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Samenvatting

De Nobelprijs voor Scheikunde van 2023 werd toegekend aan Alexei Ekimov, Luis
Brus en Moungi Bawendi voor hun bijzondere bijdragen aan de ontdekking en syn-
these van colloidale quantum dots (QDs). Deze nanokristallen vormen een nieuwe
klasse van halfgeleiders met talrijke voordelen. Ze vertonen heldere en smalban-
dige lichtemissie, een hoge absorptie, afstembaarheid over een golflengtebereik
van het zichtbaar tot in het infrarood, goedkope chemische synthese, schaalbare
oplossing-gebaseerde verwerking en compatibiliteit met verschillende substraten.
QDs worden ondertussen gebruikt in commerciéle toepassingen zoals televisiescher-
men en hun gebruik in een breed scala aan andere opto-elektronische applicaties,
waaronder lasers, één-foton bronnen en zonnecellen, wordt momenteel onderzocht.

QDs kunnen ook aantrekkelijk zijn voor integratie met fotonische geintegreerde cir-
cuits (PICs). Zo’n PICs, voor het eerst voorgesteld door Stewart E. Miller in 1969,
bieden de mogelijkheid om complexe optische bulk systemen te miniaturiseren tot
goedkope en robuuste chips. Siliciumfotonica, waarbij voor de fabricage gebruik
gemaakt wordt van de bestaande infrastructuur ontwikkeld voor de realisatie van
op silicium gebaseerde elektronische ICs, is daarbij bijzonder veelbelovend. De
afwezigheid van een geschikte lichtbron belemmert echter de verdere ontwikkeling
en exploitatie van dit platform. Ook fotodetectie voorbij de traditionele telecom-
golflengtes is niet mogelijk vanwege de bandgap van germanium, het materiaal dat
standaard gebruikt wordt voor de realisatie van detectoren op het siliciumfotonica
platform. SiN op SiOs is een alternatieve substraatoptie en laat propagatie van
zichtbaar licht toe. SiN heeft bovendien ook een heel laag propagatieverlies en laat
een hoog vermogen toe. Maar het blijft een passief platform, zonder lichtbronnen en
fotodetectoren. Heterogene integratie van exotische materialen is vereist om deze
beperkingen aan te pakken. QDs zijn dan een veelbelovende kandidaat vanwege hun
lage kosten, spectrale afstembaarheid, eenvoudige verwerking en compatibiliteit
met een breed scala aan substraten. Deze kenmerken maken QDs een veelbelovende
optie in vergelijking met andere integratietechnieken. De heterogene integratie van
QDs op PICs bevindt zich echter nog in een vroeg stadium.

In dit proefschrift onderzoeken we de integratie van QDs in PICs als fotodetec-
toren en elektrisch aangedreven lichtbronnen en verkennen we hun potentiéle
toepassingen. Beginnend met de integratie van loodsulfide (PbS) QDs op SiN-
golfgeleiders, ontwikkelen we een schaalbaar proces om golfgeleider-gekoppelde



XXX

op QD-gebaseerde fotodiodes (WG-QDPDs) te integreren als een goedkope foto-
detectieoplossing. Verder optimaliseren we het WG-QDPD-proces en gebruiken
we grotere PbS QDs om fotodetectie voorbij de absorptiegrens van germanium te
demonstreren, waarbij we absorptie tot 2,1 ;m aantonen.

Vervolgens demonstreren we twee nieuwe architecturen voor de realisatie van
compacte spectrometers, waarbij we gebruik maken van de unieke eigenschappen
van QDs. Door de afstembare absorptie van QDs te combineren met dispersieve
PICs, demonstreren we een spectrometer met een spectrale bandbreedte die twee
keer zo groot is als die van de standaard spectrometer. Daarnaast gebruiken we een
rij van QDPDs met sub-golflengte afmetingen als nano-probes voor de realisatie
van een zogenaamde stationaire-golf geintegreerde Fourier-transformspectrometer
(SWIFTS). We onderzoeken ook op QD-gebaseerde lichtbronnen, waarbij we
streven naar elektrisch aangedreven versterking door QDs met CdSe kern en CdS
schil op SiN-golfgeleiders te integreren. Hoewel emissie van een hoog energetische
staat wordt waargenomen, is verdere optimalisatie aan de materiaalkant nodig om
optische versterking te bereiken.

Ontwikkeling van 1.3 pm WG-QDPD op SiN

In het eerste deel van deze thesis demonstreer ik de integratie van een QDPD op
SiN-golfgeleiders, met een fotorespons tot 1.3 pm. De QDPD bestaat uit twee lagen
van PbS QDs, die respectievelijk zijn gefunctionaliseerd met loodjodide (Pbls) en
ethanedithiol (EDT), gestapeld op een zinkoxide (ZnO) elektronen injectie laag
(ETL) gevormd met een atoomlaagdepositie proces (ALD). De structuur is weerge-
geven in Figuur 1 (a). Na het analyseren van de vermogenafhankelijke verzadiging
van de fotostroom in een een langs onder belichte, vlakke QDPD, concluderen we
dat de sterke optische opsluiting en de daaruit volgende hoge optische intensiteiten
in golfgeleiders reeds bij heel lage vermogens tot verzadiging van een WG-QDPD
kan leiden. Om dit probleem op te lossen, stellen we voor om de overlap met het
evanescent veld te verminderen door de claddinglaagdikte en de golfgeleiderbreedte
te gebruiken als verstelbare parameters om het verzadigingsvermogen te verhogen.

Vervolgens ontwikkelen we een schema voor de integratie van de relatief eenvou-
dige 3-laags QDPD-stack op SiN-stripgolfgeleiders, met behulp van standaard
schaalbare processen. Met een golfgeleiderbreedte van 30 ym en een claddinglaag
van 350 nm, bereiken we een responsiviteit van 0.69 A/W, wat overeenkomt met een
externe kwantum efficiéntie (EQE) van ongeveer 67.5% bij 1275 nm. De respons is
lineair voor vermogens tot 400 nW bij -1 V spanning, zoals kan worden gezien in
Figuur 1 (b).

Om de schaalbaarheid van de voorgestelde integratie-aanpak te demonstreren,
ontwerpen en testen we een compacte 8-kanaals spectrometer geintegreerd met
een array van WG-QDPDs. Deze spectrometer toont een duidelijke golfiengte-
athankelijke respons met kanaaloverspraak van 15 dB. Deze eerste demonstratie,
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Figuur 1: Integratie van 1.3 um QDPD op SiN. (a) Schema van de WG-QDPD. (b) EQE
versus optisch vermogen bij een bias spanning van -1 V. Inzet: foto-stroom versus optisch
vermogen bij een spanning van -1 V. Het snijpunt van de zwarte stippellijnen geeft het begin
van verzadiging aan.

waarbij meerdere QDPDs samen werden geintegreerd met een on-chip spectrometer
te creéren, toont aan dat we een veelbelovende route voor de schaalbare integratie
van QDPDs in complexe PICs hebben ontwikkeld.

Ontwikkeling van 2.1 um golfgeleider-gekoppelde QDPD op silicium

Het tweede resultaat dat we demonstreren, is de integratie van PbS QDPDs op
siliciumgolfgeleiders, waarbij het golflengtebereik wordt uitgebreid voorbij de
traditionele telecommunicatie golflengtes.

We optimaliseren het integratieproces door het ALD ZnO te vervangen door meer
elektrisch stabiele lagen van indiumtinoxide (ITO) en sol-gel ZnO. We gebruiken
een gesputterde ITO laag als de transparante onderste elektrode en een sol-gel
7ZnO laag als de elektronentransport- en gatenblokkeringslaag. Deze optimalisatie
verbetert de reproduceerbaarheid en stabiliteit van het integratieproces aanzienlijk.
We optimaliseren ook het QDPD-ontwerp om de lekstroom te verlagen en plaatsen
de 2.1 pm QDs tussen 1.3 pm QDs om minder interface-toestanden-gerelateerde
lekstroom te verkrijgen.

Met behulp van het geoptimaliseerde QDPD-ontwerp en het tweede generatie pro-
ces gebaseerd op een ITO/sol-gel ZnO ETL, demonstreren we WG-QDPDs bij
kamertemperatuur, met een responsiviteit van 1.3 A/W bij 2.1 pym, een donker-
stroom van slechts 106 nA en een bandbreedte van 1.1 MHz. Bovendien tonen
we aan dat onze WG-QDPD een laag ruis-equivalent vermogen (NEP) van 0.15
pW/v/Hz heeft, dankzij de hoge responsiviteit en lage donkerstroom, wat aantrekke-
lijk is voor de detectie van zwakke signalen. We demonstreren de betrouwbaarheid
van de integratieaanpak door een compacte on-chip spectrometer te realiseren die
een array van 8 WG-QDPDs bevat en opereert in het spectrale venster tussen 2.063
en 2.135 pm, zoals weergegeven in Figuur 2.
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Figuur 2: Compacte spectrometer gebaseerd op een WG-QDPD-array en een planair
concave rooster. (a) Bovenaanzicht van de spectrometer. Licht wordt geinjecteerd via de
roosterkoppelaar aan de rechterkant. (b) Respons van WG-QDPD’s van acht kanalen en een
referentiegolfgeleider (grijze lijn).

Spectrometer gebaseerd op multi-kleur cascaded WG-QDPDs

In het derde deel verkennen we de potentiéle toepassingen van onze QDPDs. We
ontdekken dat de afstembaarheid van het QD-absorptiespectrum veelbelovend
is wanneer de QDPDs geintegreerd worden in complexere optische systemen.
Geintegreerde dispersieve componenten zoals arrayed waveguide gratings (AWG)
of planare concave gratings (PCG) worden vaak gebruikt in siliciumfotonica om on-
chip spectrometers te realiseren. Er bestaat echter een fundamentele trade-off tussen
het operationele spectrale bereik en de spectrale resolutie. Het bereiken van een
betere spectrale resolutie binnen een vergelijkbare oppervlakte vereist een grotere
optische dispersie, wat meestal een hogere diffractieorde impliceert en daardoor
een kleiner vrij spectrale bereik (FSR) en een smallere spectrale bandbreedte. Deze
tradeoff is er omdat in elk kanaal een enkele fotodetector wordt gebruikt, waardoor
optische signalen van aangrenzende diffractieordes ononderscheidbaar worden.
Door verschillende soorten fotodetectoren in cascade op de individuele kanalen te
integreren, elk met een unieke respons voor verschillende diffractieordes, zouden
signalen van meer dan één FSR moeten kunnen worden ontkoppeld, waardoor de
tradeoff wordt geélimineerd.

Hier gebruiken we de combinatie van de afstembare eigenschappen van QDs met
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Figuur 3: Breedband spectrometer gebaseerd op cascaderende WG-QDPD'’s. (a)
Bovenaanzicht van de gefabriceerde spectrometer. (b) Spectrumreconstructie.

dispersieve PICs om de spectrale bandbreedte uit te breiden tot meerdere FSRs.
In onze demonstratie integreren we twee verschillende soorten QDs, met hun
respectieve absorptiepieken overlappend met twee aangrenzende diffractieordes van
de PCG. De QDs worden geintegreerd als golfgeleider-gekoppelde fotodiodes, en in
cascade, op de uitgangen van de PCG, zoals weergegeven in Figuur 3 (a), waarbij elk
een unieke spectrale respons vertoont. Door de respons van de QDPDs zorgvuldig
te ontwerpen, demonstreren we een spectrale bandbreedte van ongeveer 180 nm met
een achtkanaals PCG met een intrinsieke FSR van slechts 90 nm, en doorbreken
we de FSR-limiet van de spectrometer, zoals weergegeven in Figuur 3 (b). Door
gebruik te maken van de veelzijdigheid van QDs op het gebied van afstembare
eigenschappen en eenvoudige verwerking, benadrukt dit werk het potentieel van
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deze materialen voor geintegreerde fotonica en creéert het een pad naar on-chip
breedband spectrometers.

Fourier-transform spectrometer met QDPD-array nano-samplers

In het vierde deel gebruiken we een andere unieke eigenschap van QDPDs om
een Stationary-Wave Integrated Fourier Transform Spectrometer (SWIFTS) te
demonstreren. Deze spectrometer bemonstert de stationaire golfpatronen die wor-
den gegenereerd door de interferentie van invallend licht in een golfgeleider. Het
bemonsteren van de stationaire golf vormt echter een uitdaging, omdat dit een
detectorarray met subgolflengte-elementen vereist, wat moeilijk is met bestaande
halfgeleiderdetectoren.
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Figuur 4: QDPD’s als nano-samplers voor SWIFT. (a) Basisprincipes van QDPD’s als
nano-probes. (b) Architectuur van het voorgestelde SWIFTS-systeem.

Hier stellen we voor om een rij van QDPDs te gebruiken als nano-samplers voor een
SWIFTS spectrometer. We maken daarbij gebruik van de korte diffusielengte van
ladingsdragers in de QD-film, zoals weergegeven in Figuur 4 (a). We ontwerpen het
spectrometersysteem op basis van een 350 nm SiN-golfgeleider, met een rij van 100
QDPDs als nano-schaal probes, zoals weergegeven in Figuur 4 (b). Deze QDPDs
hebben een compacte breedte van 100 nm om lokaal stationaire golfpatronen in de
golfgeleider te bemonsteren en een pitch van 1 pm om de elektrische fan-out te
vergemakkelijken. Een thermische faseverschuiver met drievoudige golfgeleiders
eronder blijkt meer dan voldoende faseverandering te leveren om het interferogram
te verplaatsen over 1 pm. Ons eerste onderzoek onthult dat de effectieve lengte van
de nano QDPD in goede benadering overeenkomt met de grootte van het bovenste p-
contact, wat de haalbaarheid van het gebruik van QDPDs als nano-probes bevestigt.
Hoewel de experimentele demonstratie van het SWIFTS-systeem nog in uitvoering
is, hebben alle individuele componenten veelbelovende prestaties getoond. Tot
dusver zijn er geen significante hindernissen die een volledige demonstratie zouden
belemmeren.
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Geintegreerde elektrisch aangedreven QD-lichtbronnen

Naast geintegreerde fotodetectoren bieden QDs ook een veelbelovende oplossing
voor de realisatie van geintegreerde lichtbronnen. Eerder werden al op CdSe QDs
gebaseerde lasers, geintegreerd met SiN golfgeleiders gedemonstreerd. Tot dusver
werd daarbij echter altijd een optische pomp gebruikt. De realisatie van elektrisch
aangedreven QD-gebaseerde lasers blijft een uitdaging.

In het laatste deel van de thesis onderzoeken we daarom de integratie van een elek-
trisch aangedreven QD-gebaseerde lichtbron op SiN-golfgeleiders. We tonen aan
dat het minimaliseren van optisch verlies, door een dikke hole-transportlaag (HTL)
in te voegen om het optisch verliesgevende p-contact te scheiden van het optische
veld, leidt tot een probleem met de injectie van gaten, door de slechte geleidbaarheid
van de HTL. Om dit op te lossen gebruiken we een 200 nm dikke (HAT-CN/NPB),,
HTL-laag, bekend om zijn superieure gaten-injectie, als een transparante optische
buffer om de absorptie van het p-contact te verminderen. Gecombineerd met gepulst
elektrisch pompen om schade door oververhitting te beperken, bereiken we een
stroomdichtheid van 61,2 A/cm? bij een spanning van 100 V en observeren we emis-
sie van een hogere energietoestand. Dit wijst op het ledigen van de grondtoestand.
We proberen de gaten-injectie verder te verbeteren door de zuivere organische
HTL te doperen met dopanten zoals MoOs en F6-TCNNQ, maar de verminderde
weerstand gaat gepaard met significant verhoogde parasitaire optische absorptie.
We zijn van mening dat een goed geleidende gaten-transportlaag met lage verliezen
essentieel is om golfgeleider-gekoppelde laserdiodes te realiseren.






Summary

The Chemistry Nobel Prize of 2023 was awarded to Alexei Ekimov, Luis Brus,
and Moungi Bawendi for their significant contributions to the discovery and syn-
thesis of colloidal quantum dots (QDs). These nanocrystals have emerged as a
new class of semiconductors, exhibiting numerous advantages, such as bright and
narrowband light emission, high absorption coefficient, spectral tunability from vis-
ible to infrared wavelengths, low-cost chemical synthesis, scalable solution-based
processing, and compatibility with different substrates. QDs have found exten-
sive applications across a diverse array of optoelectronic domains, encompassing
displays, lasers, single photon sources, solar cells, and imaging technologies.

QDs can be equally attractive for integration with photonic integrated circuits
(PICs). Integrated photonics, first proposed by Stewart E. Miller in 1969, offers
the capability to miniaturize complex bulk optical systems into cost-effective and
robust chips. Silicon photonics, leveraging established fabrication infrastructures
for Si-based electronic integrated circuits, stands out as a particularly promising
platform. However, the absence of a suitable light source due to silicon’s indirect
bandgap nature has hindered its full adoption. Photodetection beyond telecom
wavelengths is also not possible due to the bandgap limit of monolithic Ge-Si
detectors. SiN on SiOs offers another robust substrate option in silicon photonics,
supporting visible light propagation and exhibiting superior performance in terms
of low propagation loss and high power handling capability. Nonetheless, it remains
a passive platform, lacking both light sources and photodetectors. Heterogeneous
integration of exotic materials is required to address these limitations. QDs are a
promising candidate due to their low cost, broadband spectral tunability, ease of
processing, and compatibility with a wide range of substrates. These features make
QDs a compelling option compared to other integration approaches. However, the
heterogeneous integration of QDs onto PICs remains in its early stages, particularly
concerning optoelectronic applications.

In this thesis, we investigate the integration of QDs into PICs as photodetectors and
electrically driven light sources and explore their potential applications. Starting
with the integration of lead sulfide (PbS) QDs on SiN waveguides, we develop a
scalable process flow to integrate waveguide-coupled QD-based photodiodes (WG-
QDPDs) as a low-cost photodetection solution. Expanding upon this, we optimize
the WG-QDPD process and use larger PbS QDs to extend photodetection beyond
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the absorption limit of germanium in silicon photonics, achieving absorption up
to 2.1 ym. Subsequently, we explore two new spectrometer architectures based
on the unique features of our developed WG-QDPDs. By combining the tunable
absorption features of QDs with dispersive PICs, we demonstrate a spectrometer
with a spectral bandwidth extending beyond a single free spectral range (FSR).
Additionally, we utilize an array of QDPDs with sub-wavelength lengths as nano-
samplers for a stationary-wave integrated Fourier transform spectrometer (SWIFTS).
We also investigate integrated QD-based light sources, pursuing electrically driven
gain by integrating CdSe/CdS core/shell QDs on SiN waveguides. While emission
from a high energy state is observed, further optimization on the material side is
needed to achieve optical gain.

Development of 1.3 ym WG-QDPD on SiN

The first work we demonstrate in this thesis is the integration of a QDPD on SiN
waveguides, exhibiting a photoresponse up to 1.3 um. This QDPD configuration
consists of two films of PbS QDs, with surfaces functionalized by lead iodide (Pbls)
and ethane-dithiol (EDT), respectively, stacked on a zinc oxide (ZnO) ETL formed
by atomic layer deposition (ALD), as shown in Figure 1 (a). After analyzing the
power-dependent saturation of the photocurrent in a bottom-illuminated, planar
QDPD, we argue that the high optical intensity resulting from the strong optical
confinement in waveguides could induce saturation of a WG-QDPD already at low
optical powers. To address this issue, we propose a design strategy to reduce the
overlap with the evanescent field by using the cladding thickness and the waveguide
width as adjustable parameters to raise the saturation power.
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Figure 1: Integration of 1.3 um QDPD on SiN. (a) Device structure of WG-QDPD. (b) EQE
vs. optical power at -1V bias voltage. Inset: photo-current vs. optical power with bias
voltage of -1 V. The intersection of the black dashed lines indicates the onset of saturation.

Subsequently, we develop a first-generation process flow enabling integration of
the relatively straightforward 3-layer QDPD stack onto SiN strip waveguides, using
standard scalable processing techniques. Employing a waveguide width of 30
pm and a cladding thickness of 350 nm to maintain QDPD operation within the
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linear regime, we achieve a responsivity of 0.69 A/W, corresponding to an External
Quantum Efficiency (EQE) of approximately 67.5% at 1275 nm, with a linear
response observed for illumination powers up to 400 nW at -1 V bias, as shown
in Figure 1 (b). To further demonstrate the scalability of the proposed integration
approach, we design and test a compact 8-channel spectrometer integrated with
an array of WG-QDPDs. This spectrometer shows a clear wavelength-dependent
response with channel crosstalk of 15 dB. This first demonstration of integrating
multiple QDPDs to create an on-chip spectroscopic system provides a promising
route for mass integration of QDPDs in complex PICs.

Development of 2.1 ym waveguide-coupled QDPD on silicon
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Figure 2: Compact spectrometer based on a WG-QDPD array and a planar concave grating.
(a) Top view of the spectrometer. Light is injected from the grating coupler on the right side.
(b) Response of WG-QDPDs from eight channels and a reference waveguide (gray line).

The second work we demonstrate is the integration of PbS QDPDs onto sili-
con waveguides, extending the photodetection capabilities beyond the traditional
telecommunication range in silicon photonics. We optimize the integration process
by replacing the ALD ZnO with more electrically stable layers of indium tin oxide
(ITO) and sol-gel ZnO. Sputtered ITO serves as the transparent bottom electrode
and sol-gel ZnO serves as the electron transport and hole block layer. This optimiza-
tion greatly improves the yield and stability of the integration. We also optimize
the QDPD stack design to reduce the leakage current when extending from 1.3
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pm to 2.1 pm. We sandwich the 2.1 um QDs with 1.3 pum ones for less interface
states-related leakage current.

Using the optimized QDPD design and the second-generation process flow based
on ITO / sol-gel ZnO ETL, we demonstrate WG-QDPDs at room temperature,
exhibiting a responsivity of 1.3 A/W at 2.1 um, a low dark current of 106 nA,
and a bandwidth of 1.1 MHz. Moreover, we show that our WG-QDPD exhibits a
low noise equivalent power (NEP) of 0.15 pW/v/Hz, due to its high responsivity
and low dark current, which is attractive for low-noise, weak signal detection.
We demonstrate the reliability of the integration approach by realizing a compact
on-chip spectrometer that features an array of 8 WG-QDPDs and operates in the
spectral window between 2.063 and 2.135 pm, as shown in Figure 2. We believe
that QDPD technology holds significant promise for cost-effective photodetection
in the near and mid-infrared ranges in silicon photonics, especially for diverse
sensing applications.

