM images of the holes inside the GaAs substrate with etching
Recipe 15 (a), Recipe 16 (b), Recipe 17 (c).

Recipe 18
Gases BCl3/N2|Ar/SFBCl3/N2|Ar/SFg
Flow 10/20 | 100/5 | 20/4 | 100/5
Chamber pressure (mTorr) 3 20 3 20
RF power (W/V) 127 42 127 42
ICP power (W) 400 400 400 400
Temperature(°C) 18 18 18 18
Etching time per cycle (s)| 15 5 15 5
Etching cycle 2 1
Total etching cycles 4

Table 4.7: Etching series VI for defining PC inside GaAs substrate with the SiN. on top as a
hard mask.

To account for the compositional differences within the nano-ridge compared
to pure GaAs, the etching process was modified to achieve deeper holes. The
detailed steps are provided in Table 4.8, following the sequence (1) + (2) + (1)
+ (3) + (4). While the cross-sectional SEM image in Figure 4.40 reveals some
imperfections, the etching results are sufficiently good for proceeding to the next
fabrication stage.
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Figure 4.39: Cross sectional SEM image of the holes inside the GaAs substrate with etching
Recipe 18.

etching process (1) 2) 3) “4)
Gases BC]g/NQ Ar/SFﬁ BC13/N2 Ar/SFG BClg/NQ Ar/SF6 BClg/Ng Ar/SF6
Flow 15/15 | 100/5 | 15/15 | 100/5 | 12/28 |100/5 | 10/30 | 100/5
Chamber pressure (mTorr) 3 20 3 20 7 20 9.5 20
RF power (W/V) 127 42 80 42 125 42 180 42
ICP power (W) 400 400 400 400 400 400 400 400
Temperature(°C) 18 18 18 18 18 18 18 18
Etching time per cycle (s)| 15 5 15 5 15 5 15 5
Etching cycle 2 1 1 1

Table 4.8: Definition of etching process for defining PC inside nano-ridge with the SiN, on
top as a hard mask.

300 nm
UGhent

Figure 4.40: Cross sectional SEM image of the holes with the etching process
(1)+(2)+(1)+(3)+(4). The definition of the etching processes is given in Table 4.8.
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4.4.3 (NH,),S passivation

Surface oxide removal| Passivation
H,S0, (mL) 1 0
H,0; (mL) 8 0
H,0 (mL) 5000 0
(NHy4)2S 0 New solution|
‘Temperature (°C)| 20 50
Time (s) 10 10x60
Rinse Water Ny

Table 4.9: The passivation flow.

Series number(New solution|Solution used for being diluted|The volume of solution used for being diluted DI water volume
1 20 % 40 %(w/w) (NHy4)2S 2 mL 2mL
2 PH=10 40 %(w/w) (NHy)2S 2 mL 100 mL
3 PH=9 PH=10 10 mL 100 mL
4 PH=38 PH=9 10 mL 50 mL

Table 4.10: The passivation solution with different (NH4)2S concentrations.
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Figure 4.41: PL spectra from the reference samples and samples passivated using the
solution with different (NH4)2S concentrations.

During PC patterning in a nano-ridge with etching, the QW layers and GaAs
barriers are damaged. This introduces surface defects, leading to carrier capture
and non-radiative recombination. Effective passivation is essential to mitigate
these effects. Previous studies [134—137] demonstrated that (NH,4)»S passivation,
following surface oxide removal using an HySO,4:H2045:H5O solution, effectively
reduces surface defects on GaAs surfaces. Here, we evaluate the passivation results
using PL and TRPL measurements.
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To assess the impact of the (NHy4)2S concentration on surface passivation, the
samples were treated with various concentrations, as detailed in Tables 4.9 and
4.10. Figure 4.41 shows that the PL peak intensities for the passivated samples
are significantly lower than those of the reference samples. Figure 4.42 illustrates
the low ratio of the integrated PL intensities near the peaks for passivated versus
reference samples. This indicates that varying (NH4)2S concentrations does not
effectively reduce surface defects.