Spectrometer based on multi-color cascaded WG-QDPDs

In the third part, we explore the potential applications of our developed QDPDs. We
find the tunability of the QD absorption spectrum holds promise when integrated
into more complex optical systems. Integrated dispersive components such as ar-
rayed waveguide gratings (AWG) or planar concave gratings (PCG) are commonly
used in silicon photonics for realizing on-chip spectrometers. However, a fundamen-
tal trade-off exists between the operational spectral range and spectral resolution.
Achieving better spectral resolution within a similar footprint requires larger optical
dispersion, typically implying a larger diffraction order and, consequently, a smaller
FSR and a more narrow spectral bandwidth. This traditional trade-off persists since
a single photodetector is used in each channel, making optical signals from adjacent
diffraction orders indistinguishable. Integrating different types of photodetectors
on each channel in cascade, each with a distinct response to different diffraction
orders, would decouple signals from more than one FSR, thereby eliminating the
aforementioned trade-off.

Here, we propose and demonstrate the integration of the tunable features of QDs
with dispersive PICs, pushing the spectral bandwidth beyond a single FSR. In
our demonstration, we integrate two distinct types of QDs, with their respective
excitonic absorption peaks overlapping with two adjacent diffraction orders of the
PCG. The QDs are integrated as waveguide-coupled photodiodes, and in cascade,
on the output channels of the PCG, as shown in Figure 3 (a), with each exhibiting a
unique spectral response. By carefully designing the response of the QDPDs, we
demonstrate a spectral bandwidth of approximately 180 nm using an eight-channel
PCG with an intrinsic FSR of 90 nm, breaking the FSR limit of the spectrometer,
as shown in Figure 3 (b). By leveraging the versatility of QDs at the level of
tunable properties and ease of processing, this work highlights the potential of these
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Figure 3: Broadband spectrometer based on cascaded WG-QDPDs. (a) Top view of the
fabricated spectrometer. (b) Spectrum reconstruction.

materials for integrated photonics, and creates a path toward on-chip broadband
spectrometers.

Fourier transform spectrometer using QDPD array nano-samplers

In the fourth part, we explore another application by utilizing the unique features of
QDPDs. The stationary-wave integrated Fourier transform spectrometer (SWIFT),
operating by directly sampling the stationary wave patterns generated by the inter-
ference of input light in a waveguide, is a promising candidate for miniaturized
spectroscopy with high resolution, broad bandwidth, and ultra-compact footprint.
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However, sampling the stationary wave presents a challenge, which requires a nano-
detector array with subwavelength-sized elements, a task difficult with existing
semiconductor detectors.
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Figure 4: QDPDs as nano-samplers for SWIFT. (a) Fundamentals of QDPDs as
nano-probes. (b) Architecture of the proposed SWIFTS system.

Here, we propose the utilization of a QDPD array as nano-samplers for SWIFTS by
employing the short diffusion length feature of the QD film, as shown in Figure 4 (a).
We design the spectrometer system based on a 350 nm SiN waveguide, incorporating
a 100-channel QDPD array as the nano-scale samplers, as shown in Figure 4 (b).
These QDPDs feature a compact length of 100 nm to locally probe stationary
wave patterns in the waveguide and a pitch of 1 um to facilitate the electrical
fan-out. A thermal phase shifter with triple-path waveguides underneath, proves to
supply sufficient phase change to move the interferogram for stitching. Our initial
investigation reveals that the effective length of the nano QDPD closely aligns with
the top p-contact size, thereby validating the feasibility of employing QDPDs as
nano-probers. Although the experimental demonstration of the SWIFTS system
is still pending, all individual components have exhibited promising performance.
Thus far, no significant hurdles are found that impede our demonstration efforts.

Integrated electrically driven QD light sources

In addition to integrated photodetectors, QDs also offer a promising solution for
integrated light sources. QDs can be deposited onto the substrate using simple
and cost-effective solution-based techniques, facilitating seamless integration with
existing silicon photonics fabrication processes. CdSe QD-based lasers have been
successfully demonstrated on SiN platforms as visible light sources under optical
pumping. However, the realization of electrically driven QD-based lasers remains
challenging.

As the final part of the thesis, we investigate the integration of an electrically driven
QD-based light source on SiN waveguides. We find that minimizing optical loss,
achieved by introducing a thick hole transport layer (HTL) to separate the optically
lossy p-contact metal from the guided optical mode, leads to a hole-injection
problem due to the poor conductivity of the HTL. To solve this, we utilize a 200 nm
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thick (HAT-CN/NPB),, HTL layer, known for its superior hole injection capabilities,
as a transparent optical buffer to mitigate p-contact metal absorption. Combined
with pulsed electrical pumping to mitigate heating effects and damage, we attain a
current density of 61.2 A/cm? at a driving voltage of 100 V and observe emission
from a higher energy state, indicating the bleaching of the ground state. We attempt
to further enhance hole injection by doping the pristine organic HTL with other
dopants (MoO3 or F6-TCNNQ), but the reduced resistivity is accompanied by
significantly increased parasitic optical absorption. We believe a conductive and
low-loss hole transport layer is essential to achieve waveguide-coupled laser diodes.
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1.1 Research background

The Chemistry Nobel Prize of 2023 was awarded to Alexei Ekimov, Luis Brus, and
Moungi Bawendi for their significant contributions to the discovery and synthesis
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of Colloidal Quantum Dots (QDs) [15]. QDs, as semiconductor nanocrystals syn-
thesized in chemical colloidal solution, were first developed in aqueous solution
in the 1980s [16-18]. QDs underwent rapid development from 1993 onwards
when a chemical method, known as the hot-injection method, was developed for
QDs growth, greatly improving the size control and monodispersity of colloidal
particles [19]. Following this, QDs emerged as a new class of semiconductors
and have been applied to a wide range of optoelectronic applications, including
Light Emitting Diode (LED)s [20], lasers [21], single photon sources [22], solar
cells [23], and photodetectors [24]. This wide adaption was enabled by their nu-
merous advantages such as bright and narrowband light emission, high absorption
coefficient, spectral tunability from visible to infrared wavelengths, low-cost chemi-
cal synthesis, scalable solution-based processing, and compatibility with different
substrates.

Following the rapid material development and the improved understanding of QD-
based devices, interest has now shifted towards the integration of QDs in established
optoelectronic technology platforms. For example, QDs have been included as
color converters in liquid crystal [25] and micro-LED displays [26], and combined
with a driver backplane for electroluminescent displays [27] or a readout backplane
for infrared imagers [28].

QDs can be equally attractive for integration with photonic integrated circuits
(PICs). Integrated photonics, first proposed by Stewart E. Miller in 1969, offers the
capability to miniaturize complex bulk optical systems into cost-effective and robust
chips. Various platforms have emerged for integration, with silicon photonics being
particularly appealing due to its high-throughput and cost-effective manufacturing,
leveraging the well-established fabrication infrastructure of the electronics industry.
In silicon photonics, Silicon on Insulator (SOI) serves as the standard substrate
capable of supporting the propagation, modulation, and detection of light. However,
the light source is a missing part due to the indirect bandgap nature of silicon.
Photodetection beyond telecom wavelengths is also not possible due to the bandgap
limit of monolithic Ge-Si detectors. SiN on SiO5 offers another robust substrate
option in silicon photonics, facilitating visible light propagation and showcasing
superior performance in terms of low propagation loss and high power handling ca-
pability [29]. Nonetheless, it remains a passive platform, lacking both light sources
and photodetectors. Heterogeneously integrated semiconductors are required to
address these limitations. Here, QDs emerge as a promising candidate due to their
low cost, broadband spectral tunability, ease of processing, and compatibility with
a wide range of substrates, making them a compelling option compared to other
integration approaches.
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1.2 Colloidal quantum dots

QDs are small semiconductor nanocrystals with sizes typically between 1 nm and
20 nm. Their great potential in optoelectronics as a new class of semiconductor is
closely linked to their unique properties and characteristics.

1.2.1 Properties and Characteristics
Semiconductors in solution phase

QDs are typically synthesized using a hot-injection-based wet chemical method
[19], where molecular precursors are rapidly injected into a solvent at elevated
temperatures (100 °C to 350 °C). This kind of synthesis yields QDs in a low-cost
way, for example, 10 to 60 $ per g for PbS QDs [30]. Covering an 8-inch wafer
with a 500 nm thick semiconductor film costs less than 5 $ in material [30]. The
low-cost material synthesis makes it competitive compared to commonly used I1I-V
active materials grown with Molecular Beam Epitaxy (MBE) or Metal-Organic
Chemical Vapor Deposition (MOCVD). To have a feeling, it costs more than 5000
$ to make an 8-inch gallium arsenide wafer [31].

Synthesized QDs are surrounded by long organic ligands, such as oleic acid and
oleylamine on the surface, which stabilize them in the solvent and prevent aggrega-
tion, as depicted in Figure 1.1. This ink-like feature of QDs makes them suitable
for integration with various substrates using low-cost and scalable solution-based
deposition techniques [32], including spin-coating, spray coating [33,34], inkjet
printing [35-37], and blade coating [38, 39].

Quantized electronic states

A QD can be conceptualized as a spherical quantum box that confines electrons
and holes. When the QD is sufficiently small, with a size comparable to the Bohr
radius of the electron-hole pair (also known as an exciton), carriers sense the
boundary, leading to the emergence of quantum confinement. The quasi-continuous
conduction band and valence band in bulk semiconductors are quantized into
atomic-like density of states, as depicted in Figure 1.2. The quantum confinement
effect results in an increase of the effective bandgap of the QD, which is related to

the radius as:
K22 1.765¢2

E,=FE -
g = Fg0t 2mop, R2 R

(1.1)
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Figure 1.1: QDs synthesis with the hot-injection method

where E, is the effective bandgap, I ¢ is the bandgap of the parent bulk semicon-
ductor,  is the reduced Planck constant, m.p = memy/(me + mp) is the reduced
electron - hole mass (e-h), e is the elementary charge, € is the dielectric constant of
the semiconductor material, R is the radius of the semiconductor nanocrystal. The
third item on the right side is from the Coulomb interaction between the electron
and hole.

The strong relationship between the effective bandgap of QDs and their size fa-
cilitates easy tuning of the emission and absorption spectrum. For instance, by
adjusting the size of CdSe QDs, it is possible to cover the entire visible wavelength
range, as depicted in Figure 1.3 (a). The absorption spectrum exhibits similar tun-
ability. For example, synthesized PbS QDs have demonstrated absorption spanning
almost the entire Short-Wave Infrared (SWIR) range (Figure 1.3 (b) [2]), while
HgTe QDs absorb at even longer wavelengths (Figure 1.3 (c) [3]).

The strong quantization of electronic states in QDs also results in narrow linewidth
emission, typically ranging from 20 meV to 60 meV of Full Width Half Maximum
(FWHM) [40]. The narrow spectral emission of a QD film is further enhanced by the
well-developed synthesis process, ensuring tight size distributions and pushing the
ensemble emission linewidth close to that of a single QD. Additionally, advanced
shell engineering techniques contribute to the high Photoluminescence Quantum
Yield (PLQY), approaching 100%. These characteristics make QDs highly tunable,
bright, and narrowband emitters, positioning them as the leading-edge emitters in
the display market.

Furthermore, the discrete electronic states inherent in QDs also enhance their po-
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Figure 1.2: Quantum confinement effect. The conduction band and valence band are
quantized into discrete energy levels. Reproduced from [1]
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photoluminescence of CdSe QDs. (b) Absorption spectrum of PbS QDs. Reproduced
from [2] (c) Absorption spectrum of HgTe QDs. Reproduced from [3]
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Figure 1.4: The simplified optical-gain model in QDs

tential in lasing applications. As depicted in Figure 1.4, the strong quantization
characteristic transforms QDs into a two-level system near the band edge, compris-
ing spin-degenerate valence band and conduction band levels. When an electron
transits from the valence band to the conduction band, generating an electron-hole
pair (single-exciton state), QDs achieve a transparent state where photons can
traverse without net absorption. In the case where both valence band electrons are
excited, forming a biexciton state, an incident photon induces stimulated emission
from a conduction band electron, resulting in optical gain. In the context of an
ensemble QD film, achieving an average exciton number exceeding 1 initiates the
gain regime, facilitating low-threshold lasing. Moreover, the strongly quantized
electronic states inhibit the thermal depopulation of the emitting band-edge states,
thereby reducing the sensitivity of laser performance to temperature.

Carrier transport

The ability to transport carriers within a QD film is crucial for optoelectronic
applications. Ideally, if the QDs are assembled with high order, forming a so-called
superlattice, carriers can exhibit band-like transport behavior similar to bulk crystals,
as per Bloch’s theorem. However, achieving such highly ordered assembled QDs is
challenging. Carrier transport in disordered QD films is predominantly facilitated
by mechanisms such as hopping assisted by thermal energy or phonons, as well as
direct tunneling. These mechanisms depend strongly on inter-dot distance [41,42],
as illustrated in Figure 1.5.

As-synthesized QDs are typically capped with long-chain organic molecules, such
as oleic acid and oleyamine, to ensure good colloidal stability. However, these
long ligands result in a large inter-dot distance exceeding 1.5 nm [43], which poses
challenges for carrier transport. Consequently, replacing the original long-chain
ligands with shorter ones is essential for optoelectronic applications using QDs.

Two common methods have been developed for ligand exchange: solid-phase ligand
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Figure 1.5: Carrier transport mechanism in a QD film. (a) Direct tunneling through the
energy barrier. The rate is related to the overlap of the carrier wave functions in adjacent
ODs. (b) Hopping over energy barrier with the assistance of thermal energy or phonon.

exchange and solution-phase ligand exchange. In solid-phase ligand exchange, QD
ink containing long-chain ligands is intially deposited on the substrate. Subse-
quently, the film is immersed in a solution containing short ligand chemicals to
replace the original long ligands. This process is repeated layer by layer to achieve
the desired thickness, as depicted in Figure 1.6 (a). To ensure complete ligand
exchange throughout the QD film and to prevent cracking and peeling caused by
film shrinkage during the ligand exchange process, the thickness of each exchange
cycle is typically controlled to be around 30 nm. While this method is straightfor-
ward to operate and easily extendable to different ligand species, it requires tedious
layer-by-layer processes for thick layers and poses a risk of film peeling due to
accumulated stress during deposition.

Solution-phase ligand exchange involves intially exchanging the long-chain ligands
in solution to obtain a new ink with shorter ligands on the surface of QDs. This
ink is then used for deposition on the substrate, as illustrated in Figure 1.6 (b).
This method allows for the fabrication of thick QD films with short ligands in
high quality. Currently, the best-performing solar cells and photodetectors using
PbS QDs predominantly rely on solution-phase ligand exchange. However, an ink
with short ligands typically exhibits less colloidal stability and needs to be freshly
prepared for each fabrication cycle.

Moreover, QDs possess a notably large surface-to-volume ratio, rendering them
highly sensitive to surface chemistry modifications. Consequently, the ligands can
impact their Fermi level (doping) and energy levels by introducing shallow trap
states and surface dipoles [5,44].

These unique features of QDs hold great promise for optoelectronic applications,
particularly as light sources and for photodetectors. Currently, they are being
commercialized for high-quality displays and low-cost infrared cameras.
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Figure 1.6: Ligand exchange process. (a) Solid-phase ligand exchange. (b) Solution-phase
ligand exchange.

1.2.2 Applications in photodetection and imaging
QD-based photodetectros

QDs as photodetectors were first studied in the 1990s when cadmium chalcogenide
(CdS, CdSe. CdTe) QDs were mixed with a conductive polymer matrix to separate
photo-generated carriers [45]. This research experienced rapid development in the
2000s with the assistance of ligand exchange techniques to significantly enhance
carrier transport in QD solid films [46—48]. A photodetector with Internal Quantum
Efficiency (IQE) of 70% was demonstrated with CdSe QDs. While CdX QDs for
photodetection remains primarily of academic interest, insights from these studies
were rapidly applied to PbS QDs for photodetection in the infrared range [49-51],
offering significant industrial potential.

QD photodetectors based on PbS nanocrystals operating in the SWIR are among the
most mature developments to date. Two primary types of photodetectors, namely
photoconductors with planar structures and photodiodes with vertical structures,
have been extensively studied, as shown in Figure 1.7.

In QD-based photoconductors, a pair of electrodes is fabricated on an insulator
substrate with a narrow gap (usually several micrometers), and QDs are deposited
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Figure 1.7: Structures of QD-based photodetectors. (a) Photoconductors with a planar
structure. (b) Photodiodes using a vertical heterojunction structure.

between the electrodes as a low-conductivity semiconductor layer. Upon illumi-
nation, additional carriers are generated, increasing the conductivity of the QD
film. Typically, these photoconductors exhibit gain, resulting from one type of
photogenerated carrier (electron or hole) circulating in the circuits more than once
until they recombine with the opposite carriers which are trapped in the gap states.
This photoconductive gain can lead to a larger responsivity, which is advantageous
for achieving a high detectivity (low detection limit). The Sargent group has demon-
strated PbS QD-based photoconductors with a responsivity exceeding 1000 A/W
and a high detectivity of 1.8 x 103 Jones (cm Hz>W™1) at 1.3 um by removing
the ligands and introducing oxidation for improved carrier transport and surface
traps [49]. Combining QDs with 2D materials such as graphene can further enhance
the detectivity, with demonstrated responsivity reaching 107 A/W and detectivity of
7 x 10'3 Jones [52]. Photocarriers generated in QDs are separated at the interface
between the QDs and graphene (electrons are trapped in the QD film while holes
are transferred to the graphene). The holes in the graphene can circulate more
times under an external voltage bias due to the high carrier mobility of graphene
(> 1000 cm?V s~ 1) compared to the QD film (typically < 1 cm?V~!s~1) [53].
Despite their high sensitivity, these photoconductors exhibit slow speeds due to the
prolonged circulation of carriers. The demonstrated ultrasensitive photoconductors
with a detectivity exceeding 103 Jones [49, 52] exhibit a bandwidth of less than
20 Hz. Another prevalent issue for photodetectors is their nonlinear response to
optical power due to the filling of trap states (reduced gain) at increased optical
power levels.

QD-based photodiodes rely on establishing a built-in electrical field to separate
photo-generated electrons and holes and reduce dark current. Over the last two
decades, both Schottky and heterojunctions have been developed for QDs. Schottky
Photodiodes (PDs) form a junction between the QD film and the metal electrode
interface. Shallow work function metals can bend the energy band of QDs down-
wards, forming a Schottky junction, as shown in Figure 1.8 (a). This junction assists
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Figure 1.8: Band alignment of QD-based junctions. (a) Schottky junction formed between
ODs and shallow-work-function metal [4]. (b) Heterojunction formed between ZnO and PbS
ODs, and junction formed between QDs with different surface ligand treatments [5].

in extracting photo-generated carriers and reduces the dark current by blocking hole
injection from the metal contact into the QDs [4,54]. The Sargent group demon-
strated a Schottky PD using a Schottky junction between PbS QDs and an aluminum
contact, with ITO forming the opposite ohmic contact. This structure exhibited a
detectivity of > 10'! Jones and a bandwidth of > 1 MHz without bias [4]. However,
Schottky junctions still exhibit relatively large dark currents under external bias
due to majority carrier injection from the limited Schottky barrier height. Recent
developments in Colloidal Quantum Dot based Photodiodes (QDPDs) have focused
on using heterojunction junctions instead.

The state-of-the-art QDPDs feature a structure as shown in Figure 1.7 (b). Here,
QDs are sandwiched between organic or inorganic semiconductors on both sides,
forming two hetero-junctions at the interfaces with QDs, as shown in Figure 1.8 (b).
Typically, n-doped ZnO or TiOs serves as as an Electron Transport Layer (ETL),
bending the energy band of the QDs downward to facilitate the extraction of photo-
generated electrons and blocking hole injection from the electrode. A p-doped
semiconductor (such as NiO9,QDs or an organic semiconductor) acts as an Hole
Transport Layers (HTLs), bending the energy band of QDs upward to assist in
extracting photo-generated holes and blocking electron injection from the electrode.
QDs sandwiched in between form the absorption layer.

This device stack has been widely optimized for high-performance QDPDs. ZnO,
formed by sputtering [55] or Atomic layer deposition (ALD) [56], are promis-
ing candidates for the ETL, effectively reducing interface defects and leading
to suppressed dark current density, improved responsivity, and faster response.
Demonstrations have showcased a responsivity of 2.15 x 102 Jones and a 3 dB
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bandwidth of 95 KHz [55].

For the absorption layer, Sargent’s group recently developed a high-concentration
bromine treatment and an additional passivation step for enhanced passivation of the
(100) surface of the 1550 nm PbS QDs. This advancement resulted in a QDPD with
a high External Quantum Efficiency (EQE) of over 80%, a detectivity of 8 x 10!
Jones, and a short response time of 10 ns (equivalent to a 3 dB bandwidth of around
35 MHz) [57].

For the HTL, PbS QD treated with Ethanedithiol (EDT) have shown promise as the
p-type layer with favorable band alignment and are commonly used in current QD-
PDs [5,56,57]. Sol-gel NiO has been reported as a promising alternative, achieving
a detectivity of 1.1 x 102 Jones at 1130 nm and a bandwidth exceeding 35 kHz [58].
Sputtered NiO combined with sputtered ZnO and an evaporated Cgo protection
layer, has shown improved stability, a detectivity of 2.1 x 102 Jones and 3 dB band-
width of 140 kHz [59]. Additionally, organic semiconductors, such as lithium-doped
2,2’ 7,7 -tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (Spiro) also
demonstrated high detectivity of 1.4 x 10'2 Jones and a bandwidth of 41 kHz at
1050 nm [60].

In addition to PbS, other materials are also under development for photodetection.
HgTe QDs have demonstrated photodetection capability up to 5 um [61] and 12
pm [62], covering the Mid-Wave Infrared (MWIR) and even Long-wave Infrared
(LWIR) range. QDs using less toxic materials, such as InAs [63-65] and Ag,Te
[66,67], have also been demonstrated with good SWIR photodetection capability.
The advancements in QD-based photodetectors form the foundation for low-cost
infrared imagers. Further information on the progress of QD-based photodetection
can be found in recent review papers [24, 68-70].

QD-based imagers

In the visible and near-infrared range, silicon PDs can be monolithically integrated
with Readout Integrated Circuits (ROICs). These integrated circuits store the signal
charge at each pixel and then route the signal onto output taps for readout [71]. This
solution currently dominates the market for visible imaging due to its ultralow cost
and excellent performance. However, for imaging with wavelengths beyond 1 pm,
other semiconductors such as indium gallium arsenide (InGaAs) for SWIR, indium
antimonide (InSb) for MWIR, and mercury cadmium telluride (HgCdTe) for both
MWIR and LWIR are required to be integrated with silicon ROICs. Nevertheless,
the integration of these materials is a complex and expensive process. Crystalline
semiconductors typically need to be grown on specific single-crystalline substrates
using high-temperature vacuum methods such as metalorganic chemical vapor
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deposition (MOCVD) and molecular beam epitaxy (MBE). Subsequently, these
infrared photodetectors are electrically connected to Si ROICs using indium bumps
— atechnique called flip-chip hybrid integration. Therefore, infrared imagers are
much more expensive (a typical infrared camera costs 30 k€ — 100 k€ [69]) and
their use remains limited to defense and scientific applications.

QDs, due to their tunable and strong absorption in the infrared, low cost and
solution-processable nature, are emerging as promising candidates to address the
price problem and bring infrared imagers to a mass-market level. In the SWIR range,
which finds applications in see-through vision, identification, sorting, surveillance,
and process quality control [28], the first QD-based infrared image sensor was
demonstrated by Siemens, based on a polymer-PbS blend thin film PD [72]. Since
then, significant advancements have been made. PbS QDs are the material of
choice for most research groups. [59,73-77]. Apart from their low cost, QD-based
imagers also show dense integration potential. Traditional flip-chip bonding relies
on solder bumps for electrical connections, which limits pixel resolution to tens of
micrometers. With advanced copper-to-copper (Cu-Cu) bonding techniques, the
pixel pitch can be reduced to single-digit micrometers. For QD-based imagers, the
flexible material deposition on ROICs and compatibility with photolithography-
based pixelation patterning make them competitive for achieving high resolution.
Currently, pixel pitches of less than 2 pm have been demonstrated by Imec [78]
and InVisage [75,79], outperforming the best InGaAs-based imagers (with a 5 ym
pitch) using advanced Cu-Cu bonding techniques [80]. PbS QD-based cameras
with a sensing range up to 2000 nm are now commercially available [81].

HgTe QDs are appealing for low-cost imaging in the MWIR and LWIR ranges,
suitable for thermal imaging applications. HgTe QD based imagers operating in
the wavelength range up to 5 um have been demonstrated [82, 83]. Apart from PbS
and HgTe QD-based imagers, a toxic-heavy-metal-free silver telluride (AgsTe) QD
based imager was demonstrated at SWIR recently, paving the way to the consumer
electronics market [67].

1.2.3 Applications in light sources
Display

The features of tunable emission wavelength, narrow emission linewidth, and near-
unity PLQY make QDs highly competitive semiconductors for next-generation
high-quality displays. There are two primary strategies: utilizing QDs as color
conversion materials or employing QDs directly as electroluminescence emitters
akin to Organic Light Emitting Diode (OLED) structures, as illustrated in Figure
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Figure 1.9: QD based display technology. (a)QDs are used as the white light color converter
to replace the traditional phosphors in LCD. (b) QDs are used as electroluminescence
emitters pixels, driven by the TFT backplane. (c)QDs are used as color converter pixels on
top of a blue OLED emitter array. Reproduced from [6]

In a traditional LCD architecture, phosphors are employed to convert InGaN blue
LED to white light as a backlight. By replacing the phosphors with a polymer
containing red and green QDs, RGB backlighting can be generated (Figure 1.9 (a)),
thereby enhancing the color gamut and reducing optical losses during color filtering
[25]. Another approach utilizing QDs photoluminescence involves combining a
blue emitter matrix (e.g., OLED [84] or InGaN micro-LED [26]) with a pixelated
QD color converter (Figure 1.9 (c)), leading to improved performance in contrast,
power consumption, and viewing angle. QD-based display products available in
the current consumer market utilize these technologies.
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Emerging as a leading candidate for next-generation displays, the electrolumines-
cence route involves directly driving RGB QDs by the backplane, as depicted in
Figure 1.9 (b). This technology holds the potential to surpass OLED displays, offer-
ing superior color gamut and longer lifetimes. An efficient, bright, and long-lasting
Quantum-dot Light Emitting Diodes (QLED) stack is essential for realizing the full
potential of next-generation displays.

LED

The first QLED was demonstrated by V. L. Covin et al. in 1994 using CdSe QDs.
Over the past two decades, significant advancements in QLED performance have
been achieved, driven by a deeper understanding of the mechanisms behind the
electroluminescence of QLEDs. The record-high EQE (the ratio of emitted photons
to injected electrons) reported for CdSe QLEDs is 33.1% for red [85], 28.7%
for green, and 21.9% for blue [86]. Progress in Cd-free QLEDs has also been
notable, with reported record EQEs of 21.8% for red [87] using InP QDs, 17.6%
for green [88], and 20.2% for blue [89] using ZnSeTe QDs. Regarding lifetime, the
Tk (the time for the EQE to drop to 50% of its initial value) at 100 cd/m? has been
reported as 10% hours for CdSe-based red QLEDs, 106 hours for green, and 10*
hours for blue. However, Cd-free QLEDs still lag in this respect and require further
investigation.

In QLEDs, a thin QD emission layer is sandwiched between an ETL and a HTL,
facilitating the injection of electrons and holes from the cathode and anode while
confining the carriers in the QD emission layer, as shown in Figure 1.10 (a).
The state-of-the-art QLEDs employ inorganic ETL / QDs / organic HTL hy-
brid structure. ZnO stands out as the preferred ETL due to its favorable energy
band alignment and high electron mobility. Conversely, organic semiconductors
such as Poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB),
Poly(N-vinylcarbazole) (PVK), 4,4’-Bis(N-carbazolyl)-1,1’-biphenyl (CBP), Tris(4-
carbazoyl-9-ylphenyl)amine (TCTA) are commonly utilized as HTL due to their
favorable band alignment, superior electron blocking capabilities and less exciton
quenching at the interface compared to inorganic HTL materials [90,91].

To achieve high EQE, especially at high luminescence levels, maintaining a delicate
balance between electron and hole injection in QDs is essential. Otherwise, the QDs
can become charged, typically negatively charged, leading to non-radiative Auger
recombination competing with radiative recombination, as illustrated in Figure 1.10
(b). Achieving this balance is not trivial. ZnO ETL exhibits better band alignment
compared to commonly used organic HTL, as depicted in Figure 1.11, and also
possesses better mobility (> 1073 cm?V~!s~! for ZnO nanocrystals compared to
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Figure 1.10: State-of-the-art QLED structure for efficiency electroluminescence and key
factors that limit emission efficiency. (a) p-i-n multilayer stack with ETL and HTL for better
carrier injection and confinement. (b) Non-radiative Auger recombination in QD if the
carrier injection is not balanced.
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Figure 1.11: Energy levels of common carrier transport layers used in QLEDs. Reproduced

from [6]

1076 cm?V~1s! to 1073 ecm?V~1s~! for typical HTL). Significant efforts have
been made to enhance hole injection by optimizing the HTL. Using a step-wise
multilayer HTL [92] or blended organics [93-95] has shown promise in improving
hole injection into QDs. Another approach to balancing carrier injection involves
reducing the injection of excess electrons. Dai et al. inserted a 6 nm thick PMMA
layer between the QD layer and ETL, resulting in an EQE of 20.5% [96]. Using
compositionally graded QDs can suppress Auger recombination, particularly when
combined with an additional barrier shell to balance carrier injection, resulting in
drop-free QLEDs even at high luminance levels exceeding 100,000 cd/m? (500
mA/cm?) [97]. Surface modifications have also been explored for improved and
more balanced carrier injection, enabling a slow EQE drop in the high-injection-
current region (approximately 1000 mA/cm?) and achieving bright green emission
of 460,000 cd/m? [98].

Ensuring the confinement of exciton recombination within QDs is another criti-
cal factor for achieving high EQE. Recent studies on CdSe-based green and blue
QLEDs have identified electron leakage into the HTL caused by energetic dis-
order, leading to carrier loss within the HTL. To address this issue, poly((9,9-
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dioctylfluorenyl-2,7-diyl)-alt-(9-(2-ethylhexyl)-carbazole-3,6-diyl)) (PF8Cz), with
reduced energetic disorder and a shallower Lowest Unoccupied Molecular Or-
bital (LUMO), was used as the HTL. This choice effectively blocked electron
migration across the QD-HTL interface, resulting in record-high EQE values of
28.7% for green and 21.9% for blue QLEDs [86]. More progress on the develop-
ment of QLED can be found in recent review papers [6,20,99].

Lasing

QDs are also interesting solution-processable gain materials due to their excellent
compatibility with various platforms. Among the QD family, CdSe QDs stand
out as the most promising gain candidates, featuring twofold-degenerate electron
and hole band-edge states. Optical gain necessitates population inversion, wherein
the average number of electron-hole pairs per dot exceeds one. However, the
multi-exciton requirement for optical amplification presents challenges for lasing,
as fast non-radiative Auger recombination competes with radiative radiation in
QDs [100, 101]. For typical CdSe QDs with a size of 2.5 nm, the biexciton Auger
lifetime is less than 100 ps, whereas the radiative lifetime is typically on the order
of ten nanoseconds. This characteristic makes it difficult for QDs to achieve lasing
under Continuous Wave (CW) optical pumping, with a threshold around 10° - 10°
W cm™2 [102]. The observation of optical gain and stimulated emission from
QDs was initially reported by Klimov in 2000, utilizing a femtosecond (fs) optical
pump [101], which, with a duration shorter than the Auger lifetime, facilitates easier
population inversion. Single-exciton gain in core/shell type I1 QDs [103, 104] and
sub-single-exciton gain in charged QDs [105, 106] have been explored to mitigate
fast Auger recombination, showing reduced thresholds for Amplified Spontaneous
Emission (ASE) or lasing.

Thermal management is also crucial for achieving CW lasing. Utilizing ultra-
compact QD films (with halide ligand exchange) on thermally conductive MgF,
substrates has enabled microsecond-sustained lasing with an average peak power
of around 50kW ¢m 2. Furthermore, biaxially strained QDs on MgFs substrates,
with decreased band-edge degeneracy and an extended Auger lifetime of 600 ps,
have demonstrated lasing under CW optical pumping with a threshold of 6.4 - 8.4
kW cm~2 [107].

Considerable efforts have been directed towards suppressing fast Auger recombina-
tion. Alloyed QDs with a smooth confinement potential, as opposed to an abrupt one,
have shown strong capabilities in suppressing Auger recombination [102, 108—110].
For instance, alloyed QDs consisting of a 2 nm radius CdSe core, a 7 nm thick
graded Cd,Zn;_,Se shell, and a final 0.4 nm thick ZnSe 5S¢ 5 layer exhibit a long
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biexciton Auger lifetime of 2.4 ns [111], comparable to the biexciton radiative life-
time. These alloyed QDs are being employed in the pursuit of electrically pumped
QD lasers by Klimov’s group.

While electrically driven QD-based Laser Diodes (LDs) are the ultimate objective,
they remain highly challenging to achieve. The idea of attaining a LD might seem
straightforward, essentially combining an optical cavity with QLEDs which are
well-developed. However, the current density used in a QLED is much lower than
that required for a LD (< 1 A cm~2 vs. kA cm?). In 2018, optical gain in QDs was
achieved with electrical pumping for the first time [111]. By embedding alloyed
QDs in a typical QLED structure with a reduced pixel size for current focusing and
improved heat dissipation, population inversion was achieved with a current density
of 3-4 A cm~2. Subsequently, the possibility of achieving optically pumped lasing
in LED-like devices with an integrated optical cavity was demonstrated, suggesting
that the QD film has sufficient gain to compensate for cavity losses, particularly
from the ITO electrode absorption [112]. Short electrical pulses (duration 1 us,
repetition rate 100 Hz) were then employed to further reduce overheating of the
QLED, resulting in a record high current density of 1000 A cm~? and strong elec-
troluminescence from both the band-edge (1S) and higher-energy (1P) transitions,
indicating population inversion of both energy states [113]. In 2023, ASE from
electrically pumped QDs was successfully demonstrated [114]. This achievement
relied on the optimization of both optical gain and loss. Alloyed QDs with smaller
sizes were utilized for enhanced optical gain, while a dielectric Bragg reflector
substrate was employed to improve optical confinement in the QD layer for better
modal gain and to suppress optical intensity in the lossy ITO layer. Furthermore, the
commonly used MoOj3 Hole Injection Layer (HIL), with strong optical absorption,
was replaced with less lossy dipyrazino[2,3-f:2’,3’-h]quinoxaline-2,3,6,7,10,11-
hexacarbonitrile (HAT-CN) [115]. With these advancements, QD-based LDs seem
to be around the corner now. More progress on QD based lasing development can
be found in recent review papers [21,116,117].

1.3 Integrated photonics

Integrated photonics is a technology integrating multiple optical components and
devices onto a single chip, analogous to how electronic components are integrated
on semiconductor chips. This integration enables the creation of compact and
highly functional photonic circuits capable of various optical functions. Integrated
photonics has found applications in various fields including telecommunications
[118], data communications [119], sensing [120] and photonic computing [121]. As
integrated photonics technology has advanced, silicon photonics has emerged as a
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Figure 1.12: Imec’s 50G+ silicon photonics platform

dominant platform due to its compatibility with existing semiconductor fabrication
processes and its potential for large-scale integration [122].

1.3.1 Silicon photonics

Silicon photonics typically leverages the SOI platform, which is transparent from
1.1 pm (limited by silicon absorption) to 3.7 pm (limited by SiOy absorption).
Silicon possesses a high refractive index (3.5 @ 1550 nm) compared to SiOs,
enabling efficient light guidance and manipulation within silicon. This platform has
facilitated the development of high-performance passive components with compact
footprints. In addition, electro-optical modulators leveraging free-carrier plasma
dispersion are naturally achievable in silicon photonics and have demonstrated
bandwidths of 60 GHz and higher [123, 124]. Furthermore, the successful growth
of germanium on silicon has enabled photodetection below 1.6 um (band-edge
absorption of germanium), monolithically within the platform. Some studies have
reported photodetectors with a 3 dB-bandwidth of up to 265 GHz [125]. These
advancements have propelled silicon photonics to great success, particularly for
realizing transceivers operating at O-band and C-band frequencies. Figure 1.12
shows the silicon photonics platform established at Imec.

Silicon photonics has also been extended to the SiN on SiO, and Ge-on-Si platforms,
broadening its application domain. SiN extends the wavelength range of silicon
photonics into the visible due to its wide bandgap. Additionally, SiN is renowned
for its extremely low propagation loss and high power handling capability [29]. On
the other hand, Ge-on-Si extends the capabilities of silicon photonics towards the
infrared region, reaching wavelengths of up to about 8 pm [126]. This extension is
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particularly advantageous for gas and chemical sensing applications, leveraging the
well-known absorption fingerprints of various molecules in this spectral range.

However, the silicon platform still lacks certain optical functionalities that cannot
be natively integrated, such as lasers and optical amplifiers, photodetectors beyond
1.6 pm, high-performance modulators, optical isolators, and circulators. Therefore,
new materials are necessary to augment silicon photonics platforms. Several
methods exist for integrating new materials, including flip-chip mounting [127,128],
micro-transfer printing [129], die-to-wafer or wafer-to-wafer bonding [130, 131],
and monolithic epitaxial growth [132,133].

Flip-chip mounting is a straightforward assembly technique involving the pickup
of a fully processed and tested die, which is then placed in a predefined trench
on the Photonic Integrated Circuit (PIC), as shown in Figure 1.13(a). The optical
connection is established through butt-coupling, while the electrical connection is
achieved using metallic solder bumps. The main advantage of this technique lies in
its simplicity and flexibility regarding the types of chips that can be mated. However,
the sequential nature of the process, which requires each die to be individually
picked up and placed due to the high alignment accuracy required for butt-coupling,
significantly restricts manufacturing throughput.

Micro-transfer printing is another assembly process with significant improvements
in assembly throughput compared to flip-chip mounting, as shown in Figure 1.13(c).
In this process, the target components are processed on the source wafer and sus-
pended with weak holding tethers. Subsequently, they are picked and placed on the
silicon photonic waveguides with evanescent coupling for the optical connection,
which demands less precise alignment compared to butt-coupling. The greater
alignment tolerance makes it possible to transfer thousands of devices simultane-
ously in principle. For devices such as lasers and modulators, this high throughput
remains to be demonstrated.

Wafer bonding is a technique whereby unprocessed blank dies or wafers, normally
III-V material, are bonded onto a processed silicon photonic wafer, as shown in
Figure 1.13(d). The III-V material is then fabricated and patterned, leaving it only on
the target waveguide regions using standard lithographic and waferscale processing.
Intel launched its first commercial product using this heterogeneous integration
route in 2016. One drawback of this technique is the substantial investment needed
to establish a fabrication line for the III-V material process on a large 200 mm or
300 mm hybrid wafer. The approach also requires large-area planarized surfaces
which makes it challenging to heterogeneously integrate several different materials.

Monolithic epitaxial growth in principle could be the ideal approach to integrate
III-V semiconductors on silicon photonic wafers, offering efficient material utiliza-
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tion and high manufacturing throughput. However, the lattice mismatch between
different materials poses a significant challenge to epitaxial growth. Researchers
at the University of California, Santa Barbara have addressed this challenge by
employing a thick buffer layer to grow high-quality quantum dots on silicon, leading
to the demonstration of lasers with promising reliability lifetimes [134]. Imec has
developed a nano ridge-engineering approach aimed at trapping defects in a narrow
trench, thereby achieving defect-free III-V material on top (Figure 1.13(b)) [135].
Despite these advancements, further efforts are necessary to enhance the epitaxial
quality and fully unlock its potential.

1.3.2 QDs in integrated photonics

Compared to other integration techniques discussed earlier, QDs promise a cost-
effective and scalable solution for light generation and detection in integrated
photonics. This potential stems from their low material cost, solution-based pro-
cessing, and compatibility with various substrates. Several preliminary studies have
already explored this direction of heterogeneous integration.

QDs as on-chip light sources have been investigated under optical excitation. Xie et
al. successfully integrated CdSe-based QDs into the SiN platform, demonstrating
multi-mode lasing from micro-disks with femtosecond optical pumping [136].
Subsequently, Zhu et al. demonstrated single-mode lasing using a distributed
feedback (DFB) cavity with nanosecond optical pumping [137]. Eich et al. achieved
single-photon emission using CdSe-based QDs in an integrated tantalum pentoxide
waveguide [138].

Efforts to integrate QDs on chip for optoelectronic functions have also been re-
ported. Elsinger et al. integrated a CdSe-based QLED stack on SiN waveguides,
demonstrating electroluminescence at forward bias and photodetection at reverse
bias in the visible range [139]. Zhu et al. integrated plasmonic HgTe-based photo-
conductors operating at 2.3 um on silicon waveguides [140], showcasing QDs as
potential candidates to extend the photodetection capability of the silicon photonic
platform beyond the Ge limit. Additionally, Grotevent et al. demonstrated HgTe-
based photoconductors with subwavelength width as integrated photodetectors in
compact Fourier-transform waveguide spectrometers [141].

1.4 Thesis objectives

This thesis aims to integrate QDs for optoelectronic functions in silicon photonics,
specifically as photodetectors and light sources, and to explore their applications.
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There are two main objectives in this thesis.

Firstly, we aim to develop scalable process flows to integrate QDs as photode-
tection or light generation units on waveguides. For the photodetectors, we will
focus on PbS QDs with infrared absorption capability. We will start the process
development using a widely studied p-i-n PbS photodiode stack with bandgap
absorption around 1.3 um on SiN waveguides. This integration will provide a
cost-effective photodetection solution for the passive SiN platform. Moreover, we
aim to extend to longer wavelengths by demonstrating QD-based photodiodes on
silicon waveguides with spectral response beyond 1.6 um, surpassing the limit of
monolithic germanium detectors and extending photodetection capabilities beyond
the traditional telecommunication range in silicon photonics. For the light sources,
we plan to integrate CdSe/CdS core-shell QDs on SiN waveguides, exploring the
possibility and challenges of achieving electrically driven optical gain or lasing.

Secondly, we aim to demonstrate two applications based on integrated QD units.
One application involves combining the tunable absorption features of QDs with
dispersive PICs to extend the spectral bandwidth of on-chip spectrometers beyond
a single Free Spectrum Range (FSR). By using different sizes of QDs, we could
integrate waveguide-coupled photodetectors with distinct absorption spectra. Inte-
grating these detectors in cascade, each showing a different response to different
diffraction orders of the dispersive PIC, will allow us to decouple mixed information
from different FSRs. Another application focuses on integrating an array of nano
QD detectors as nano-samplers for stationary-wave integrated Fourier transform
spectrometers. The short diffusion length of the QD film makes QD-based pho-
todetectors potential candidates for nano-probes with a sub-wavelength footprint,
addressing a critical pain point in such spectroscopy systems.

By achieving these objectives, this thesis aims to advance the integration of QDs in
silicon photonics, enhancing the functionality and application scope of PICs.

1.5 Thesis Outline

In Chapter 1, we introduced the background of QDs and integrated photonics. We
emphasized the unique characteristics of QDs and their wide-ranging applications
in optoelectronics. Additionally, we discussed the significance of integrated pho-
tonics, particularly focusing on silicon photonics, and outlined current strategies
for extending the platform’s capabilities through heterogeneous integration. Finally,
we discussed the emerging of using QDs for heterogeneous integration, thanks to
their cost-effectiveness and excellent substrate compatibility.
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In Chapter 2, we develop the first-generation process flow to integrate a QDPD
design on SiN waveguides, targeting the 1.3 yum range. We will show the high power
saturation problems in waveguide-coupled QDPDs (WG-QDPDs) and propose a
strategy to mitigate this issue by carefully designing the cladding thickness and
waveguide width. Our efforts yield WG-QDPDs with a responsivity of 0.69 A/W
and a linear response for illumination powers up to 400 nW at -1 V bias. As a
final step, we will demonstrate the integration of a QDPD array with an eight-
channel arrayed waveguide grating, effectively functioning as a compact infrared
spectrometer.

In Chapter 3, we will demonstrate WG-QDPDs featuring a spectral response
extending beyond 1.6 um on silicon photonics, by optimizing the QDPD design and
the integration process flow. The WG-QDPDs exhibit a responsivity of 1.3 A/W at
2.1 pm, a low dark current of 106 nA, and a bandwidth of 1.1 MHz. Moreover, we
will demonstrate the reliability of the integration approach by realizing a compact
on-chip spectrometer that features an array of 8 WG-QDPDs and operates in the
spectral window between 2.063 and 2.135 pm.

In Chapter 4, we will explore the combination of the tunable spectral response fea-
tures of QDPDs with dispersive PICs, demonstrating a spectrometer with a working
spectral bandwidth beyond a single FSR. We will discuss the principle and carefully
design the system to ensure robust spectrum reconstruction. Experimentally, two
types of PbS QDPDs, with different absorption features, are integrated in cascade
on the output channels of a Planar Concave Grating (PCG) with a 90 nm FSR. The
differential responses of these QDPDs to two adjacent diffraction orders of the PCG
enable the creation of a spectrometer with a spectral range of approximately 180
nm, effectively decoupling two FSRs of the PCG.