/ \/

PLPas/PLRef

1
#1 #2 #3 #4

Ratio (%)

Figure 4.42: Ratio of the integrated PL intensities from the reference samples and samples
passivated using solutions with different (NH4)2S concentrations.
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Figure 4.43: (a) Decay traces of the 1020 nm emission from the reference sample and
sample passivated using #3 solution. (b) The lifetimes of different wavelength emissions
from the reference samples and samples passivated using #3 and #4 solutions.

TRPL measurements under 400 nm excitation were conducted to assess ma-
terial quality. As shown in Figure 4.43(a), the reference sample exhibits a carrier
lifetime approximately ten times longer than that of a sample passivated with #3
solution. Figure 4.43(b) presents lifetimes at 850 nm, 950 nm, and 1020 nm for
both passivated and reference samples, corresponding to emission from the GaAs
barriers and the QW layers. The shorter lifetimes in passivated samples indicate the
non-radiative recombination centers introduced from the etching and ineffective
passivation, consistent with the PL results. Figure 4.44 presents 2D plots of the
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TRPL signals across various wavelengths for both passivated and reference samples,
treated with different concentrations of (NH,4)>S. The observation of shorter carrier
lifetimes across most wavelengths in the passivated samples further emphasizes
the need for enhanced passivation strategies to improve surface quality and carrier
dynamics.
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Figure 4.44: 2D graph of TRPL signal from the reference samples and samples passivated
using #3 and #4 solutions.
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Figure 4.45: PL spectra from the reference samples and samples passivated using #3
solution for (a) 10 mins at 60 °C, (b) 30 mins at 90 °C, (c) 60 mins at 90 °C and (d) the
ratio of the integrated PL intensities from these samples.

The poor passivation is likely caused by the insufficient temperature and
duration during the process. To address this, both parameters were increased.
However, as shown in Figures 4.45(a)-(c), the PL peak intensities of passivated
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Figure 4.46: (a) Lifetime of 1020 nm emission from the same samples in Figure 4.45. (b)
Ratio of lifetime from the reference and passivated samples in (a).

samples remain significantly lower than those of reference samples. Figure 4.45(d)
further confirms this with a low ratio of integrated PL intensity between passivated
and reference samples, indicating ineffective passivation. Similarly, Figures 4.46(a)-
(b) reveal shorter lifetimes and lower lifetime ratios for the passivated samples,
further suggesting inadequate passivation.

Plasma passivation [138,139] presents a potential alternative, though it requires
further investigation and is not discussed here. Another viable approach for PC
nano-ridge lasers involves defining holes that extend from the top of the nano-ridge
down to the first QW layer, without penetrating the QW layers. This approach
minimizes damage to the active region and eliminates the need for passivation.

Consequently, the remainder of this section focuses on nano-ridge lasers with
shallow etched holes.

Nano-ridges SiN, deposition ARP spin coating, EBL, development
£—i—
Photonic crystal etching ARP removal SiN, etching

= 5

Figure 4.47: Process flow of PC nano-ridge cavity fabrication.

Following the same design principle, a PC nano-ridge laser with the shallow
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etched holes and Gaussian-shape electric field distribution was created. In this case
we used a nano-ridge sample with Ing 45Gag 55 As/Ing 25Gag 75As QWs, targeting
a wavelength of 1.31 um, which is relevant for optical interconnect applications.

The fabrication process, outlined in Figure 4.47, begins with the growth of
the Ing 25Gag. 75 As nano-ridges containing three Ing 45Gag. 55 As QWs, passivated
with an InGaP layer. A 100 nm SiN, hard mask was deposited on the nano-ridge
using PECVD, followed by ARP resist spin coating for EBL. PC cavities structures
with varying periods were patterned into the ARP resist. These patterns were
transferred into the SiN, hard mask and nano-ridge using ICP-RIE with CHF3/0O4
and BCl3/Ns, respectively.

Top-view SEM images of the PC nano-ridge laser, shown in Figure 4.48(a)
and (b), exhibit well-aligned, circular-shaped holes, validating the effectiveness of
the fabrication process.