In Chapter 5, we will investigate the potential of utilizing a QDPD array as nano-
samplers for stationary-wave integrated Fourier transform spectrometers (SWIFTS).
The spectrometer, designed on a SiN platform, aims to sample the stationary
wave patterns generated by the interference of input light in a waveguide. We
will experimentally verify the performance of the designed discrete components,
including 1 x 2 Multi-Mode Interferometer (MMI), thermal phase shifter, and
QDPDs with nano p-contacts of subwavelength lengths, all showing sufficient
capability for the system. While the experimental demonstration of the SWIFTS
system is pending, we anticipate its demonstration soon.

In Chapter 6, we will pursue electrically driven lasing from QDs integrated on SiN
waveguides. We will show that minimizing optical loss, achieved by introducing a
thick HTL to separate the optically lossy p-contact metal from the guided mode,
leads to a hole-injection problem due to the poor conductivity of the HTL. By
optimizing the HTL and using electrical pulse pumping to mitigate heating damage,
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we achieve a current density of 61.2 A/cm? at a driving voltage of 100 V and
observe emission from a higher state. Further efforts to enhance hole injection by
doping the pristine organic HTL result in reduced resistivity but are accompanied by
significantly increased parasitic optical absorption. Further optimization is needed
to reach the goal of electrically driven gain.

Finally, Chapter 7 summarizes the work presented in this thesis and outlines future
perspectives.
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2.1 Introduction

Silicon nitride is a promising integrated photonics platform characterized by a low
propagation loss, high power handling capability, a broad transparency window
and compatibility with processing in CMOS fabs [29]. Applications of SiN-based
integrated photonics range from lidar [142—144] to biosensing [120, 145, 146] and
quantum photonics [147-149]. However, the integration of active components on
SiN remains a challenge. Leveraging their excellent substrate compatibility and
patterning flexibility, solution-processed materials have been introduced into the
SiN photonics platform for different purposes, for example, as gain material for
lasers [136,137,150] and as single photon emitter [138,151,152]. However, most of
these devices are driven optically. Integration on SiN of electrically driven devices,
such as Infrared (IR) photodetectors, has only been achieved by heterogeneous
or hybrid methods involving bonding [153] or transfer printing [154]. Given the
limitations of these approaches mentioned in Chapter 1, QDPDs offer an appealing
alternative for IR detection on SiN due to the low cost, ease of processing and good
substrate compatibility.

Building on extensive research into QD solar cells, current IR-sensitive QDPDs
based on PbS QDs can attain an external quantum efficiency (EQE) of 80% [57], a
response time of 10 ns [57], a dark current density of 2.9 x 107° mA-cm™2, and
a detectivity of 6.7 X 10'2 Jones at 980 nm [155]. Moreover, infrared detection
capability up to 1.55 pum [57] has been demonstrated, and even up to 3 um [156]
has been achieved. These levels of efficiency and detectivity have led to the first
commercial introduction of IR imagers based on a PbS QDPDs pixel array [76]. A
similar integration of QDPDs on PICs could enable complex functionality, such as
pocket spectrometers for sensing or compact Wavelength Division Multiplexing
(WDM) receivers for datacom applications. However, integration of QDPDs on
waveguides and PICs is still in its infancy. A first prototype involving a CdSe
QDPD on a SiN waveguide was demonstrated by Elsinger et al., but this QDPD
was only sensitive to visible light, had a modest external quantum efficiency of
6% at best, and featured a strongly sub-linear response [139]. Clearly, such issues
need to be addressed for QDPDs to become widely deployed as IR detectors on
SiN integrated photonics.

In this work, we demonstrate the integration on SiN waveguides of a QDPD con-
sisting of two films of PbS QDs, with surfaces functionalized by lead iodide (Pbl,)
and ethane-dithiol (EDT), respectively, stacked on a ZnO ETL. After analyzing the
power-dependent saturation of the photocurrent by means of a bottom-illuminated,
planar QDPD, we first map the design parameters of an integrated QDPD that
would ensure a linear power response at relevant power levels. Next, we show that
the relatively simple 3-layer QDPD stack can be integrated on SiN strip waveguides.
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Using a waveguide width and cladding thickness that keeps the QDPD operating
within the linear regime, we show a responsivity of 0.69 A/W, corresponding to
an EQE of ~67.5% at 1275 nm, and a linear response for illumination powers up
to 400 nW at -1 V bias. Interestingly, this EQE is significantly better than that of
the planar stack, probably due to the better absorbance of light incident parallel
to the surface of the integrated QDPD. As a final step, we demonstrate a QDPD
array integrated with an eight-channel Arrayed Waveguide Grating (AWG) demulti-
plexer, which works as a compact infrared spectrometer. This first demonstration of
integrating multiple QDPDs to create an on-chip spectroscopic system provides a
promising route for mass integration of QDPDs in complex photonic ICs applicable
in a wide range of applications. !

2.2 Formation and Characterization of PbS QDPD

On-chip waveguides can be very compact, with a typical cross-sectional area below
1 um?. The ensuing strong optical confinement increases the power density and
the carrier generation rate within a photo-active layer positioned on top of the
waveguide, possibly leading to photodetector saturation. In literature, analysis
of QDPDs is mostly carried out at relatively low power levels, i.e., smaller than
100 mW/cm? [56, 157]. Few studies, if any, have addressed the power-dependent
saturation of QDPDs. To assess the limits of a linear photoresponse, we therefore
first analyzed planar, bottom-illuminated QDPDs (BI-QDPDs).

2.2.1 Fabrication

The BI-QDPDs consisted of a stack of 100 nm ITO-on-glass, 50 nm ZnO, 60 nm
PbS-Pbls, 60 nm PbS-EDT, and 100 nm Au 2, as shown in Figure 2.1 (a). The
n-doped ZnO film, formed using a sol-gel process, acts as an electron transport
and hole-blocking layer, while the specifications Pbl, and EDT refer to layers of
as-synthesized QDs that had a surface treatment with lead iodide and ethanedithiol,
respectively. According to literature [57], these treatments enhance charge-carrier
mobility and result in PbS QD films with n-type and p-type characters, respectively.

The ITO glass (Ossila) was ultrasonically cleaned with acetone, ethanol, and
deionized water, followed by exposure to Oz plasma for 10 min. A ~25 nm thick

I'The content of this chapter has been adapted from the following journal paper: Pang, Chao, et al.
“Integrated PbS Colloidal Quantum Dot Photodiodes on Silicon Nitride Waveguides.” ACS Photonics
10.12 (2023): 4215-4224.

2PbS QDs were synthesized by Ezat Kheradmand from PCN group. The fabrication of BI-QDPDs
was conducted by Dr. Yuhao Deng from PCN group
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Figure 2.1: Structure and characterization of BI-QDPD. (a) Device structure of the
BI-QDPD, illuminated from the bottom glass side by laser with Gaussian beam shape. (b)
Absorption spectra for both types of QDs used in the BI-QPDD, dispersed in n-octane. QDs
with exciton peak around 1300 nm were used for absorption, and QDs around 950 nm were
used as hole-transport and electron-blocking material. (c¢) Dark current and photocurrent of
BI-QDPD with an area of 1.77 mm>. The photocurrent was measured for illumination at

1275 nm with a power of 0.16 mW (peak power density of ~100 mW/em?). (d) EQE of
BI-QDPD vs. optical power density at a bias voltage of -1V. The intersection of the dashed

lines indicates the onset of saturation. Inset: photocurrent vs. optical maximum power

density. The optical power density is that measured in the center of the Gaussian beam

illuminating the BI-QDPD.
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ZnO layer was deposited on the cleaned ITO substrate via spin-coating of the
precursor solution. The samples were then annealed at 250°C for 20 min in air. The
above step was repeated twice to get 50 nm of ZnO.

Oleate-capped QDs are electrically insulating, and the ligands have to be replaced
by shorter ligands. The exchange of the long lead oleate ligands by Pbls was accom-
plished through solution-phase ligand exchange [57]. 345 mg of Pbl, (99.999%,
Alfa Aesar), 110 mg of PbBry (98%, Sigma-Aldrich), and 27 mg of NaOAc
(99.999%, Sigma-Aldrich) were dissolved in 7.5 mL of N,N-dimethylformamide
(DMF, anhydrous, 98%, Sigma-Aldrich) in a 50-mL centrifuge tube. A 5-mL
solution of PbS-OA in n-octane (98%, Alfa Aesar) at a concentration of 5 mg/mL
was then added to the exchange solution. The tube was vigorously shaken for 30 s
to facilitate dot transfer to the DMF phase. Subsequently, the n-octane phase was
discarded. After the main exchange step, the remaining solution was washed three
times with n-octane. Subsequently, a 10-pL volume of butan-1-amine (BTA) (99%,
Sigma-Aldrich) was added to the tubes to restabilize the colloid. Next, 6 mL (v/v
50%) of toluene was added to precipitate the QDs, and the tubes were centrifuged
at 2000 rpm again for 2 min. The QDs were then dried in a vacuum for 3 min.
The exchanged QDs solid was dispersed in a solution of BTA, amylamine, and
hexylamine (volume ratio 10:3:2) at desired concentrations. Here, DMF was not
used for dispersing the iodine-capped PbS QDs since it dissolved the photoresist
(ARP672.08, Allresist) used for patterning the QD film during the integration.
Iodine-capped QDs were spin-coated on the ZnO layer at 2000 rpm for 30 s and
annealed in Ns for 10 min at 70 °C, forming the absorption layer with a thickness
around 60 nm.

The EDT surface treatment involved a solid-phase ligand exchange. PbS-OA QDs
in n-octane solution were first spin-coated on the substrate coated with the above-
mentioned layers. The EDT solution (0.01 vol% in methanol) was applied to the
surface for 30 s and spun at 2000 rpm for 10 s, followed by two methanol rinses. The
deposition process was repeated twice to get a thickness of 60 nm. Methanol was
chosen over the more gentle solvent acetonitrile [158] due to the latter’s tendency
to swell the resist polymer utilized for patterning the QD film in the subsequent
integration process.

Importantly, as shown in Figure 2.1 (b), the PbS-Pbl, and PbS-EDT layers consisted
of QDs with a band-gap of 1300 nm and 950 nm, respectively. In this way, the first
layer serves as the absorber layer for light with wavelengths up to 1300 nm, while
the second layer acts as the hole transport layer. Finally, the PbS-EDT layer was
contacted by a gold film, thermally evaporated using a shadow mask. According
to literature, such a heterogeneous stack of PbS-EDT/PbS-Pbl>/ZnO forms a p-i-n
junction, where the 60 nm absorption region of PbS-Pbl; is fully depleted [57].
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p.contact
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n contact

Figure 2.2: Measurement setup for BI-QDPD. The QDPD is illuminated with a 1275 nm
laser from a cleaved single-mode fiber. The n-contact of the QDPD is connected using a
clamp, while the p-contact is connected via an electrical probe.

2.2.2 Characterization

To analyze the photoresponse of the BI-QDPD, we illuminated the device using
a 1275 nm laser beam with a Gaussian beam profile and variable incident power,
see Figure 2.1 (a). In detail, the light was illuminated from a cleaved single-mode
optical fiber with a fixed distance, as shown in Figure 2.2. The mode profile was
Gaussian shaped and had a mode profile diameter of 9.2 ym on the cleaved fiber
facet according to the product sheet. The optical power density at the PD can be
calculated from the Gaussian beam propagation equation:

2P 272
I(T,l) = Wexp <u](7;)2> (213)
VAW

where P is the optical power, wy is the mode profile radius at the fiber facet, w({) is
the radius of the Gaussian beam at a propagation distance [ from the fiber facet, and
r is the radial distance away from the central axis. With wg = 4.6 yum and [ = 3.1
mm in the measurement, the calculated mode profile diameter on the PD is 547 um.
The peak power density of the Gaussian beam can be calculated at » = 0 position,
which will be used for evaluation of power saturation of QDPD in the following
section.

Because of this inhomogeneous illumination profile, we quantified the photore-



CHAPTER 2 33

sponse by means of the photocurrent, rather than the photocurrent density. Ac-
cordingly, Figure 2.1 (c) represents the current-voltage characteristics of a typical
BI-QDPD. In the dark, we observed a pronounced diode behavior with a dark
current of 70 nA — corresponding to a dark current density of ~4 uA/cm? — at a
bias voltage of -1 V (Figure 2.1 (c)). In addition, we measured a nearly constant
photocurrent under reverse bias upon illumination, which we believe to reflect the
efficient extraction of photo-generated carriers from the PbS-Pbl; layer. Quanti-
tatively, we obtained a photocurrent of 0.02 mA for a total illumination power of
0.12 mW, corresponding to an external quantum efficiency (EQE) of 16%, where
EQE is defined as the ratio of the number of collected photo-generated carriers and
the number of incident photons. Figure 2.1 (d) displays the EQE of the BI-QDPD
measured at a bias voltage of -1 V as a function of the peak power density of the
laser, where a total power of 0.12 mW corresponds to a peak power density of
100+ 10 mW/cm?. As can be seen, a transition occurs from a constant EQE of 16%
to a regime where the EQE drops with increasing power density, which implies
that at such power densities, the photocurrent no longer increases linearly with the
incident power. To quantify this saturation effect, we define the saturation power
density I, as the power density at which the EQE drops by 20% from its initial
value (averaged EQE for power density < 400 mW/cm?). Figure 2.1 (d) shows that
Iy defined in this way amounts to 5.2 W/cm?2, which we will take as a reference
for the design of a WG-QDPD that operates in the linear regime at relevant power
levels.

2.3 Design of WG-QDPD

Our aim was to realize an evanescently coupled QDPD (WG-QDPD) by fabricating
the device stack on top of a 300 nm thick SiN waveguide layer, see Figure 2.3.
Such a configuration offers multiple design parameters to adjust the power density
in the absorbing layer, and thus maximize the optical power of the guided light at
which detector saturation occurs. In this study, we limited the parameter space to
the waveguide width w and the cladding thickness ¢. Wider waveguides limit the
power density of the guided light, while increasing the separation between the top
of the SiN waveguide and the QDPD stack reduces the overlap of the evanescent
optical field with the QDPD.

Different from the BI-QDPD, illumination occurs parallel to the PbS QD films in
the WG-QDPD design proposed in Figure 2.3 (a). To use the saturation power
density of 5.2 W/cm? measured on a BI-QDPD as a design constraint in this
different geometry, we started from the notion that carrier extraction occurs in the
same vertical (z) direction for both QDPDs. Hence, when splitting the PbS-Pbl,
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Figure 2.3: Design of WG-QDPD. (a) Device structure of WG-QDPD. (b) Link between
saturation of BI-QDPD and WG-QDPD. Red arrows point out the light propagation
direction, vertical for the BI-QDPD and horizontal for the WG-QDPD. The electrons and
holes are extracted in the vertical direction for both cases. The PbS-Pbls absorption layer
can be split into small cells. The total carrier generation rate in each cell determines its
local saturation. The cell with the maximum total carrier generation rate (indicated by a
blue arrow) determines the onset of saturation for the whole PD. (c) Simulated saturation
power of WG-QDPD vs. cladding thickness and waveguide width. (d) Slice of (c) for a
waveguide width of 30 pum. (e) Slice of (c) for a cladding thickness of 0.35 pm.
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absorber layer into small cells parallel to the z direction, see Figure 2b, the total
carrier generation in each cell will determine a concomitant local saturation. For
both QDPDs, it is the cell with the highest total generation rate that determines the
onset of saturation of the entire QDPD. As depicted in Figure 2b, this is the cell in
the center of the film for the BI-QDPD, while it is the central cell at the edge of the
film for the WG-QDPD as depicted in Figure 2b.

In general, the maximum carrier generation rate [';,,x across the different cells in a
given film can be calculated as:

Fax = max[T(z, y)] = max [/ G(z,y, 2) dz] (2.2a)

Pabs(xv Y, Z) _ 271—”“350

G(x7yﬂz) = hl/ h/

|E(z,y,2)| (2.2b)

Here, G(z,y, z) is the carrier-generation rate (units m~3s~!) at a specific point in
the film, while T'(x, y) is the integrated carrier-generation rate along the z direction.
In addition, Pyus(z,y, 2) is the optical power absorbed per unit volume, hv is the
photon energy, €¢ is the vacuum permittivity, n = 2.55 and x = 0.15 are the
real and imaginary parts of the complex refractive index of the PbS-Pbl, film
respectively, and E(x,y, z) is the electrical field. Note that we considered the
z-integrated generation rate, rather than the (x,y, z) point generation rate. This
approach assumes that the actual distribution of the carrier generation rate in the z-
direction has minimal influence on the carrier extraction, a reasonable consideration
since the QD absorber layer utilized here is thin enough to consider a uniform
built-in electrical field for carrier extraction throughout the absorber layer.

For the BI-QDPD, the saturation happens when the laser output power exceeds 6.1
mW, corresponding to a power density of ~ 5.2 W/cm? at the peak of the Gaussian
beam. I'},,x for the BI-QDPD is determined by the equation:

h
2
_ / TR0 (0,0, 2)2d 23)

2
I'nax, BI.QDPD = Max </ Mo |E(x,y, z)|2dz>

h

2
|E(0,0,2)|* = I(r =0, = 3.1 mm)

gonc

where c is the speed of light, I(r, 1) represents the optical power density of the
Gaussian beam as described in Equation 2.2.2. The integration covers the absorption
layer (PbS-Pbl,). The maximum value is located at the center of the Gaussian beam
(x = 0, y = 0). The electric field distribution along the z-direction can be obtained
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Figure 2.4: Electrical field distribution in the PD stack with an input optical power density
of 5.2 W/em?

from optical simulations using the transfer matrix method (Lumerical Stack solver),
as shown in Figure 2.4. Given the measured saturation power density of 5.2 W/cm?
of the BI-QDPD, we estimated the threshold I'pmay at 3 x 1022 m2s7L.

For WG-QDPDs, the light is injected from a single-mode waveguide through an
adiabatic taper to the PD region. The target mode is the fundamental TE mode,
and its electric field distribution was simulated with the Lumerical finite difference
eigenmode solver. 'y, of the WG-PD was calculated by numerically integrating
the electric field distribution in the z-direction for a unit of incident optical power.
By keeping I'j.x at the threshold value of 3 x 1022m~2s~!, we then mapped
the optical power of the guided light at which the WG-QDPD will saturate as a
function of the waveguide width and the cladding thickness. As shown in Figure 2.3
(c)-(e), we found that the saturation power increases exponentially with cladding
thickness, an outcome that reflects the exponential decay of the evanescent tail of
the waveguide mode, and increases linearly with waveguide width in agreement
with the linear extension of the optical mode. Note, however, that to keep the
fraction of absorbed light constant, a lowering of the power density in the absorbing
layer will come at the expense of a longer QDPD, which will increase the dark
current without yielding more photocurrent.

For a single-mode waveguide with a width of 1 ym and no top cladding, the calcu-
lated saturation power is as low as 28 nW. On the other hand, a combination of a
top cladding thickness of 350 nm and a waveguide width of 30 um should yield
a saturation power up to 6.9 uW. For these design parameters, we estimated the
loss of the waveguide functionalized with the WG-QDPD stack at 623 dB/cm, of
which 87% involves absorption of light within the PbS-Pbls QDs and the remainder
mostly related to absorption within the ZnO layer and the metal top contact. As a
result, a 200 um long WG-QDPD is needed to absorb 95% of the input light, with
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a maximally attainable EQE of 82%. The above design targets the fundamental TE
mode. However, given the large waveguide width utilized and potential perturba-
tions, guided light could couple into higher-order TE modes or even TM modes.
Nonetheless, our simulations indicate that there is no obvious change (< 0.3%) in
terms of optical loss and attainable EQE for the ten lowest order TE-like modes.
TM modes exhibit a higher optical loss of 1432 dB/cm, yet a similar attainable EQE
of 77%. We thus conclude that the proposed integrated QDPD design can achieve
efficient light absorption and stable performance. According to the dark current
density recorded on the BI-QDPD, such a WG-QDPD would have a dark current of
0.3 nA, which is considerably smaller than the expected photocurrent. Since further
increasing the cladding thickness or waveguide width will deteriorate the trade-off
between power saturation and dark current, we settled for a waveguide width of
30 pum and a top cladding thickness of 350 nm to demonstrate a first generation of
WG-QDPDs.

Increasing the thickness of the absorption layer enhances light absorption, allowing
for shorter devices and reduced dark current. However, stronger absorption means
more carriers need to be locally extracted within each cell, as shown in Figure
2.3 (b), which will lower the saturation optical power. Moreover, increasing the
thickness will reduce the electrical field inside the absorption layer, impairing
carrier extraction and further decreasing the saturation optical power. From an
optical perspective, the QD film has a refractive index of 2.55, significantly higher
than that of SiN. As the QD thickness increases, the optical mode shifts further into
the QD layer, increasing coupling loss between the passive SiN waveguides and the
photodetectors due to mode mismatch. These considerations drive the choice of a
thin QD film as the absorption layer.

2.4 Fabrication of WG-QDPDs

We developed a process flow in our cleanroom, starting with a Si substrate with
3000 nm thermal oxide on top, as shown in Figure 2.5.

2.4.1 Passive waveguides

A SiN layer was deposited onto a silicon substrate with a 3 um thermal oxide
using a plasma-enhanced chemical vapor deposition (PECVD) system (Advanced
Vacuum Vision 310 PECVD) at 270 °C, employing N», NH3, and SiH,4 chemistry.
Prior to patterning the waveguides, metal markers were placed on the blank chip for
improved overlay alignment in subsequent patterning steps. These markers were
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(a) SiN, (b) ALD ZnO + Al,O, (c) Ti+ Au N-contact
E Cured HSQ
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Figure 2.5: Processing steps to fabricate WG-QDPD. (a) SiN waveguide patterning and top
cladding deposition. (b) ALD of ZnO ETL and Al2Os protection layer. (c) N-contact metal
patterning with photoresist and liftoff. (d) QD film patterning with PMMA resist and liftoff.
The Al O3 protection layer was removed before spin-coating QDs. (e) P-contact metal
patterning with PMMA resist and liftoff. (f) Top view of fabricated WG-QDPD.

patterned using a 50 kV Ebeam lithography (EBL) system (Voyager Raith) with a
positive resist ARP6200.13 (~400 nm, Allresist) and a dose of 200 C/cm?. The
pattern was developed in n-amyl acetate for 60 seconds. Subsequently, the sample
was transferred to an E-gun evaporator (Leybold 560) for deposition of 5 nm Ti /
100 nm Au /5 nm Ti. The use of two thin layers of Ti aimed to enhance adhesion
between SiN and Au, as well as between Au and the subsequently deposited top
cladding. Following metal evaporation, the metal outside the detector region and
the sacrificial e-beam resist underneath were lifted off in resist remover AR600-71
(Allresist), assisted by sonication.

To pattern the waveguide, a 400 nm layer of ARP6200.13 ebeam resist was spun
onto the sample, followed by EBL with a dose of 160 uC/cm? and development in
n-amyl acetate for 60 s. The resist pattern was then transferred to SiN using reactive
ion etching (RIE, Advanced Vacuum Vision 320) with CF4 and H;, chemistry.
After etching, the resist was removed by immersing the sample in resist remover
AR600-71 for 10 min and in O, plasma (PVA TePla 600) for 5 min.

To planarize the sample, flowable oxide hydrogen silsesquioxane (HSQ, Dow FOX-
15) was spin-coated on top. Diluted HSQ (HSQ : MIBK = 2:1) was spin-coated
at a speed of 1300 rpm (acceleration 500 rpm/s), then baked on a hotplate at 150
°C for 2 min. To enhance the stability of the top cladding layer both physically
and chemically, the sample was cured at 400 °C for 2 h in a N, atmosphere. After
complete curing, the thickness of the HSQ film decreased to approximately 350
nm. HSQ effectively smooths the surface of SiN, as depicted in Figure 2.6 (a).
Additionally, the HSQ cladding exhibits transparency in the O-band. Measurements
were conducted on 900 nm-wide (single-TE-mode) SiN spiral waveguides with
varying lengths, revealing a propagation loss of approximately 1.25 dB/cm around
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Figure 2.6: HSQ as a top cladding. (a) Cross-section of planarized SiN waveguides with a
height of 300 nm. (b) The transmission power of 300 nm x 900 nm single-TE-mode SiN
waveguides with different lengths, covered by an HSQ top cladding.

1275 nm, as illustrated in Figure 2.6 (b).

Note that while we made use of lab-processed waveguides in this study, a similar
integration approach could be used for integrating QDPDs on waveguides fabricated
in a classical foundry process using DUV lithography and wafer scale processes.

2.4.2 ALD of ZnO and Al;,O;

Sol-gel ZnO exhibits low electrical conductivity, making it unsuitable for supporting
carrier transport horizontally over lengths of several micrometers in the WG-QDPD.
Conversely, ALD ZnO demonstrates significantly lower resistivity and therefore
holds promise as an ETL for integration applications [139].

The depositions were performed in a custom-built ALD reactor > with a base
pressure of ca. 10~ mbar. Prior to the ALD growth, the samples were exposed
to a remote Oy plasma (10 s, 3 X 1073 mbar, at 200 W) to remove potential
contamination from air exposure. ZnO ALD was then performed using diethylzinc
(> 95%, Strem Chemicals, Inc.) as a precursor and deionized water as a co-reactant
at a deposition temperature of 150 °C. After depositing 20 nm ZnO, 10 nm Al,O3
was deposited on top with trimethylaluminum (> 98%, Strem Chemicals, Inc.) as
a precursor and deionized water as a co-reactant at 150 °C. Al,O3 was used here as
a protection layer, protecting ZnO from losing conductivity due to exposure to the
Og plasma in the following fabrication. After ALD, the sample was annealed in an
N, and Hs atmosphere at 400 °C for 1 min to increase the conductivity of the ZnO
layer.

The resistivity of the 20 nm thick ALD ZnO layer, measured using the Transfer
Length Method (TLM), was determined to be 2.1 x 10~°Q - m, as illustrated in

3The ALD was conducted by Robin Petit and Nithin Poonkottil from CoCooN group
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Figure 2.7: The electrical and optical properties of ALD ZnO (a) TLM structures for
resistivity measurement: 20 nm thick ZnO was patterned to a width of 125 um. A pair of
Ti/Au pads was placed on ZnO with different gaps between pad edges (5 pm to 50 um). (b)
Measured resistance with different ZnO lengths. (c) Cross-section of waveguides used for
optical loss measurement, with dimensions of 3 um by 300 nm. ZnO was patterned into
different lengths (0.5 mm to 2 mm). (d) Measured propagation loss at 1.3 pm.

Figure 2.7(a) and (b). In our WG-QDPD configuration, electrons must traverse a
distance of 25 pum horizontally from the center of the waveguide to the n-contact
metal, resulting in a series resistance of 131 €2 for a cross-section of 20 nm (ALD
ZnO thickness) by 200 um (WG-QDPD length). This indicates that the ALD ZnO
layer provides sufficient electrical conductivity for our application.

In addition, ALD ZnO exhibits limited absorption in the O-band. A SiN waveguide
(3 pm by 300 nm) covered by 20 nm ALD ZnO demonstrates a propagation loss
of around 138 dB/cm at 1.3 ym. Based on the measured waveguide loss, we can
estimate the complex refractive index to be 1.74 4 0.0147 using the measured
refractive index (real part) from ellipsometry and simulation (Lumerical FDE
solver). The imaginary part of ALD ZnO is one order of magnitude smaller than
that of the QD absorption layer (0.15), indicating its excellent optical transparency
and its suitability as the ETL in our WG-QDPD.
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2.4.3 N-contact patterning

Contact photolithography and lift-off were used to pattern the n-contact. Ti 35E
(Microchemicals) photoresist was used in image reversal mode to ease the metal
liftoff. Ti prime (Microchemicals) adhesion promoter was spun before the photore-
sist to improve its adhesion with AloO3. After exposure, the sample was immersed
in diluted AZ400K (buffered KOH, Microchemicals) solution (AZ400K:H>0=1:3)
for 5 min 20 s. The resist was developed in 90 s, with the additional time of 3
min 50s used to remove the AlyO3 layer on top of ZnO. The etching time was
critical since the KOH solution can also etch ZnO. Then the n-contact metal was
evaporated, with a composition of 20 nm Ti / 100 nm Au. Ti was used for lowering
the contact resistance with ZnO. After evaporation, the sample was immersed in an
acetone puddle for 30 min and then rinsed with acetone to lift off the metal on the
photoresist. After lift-off, the sample was cleaned by exposing it to an Oy plasma
for 5 min (PVA TePla 600).

The adhesion promoter played a crucial role in this process. Its absence would result
in the attack of Al;Og3 near the edge of the patterned resist. Over-etching of AlyOsg is
particularly harmful since a single pattern is employed for both Al,O3 removal and
metal patterning. Removing the Al,O3 protection layer exposes the sensitive ZnO,
which would lose conductivity during subsequent O, plasma cleaning. This severe
conductivity degradation would lead to a loss of electrical connection between the
n-contact and the QDPD. An alternative approach is to utilize a two-step patterning,
employing a smaller pattern to remove the AloO3 and a larger pattern to deposit the
metal, ensuring complete coverage of the exposed ZnO by the metal.

2.4.4 7ZnO patterning

The ZnO layer was patterned using contact photolithography and chemical wet
etching. Ti prime and Ti 35E were used again. After exposure, the sample was
developed for 2 minutes in a diluted AZ400K solution (AZ400K:H20 = 1:3). Sub-
sequently, the Al;O3 layer was locally removed using a solution of AZ400K:H;0O
= 1:10, heated to 50°C to accelerate Al,O3 removal and mitigate photoresist attack.
ZnO was then removed by immersing the sample in a dilute HCI solution (37%
HCI:H20 = 1:50) for 30 seconds.

2.4.5 QD patterning

The QD film was patterned using electron beam lithography (EBL) and lift-off .
PMMA (ARP672.08:anisole=2:1, Allresist) was spin-coated at 3000 rpm (accel-
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Figure 2.8: Surface contamination. (a) Dirty surface before HCI treatment. (b) Clean
surface after HCI treatment.

eration 1000 rpm/s) and baked at 150 °C for 3 minutes (thickness approximately
400 nm). PMMA patterning employed an exposure dose of 400 uC/cm?, followed
by development in AR600-55 (Allresist) for 90 seconds. Short sonication was
utilized at the end of the development process to remove undeveloped resist residue.
PMMA was selected for its compatibility with the solvent methanol used during
QDs deposition.

Before depositing the QDs, the Al;O3 layer atop ZnO was removed by immersion
in a dilute HCI solution (37% HCIl:H50=1:50) for 20 seconds and a buffered KOH
solution (AZ400K:H>0=1:40) at 50 °C for 1 minute. The dilute HCI solution was
employed to remove the residual Ti prime layer from the previous photolithography
process, which otherwise acted as an etching barrier and resulted in a dirty ZnO
surface, as shown in Figure 2.8. Following the exposure of the ZnO surface, PbS
QDs (60 nm PbS-Pbl, and 60 nm PbS-EDT) were deposited using the same process
as mentioned in the fabrication of the BI-QDPD *. After the QDs film deposition, the
sample underwent liftoff in acetone for 10 minutes to complete the QD patterning.

2.4.6 P-contact patterning

The p-contact was patterned by EBL and lift-off. PMMA (ARP672.08, Allresist)
was spin-coated with a speed of 3000 rpm (acceleration 1000 rpm/s), and baked on
a hotplate at 60 °C for 5 min. Then the patterning area was exposed with a dose of
400 uC/cm?, and developed in AR600-55 for 90 s with sonication. A low baking
temperature was used to avoid increasing the dark current of the QDPDs [155]. After

4The spin-coating of QDs was conducted by Dr. Yuhao Deng from PCN group
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Figure 2.9: QD peeling issue and solution. (a) QD peeling observed on HSQ. (b) ZnO
patterning limited to the waveguide region for (a). (c¢) QDs on HSQ without peeling. (d)
ZnO patterning extended to the pad region for (c), with a small break to prevent the large
dark current from the pad region.

development, the sample was coated with 100 nm Au using an E-gun evaporator
(Leybold), followed by a lift-off process in acetone for 30 min.

Figure 2.5 (f) shows a top-view microscopy image of a fabricated WG-QDPD, in
which all relevant parts have been highlighted. To facilitate characterization, the
p-contact pad was extended outside the waveguide. However, Au exhibited poor
adhesion with HSQ and posed the risk of peeling off. To address this, we extended
the QD layer to the pad region as a supporting layer for the Au pad. However,
this resulted in a secondary issue: weak adhesion between QDs and the HSQ top
cladding. During the ligand exchange step to obtain PbS-EDT, the stress caused by
volume shrinkage led to QD peeling. This peeling problem was resolved (Figure
2.9 (¢)) by extending the ZnO pattern to the pad region (Figure 2.9 (b), (d)), thanks
to the better adhesion between QDs and ZnO. A short interruption in the ZnO layer
was introduced between the QDPD and the pad to avoid the dark current from the
large pad.

Using this integration approach, WG-QDPDs with different waveguide widths were
fabricated on a single chip to confirm the predicted width-dependent saturation of
the WG-QDPD. We also defined a WG-QDPD array on an eight-channel AWG to
realize a more complicated functionality using WG-QDPDs. Reference waveguides
without integrated QDPD were also included on the chip to calibrate the power
coupled into the waveguides.
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Figure 2.10: Response of WG-QDPDs. (a) I-V curves of WG-QDPDs under dark condition
and illumination at 1275 nm. (b) EQE vs. optical power at -1V bias voltage. Inset:
photo-current vs. optical power with bias voltage of -1V. The intersection of the black
dashed lines indicates the onset of saturation. (c) Normalized EQFE vs. photocurrent at -2V
bias voltage for different waveguide widths. The saturation points of WG-QDPDs are
indicated by vertical black dashed lines. (d) Saturation photocurrent with different

waveguide widths. A linear fit is indicated by the black dashed line.
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2.5 Characterization of WG-QDPD

We characterized the WG-QDPDs using a source measurement unit (Keithley
2450), DC probes and an O-band tunable laser. The light was coupled into the
SiN waveguides through grating couplers. The optical power of the guided light
was calibrated by measuring the coupling efficiency of the grating coupler for the
reference waveguide without QDPDs. Figure 2.10 (a) represents the current-voltage
curves of a WG-QDPD in the dark and upon illumination with 1275 nm light of
various intensities. One sees that the dark current increases from the expected <
1 nA at low reverse bias to 2.4 nA at a -1V bias. Possibly, this difference with
the BI-QDPD is related to the different way of forming the n-ZnO layer in both
cases, i.e., through ALD for the WG-QDPD and through a sol-gel process for the
BI-QDPD.

On the other hand, a nearly constant photocurrent is obtained upon illumination.
As shown in Figure 2.10 (b)-(c), the best devices showed a linear responsivity and
a constant EQE at low illumination power. More precisely, an average EQE of
67.5% is obtained in the range 6-60 nW, which drops to 54% at the saturation
optical power (Py,) of 400 nW, a 20% reduction that we took as marking the
end of the linear regime. Note that this experimental result is about one order
of magnitude smaller than the predicted saturation power of 6.9 W, which was
based on the characteristics of the BI-QDPD. Probably, this outcome reflects the
differences between the idealized structure used for the simulations, and the actually
formed WG-QDPD, which can accumulate contamination and defects during the
different fabrication steps. Even so, we do retrieve the expected variation of the
saturation behavior of the WG-QDPDs with varying waveguide widths, for which
we characterized saturation by the measured photocurrent rather than the optical
power so as to circumvent possible measurement errors induced by variations of
the optical coupling efficiency, see Figure 2.10 (c). Notably, WG-QDPDs with
different waveguide widths, increasing from 3 to 10 and 30 um, exhibited the
predicted proportional increase in saturation power as the optical power intensity in
the absorbing layer decreased, see Figure 2.10 (d). We therefore conclude that a
PbS-based QDPD stack can be successfully integrated on SiN waveguides, and that
the issue of detector saturation can be mitigated by the design parameters of the
WG-QDPD, such as the waveguide width.

2.6 Formation of an integrated QD spectrometer

To illustrate what our approach of integrating QDPDs can accomplish, we fabricated
a set of WQ-QDPDs on the output channels of an AWG, which can work as a
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Figure 2.11: Principle of the AWG. (a) Schematic.(b) Operational diagram. Reproduced
from [11]

compact spectrometer.

2.6.1 Basic knowledge of AWG

The AWG is a well-established dispersive component in integrated photonics,
consisting of two star couplers and a waveguide array, as shown in Figure 2.11(a).
Light entering the initial star coupler is diffracted and coupled into the waveguide
array with a specific phase difference between adjacent arms. This phase difference
causes different wavelengths to focus at different positions, achieving wavelength
dispersion. The grating equation determines the in-phase condition of input light:

Nslabla SiN 01 + Mg AL — ngiapd, sin @ = mA 2.4)

where ng,;p, is the effective index of the slab waveguide in the free propagation
region of the star coupler, f; and 6 are the angles of input and output with respect
to the center of the star coupler respectively, as shown in Figure 2.11(b). 1,4 is the
effective index of the waveguide in the array. AL is the length difference between
adjacent waveguides in the array. d,, is the array aperture pitch. m is the diffraction
order, and ) is the wavelength.

The waveguide array is the core part of the AWG. The length difference AL between
adjacent waveguides is related to the central wavelength A, and FSR Apgr of the
AWG:

e

AL= ¢
ng,wg)\FSR

(2.5)
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where ng .4 is the group index of the waveguide in the array:

dng

dA

(2.6)

Ng,wg = Nwg (Ac) = Ac

The array aperture pitch d, is a critical parameter in determining the dispersion
characteristics of the AWG. It can be approximately expressed as:
de Ac

= -7 2.7
dA NglabdaAFSR 7

The star coupler serves for imaging, usually employing a Rowland-type mounting
to decrease aberration. To minimize insertion loss, most of the divergent light from
the input aperture should be collected by the apertures in the array. This relationship
links the focal length of the star coupler R,, the array aperture pitch d,, and the
number of waveguides in the array Ng,.,s:

da N(ZT"HLS

here 6, is the diffraction angle of the input aperture where the intensity drops to
1/e2.

2.6.2 Design and fabrication of AWG

The AWG was designed with IPKISS [159], with the following design parameters:

Parameter Value
central wavelength 1290 nm
FSR 60 nm
Nslab 1.661
Nuwg 1.622
Ng.wg 1.925
Narm 28
d, 2.1 pm
Array aperture width 2 um
Number of output channel 8
I/O aperture width 4 pum
I/O aperture width 4 pm

Table 2.1: Parameters for designing the AWG.

The size of the waveguide array is 400 pm x 300 pm, as shown in Figure 2.12(a),
allowing it to fit within a single write field of the EBL (500 ym x 500 pm for our
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system) to avoid stitching errors in the waveguides. The straight sections of the
waveguides in the array are extended to 1.5 pm to reduce the crosstalk resulting
from fabrication-induced phase errors. The other sections in the waveguide array
are kept at a width of 0.9 ym to maintain the single TE mode condition.

The AWG was fabricated on a single chip together with the passive waveguides
discussed above. The AWG was characterized by sweeping a tunable laser (Santec
TSL-510) and measuring the transmission power on a vertical coupling setup with
grating couplers as optical I/O. The measured transmission spectra of all eight
channels are shown in Figure 2.12(b). The shape of the grating couplers was
removed by subtracting the transmission spectrum of a reference waveguide.

The AWG was designed to have a FSR of 60 nm, splitting the light into eight wave-
length channels with a spacing of 7.5 nm. Consistent with the design specifications,
the 8-band AWG covers a wavelength range of 51 nm, corresponding to a channel
spacing of 7.3 nm. The AWG exhibits an insertion loss of -2 dB and a crosstalk of
15 dB. This crosstalk is limited by phase errors in the dispersive waveguide array
introduced during fabrication. We observed that the performance of the AWG was
not stable, with crosstalk varying between -23 dB and -10 dB from batch to batch.
It has been shown that by optimizing the design and processing, e.g., by using
DUV lithography instead of electron beam lithography, these phase errors can be
minimized, and crosstalk values up to 30 dB can be readily achieved [160, 161].

2.6.3 Spectrometer

The QDPDs were integrated on the output channels of the AWG to form the
spectrometer, as shown in Figure 2.13 (a).

We characterized the spectral response of this compact spectrometer by injecting
monochromatic light, tuned in wavelength from 1260 nm to 1320 nm, from the input
grating coupler and measuring the photocurrent in each channel without applying
a bias voltage. Figure 2.13 (b) represents the normalized photocurrent in each
channel. One sees that sweeping the wavelength indeed leads to a photoresponse
in the different WQ-QDPDs. The 8-band spectrometer exhibits a similar spectral
response to the transmission spectrum measured on the passive AWG. The small
shifts observed in the spectral response can be attributed to the fabrication variation.
The measured channel crosstalk was around 15 dB, which is already sufficient for
many applications. The AWG design can be adapted to meet the requirements
of given applications. To reach higher resolution, the channel spacing can be
reduced or more channels can be added. Alternatively, e.g. in data applications, the
AWG can be designed with a flat channel response instead of a Gaussian shape, by
using multimode interference couplers as input apertures [162]. This demonstrates
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Figure 2.12: AWG designed with IPKISS and fabricated with EBL. (a) Top view of the AWG.
(b) Transmission spectrum of eight channels.
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Figure 2.13: Integrated spectrometer with QDPD array and AWG. (a) Top view of the
spectrometer. Light is injected from the right grating coupler. (b) Response of eight channels
without applying bias voltage. The response of each channel was normalized to its
maximum.

the flexibility of this on-chip approach and opens up its use in many different
applications such as in-vivo glucose monitoring [163, 164] and fiber Bragg grating
readout [165].

2.7 Discussion

Most of the photodetectors integrated on SiN waveguides reported in literature
were based on bonded or transfer-printed III-V semiconductors [153, 166], Ge
monolithically grown on Si [167, 168], and two-dimensional materials [169, 170];
approaches that result in increased integration complexity. Integration of evapo-
rated amorphous [171] and poly-crystalline [172] photoconductors have also been
demonstrated, offering promising pathways for less complex heterogeneous inte-
gration. However, such photoconductors have been associated with the observation
of a notable dark current and low detectivity [171, 172], attributed to the inherent
photoconductor mechanism. Here, we have demonstrated the formation of QD-
based photodiodes on SiN waveguides by means of standard film deposition and
patterning techniques. These WG-QDPDs exhibit a lower dark current (2.4 nA at
-1V) than most of the previously demonstrated photodetectors. In addition, our WG-
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QDPDs demonstrate a high responsivity of 0.69 A/W at around 1.3 pm, which is
comparable to, or even better than, reported waveguide-coupled PDs [153,166, 168].
Moreover, the use of QDs as active material offers the benefits of a low-cost ma-
terial, compatibility with standard fabrication techniques, ease of processing and
scalability towards higher volume production. These features make WG-QDPDs
attractive for low cost, low-power and noise-sensitive applications. Finally, planar
QDPDs have been demonstrated to exhibit a response time as short as 10 ns [57].
However, this fast response time has been observed only in small pixel devices,
indicating the response time is primarily limited by the resistance-capacitance (RC)
product. In this respect, WG-QDPDs, with their smaller active area and conse-
quently reduced capacitance, hold great potential for achieving even faster response
times. In more detail, the capacitance of our WG-QDPD is expected to approximate
15 pF, considering a dielectric constant of 34 [57], a device area of 6000 ;Lmz, and
a QD layer thickness of 120 nm. With a load resistance of 50 2, the RC limited
response time (10% to 90% rise time, calculated as 2.2 x RC) is estimated to be
1.7 ns.

Although in this work E-beam lithography was used for patterning the QD layer and
the p-contact metal, nothing prevents the use of photolithography as an alternative
[173, 174], enabling the fabrication of WG-QDPDs on wafer scale with high
throughput. Furthermore, the process used to integrate PbS QDPDs on the SiN
waveguide platform can be extended to other QDs materials and photonics integrated
platforms. For the silicon-on-insulator (SOI) platform, monolithically integrated
Ge detectors are the preferred solution for wavelengths below 1.6 um. However,
for longer wavelengths, there is still no straightforward integrated solution. In
the next chapter, we will demostrate the possibility of integrating larger PbS QDs
with absorption onsets beyond 2 pum on silicon waveguides, thereby extending
the photodetection capabilities beyond the traditional telecommunication range
in silicon photonics. For other platforms like flexible photonics which meet with
similar challenges of integrating active components, QDPDs are also a promising
candidate.

While the saturation power of WG-QDPDs is better than that of two-dimensional
materials photodetectors [170], it is still not on par with III-V or Ge photodetectors,
which have saturation powers exceeding 1 mW [166, 175]. Hence, a significant
enhancement of the saturation power is needed to make WG-QDPDs competitive
in this way, a step that is contingent upon better fabrication techniques and the
design and operation of the QDPD stack. For the fabrication, we believe minimizing
damage to the QD and transport material films, as well as ensuring cleaner interfaces,
could significantly enhance the performance of WG-QDPDs, bringing them closer
to that of planar QDPDs. For the QDPD stack, however, limited literature is
available on the origin of detector saturation. Possibly, the low saturation power
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of PbS QDPDs compared with epitaxial PDs is related to a high series resistance
induced by the low mobility of the QDs film. As a result, higher carrier densities
are needed to sustain a given photocurrent. More in general, however, the results
presented here call for a better understanding of detector saturation in QDPDs.