10/13/2023 mag = | HV | WD | HFW [tit 10/13/2023] mag =

H) o
6:21:52 PM 12 500 X 18.00 kV/5.1 mm 11.9 ym 0 6:23:08 PM 100 000 x 18.00 kV/5.1 mm 1.49 um 0 *

Figure 4.48: (a) Top-view SEM image of PC nano-ridge laser. (b) Enlarged SEM image of
the etched holes in a nano-ridge.
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4.5 Optical characterization
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Figure 4.49: PL spectrum on a logarithmic scale from the PC laser with hetchea = 130 nm
and 55 periods in the mirror block under 25 kW/cm? 532 nm-pulsed pump power density.
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Figure 4.50: Normalized PL spectrum of the PC laser from Figure 4.49, fitted with a
Gaussian function.

The devices were characterized under pulsed optical pumping, as detailed in
Section 2.6. Figure 4.49 presents the PL spectrum from a PC laser based on a
nano-ridge that is 877 nm high and 462 nm wide, featuring an etched hole height
(heteheq) of 130 nm and comprising 55 periods in the mirror block, under a power
density of 25 kW/cm?. The PC laser exhibits a peak emission at 1323 nm, with
a SMSR exceeding 17 dB. The laser’s linewidth, derived from Gaussian fitting
(Figure 4.50), is 1.61 nm, likely limited by the pulsed operating regime.
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Figure 4.51: Light in - Light out curve on a linear (a) and logarithmic (b) scale of this PC
laser.

To further analyze the lasing behavior, we measured the light-in (pump power
density) versus light-out (integrated PL) curve from the same device on both
logarithmic and linear scales. A clear slope change in Figure 4.51(a) and the charac-
teristic S-shaped curve in Figure 4.51(b) signify the lasing turn-on. Fitting the curve
to the rate equations [118,119] gives a coupling efficiency () of approximately 0.9
% from the spontaneous emission to the cavity mode.
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Figure 4.52: PL spectra on a logarithmic scale from PC lasers with various numbers of
periods in the mirror block at 25 kW/em?.

The optical properties of PC lasers with various numbers of periods in the
mirror block were further investigated. The PL spectrum and light-in versus light-
out curves (on a linear scale) indicate that all devices achieve lasing at 25 kW/cm?,
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Figure 4.53: (a) Light in - Light out curves on a linear scale and (b) the extracted threshold
values of the PC lasers from (a).

with the smallest cavity dimension being 25 pum (corresponding to 55 periods in
the mirror block), as shown in Figure 4.52. Threshold values extracted from the
linear light-in versus light-out curves (Figure 4.53(a) and 4.53(b)) reveal thresholds
of 11.83 kW/cm? and 5.03 kW/cm? for PC lasers with 55 and 250 periods in the
mirror block, corresponding to cavity lengths of 25 pym and 103 um, respectively.
The decrease in threshold values with increasing mirror block periods is attributed
to enhanced light confinement provided by the additional periods.

To get insight in the device performance, the important internal parameters
including the internal quantum efficiency (IQE, 7;), differential quantum efficiency
(EQE, n4), internal loss a;, modal gain I'gg and transparency power density P,
are investigated.

The original data is plotted as function of the pump power density. To allow
the extraction of the internal loss and modal gain using the standard equations from
literature, we first have to replot the data as function of the pump power reaching
the actual device. In practice this means we have to multiply the pump power by
the device length and width (Figure 4.54).

To extract the internal loss and modal gain, we first calculate 74 from the slope

of each light-in—light-out curve in Figure 4.54:

d(Countsem,)
= D OUWSem) 42
1 d(Countsey) (4.26)

where Counts., and Counts,,, represent the excited and emitted counts, respec-
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Figure 4.54: Countsey - Countsem, curves of PC lasers with different cavity lengths, fitted
with a linear function.

tively. Figure 4.55 plots the inverse DQE (1/n4) as a function of cavity length L,
fitted using:

1 1 1 1
=—— — - L+— 4.27)
na  In(g) M i

where R denotes the grating reflectivity. Using the simulated grating reflectivity of
R =0.74 for 55 periods, we extract 7; = 61.66 % and a;; = 9.49 cm™ 1.