Benefiting from the wide tunability of the QD absorption spectrum, the concept of
computational spectrometers based on the wavelength multiplexing principle [176]
has emerged as a compelling option. In this scheme, hundreds of QDs, each
characterized by a distinct absorption spectrum, function as specialized filters that
randomly sample the desired spectrum. Subsequent computational techniques
enable the reconstruction of the sampled data. A key departure from traditional
spectrometers, including the one exemplified in our current study, is that the inher-
ent trade-off between resolution and bandwidth becomes obsolete in the realm of
computational spectrometry. The integration of QD-based computational spectrom-
eters into integrated photonics also holds substantial promise. However, a series of
potential challenges needs to be overcome, such as the efficiency and yield concerns
of multi-step QD deposition, effectively controlling QDs absorption behavior, and
realizing low-loss and broadband power splitters.

2.8 Conclusion

In this work, we have demonstrated for the first time PbS QDPDs integrated on SiN
waveguides using standard process techniques. Based on the characterization of
planar QDPDs, we argue that the high optical intensity resulting from the strong
optical confinement in waveguides could induce saturation of a WG-QDPD at low
optical power. We overcome this issue through a design in which the WG-QDPD
overlaps is coupled to the evanescent field, while using the cladding thickness
and the waveguide width as adjustable parameters to raise the saturation power by
reducing the overlap with the evanescent field. In particular, we demonstrate that
a 30 pm wide device with a 350 nm cladding layer can exhibit a responsivity of
0.69 A/W and a linear response up to 400 nW for 1275 nm light at -1 V reverse
bias. Such a combination, however, involves a trade-off between an increased
saturation threshold and an enhanced dark current since longer detectors are needed
to absorb a given fraction of the guided light. To further demonstrate the scalability
of the integration approach proposed here, we also designed and tested a compact
8-channel spectrometer integrated with an array of WG-QDPDs. This spectrometer
showed a clear wavelength dependent response with channel crosstalk of 15 dB.
We believe that these results will inspire further research into the integration of
colloidal active materials on PICs.
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3.1 Introduction

Despite the widespread use of silicon photonics, current applications predominantly
use light with wavelengths shorter than 1.6 gm. This limitation is not a choice.
Numerous applications, including environmental monitoring, medical diagnostics,
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and industrial sensing, would profit from photonic chips operating at longer wave-
lengths [177,178]. Such applications are, however, hampered by the lack of a
scalable and cost-effective integrated technology for photodetection beyond 1.6

pm.

Different strategies are being explored to extend the photodetection wavelength
range of silicon photonics. A commonly used technique involves wafer or die
bonding of III-V materials, typically GaSb-based compounds, onto silicon [179—
182]. However, this method requires large-area planarized surfaces and relies
on costly III-V epitaxy and bonding technology. Also, two-dimensional (2D)
materials like graphene and black phosphorus are extensively investigated for on-
chip photodetection beyond 1.6 ym [183]. The promise of these materials lies in
favorable substrate compatibility and a broad absorption range, yet scalability poses
a substantial hurdle for the practical integration of 2D photodetectors. Moreover,
the performance of these photodetectors needs further improvement, for example,
to enhance dark current performance and responsivity [184, 185]. Alternatively, the
direct deposition on Si of GeSn alloys [186—189], III-V quantum dots epitaxially
grown on silicon [190], or polycrystalline tellurium thin films [172] can result in
cost-effective photodetectors with straightforward fabrication processes. However,
the current implementations of these methods result in photodetectors with high
dark current and low responsivity, necessitating further development.

To address the challenge of cost-effective photodetection beyond the telecom range
in silicon photonics, QDs offer a promising solution. QDs present an economic
advantage in both material synthesis and deposition processes, in stark contrast with
more traditional III-V epitaxial semiconductors. Moreover, the absorption spectrum
of QDs can be readily tuned across the infrared spectrum by adjusting the QD
size and utilizing different materials. Photodetectors made from PbS [55-57,77],
HgTe [61,191], Ag2Se [192,193], or InAs [65] QDs have all exhibited sensitivity
to short-wave and mid-wave infrared light.

In Chapter 2, we have demonstrated the integration of waveguide-coupled QD-based
photodiodes operating at around 1.3 pm on the SiN platform, which underscores
the potential of QDs as scalable photodetectors within photonic integrated circuits
(PICs) [194]. For wavelengths beyond 1.6 pm, recent developments include the
demonstration of plasmonic HgTe-based photoconductors on silicon waveguides
operating at 2.3 pm with a responsivity of 23 mA/W [140]. On the other hand, PbS
QDPDs sensitive up to 2.1 um with a responsivity of 0.385 A/W were achieved by
sandwiching the QD film between a NiO p-type and a ZnO n-type contact [2]. Such
reports point towards the promise of using integrated QDPDs for photodetection
beyond 1.6 um, provided that low dark currents and high responsivity can be
realized in integration-ready QDPD stacks.
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Figure 3.1: 1.3 pm BI-QDPD with different ETL. (a) QDPD structure. (b) I-V curves under
dark and light conditions (power of 1.6 mW, peak power density of 1.2 W/em?). Red: 40 nm
ALD ZnO. Blue: 30 nm sol-gel ZnO.

In this chapter, we report on a silicon photonics, waveguide-coupled QD photodiode
(WG-QDPD) that features a spectral response extending beyond 1.6 um. Leveraging
an optimized QDPD design and a proven process flow [194], we demonstrate WG-
QDPDs exhibiting a responsivity of 1.3 A/W at 2.1 um, a low dark current of
106 nA, and a bandwidth of 1.1 MHz. Moreover, we show that our WG-QDPD
exhibits a low noise equivalent power (NEP) of 0.15 pW/v/Hz, due to its high
responsivity and low dark current, which is attractive for low-noise, weak signal
detection. We demonstrate the reliability of the integration approach by realizing a
compact on-chip spectrometer that features an array of 8 WG-QDPDs and operates
in the spectral window between 2.063 and 2.135 pm. !

3.2 QDPDs with wavelength response up to 2.1 um

Before integrating QDPDs on waveguides, we again optimized the material stack us-
ing dummy BI-QDPDs fabricated on glass-ITO substrates 2. Our approach involved
adapting the p-i-n structure developed for 1.3 pm WG-QDPDs to accommodate
PbS QDs with a band gap transition at 2.1 pm [194].
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Figure 3.2: Influence of ALD ZnO treatment on the I-V curves of QDPDs. Red: as-deposited
ZnO without extra process. Blue: treated with Oz plasma for 5 min. Black: annealing at 325
°C in air for 30 min. Light curves were measured under optical power of 1.6 mW (peak
power density of 1.2 W/em?)

3.2.1 Optimization of electron transport layer

ALD ZnO was chosen as the ETL in our initial demonstration of 1.3 ym WG-
QDPDs due to its low sheet resistance (approximately 1000 2/0J) and minimal op-
tical loss. Its low sheet resistance facilitates horizontal electron transport. However,
its performance proved to be unstable. Most QDPDs exhibited poor rectification
characteristics and a high dark current. For BI-QDPDs (with a pixel area of 1.77
mm?) utilizing 1.3 m QDs as the absorption layer (see Figure 3.1(a)), those em-
ploying ALD ZnO as an ETL demonstrated a dark current of 26.5 pA, which is
110 times higher than the dark current observed in QDPDs utilizing sol-gel ZnO
(0.24 pA), as depicted in Figure 3.1(b). This increased dark current in QDPDs with
ALD ZnO ETL can be attributed to its inferior hole-blocking performance, likely
stemming from trap-assisted tunneling [55]. We attempted various strategies to
enhance the performance of the ETL. For this optimization, we utilized a BI-QDPD
structure, chosen for its straightforward fabrication process, as depicted in Figure
3.1(a). In this optimization process, we selected 1.3 pym QDs as the absorption layer
instead of directly using 2.1 um QDs, leveraging their established performance as a
benchmark.
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ALD ZnO post-processing

Since earlier published work [56] demonstrated that QDPDs based on ALD ZnO
exhibited low dark current density of 0.03 pA/cm?, high EQE, and improved
stability, our initial approach was to enhance the quality of ALD ZnO by post-
processing.

ZnO is a semiconductor with a large bandgap of 3.37 eV [195], theoretically
resulting in very low conductivity for pure ZnO. However, as-grown ALD ZnO
often exhibits strong intrinsic n-type conductivity attributed to defects and impurities
within the ZnO crystal lattice. The oxygen vacancy is believed to be one of these
defects [196], a hypothesis consistent with our observations: exposure to Oy plasma
or annealing in air reduced the conductivity of ALD ZnO.

We treated ZnO with an Os plasma in RIE chamber or annealed it in air at 325 °C,
aiming to passivate the defects and reduce the leakage current. However, we did
not observe any significant improvement, as depicted in Figure 3.2. Optimizing the
ALD ZnO growth conditions could potentially enhance its quality and reduce the
leakage current in QDPDs [56], but would demand considerable effort and time
from our collaborators and was not further pursued.

Sol-gel ZnO on top of ALD ZnO

Due to the significantly better hole-blocking performance of sol-gel ZnO compared
to our ALD ZnO, another potential strategy is to apply a layer of sol-gel ZnO on
top of the ALD ZnO. In this configuration, the ALD ZnO serves as a transparent
and conductive ETL, while the sol-gel ZnO layer helps reduce the leakage current.
Indeed, the QDPD with this combined ETL exhibits similar dark current and optical
response compared to the QDPD with sol-gel ZnO alone, as illustrated in Figure
3.3. However, the annealing process required to obtain high-quality sol-gel ZnO
compromised the conductivity of the underlying ALD ZnO. As depicted in Table
3.1, after annealing in air, the resistivity of the ALD ZnO layer increased by more
than three orders of magnitude (from 1.18 x 107°€-m to 4.47 x 10~2¢2-m). This
increase in resistivity suggests that oxygen penetrated the sol-gel ZnO layer and
reacted with the ALD ZnO underneath.

Annealing in vacuum can somewhat mitigate the degradation of the conductivity of
ALD ZnO, with a resistivity of 3 x 1072 Q-m) after annealing, as shown in Table

I'The content of this chapter has been adapted from the paper: Pang, Chao, et al. ”A silicon photonics
waveguide-coupled colloidal quantum dot photodiode sensitive beyond 1.6 pm.” APL Photonics (2024).

2The fabrication of BI-QDPDs was moved to the cleanroom of PRG for faster and more stable
iterations.
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Figure 3.3: Performance of QDPDs with ALD + sol-gel ZnO as the ETL. Red: 40 nm ALD

Zn0 with 30 nm sol-gel ZnO on top. Blue: 30 nm sol-gel ZnO. Both samples were annealed

in air at 325 °C. Light curves were measured under an optical power of 1.6 mW (peak power
density of 1.2 W/em?).

Condition Resistivity (£2-m)
ALD ZnO without annealing 1.18 x 10~°
ALD ZnO annealing in air 4.15 x 1072
ALD + sol-gel ZnO annealing in air 4.47 x 1072
ALD + sol-gel ZnO annealing in vacuum 3x 1073
ITO without annealing 2.89 x 1076
ITO + sol-gel ZnO annealing in air 3.45 x 1076

Table 3.1: Annealing influence on the resistivity of ALD ZnO and ITO. The thickness of ALD
Zn0 and ITO is 40 nm and 20 nm respectively. All annealing processes were conducted at
325°C for 30 minutes.
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Figure 3.4: Influence of sol-gel ZnO annealing atmosphere on the performance of QDPDs.

Red: sol-gel ZnO annealed in air. Blue: sol-gel ZnO annealed in vacuum. Both samples had

a sol-gel ZnO layer of 30 nm, annealed at 325 °C for 30 min. Light curves were measured
under an optical power of 1.6 mW (peak power density of 1.2 W/em?).

3.1. This resistivity will introduce a series resistance in the order of ten kilohms for
WG-QDPDs, which is acceptable for the pA-level saturation photocurrent (A 10 k€2
series resistance results in a voltage drop of only 0.01 V for a photocurrent of 1 pA).
However, the electrical properties of sol-gel ZnO deteriorate under such annealing
conditions. As shown in Figure 3.4, the dark current in the forward bias decreases
by two orders of magnitude compared to the QDPD with sol-gel ZnO annealed in
air, indicating an increase in the device’s series resistance. These inferior electrical
properties make it challenging to extract the light-generated carriers effectively.

Sol-gel ZnO on top of sputtered ITO

Despite our extensive efforts to enhance the performance of QDPDs based on an
ALD ZnO ETL, the results remained unsatisfactory. Consequently, we shifted our
focus to using sputtered ITO as a transparent bottom electrode and sol-gel ZnO as
both an ETL and HBL for WG-QDPD.

Before transitioning to sputtered ITO, we conducted a thorough assessment of its
absorption, conductivity and stability.

For characterization of the absorption, we deposited 20 nm of ITO onto waveguides,
then patterned it into various lengths and measured the propagation loss. Around
1.3 pm, the absorption of ITO is not strong. When directly deposited onto SiN
waveguides with dimensions of 3 pum width and 300 nm height (Figure 3.5(a)), the
propagation loss was approximately 55 dB/cm, as depicted in Figure 3.5(c). For the
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Figure 3.5: ITO induced waveguide loss. (a) Waveguide structure used for absorption
measurement at 1.3 pum. 20 nm ITO was sputtered on 300 nm by 3 pm waveguides and
patterned into different lengths with wet etching. (b) Waveguide structure used for
absorption measurement at 2.1 pm. The waveguides consist of a 30 pm-wide core with 70
nm shallow etch on 220 nm Si and a 45 nm thick HSQ cladding. 20 nm ITO was sputtered on
top. (c) Propagation loss measured at 1.3 um on structure (a). (d) Propagation loss
measured at 2.1 pum on structure (b)
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WG-QDPD with a 350 nm HSQ cladding, as utilized in our first-generation 1.3 pum
WG-QDPDs, its loss is estimated to be only 3.2 dB/cm (simulated with Lumerical
FDE solver based on the measured 55 dB/cm propagation loss).

At 2.1 pm, the absorption of ITO is more pronounced. For 70 nm shallow-etched
waveguides with a top cladding of 45 nm (Figure 3.5(b)), the propagation loss
introduced by 20 nm ITO is approximately 229 dB/cm (see Figure 3.5(d)). However,
considering that the absorption of QDs is several times stronger than that of ITO,
the presence of ITO will only marginally decrease the EQE of our WG-QDPDs.

In terms of electrical performance, ITO demonstrates higher conductivity, with a
measured resistivity of 2.89 x 1075 -m, which is four times better than ALD ZnO.
A 20 nm thick layer of ITO will introduce less than 50 2 of extra resistance to the
WG-QDPD, which meets our requirements. Additionally, ITO exhibits much more
stable electrical conductivity. After annealing in air, the resistivity shows only a
small increase, as shown in Table 3.1.

Given the significantly improved electrical stability, we decided to transition from
ALD ZnO to a combination of ITO and sol-gel ZnO as the ETL in WG-QDPDs.

Sol-gel ZnO annealing temperature

The annealing temperature of sol-gel ZnO significantly influences the performance
of QDPDs. Annealing at a low temperature of 250°C results in reduced optical
response, as illustrated in Figure 3.6(a) and (b). Upon examining the I-V curve
under dark conditions, we observed a lower current at forward bias, likely due
to the high series resistance induced by an inferior carrier transport capability.
Increasing the annealing temperature to 325°C markedly improves both the dark
I-V rectification and the optical response.

Further increasing the annealing temperature marginally enhances the optical re-
sponse; however, the dark current increases significantly, as depicted in Figure
3.6(a). This notable increase in dark current is attributed to the formation of leakage
paths not present when annealing at 325°C, as shown in Figure 3.6(c) and (d).
These leakage paths result from the random peeling of QDs, leading to short paths
after Au p-contact evaporation.

Although we did not observe any surface morphology changes under the microscope
after ZnO annealing at 370°C, we speculate that annealing at high temperatures
begins to alter the adhesion between ZnO and QDs, causing local peeling of the
QDs. In summary, for sol-gel ZnO formation, we identified 325°C as the optimized
temperature for our fabrication process.
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Figure 3.6: The influence of annealing temperature on the performance of QDPDs. (a) and
(b) I-V curves under dark and light conditions respectively, annealed in air for 30 min at
different temperatures. (c) and (d) microscope images of QDPDs annealing at 325 °C and

370°C.
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3.2.2 Optimization of QDPD stack for 2.1 um

All PbS QDs were synthesized 3 by reacting lead oleate with a substituted thiourea,
where different QD sizes were obtained by using differently substituted thioureas
in agreement with the literature [197]. The absorption spectrum of QDs in n-octane
is shown in Figure 3.7 The resulting PbS QDs have a surface terminated by lead
oleate. More details on the synthesis of these QDs can be found in Appendix A.
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Figure 3.7: Absorption spectra for three types of QD inks (dispersed in n-octane) used in
OPDDs.

As shown in Figure 3.8 (a), we constructed QDPD stacks consisting of a 100 nm
thick ITO transparent bottom electrode, a 30 nm thick sol-gel ZnO film functioning
as an electron transport and hole blocking layer, a multilayer QD stack, and an Au
top electrode. Within the QD film, the photosensitive layer consisted of QDs with
a band-gap transition at 2.1 um (see Figure 3.7). In the first design (Structure A
in Figure 3.8 (a)), this film—formed by spin coating—was exposed to a methanol
solution containing 10 mg/mL TBALI for 30 s. This process removes as-synthesized
surface ligands, thereby turning the QD film n-type and enhancing the electron
mobility. In contrast to the solution-phase ligand exchange method employed in
Chapter 2, we opt for solid-phase ligand exchange for the absorption layer here,
motivated by its straightforward fabrication process and reproducibility. As the hole
transport and electron blocking layer, we employed a film of PbS QDs featuring a
0.94 pm band-gap transition. This film was similarly exposed to a 0.01 vol% EDT
in methanol solution, which leads to p-type doping [5, 198], and a gold contact was
evaporated on top.

However, as shown in Figure 3.8 (b) (red line), this stack showed little rectification
and a dark current density of nearly 10 mA/cm? at -2 V reverse bias, which is
more than two orders higher than QDPDs using PbS QDs with a 1.3 um bandgap

3PbS QDs were synthesized by Ezat Kheradmand from PCN group.
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Figure 3.8: Structure and Characterization of QDPD. (a) Vertical QDPD structures with
surface illumination. (b) Influence of the interface layer on dark current density. (c¢) Dark
current and photocurrent of Structure B QDPD, with an area of 1.77 mm?. The photocurrent
was measured with a 2.1 um laser Gaussian beam illuminated from the bottom glass side,
with a peak power density of 220 mW/cm®. Inset: responsivity of QDPD vs. bias voltage.

transition as photosensitive layers (see Figure 3.9). In an attempt to reduce the dark
current, we explored two additional QDPD stacks: one in which the film of 2.1
pm PbS QDs was sandwiched between layers of 1.3 um PbS QDs, which we also
treated using TBAI, and a second where the 1.3 ym PbS QDs were only included
between the 2.1 and 0.94 pm PbS QD films (see Structure B and C in Figure 3.8
(a)). Interestingly, Structure B showed strongly enhanced rectification and a 10-fold
reduction of the dark current compared to the initial stack, while Structure C only
featured a minor reduction of the dark current. This difference indicates that the
primary source of dark current is the leakage of charge carriers between the 2.1
pm PbS QDs and the ZnO contact, possibly assisted through trap states at the ZnO
surface [55], for which the 1.3 pm PbS QD film provides an additional barrier.

The optimized QDPD with Structure B was characterized using a 2.1 pm laser with
a power of 870 W and a peak power density of 220 mW/cm?, employing a similar
setup as that used in Figure 2.2. Under a -3 V bias, the QDPD shows a dark current
of 50.3 pA (dark current density of 2.8 mA/cm? for a device area of 1.77 mm?2) and
a responsivity of 0.19 A/W (EQE of 11.2%), as illustrated in Figure 3.8 (c). This
relatively low EQE probably reflects the limited absorption of the vertically incident
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Figure 3.9: Structure and dark I-V curves of QDPD with 1.3 pum and 2.1 um PbS active
layers.

light in the thin layer of 2.1 um PbS QDs, and the relatively low transmittance of
ITO at 2.1 pm [2]. The 1.3 um PbS-TBAI layer between the 2.1 ym PbS-TBAI and
PbS-EDT layers should be n-doped [5], posing challenges for hole transport and
potentially leading to an increase in the series resistance of the QDPD. However, the
I-V characteristics at forward bias did not show degradation compared to Structure
A (Figure 3.8 (b)). Possibly, this layer is turned p-type during the subsequent EDT
ligand exchange process for the 0.94 pm PbS QD layer on top. EDT, known for
its high reactivity compared to TBAI [199], can soak the 1.3 ym PbS-TBAI layer
underneath, resulting in a change of doping to p-type. To validate this hypothesis,
QDPDs with Structure B were fabricated, but the ligand exchange of the top 1.3
pm PbS QDs was altered to EDT instead of TBAI. QDPDs with either TBAI or
EDT ligand exchange on the 1.3 um QDs exhibited nearly identical dark and light
I-V characteristics (see Figure 3.10), thus confirming our above assumption. The
spectral response of the QDPD with structure B was measured by sweeping the
laser wavelength, showing photo response extending up to 2.2 um (Figure 3.11),
consistent with the absorption spectrum of the QDs.

3.3 Integration of QDPDs on waveguides

Figure 3.12(a)-(e) depicts the process flow used to integrate the QDPD on waveg-
uides. The integration process of 2.1 um QDPD on waveguides is developed based
on the 1.3 yum WG-QDPD on SiN, as shown in Section 2.4. The optimized process
shows improved stability and yield. The main optimization is to replace ALD ZnO
with ITO and sol-gel ZnO.
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Figure 3.10: Dark current and photocurrent of QDPD with an area of 1.77 mm>. The
photocurrent was measured with a 2.1 pm laser with a Gaussian beam illuminating the
sample from the bottom glass side, with a peak power density of 220 mW/cm?. Red: ZnO /
1.3 pm-PbS-TBAI /2.1 pum-PbS-TBAI / 1.3 pum-PbS-TBAI / 0.94 um-PbS-EDT. Blue: ZnO /
1.3 um-PbS-TBAI / 2.1 um-PbS-TBAI / 1.3 um-PbS-EDT / 0.94 pum-PbS-EDT.
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Figure 3.11: Spectral response of the QDPD with structure B, measured at a bias of -1 V
and a peak power density of 220 mW/cm?.