The threshold gain g, and the material gain coefficient gq satisfy:

P,
gin = go - In(5") (4.28)
tr
The threshold modal gain I'gy, is given by:
Lgin = a; + am (4.29)
where
1 1
m = —l 4.30

Combining equations (4.28) - (4.30), the threshold power density is expressed
as:
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Figure 4.55: Inverse differential quantum efficiency as a function of cavity length, fitted with
a linear function.
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where P, is the transparency power density and I'g is the model gain. By fitting
the natural logarithm of the threshold values using equation (4.31), as shown in
Figure 4.56, we extrapolate the modal gain and transparency power density of PC
lasers to be 'gg = 111.93 cm™! and P,,. = 4.18 kW/cm?. Given the simulated I" =
4.88%, we extrapolated go = 2292.6 cm~! and gy, =2385.16 cm ™!, respectively,
where g, is calculated using equation (4.28).

The material gain or threshold material gain in various QW lasers such as
InGaAs, InGaN and InGaAsP typically ranges from approximately 500 cm ™! to
3000 cm~! [140-143]. However, theoretical calculations often predict higher
values [144—-146]. By utilizing hybrid quantum well-dots, the material gain range
can exceed 10* cm™! [147,148]. It is important to note that these experimental
values depend on factors such as barrier material composition, strain, wavelength,
specific device designs, and operating conditions. Therefore, direct comparisons
between our material and these values are not straightforward.

In this data analysis, we assume 100 % light absorption. The calibration
accounts for emitted counts while considering the simulated PC reflectivity (74
%), the simulated grating coupling efficiency (5.42 %), objective lens collection
efficiency (16.9 %), dichroic mirror transmission efficiency (~ 100 %), focal
lens collection efficiency before the monochromator (2.55%), diffraction grating
efficiency (70 %), and detector efficiency (7.42 %).
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Figure 4.56: Natural logarithm of threshold power density as a function of the reciprocal
cavity length, fitted with a linear function.

However, this model is only strictly valid for FP lasers and there is a large
uncertainty on the actually absorbed pump power. Nevertheless, these results still
provide valuable insight into the device’s performance.

In PL spectra, the vertical axis ("counts”) reflects the CCD-detected signal,
proportional to the number of photons collected. Emitted optical energy can be
estimated via:

hc
)\pzmnp

Eem = Countsem - Ephoton = Countsey, -

where ., is the emitted energy, Countse,, is the CCD-detected signal, Eppoton
is the photon energy, h is Planck’s constant, c is the speed of light, and Ay is
the pump wavelength. This assumes linear CCD response and uniform spectral
sensitivity across the measured range. For accurate interpretation, the calibration
must incorporate the total light collection efficiency along the entire optical path, as
detailed above.

4.6 Conclusion

In conclusion, the design principles of a photonic crystal laser achieving a Gaussian
distribution profile have been presented. However, fabrication challenges remain,
particularly in etching the nano-ridge and passivating the active region. The exten-
sion of etching through the entire nano-ridge and ineffective passivation result in
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damage to the quantum well layers, degrading the material’s optical performance.
This motivates the exploration of photonic crystals with shallower etched depths
within the nano-ridge. However, designs featuring deep-etched holes can serve as
high-reflection mirrors for single-photon sources or as individual photonic crystal
lasers with holes defined in passive structures.

Lasers with varying hole periods in the mirror block and an etched height
of 130 nm were defined within the Ing 45Gag 55As/Ing 25Gag 75 As nano-ridge,
grown directly on a standard 300 mm silicon wafer. This design enables lasing
with a cavity length of only 25 um, a threshold of 11.83 kW/cm?, a side-mode
suppression ratio of 17 dB, and a linewidth of 1.61 nm from Gaussian fitting at 25
kW/cm?. Under pulsed optical pump, the lowest lasing threshold of approximately
5.03 kW/cm? was observed in a PC laser with 250 mirror block periods. This
demonstration highlights the high quality of III-V-on-silicon epitaxial material
and marks a significant step toward electrically driven devices with low power
consumption and a small footprint for silicon photonic platforms.
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5.1 Conclusion of the presented work

This thesis explores three different cavity designs for realizing low-threshold, com-
pact nano-ridge laser devices, monolithically grown on 300 mm silicon substrates.
These lasers advance the potential of the electrically driven applications.

First, a novel design incorporating an amorphous silicon grating atop the nano-
ridge was investigated, to reduce the lasing threshold compared to the conventional
etched gratings. Simulations indicate that the TE-like fundamental optical mode
exhibits the highest confinement factor. A distributed feedback cavity with a A\/4
shift section in the center was optimized to balance the light interaction with the
grating with the mode confinement within the quantum well layers. A grating period
of 161 nm enabled lasing at the center of the photoluminescence spectrum (~ 1044
nm). A crucial fabrication step involves incorporating a cured benzocyclobutene
(BCB) protection layer, to avoid interaction between the amorphous silicon layer and
the developer for the electron beam resist, HSQ. Room-temperature measurements
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confirmed the single-mode lasing at 1044 nm, with a side-mode suppression ratio
exceeding 35 dB, a linewidth of 1.5 nm, and a threshold of 7.84 kW/cm2—five times
lower than devices with an etched grating. This threshold reduction is attributed
to the amorphous silicon grating process, which minimizes the introduced surface
defects and active region damage.

Secondly, we explore nano-ridge lasers with amorphous silicon gratings de-
posited on the sides, targeting at the device miniaturization. Similarly, simulations
indicate the potential of lasing for the TE-like fundamental optical mode due to
its larger confinement factor. Again, a distributed feedback cavity with a \/4 shift
is optimized by balancing the light interaction with the amorphous silicon grating
and the mode confinement in the quantum well layers. The optical properties of
devices with varying numbers of grating periods are characterized using room
temperature PL spectra. The device featuring a 100-period amorphous silicon
grating demonstrates lasing with a remarkably compact cavity length of only ~ 16
um, achieving a lasing threshold of ~ 9.9 kW/cm?. Additionally, the PL spectrum
confirms single-mode laser operation with a side-mode suppression ratio exceeding
24 dB and a linewidth of 1.25 nm, determined through a Gaussian fitting at 25
kW/cm?. The linewidth is limited by the pulsed optical pumping.

Finally, an apodized photonic crystal cavity with holes etched throughout the
nano-ridge was proposed, to achieve both low threshold and small footprint. By
fixing the hole radius and optimizing the period, a Gaussian electric field envelope
was created along the photonic crytal axis. The calculation for the band structure and
the design principles apodized cavity were derived. However, fabrication challenges
remain, particularly in etching the nano-ridge and passivating the active region. The
extension of etching through the entire nano-ridge and ineffective passivation with
the ammonium sulfide result in damage to the quantum well layers and degrade
the material’s optical performance. To mitigate the active region damage, the hole
etching was halted at the top of the first quantum well layer, without penetrating
any quantum well layers. To address currently used fiber-optic datacom systems,
nano-ridges with 45 % indium content for the quantum well layers and 25 % for
the barriers were chosen, enabling emission in the O-band. apodized photonic
crystal cavities were optimized for the TE-like ground mode for O-band emission.
Lasers with a minimum cavity length of ~ 25 ym and an etched height of 130 nm
demonstrated a threshold of 11.83 kW/cm?, a side-mode suppression ratio of 17
dB, and a linewidth of 1.61 nm. Under pulsed optical pumping, a lasing threshold
of 5.03 kW/cm? was observed for a device with cavity length of 103 um.

The successful demonstration of these laser designs confirms the high quality
of the nano-ridge structures and establishes a foundation for large-scale manu-
facturing of silicon photonic integrated circuits, including the III-V lasers and
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amplifiers.