Passive waveguides

The waveguides were patterned with EBL and dry etching. We used standard SOI
substrates with 220 nm Si on top of 2 pum buried oxide in this work. A 400 nm
layer of ARP6200.13 e-beam resist was used as a mask, exposed by EBL (Voyager
Raith 50 kV) with a dose of 160 ;/C/cm? and developed in n-amyl acetate for 60 s.
The resist pattern was transferred to Si by reactive ion etching (ICP-RIE, Oxford
Instruments) using SFg and CHF3 chemistry. A 70 nm shallow etch in Si was
used to define the optical structures. To alleviate the power saturation problem of
WG-QDPDs, as observed in previous demonstrations in Chapter 2, we defined 30
um wide waveguides. As before, this adjustment serves to lower the optical power
density in the QD film.
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(a) Passive waveguide (b) ITO + Solgel ZnO (c) Ti+ Au N-contact
s

(d) PbS QDs Au P-contact Cross-section

Figure 3.12: Integration steps to fabricate WG-QDPD. (a) Si rib waveguide patterning and
planarization. (b) ITO sputtering and patterning with wet etching, followed by ZnO
deposition with sol-gel method and patterning with wet etching. (c) N-contact metal

patterning with liftoff. (d) QD film patterning with PMMA resist and liftoff. (e) P-contact
metal patterning with PMMA resist and liftoff. (f) Cross-section of fabricated WG-QDPD.
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Figure 3.13: HSQ as a low loss cladding layer for planarization. (a) Cross-section. (b)
Transmitted power of spiral waveguides with varying lengths, with a waveguide width of 1.6

pm.

We used HSQ as a transparent top cladding layer for planarization of the waveguides.
Diluted HSQ (HSQ : MIBK = 1:4) was spun with a speed of 4000 rpm and an
acceleration of 1000 rpm/s, followed by annealing at 400 °C for 2 hours in a
nitrogen atmosphere, achieving a cladding thickness of approximately 45 nm on the
waveguides. The step at the waveguide edge decreased from 70 nm to around 35
nm, with a smooth slope, as shown in Figure 3.13(a). In addition, HSQ exhibited
negligible absorption. The propagation loss, measured using spiral waveguides
with a width of 1.6 ym, is 1.67 dB/cm at 2.1 um, as depicted in Figure 3.13(b).
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ITO patterning

The QDPD stack was then integrated on top of the planarized waveguides, starting
with sputtering of an 18 nm thick ITO layer as the bottom electrode. ITO demon-
strates acceptable optical absorption at 2.1 ym. Adding an 18 nm ITO layer on top
of the planarized waveguides increased the waveguide loss to around 0.02 dB/um,
as depicted in Figure 3.19(b). The layer thickness was reduced compared to the
dummy BI-QDPD structure (100 nm) to minimize optical losses in the ITO and
maximize light absorption in the PbS QD film. To further mitigate optical loss,
the ITO layer was confined to the designated area for photodetection using HCI-
based wet etching. Specifically, the ITO film was patterned using photolithography
(AZ5214 E in positive mode, standard recipe) and wet etching (37% HCI:H»O=1:5,
15s). Here, we avoided the use of adhesion promoter Ti prime for a cleaner electri-
cal interface. After ITO patterning, the sample was cleaned with acetone and IPA,
followed by O3 plasma (PVA TePla 600) for 1 min.

ZnO patterning

A 30 nm layer of ZnO was formed on top of the ITO layer via spin-coating a
precursor solution and annealing at 325 °C for 30 minutes in ambient air, consistent
with our process for the BI-QDPDs. Subsequently, the ZnO film was patterned using
photolithography (AZ5214 E in positive mode, following the standard recipe) and
wet etching (37% HCI:H5O = 1:1000, 5s). Once again, we avoided the use of the
adhesion promoter Ti prime for a cleaner electrical interface. Sol-gel ZnO exhibits
favorable optical transparency around 2.1 pm, as depicted in Figure 3.19(b).

Complete coverage of ITO with ZnO is crucial to prevent direct contact between
ITO and the subsequently deposited QD film, as this could lead to a significant
leakage current.We initially tested the integration process using 1300 nm QDPDs
integrated on SiN waveguides. In our initial fabrication attempt, the ZnO layer did
not fully cover the ITO, resulting in direct contact between ITO and the QD film, as
depicted in Figure 3.14(b). This contact led to a significant leakage current. The
dark current of the WG-QDPD with the ITO/QD leakage path, illustrated in Figure
3.14(a), measures 25.4 nA at a -1 V bias, approximately 70 times greater than that
of the WG-QDPD without a leakage path (0.36 nA). This difference becomes even
more pronounced with increased bias (157 nA vs. 0.48 nA @ -2V). The absence of
ZnO results in hole injection from the n-contact electrode into the QDPD, causing
the QDPD to function as a photoconductor.
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Figure 3.14: Leakage current from ITO/QD contact. (a) Dark current of 1300 nm
WG-QODPDs with and without ITO/QD leakage path. (b) Image of WG-QDPD design that
will lead to an ITO/QD leakage path. The dashed line indicates the area where QDs and Au

will be integrated in the following steps.

n-contact patterning

The N-contact was patterned using photolithography and the liftoff method. The
desired pattern was generated using AZ5214 E photoresist (standard recipe for
image reversal), followed by metal evaporation with a composition of 20 nm Ti and
100 nm Au. The sacrificial photoresist and the metal layer on top were removed by
immersing the sample in acetone for 1 hour.

QD patterning

The same QD stacks with Structure B, as we used in the BI-QDPD, were deposited
layer by layer and lifted off simultaneously to achieve the desired pattern. The

resist patterning and liftoff method employed are consistent with those outlined in
Section 2.4.5.

P-contact patterning

The p-contact pads were formed by depositing 80 nm of Au on top of the QD
stack through thermal evaporation and lift-off, following the procedure outlined in
Section 2.4.6.
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Figure 3.15: Response of WG-QDPDs. (a) I-V curves of WG-QDPDs under dark condition
and illumination at 2.1 pm. (b) Responsivity vs. optical power at -3 V bias voltage. Inset:
photo-current vs. optical power. (c) Bandwidth of the integrated WG-QDPD.

3.4 Characterization of WG-QDPDs

We characterized the DC performance of the WG-QDPDs using a 2.1 pm laser
(Cr?*:ZnS laser, IPG Photonics), employing grating couplers for convenient light
coupling into and out of the waveguide, and a source measure unit (Keithley 2400).
The optical power in the waveguide was calibrated by measuring the coupling
efficiency of the grating coupler for a reference waveguide without QDPDs. The
WG-QDPD showed a dark current of 106 nA at -3 V, as illustrated in Figure 3.15
(a). Considering a WG-QDPD width of 30 ;m and a length of 200 pm, the dark
current density (1.8 mA/cm?) is in line with the measurements obtained on the
BI-QDPDs (2.8 mA/cm?), indicating that the integration process does not introduce
spurious leakage paths. The responsivity reaches 1.3 A/W (EQE of 74.8%) at an
optical power of 116 nW, as shown in Figure 3.15 (b). The significantly higher EQE
compared to BI-QDPDs is attributed to increased absorption during propagation
within the waveguides. For WG-QDPDs, the Si and QD stack constitute the hybrid
waveguide designed for the propagation of the fundamental TE mode. Light is
absorbed via the evanescent tail of the optical mode during its propagation, as
depicted in Figure 3.16. In contrast to surface-illuminated QDPDs, which require a
thick QD absorption layer for efficient light absorption, the extended absorption
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path of guided light in WG-QDPDs ensures efficient absorption even with a thin
layer of QDs. The combination of low dark current and high responsivity leads to a
low estimated noise equivalent power (NEP=1/214,xq/ R, where q is the elementary
charge, and R is the responsivity) of 0.15 pW/v/Hz, indicating that WG-QDPDs are
well-suited for weak signal detection. The photocurrent exhibits nonlinear growth
with optical power, a phenomenon attributed to QDPD saturation due to high series
resistance, as observed in prior studies [194].

0.5 1
Intensity (arb. unit)

Figure 3.16: Intensity profile of the fundamental TE mode in the WG-QDPD. The
cross-section at position x=0 is shown in the right figure. Light is absorbed through the
evanescent tail of the optical mode extended into the 2.1 um QD film.

For AC measurements, the setup, as illustrated in Figure 3.17, involved a 1.55
pm laser (Santec 510) that was modulated by a Mach-Zehnder Electro-optical
Modulator (EOM). The EOM was adjusted to its linear operation point, where the
applied radio frequency signals (SMTO03, Rohde & Schwarz) were converted to
optical intensity modulation. The modulated optical signals were amplified by an
Erbium-doped Fiber Amplifier (EDFA) and then coupled to the WG-QDPD through
edge coupling. Polarization Controllers (PCs) were employed before the EOM
and our chip to achieve the desired polarization. A DC bias was applied to the
WG-QDPD using a source measure unit (Keithley 2400). The photodetector signal
was collected by an electrical spectrum analyzer (ESA, FSP, Rohde & Schwarz).
Both the DC bias and ESA were connected to the WG-QDPD with a bias tee. The
speed of our WG-QDPD was not characterized using a 2.1 um laser due to the lack
of a high-speed optical modulator operating at this wavelength in our lab. However,
since absorption only occurs in the 2.1 um PbS QD layer for both 1.55 um and 2.1
um wavelengths, the bandwidth is expected to be similar at both wavelengths.
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Figure 3.17: Setup schematics used for bandwidth measurement. PC: polarization controller,
EOM: electro-optical modulator, EDFA: Erbium-doped fiber amplifier, RF: radio-frequency
source, ESA: electrical spectrum analyzer.

The fabricated WG-QDPD exhibits a bandwidth of 1.1 MHz, as shown in Figure
3.15 (c). Under large reverse bias of -3V, the thin QD absorption layer can be
considered completely depleted [200]. Therefore, the response time (7,.s) of
the photodetector is determined by the drift progress (74,;r¢) and the resistance-

capacitance constant (Tg¢) of the electrical circuit Ty = /73, st (2.27Rrc)?.
[201] The drift time 74,; ¢ is governed by the carrier mobility () and the voltage
drop (V) across the depleted film thickness (d), with 74t = d?/(uV). The
other term, Trc = RC, where R represents the series resistance and C' denotes
the capacitance. For a fully depleted QDPD, we estimate the series resistance R
using the access resistance (ITO sheet resistance and contact resistance between
n-contact and ZnO), measured to be approximately 100 2 for our WG-QDPDs.
The capacitance C is estimated to be around 4.1 pF (C' = (epe,A)/d, where €
represents the vacuum permittivity, €, = 15.5 denotes the dielectric constant of
the PbS-QD film [200], A = 6000 um? is the area of QDPD and d = 195 nm is the
thickness of the PbS QD film). The estimated 7z is 0.41 ns, corresponding to a BW
of 388 MHz using the relationship: BW = 0.35/7,..s [201]. Considering a measured
BW of 1.1 MHz, the speed of our WG-QDPD is likely drift-limited. Furthermore,
we measured the BW of WG-QDPDs with areas of 6000 zzm? and 600 pm? and
both exhibited similar bandwidths (Figure 3.18). Also this area-insensitive BW
does not match the scenario where 7 dominates the speed of QDPDs [57,200],
considering a consistent series resistance and area-related capacitance. This drift-
limit speed can be further supported by examining 74,;¢¢. The carrier mobility
of the 2.1 ym PbS-TBAI absorption layer, extracted via field effect transistor
(FET) measurements [200], is (0.94 £+ 0.6) x 10~* cm?V~1s~! for electrons and
(1.41 £ 0.35) x 10~* ecm?V~!s~! for holes. Considering a thickness of 75 nm for
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the absorption layer and a voltage drop of 3 V, the estimated 74,-; f; is around 0.2 ps,
corresponding to a bandwidth of 1.75 MHz. The carrier transition time in the 1.3
pm PbS-TBAI and 0.94 psm PbS-EDT layers is disregarded due to the significantly
faster carrier mobilities exceeding 1 x 1073 cm?V~!s™! in both layers [200].
Although the bandwidth of our demonstrated WG-QDPDs may not be as high as
that of III-V photodiodes, it meets the requirements of many sensing applications.
Further improvement on the speed of the WG-QDPD relies on improved ligand
exchange strategies to boost the mobility of the 2.1 um PbS QD layer. Reducing
the thickness of the QD film can also decrease 74;; ;. This strategy was recently
adopted to achieve QDPDs with a response time of 4 ns [200].

—— 6000m>
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107" 10°
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Figure 3.18: Bandwidth of WG-QDPDs with different areas. WG-QDPDs, with a dimension
of 30 um x 200 pm and 3 pm x 200 pm, were measured under a reverse bias of -5 V.

On the same chip, we incorporated WG-QDPDs with varying lengths, as shown
in Figure 3.19(a). We conducted transmission measurements on the waveguides
after patterning each material. These measurements allowed us to ascertain the
optical loss induced by each material, as shown in Figure 3.19(b). The ITO layer
introduced an optical loss of around 0.02 dB/um, resulting from strong free carrier
absorption in the infrared [202]. The addition of the ZnO layer did not introduce
measurable extra absorption. The entire QDPD stack raised the optical loss to
0.08 dB/um, indicating the absorption is dominated by the QD film. This strong
absorption competes with the absorption from the ITO bottom electrode, ensuring
high responsivity of our WG-QDPDs. The dark current of these WG-QDPDs is
proportional to the area, with a slope of 1.8 mA/cm?, as shown in Figure 3.19(c).
The responsivity of WG-QDPDs, measured at -3 V bias and 400 nW optical power,
shows a saturation behavior with respect to PD length, as shown in Figure 3.19(d).
The saturation behavior aligns with the prediction from optical loss measurements,
as indicated by the blue dashed line in Figure 3.19(d).

We also investigated WG-QDPDs with different shapes as shown in Figure 3.20(a).
As we mentioned before, the waveguide width is extended to 30 pum to alleviate the
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Figure 3.19: Performance of WG-QDPDs with different lengths. (a) Top view of
WG-QDPDs. (b) Optical absorption resulting from materials integrated onto waveguides.
Measurements were obtained through optical transmission, with varying lengths for each
material. (c) Darck current of devices with different area. (d) Responsivity of WG-QDPDs

with different lengths. The predicted relationship between responsivity and length is
presented by a dashed blue line, derived from optical loss measurements shown in (b)
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Figure 3.20: Performance of WG-QDPDs with different shapes. (a) Top view of WG-QDPDs.
Light is coupled into waveguides from the left side. (b) Dark current of different
WG-QDPDs. (c) Responsivity of different WG-QDPDs.
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optical power saturation, ensuring an efficient responsivity. However, this strategy
also increases dark current due to the larger WG-QDPD area. Consequently, the
NEP exhibits a trade-off between responsivity and dark current. Notably, heavy
optical power saturation predominantly occurs in the initial section of the WG-
QDPD. As light propagates within the waveguides, the optical power decreases
exponentially. This insight allows us to narrow down the waveguide width at
the far end without introducing significant power saturation. In our design, we
implemented waveguide narrowing from 30 pum to 0.9 pum using both linear and
exponential tapers, while keeping a consistent length of 200 ym. For the exponential
taper, the width decreases at a rate of 0.023 um™' (0.1 dB/pm), similar to the optical
absorption measurement in Figure 3.20(b). The QDPD follows the same shape as
these tapered waveguides. The intensity profiles of both tapered WG-QDPDs are
shown in Figure 3.21. The light remains stronger at the input side for both taper
shapes, indicating the QD absorption-induced optical intensity drop is still stronger
than the taper-induced light concentration. The rapid decrease in waveguide width
in the exponential tapered WG-QDPD leads to multimode interference in the
waveguide but should not cause a significant change in photoresponse.

The linear taper reduces the WG-QDPD area to approximately 1/2, and the expo-
nential taper further decreases the area to around 1/3. Consequently, the decrease
in area reduces the dark current to 1/2 and 1/3, respectively, as shown in Figure
3.20(b). As expected, the responsivity of the tapered devices does not degrade
significantly, as shown in Figure 3.20(c). This results in a champion NEP of 0.13
pW/+/Hz for the exponentially tapered WG-QDPD, representing a 30% improve-
ment compared to the NEP of the uniform WG-QDPD (0.18 pW/+/Hz). Notably,
there is an underestimation of the NEP here. The measurements were conducted
at a relatively high optical power of 400 nW, which, combined with the nonlinear
response to optical power, results in an underestimated responsivity.

In addition, we fabricated a grating-assisted QDPD, where light injected from the
left side was scattered vertically and absorbed by the QDPD, as shown in Figure
3.20(a). This configuration yielded the lowest dark current due to the smallest
QDPD size of 30 um by 30 um. However, the responsivity was significantly lower
compared to the evanescent coupling scheme, as shown in Figure 3.20(c). The
degradation in responsivity is attributed to a combined effect of upwards coupling
efficiency, incomplete optical absorption in the thin QDs layer, and possibly stronger
power saturation.
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Figure 3.22: Principle of the PCG. (a) Schematic, reproduced from [12]. (b) Operational
diagram, reproduced from [13].

3.5 Demonstration of a 2.1 pm spectrometer

To demonstrate the capabilities of our proposed WG-QDPD integration approach,
we combined a WG-QDPD array with an eight-channel PCG to form a compact
spectrometer.

3.5.1 Basic operation of the PCG

A concave grating, is a type of diffraction grating where the grooves are curved
inwards, forming a concave surface. Unlike traditional plane or blazed gratings,
which have flat surfaces, concave gratings use a curved surface to disperse light.
This curvature allows the grating to focus light of different wavelengths to different
focal points, similar to how a concave lens focuses light, as shown in Figure 3.22(a).

The most widely used configuration of the concave grating is based on the Rowland
mounting, for reduced aberration during the imaging, as shown in Figure 3.22(b).
In this configuration, The input and output waveguides are arranged along a circular
path with a radius R, known as the Rowland circle. Conversely, the grating facets
are positioned along a separate circular path with a radius of 2R, referred to as the
grating circle. These two circles intersect at the center of the grating, termed the
pole.

The light from the input aperture on the Rowland circle will be imaged to the output
aperture on the same circle when the reflections from all facets are synchronized in
phase (grating equation):

d - negr(sinb;, +sinfy) = mA 3.1
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where n.sy is the effective refractive index of the slab waveguide in the free
propagation region, and m is the diffraction order. 6;,, and 6, are the angles of input
and diffracted beam, respectively, as shown in Figure 3.22(b).

From the grating equation 3.1, the FSR of the PCG Argg can be approximately
expressed as:

A Ne
Arsp = = —4L
m ng
)2 (3.2)
- ngd(sin 8;,, + sin64)
where n, is the group refractive index of the slab waveguide.
Differentiating the grating equation yields the grating angular dispersion:
ddg 1 m ny
AN cosfy d n?
4% Nest (3.3)
_ A
o )\FSRnneffd COS 9(1

3.5.2 Integrated spectrometer

The WG-QDPD array was integrated with an eight-channel PCG, as illustrated in
Figure 3.23(a). The PCG, designed using IPKISS [159], features a central wave-
length of 2.1 pm and a wavelength range of approximately 70 nm. Fabrication
was conducted on the same 220 nm SOI chip as the previously mentioned com-
ponents. To streamline the fabrication process, we utilized 70 nm shallow-etched
Distributed Bragg Reflector (DBR) as retroreflectors [203]. Finite-difference Time-
domain (FDTD) simulations revealed that these DBR mirrors, with a period of 437
nm, exhibit reflection centered at 2.1 ym (> 90% reflection) and a 3 dB bandwidth
of 200 nm, meeting the requirements for our demonstration.

The transmission spectrum of the PCG was measured prior to QDPD integration
using a tunable laser around 2.1 pm, and normalized to eliminate the spectral
response of the grating couplers used for light coupling into and out of the PCG.
The fabricated PCG covers a wavelength range from 2063 nm to 2135 nm, with a
cross-talk better than -20 dB and insertion loss less than 3 dB, as depicted in Figure
3.23(b), consistent with design metrics.

For the WG-QDPDs, we utilized a width of 30 pm and a length of 200 pm to achieve
an efficient photo response. After integrating the WG-QDPD array, the photo-
response of each channel was measured at -1 V bias by sweeping the wavelength
of the input laser. The response of the QDPD array aligns with the spectrum of
the grating coupler (gray line in Figure 3.23(c)), as measured from a reference
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Figure 3.23: Compact spectrometer based on a WG-QDPD array and a planar concave
grating. (a) Top view of the spectrometer. Light is injected from the grating coupler on the
right side. (b) Transmission spectrum of the planar concave grating. (c) Response of
WG-QDPDs from eight channels and a reference waveguide (gray line).

WG-QDPD. This consistent spectral shape indicates uniform responses of the WG-
QDPDs, thereby suggesting its potential for scalable integration. The array of
WG-QDPDs was measured directly without requiring further calibration. This type

of spectrometer is interesting for sensing applications, such as glucose concentration
monitoring.

3.6 Discussion

Compared with previously reported plasmonic HgTe QD photoconductors inte-
grated on silicon waveguides [140], our integration approach achieves a similar
level of dark current (106 nA), demonstrating more than one-order improvement in
responsivity (1.3 A/W) and two-order improvement in bandwidth (1.1 MHz). When
compared to alternative approaches for extending photodetection capabilities on the
SOI platform, our proposed WG-QDPDs are competitive in terms of dark current
and responsivity. Notably, these results are on par with the best-performing bonded
III-V photodetectors reported in the literature (responsivity 0.4-1.4 A/W around 2.3
pm, dark current 10 nA-2.5 pA) [179-182], outperforming monolithically grown
GeSn (responsivity <0.52 A/W, dark current >1 mA) [186—189]. Another class
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of heterogeneous materials, 2D materials like graphene [204] or black phospho-
rus [205,206], also possess the potential to operate beyond the telecommunication
wavelength. However, they face challenges in achieving high responsivity (0.07-
0.3 A/W at wavelength of 2-3 pum) [184, 185,207] and scalable integration. It is
acknowledged that, despite advancements, the bandwidth of our WG-QDPD still
lags behind compared to the GHz bandwidth demonstrated by other approaches.
Furthermore, additional efforts are necessary to mitigate the nonlinear response of
our WG-QDPD.

The performance of the WG-QDPD could be further improved by optimizing the
device structure. Previous reports on QDPDs at 2.1 pm have demonstrated an
impressively low dark current density of 10~° A/cm? and high responsivity [2].
Implementing such advancements could reduce the dark current of integrated
photodetectors to sub-nanoampere levels, which is particularly advantageous for
the detection of weak signals in sensing applications.

Also exploring alternative materials for long-wavelength WG-QDPDs, such as
HgTe [3,61,208] and AgaSe [192,193], is compelling to extend the photodetection
capabilities within silicon photonics into the mid-infrared range, aligning with
heightened interest in sensing applications. AgaSe QDs, which rely on intra-band
absorption, are thereby the more attractive material because of the greatly reduced
toxicity. However, efforts are still needed to improve the responsivity and reduce
the dark current for these materials.