5.2 Outlook

Since initiating work on this platform in 2019, we have proposed three promising
demonstrations of optically pumped lasers. However, significant advancements are
still required to be able to deliver practical lasers for the commercial market. The
requirements for fully exploiting epitaxial nano-ridges include, but are not limited
to:

1. Realizing a continuous-wave (CW) pumped laser
2. Achieving electrical injection

3. Extending the operating wavelength to the O-band or C-band while improv-
ing the material quality of these nano-ridges

Thus far, we have demonstrated a low-threshold, small-footprint device under
pulsed optical pumping. To estimate the equivalent electrical threshold current Iy,
from the measured optical threshold power P;j,, the rate of electron-hole pair gener-
ation under optical pumping is first determined and then related to an equivalent
electrical injection current. The number of absorbed photons per second is given
by:

_ Pinnavs _ PrhNabsApump

Rpnoton = Ephoton he

where 1abs, Ephoton, hs ¢ and Apymp are the absorption efficiency, photon energy,
Planck’s constant, light speed and pump wavelength. To convert this into an equiva-
lent electrical current, the photon generation rate is multiplied by the elementary
charge q:

qAp
Lip, = q- Rphoton = %Pthnabs

With considering the side grating cavity ¢ = 1.6 x 107°C, A\pump = 532 x
107%m, h = 6.626 x 10734, ¢ = 2.99792458 x 10%m/s, Py, = 9.9kW/cm?,
Nabs = 100%, the electrical threshold current density can be estimated as Iy, =
42.4kA/em?. This first-order estimate assumes ideal conditions such as perfect
carrier injection. Compared to typical InGaAs or InP quantum well lasers operating
at near-infrared wavelengths, which generally exhibit threshold current densities in
the range of 1 — 20k A/ em? [110,149,150], the estimated value here is significantly
higher. This discrepancy is likely attributed to the use of non-optimized materials,
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particularly when compared to the recently demonstrated GaAs nano-ridge struc-
tures employed in laser diode fabrication [125]. In reality, factors like nonradiative
recombination, limited carrier capture, and lateral current spreading increase the
actual electrical threshold. Nonetheless, this calculation provides a useful baseline
for correlating optical and electrical pumping, informing future device design.

Realizing a practical CW-pumped laser with reduced dimensions requires
further improvements, such as achieving an even lower threshold and, importantly,
enhancing heat dissipation efficiency. Further optimizing the laser design and
fabrication processes is crucial. Possible pathways include better control of the
interaction of the field with the gratings, implementing a more gentle modulation of
the periodicity in the photonic crystal cavity, and reducing optical loss by decreasing
etched sidewall roughness.

Thermal management remains a major challenge for micro- and nanoscale
active devices due to significant heat generation in confined volumes. Although the
thermal impedance of the nano-ridge structures has not been directly quantified,
insightful observations can be made based on device geometry and known thermal
behavior [151-154]. Several factors contribute to thermal resistance in nano-ridge
lasers:

* Small active volumes result in high power densities and poor lateral heat
spreading.

» Heat dissipation is constrained to narrow trenches connecting the active
region to the silicon substrate.

¢ Air cladding and trench isolation from fabrication steps further impede heat
extraction.

These constraints indicate that the current nano-ridge design presents a pronounced
thermal bottleneck—particularly under continuous-wave or electrically pumped
conditions—even in the absence of simulation or direct measurements. Moreover,
the high-temperature operational stability of optically pumped nano-ridge lasers
has not yet been experimentally assessed in this work. Nonetheless, recent studies
on GaAs-based nano-ridge laser diodes have shown promising results, including
continuous-wave operation up to 60 °C and a thermally induced redshift in emission
wavelength. To address these thermal limitations, future device iterations should
prioritize thermal design enhancements. Promising approaches include integrating
heat-spreading layers, improving thermal coupling to the substrate, and incorporat-
ing planarization materials such as SiN, or SiO to facilitate more efficient heat
extraction.

Electrical injection is a crucial milestone for commercializing this laser plat-
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Figure 5.1: Electrically-driven device model with side aSi gratings, targeting at optimizing
the p contact thickness (a), shortening side aSi grating height (b) and designing the
dimensions of the FIN structure (c).

form but presents several challenges. Achieving a uniform p- and n-doping profile
while preserving the intrinsic quantum well region to form a p-i-n junction is partic-
ularly difficult. This challenge is exacerbated by uncontrollable dopant diffusion
and segregation, which require further advancements to address [155, 156]. Estab-
lishing good ohmic contacts between III-V materials and metal pads requires careful
selection of dopants and concentrations. However, metal pads on nano-ridge lasers
significantly contribute to optical losses [157], necessitating a trade-off between
efficient carrier injection and optical performance. Two design approaches aim to
mitigate this trade-off: one uses a continuous p-contact atop the nano-ridge with
aSi gratings on the sides; the other adopts a FIN structure, as shown in Figure
5.1(a) and (c). Optimizing the p-contact thickness in Figure 5.1(a), reducing the aSi
grating height in Figure 5.1(b), and tuning the dimensions of the FIN structure in
Figure 5.1(c)—together with a continuous p-contact—can enhance carrier injection
while minimizing optical loss. The n-contact is positioned next to the nano-ridge
and connected to the n-doped silicon substrate, enabling current to flow through the
nano-ridge structure.

Once electrical injection is achieved, high-speed characterization should be
performed to evaluate the feasibility of nano-ridge lasers for fiber-optic communi-
cation systems.

Reliability is another critical concern for the nano-ridge lasers, as demon-
strated in studies of the InGaAs/GaAs nano-ridge p-i-n diodes [125]. Ping-Yi
et al. [151, 152] identified that the current crowding and Joule heating near the
p-contact lead to the defect formation and Ti diffusion within the GaAs nano-ridge.
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These issues disrupt the gain medium and result in the device degradation and break-
down. The sintering process reduces p-contact resistance and enhances electrical
injection [153]. However, the further investigation into the diffusion mechanism
and optimization of the p-contact design is necessary.

Further enhancements to the Ing 45Gag 55 As/Ing 25Gag 75 As nano-ridge are
essential for high-performance O-band emission. These include increasing the
aspect ratio of STI trenches, incorporating strain-compensating layers [158], and
optimizing annealing processes. An alternative approach to extend the operating
wavelength is using self-assembled quantum dots [159]. However, switching
from InGaAs quantum wells to GaAs or InAs quantum dots would indeed have a
significant impact on both device design and fabrication strategy.

* First, QDs exhibit an inhomogeneously broadened gain spectrum. This
means we would need to carefully adapt the grating period or photonic crystal
cavity parameters to ensure good overlap between the cavity mode and the broader
gain profile.

* Second, QDs are more robust against defects and temperature variations [160].
This increased tolerance allows us to explore more aggressive cavity geome-
tries—for instance, we could consider deeper photonic crystal etching. While
some dots would be etched away, the remaining QDs are more defect-tolerant, so
lasing might still be achievable without extensive surface passivation.

* Third, although quantum dots offer several advantages, there is a chal-
lenge—particularly in achieving high dot density and uniformity requiring growth
parameter optimization [161].

So, switching to quantum dots would require rethinking the optical design—but
in return, we could see benefits for threshold reduction and temperature stability,
which are key benefits for on-chip integration.

The wafer scale process pose another challenge for the commercial application.
Recent studies from IMEC on GaAs-based nano-ridge laser diodes have already
demonstrated the feasibility of wafer-scale nano-ridge growth, laser definition, and
characterization using a 300 mm CMOS pilot line. However, this PhD project relies
on a compact grating structure to define the laser cavity, which currently necessitates
high-resolution patterning via EBL. Additionally, the multi-pass ICP-RIE etching
process for aSi must also be required.

While EBL is suitable for performance exploration and prototyping, its serial
and time-intensive nature makes it unsuitable for large-scale manufacturing. A more
scalable alternative is immersion lithography, commonly used in deep ultraviolet
(DUV) lithography systems. This method is well-established for 300 mm wafer
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processing and has the potential to realize high-resolution aSi gratings.

However, scaling the multi-pass ICP-RIE etching process to full-wafer aSi
gratings presents challenges, particularly the loading effect in areas with different
feature sizes. These issues must be addressed through further process optimiza-
tion—especially for the fabrication of dense laser arrays.

Although the current aSi grating fabrication flow has been optimized for
research-scale prototyping, it establishes a solid foundation. The transition to im-
mersion lithography offers a promising pathway toward scalable, high-performance
manufacturing.
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