3.7 Conclusion

In this work, we have demonstrated the integration of PbS QDPDs onto sili-
con waveguides, extending the photodetection capabilities beyond the traditional
telecommunication range in silicon photonics. The achieved results at room tem-
perature, including a low dark current of 106 nA, a high responsivity of 1.3 A/W at
2.1 pm, and a bandwidth of 1.1 MHz, highlight the effectiveness of our approach.
The scalability of our integration method is exemplified through the presentation
of an 8-channel compact spectrometer integrated with a WG-QDPD array. This
integrated system offers a promising solution for on-chip spectroscopy around 2.1
pm. We believe that QDPD technology holds significant promise for cost-effective
photodetection in the near and mid-infrared ranges in silicon photonics, especially
for diverse sensing applications. Future work should focus on improving the QDPD
characteristics, including detectivity, bandwidth, and linearity, and extending the
sensing wavelength range.
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4.1 Introduction

One of the standout features of QDs is that their absorption peak can be tuned easily.
By adjusting the size or composition of QDs, the whole spectral range from the
visible to the mid-infrared can be covered. This feature has been used for realizing
low-cost focal plane arrays for imagers. [77,208-211]. In another example, Tang
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et al. presented a dual-band imager that utilizes two sizes of HgTe QDs arranged
in a cascaded vertical n-p-n type photodiode stack. This configuration enables to
switch the spectral response between the short-wave and the mid-wave infrared
range [212]. Furthermore, the widely tunable absorption characteristics of QDs
have found applications in computational spectroscopy. Bao et al, for instance,
placed 195 different types of QDs, each with distinct absorption spectra, atop a
CCD camera, achieving a micro-spectrometer covering a spectral range of 300 nm
in the visible range [176]. This innovative approach was soon extended into the
infrared region, leveraging either commercial infrared CMOS imagers [213] or
QD-based photodetector arrays [214].

The tunable features of QDs also hold promise when integrated into more complex
optical systems. In Chapter 2 and 3, QD photodetectors based on PbS QDs with
different sizes have been introduced into silicon photonics. This approach enables
the construction of versatile optical components on a single chip, leveraging mature
CMOS technology. The combination of waveguide-coupled QDPDs with AWG
or PCG allowed to successfully demonstrate compact spectrometers operating
around 1.3 ym and 2.1 pm, respectively. While complex dispersive components
such as AWGs and PCGs are commonly used in silicon photonics for realizing
on-chip spectrometers [203,215-217], a fundamental trade-off exists between
the operational spectral range and spectral resolution [218]. Achieving better
spectral resolution within a similar footprint requires larger optical dispersion,
typically implying a larger diffraction order and, consequently, a smaller FSR
and a more narrow spectral bandwidth. This traditional trade-off persists since a
single photodetector is used in each channel, making optical signals from adjacent
diffraction orders indistinguishable. Placing different types of photodetectors on
each channel in cascade, each with a distinct response to different diffraction
orders, would separate signals from more than one FSR, thereby eliminating the
aforementioned trade-off. Hence the question whether the widely tunable spectral
response of QDPDs can be leveraged for this purpose.

In this work, we propose and demonstrate the integration of the tunable features of
QDs with dispersive PICs, pushing the spectral bandwidth beyond a single FSR.
In our demonstration, we integrate two distinct types of QDs with their respective
excitonic absorption peaks overlapping with two adjacent diffraction orders of the
PCG. The QDs are integrated as waveguide-coupled photodiodes, and in cascade,
on the output channels of the PCG, with each exhibiting a unique spectral response.
By carefully designing the response of the QDPDs, we demonstrate a spectral
bandwidth of approximately 180 nm using an eight-channel PCG with an intrinsic
FSR of 90 nm, breaking the FSR limit of the spectrometer. By leveraging the
versatility of QDs in terms of wavelength tunability and ease-of-processing, this
work highlights the potential of these materials for integrated photonics, and creates
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a path towards on-chip broadband spectrometers through straightforward adaptions
to enhance resolution and spectral sensitivity.

4.2 Principle
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Figure 4.1: Principle of breaking the FSR limit. (a) Planar concave grating and optical
transmission at different channels. (b) Traditional photodetection solution for a
spectrometer. Signals from different diffraction orders are mixed, so working range is limited
to one FSR. (¢) Cascaded QDPDs for photodetection. Different QDPDs have different
responses to different diffraction orders, extra information is achieved to separate signals
beyond one FSR.

Figure 4.1 illustrates the principle of decoupling signals from different diffraction
orders pursued in this study. In an optical dispersive component, such as a PCG,
light with different wavelengths is deflected at distinct angles and collected by
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separate channels, as shown in Figure 4.1(a). However, each channel captures light
from different diffraction orders, separated by the FSR. In conventional dispersive
spectrometers, a single photodetector is placed on each channel, converting optical
power into an electrical signal for readout, as shown in Figure 4.1(b). The presence
of a single photodetector on each channel implies that optical signals from differ-
ent diffraction orders simply add up, obviously limiting the operational spectral
bandwidth to one FSR.

Contrastingly, as outlined in Figure 4.1(c), incorporating multiple photodetectors
with distinct wavelength response on each channel can result in different responsivi-
ties for various diffraction orders. Such an innovative approach provides additional
information, enabling signals from different diffraction orders to be separated. More
specifically, considering an input signal with a power spectral density of P, ()\),
the power density measured by the PCG is discretized into Pin()\L k), where \; j
is the peak transmission wavelength of channel ¢ within diffraction order k. For
two diffraction orders and two cascaded QDPDs on channel ¢, the power density
within each order is linked to the photocurrents of these QDPDs by a 2 x 2 matrix

Mi = [mm-k]:
(L‘,l) _ (mi,ll mi,12> (-Pin(>\i,1)> (4.1)
I mi21 Mi22) \Pn(Ai2) '

Here, I, ; is the photocurrent measured by QDPD of type j on channel i. An
unknown input spectrum, confined within the range of the targeted two FSRs, can
then be reconstructed by measuring I; ; and inverting the linear relation Equation
4.1.

Let’s break it down step by step to understand how to reach this relationship.
As shown in Figure 4.2, assuming the input optical spectrum is Py, (), the light
coupled into each channel i of the PCG is P;(A) = Pn(\)Tpcg, (A), for a PCG with
a transmission spectrum of Tpcg, (). Subsequently, this light couples to QDPD
1, where it undergoes partial absorption, generating a photocurrent of I; ;. The
residual light exits QDPD 1 with a spectrum of P,p;, (A). This light then couples
once again, this time to QDPD 2, producing a photocurrent of I; ».
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Figure 4.2: Operating principle of the spectrometer based on two-color cascaded QDPDs.

The relationship between I; ; and P,,(\; ) is governed by Equation 4.2:
Iy = /nc%(l — e NN Theg, (M) Pa(N) dA
_ / Reast (V) Tvca, (V) Pa(A) dA
_ / Ry (N Pa(2) dA

)\7‘,)1+A/2 )\1,2+A/2
- / Rit(\Pa(V) dA + / Ria(\)Pu()) dA
)\i,l_A/2 )\112—A/2
Xiji+A/2 Xij2+A/2
~ Pa(Mir) / Ria(\) dA + Pa(As) / Ria(\) dA
)\iylfA/Q )\1‘127A/2

=m;11Pn(Ni1) + mi12Pn(Ni2)
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Here, we assume that P,,(\) does not change significantly around the transmission
peak wavelength ); j, of diffraction order £ at channel 4, within the range of the peak
width A (Figure 4.1(c)). Simply, the relationship between the measured current and
the input power spectral density is linked by the matrix M; = [m; j], as shown in
Equation 4.1. The matrix element can be expressed as:

ki,k-‘rA/Q
mi ik = / Rlyj()\) dA (433.)
)\i,k—A/2
R; j(A) = Reas,j(N) Toca,; (V) (4.3b)
aA (1 _ o—a1(N) L1 o .
) _ )T ?Lc(l e ™ )7 lf] =1
RC@SJ(/\) - {ngt}i\:e—al()\)lq(l _ e—az(A)Lz)7 ifj=2 (4.3¢)

Here, 7. is the coupling efficiency at the transition between the passive waveguide
and the QDPD. q is the elementary charge, & is Planck’s constant, c is the speed of
light, o (A) is the absorption coefficient of QDPD j, and L; is the length of QDPD
J. Reas,; () is the responsivity of cascaded QDPD j. Note that the responsivity
of QDPD 2 as expressed in Equation 4.3c accounts for loss incurred by QDPD 1.
R; ;(A) is the channel responsivity combining the responsivity of cascaded QDPD
j and the transmission of the PCG Tpcg, (A). In practice, R; () can be measured
by sweeping a monochromatic light source and recording the photocurrent of each
QDPD.
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4.3 Spectrometer design

In practical scenarios, measurement noise is inevitable and can be amplified during
the linear inversion if the matrix M; is ill-conditioned. For a linear inversion
problem, Mix = b. If the measurement has noise db, the solution becomes x + Jx,
where the relative deviation of the solution follows the relationship:

1] b
T S (M) 4.4
I bl

where k(M) = |[M~!|||M]|| is the condition number of matrix M. A well-

conditioned matrix has a small condition number.

Hence, a crucial aspect of the spectrometer design is ensuring a sufficiently small
overall condition number k:

£ ) R(M) (4.52)
F(MEG) = [V 1V | (4.5b)
Here, || - || denotes the matrix norm, with the /s norm employed in this work.

Small condition numbers can be achieved by increasing the difference in response
of the cascaded QDPDs to different diffraction orders, a step that promotes dis-
similarity between the column vectors in the matrix. In our matrix optimization
strategy, we tailored the FSR of the PCG to match the FWHM of the excitonic
absorption peak of QDs films, and we adjusted the size of the QDs to align their
respective excitonic peaks with the central wavelengths of the two targeted orders
of the PCG. Our designed PCG has a FSR of 90 nm, with central wavelengths of
the two target orders positioned at 1250 nm and 1340 nm. The synthesized QDs
exhibit absorption peaks slightly red-shifted to 1280 nm and 1355 nm, as illustrated
in Figure 4.3. As a next step, a more precise adaptation of this exciton absorption
to the central wavelengths of the diffraction order can be explored to further reduce
the condition number.

4.3.1 Choice of dispersive optics

The AWG and PCG are both commonly used dispersive optical components in inte-
grated photonics, and have been used in our previous demonstration of the 1.3 ym
spectrometer (Section 2.6) and 2.1 pm spectrometer (Section 3.5), respectively. For
this demonstration, we opted for a PCG due to its reduced sensitivity to fabrication
variations in our cleanroom, particularly for designs requiring a large FSR.
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Figure 4.4: AWG with different FSR. (a) Waveguide array in Manhattan shape for FSR of 60
nm. (b) Waveguide array with a free-form curved shape for FSR of 90 nm. (c) and (d)
Transmission spectra of AWG with FSR of 60 nm (a) and 90 nm (b), respectively.

AWG

First an AWG was explored as the dispersive component as its design is supported
by a well-developed package in IPKISS. However, the preferred large FSR makes
the fabrication of a high-quality AWG challenging in our cleanroom. As indicated
in Equation 2.5, a large FSR requires a smaller length difference between adjacent
waveguides. To meet this requirement, we transitioned from rectangular Manhattan-
shaped waveguides, suitable for smaller FSRs (Figure 4.4(a)), to free-form curves
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(Figure 4.4(b)) in the array to prevent overlap between waveguides.

Unfortunately, this change resulted in a severe degradation of the performance,
particularly evident in high crosstalk for the AWG with a 90 nm FSR, as shown in
Figure 4.4(c) and (d). This degradation is attributed to increased phase errors in the
waveguide array. Several factors in our cleanroom fabrication process contribute to
this sensitivity, including stitching in the waveguide array due to its size exceeding
one write field of our EBL system (500 pm x 500 pm), and non-uniform patterning
density exacerbated by the proximity effect in the EBL. The proximity effect,
causing unintended exposure or dose variations due to the scattering of secondary
electrons, particularly affects feature size. It is noteworthy that we used positive
resist for patterning, which results in narrower waveguides in denser areas.

To improve the proximity effect-induced fabrication variation, we conducted Prox-
imity Effect Correction (PEC) on the design using Beamfox. Despite the improved
performance of the AWG, as depicted in Figure 4.5(a), the crosstalk remains worse
than -10 dB. This limited enhancement is likely attributed to the imperfect correc-
tion of the proximity effect. As illustrated in Figure 4.5(b), for the pattern with a
lower base dose, the resist is incompletely developed in regions with denser pat-
terns, indicating overcorrection of the proximity effect. While increasing the base
dose can achieve cleaner development, as seen in Figure 4.5(c), it may introduce
variations in waveguide width, as mentioned earlier. We believe that optimizing the
PEC process can further enhance the performance of the AWG.

PCG

The PCG seems to be a more favorable option for in-house demonstration as it is
less sensitive to fabrication variations. Regarding the grating facet type, there are
different options. A DBR, as we used in Section 3.5, was initially preferred due
to its ease of fabrication and low insertion loss. However, a DBR often exhibits
limited bandwidth, particularly for materials with low refractive index contrast (e.g.,
n = 1.93 for SiN vs. n = 1.38 for HSQ @ 1.3 um), as illustrated in Figure 4.6.
Alternatively, etched facet offers a broadband reflector but typically demonstrates
lower reflectivity, especially for this low refractive index contrast. The fabricated
PCG with an etched facet as the grating element demonstrated a high insertion loss
of -20 dB, as depicted in Figure 4.7.

To improve the insertion loss, we applied a metal coating to the facets to enhance
reflectivity. The fabrication process for the PCG with metal reflectors involved
two separate patterning steps. In the first step, we defined all optical structures,
excluding the grating facets, on a 300 nm SiN layer atop 3 um buried oxide
substrates, using EBL and RIE dry etching. Then, in a second patterning step, we
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with EBL resist. (b) EBL is employed to define the position of the facets. (c) RIE is used to
etch the SiN, exposing the facets. (d) Metal is evaporated onto the sample at a 45-degree
angle with rotation for better coverage on the vertical facets. (e) Any remaining metal on the
chip is removed through lift-off using resist remover. (f) HSQ is spun on top to serve as the
top cladding.

specifically etched the grating facets using the same process (Figure 4.8(a)-(c)). A
metal coating consisting of 5 nm Ti / 100 nm Au /5 nm Ti was then evaporated
onto the facets. During evaporation, the sample was positioned at a 45° angle to
the evaporation source and rotated to ensure better coating on the vertical etched
facet. The thin layers of Ti on both sides served to enhance adhesion between Au
and SiN or the subsequent top cladding layer. Any remaining metal on the chip
was removed through lift-off using resist remover. In this step, the thickness of the
EBL resist before metal evaporation was around 400 nm to ensure the success of
the liftoff process. Finally, the chip was planarized with a 370 nm flowable oxide
HSQ as a top cladding, providing a smooth interface for subsequent integration.
This cladding also reduced optical power density in the QDPD integrated on top,
mitigating power saturation and improving the linear response range.

Figure 4.9(a) depicts the layout of the PCG, highlighting the metal coating on the
etched grating trench (indicated by the yellow region). A tilted SEM image of the
facet confirms the successful coating, as illustrated in Figure 4.9(b). Remarkably,
the metal coating significantly reduced the insertion loss from -20 dB to less than -3
dB. Moreover, the crosstalk is better than -20 dB, meeting the requirements for our
demonstration. This PCG configuration was used in our following demonstration.

4.3.2 Optimization of lengths of cascaded QDPDs

Since the QDPDs will be placed in series, a second design aspect involves the
length of both QDPDs, which is a determining factor in matrix IM; (see Equation
4.3) and thus affects the condition number. For this optimization, we need «; ()
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Figure 4.9: The PCG with metal-coated facets. (a) The layout of the PCG. The etched
grating (yellow region) will be coated with metal. (b) The SEM image of the tilted
metal-coated facet. (c) Transmission spectrum of the PCG.
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and Tpcg, (M) to calculate the matrix elements.

The absorption coefficient spectrum o (\) was measured using waveguide-coupled
QDPDs with varying lengths. We conducted transmission measurements on the two
types of QDPD with lengths of 50, 100, 200 and 300 pm, at a wavelength of 1275
nm, as shown in Figure 4.10(a). The type 1 QDPD exhibits absorption-induced
losses of 0.025 dB/um, as depicted in Figure 4.10(b) with a linear fit. Similarly,
Type 2 QDPD displays a comparable loss of 0.02 dB/um, as shown in Figure 4.10(c).
Measuring the absorption spectrum of QDPDs across the entire target wavelength
range of 1200 nm to 1400 nm directly is challenging and typically requires a
broadband tunable laser or a high-power broadband light source. In this study, we
employed a monochromator to measure the absorption spectrum shape of the QD
films under normal incidence, which, combined with the absorption values of the
QDPDs measured at 1275 nm, enabled the calculation of the absorption spectra for
both types of QDPDs within the full target wavelength range, as shown in Figure
4.10(d). For QDPD 1, we obtained an absorption coefficient of 5.8 mm~! (0.0252
dB/um) at the peak wavelength of 1280 nm, while QDPD 2 had an absorption
coefficient of 10.3 mm~! (0.0447 dB/um) at the peak wavelength of 1355 nm.
The stronger absorption in QDPD 2 aligns with expectations, and is attributed to a
thicker QD layer utilized in its construction. These two spectra are employed as
a; () in the simulation.

The PCG was designed and simulated with IPKISS [159]. Figure 4.11 shows the
simulated transmission spectrum for each channel of the 8-channel PCG (Tpcg, (A)).
The FSR is designed to match the number of channels multiplied by the channel
spacing, resulting in the cascading of two adjacent diffraction orders without a
spectral gap in between. Channels away from the center experience more loss as
light is distributed almost equally to two adjacent diffraction orders.

Subsequently, Figure 4.12(a) maps « as a function of the lengths L; and L5 of the
first and second detector, using Equations 4.2 and 4.5. The combination of L;=50
pum and L>=200 pum yields a small x of 9.6, which was used for our demonstration.
The channel responsivity R; ;(\) at these lengths is shown in Figure 4.12(b) and (c).
As expected, this optimized design results in distinct responses of the two QDPDs
to the two successive diffraction orders. QDPD 1 exhibits a stronger response to
order 1, while QDPD 2 shows a more pronounced response to order 2.

4.4 Fabrication

The PCG with metal grating facets was fabricated as shown in Section 4.3.1. Next,
the QDPD stacks were integrated, starting from the planarized waveguide, as
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Figure 4.10: Measurement of absorption spectra for both types of QDPD. (a) The
microscope image of QDPDs with different lengths for absorption loss measurement. (b)
Transmission of type 1 QDPD with variable lengths measured at the wavelength of 1275 nm.
(c) Transmission of type 2 QDPD with variable lengths measured at the wavelength of 1275
nm. (d) Absorption spectra of both types of QDPD.
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Figure 4.13: Integration steps to fabricate cascaded QDPDs. (a) Optical passive structures
fabrication and planarization. (b) ITO sputtering and patterning with wet etching. (c¢) ZnO
deposition with solgel method and patterning with wet etching. (d) N-contact evaporation
and pattering with liftoff. (e) QDPD 1 deposition and patterning with liftoff. (f) ODPD 2
deposition and patterning with liftoff. (g) P-contact evaporation and patterning with liftoff.
(h) Top view of the fabricated spectrometer.
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depicted in Figure 4.13(a). The integration followed the process flow developed in
Section 3.3.

First, a 20 nm thick ITO layer was sputtered as the bottom electrode, followed by
HCl-based wet etching to confine the ITO to the target QDPD regions as shown
in Figure 4.13(b). Subsequently, a 50 nm ZnO layer was deposited using sol-gel
chemistry and patterned with a dilute HCI solution, as shown in Figure 4.13(c).
We then defined 20 nm Ti / 100 nm Au n-contact pads on the side using a lift-off
technique, as shown in Figure 4.13(d).

On top of the ZnO layer, we sequentially deposited and patterned the QD stacks
for QDPD 1 and QDPD 2 using the lift-off method, as shown in Figure 4.13(e) and
(). For QDPD 1, PbS QDs with a band-gap transition at 1250 nm were used for
the absorption layer. This layer was treated with TBAI in a methanol solution to
replace the as-synthesized long surface ligands. On top, PbS QDs with a 940 nm
band-gap transition were spin-coated and treated with EDT in a methanol solution.
Both QD layers, with a thickness of 60 nm each, were lifted off simultaneously
to achieve the desired pattern. QDPD 2 was processed similarly to QDPD 1, but
with QDs having a 1355 nm transition bandgap for the absorption layer, which was
increased in thickness to 90 nm to enhance absorption.

Finally, a 100 nm Au layer was deposited on both types of QD stacks to form the
p-contact pads. The completed spectrometer, shown in Figure 4.13(h), features
eight channels, each equipped with two cascaded QDPDs. All n-contacts were
interconnected forming a common ground, to simplify measurements.

4.5 Characterization of QDPDs

Both types of QDPDs were characterized using a 1275 nm laser, with the optical
power coupled into the waveguide using a grating coupler. The coupling efficiency
of the grating was measured using a reference waveguide without QDPDs. Both
types of QDPDs were characterized under dark and light conditions. The 200
um-long QDPDs exhibited a clear diode behavior. QDPD 1, with an absorption
peak at 1280 nm, displayed a dark current of 5 nA at -1 V bias, as shown in Figure
4.14(a). This QDPD showed a linear response, with a responsivity of 0.41 A/W
at low optical power, as shown in Figure 4.14(b). The saturation (10% deviation
from the linear response) observed above 40 uW optical power level was likely
influenced by the series resistance within the WG-QDPDs. The carrier extraction in
QDPD 2, with a 1355 nm absorption peak, was less efficient, as illustrated in Figure
4.14(c). Lowering the reverse bias to -2V improved carrier extraction, resulting
in a linear responsivity of 0.4 A/W and saturation power around 25 pW, with a



CHAPTER 4

101
(a) Type 1 QDPD (b) Type 1 QDPD
25
103 E’aw =—— Measurement
< 46‘Mw < 20 = == Linear fit -’
3 10 \/‘ = Z
= w =15
< 1 (=
g 10 210
3 107 o
10 5
10° 0
-1 -0.5 0 0.5 1 0 10 20 30 40 50
Voltage (V) Power in wg (W)
(c) (d)
Type 2 QDPD Type 2 QDPD
20
103 Dark —©— Measurement 4

4uW
40 W

Y
o
-

Current (nA)
3 3

-

S
. o
N

-1 0 1
Voltage (V)

Current (uA)
o S o

o

= = Linear fit 7
Pe

7

0.4 AW

0 10 20 30 40
Power in wg (uW)

50

Figure 4.14: Response of the two types of integrated QDPDs. (a) and (c) I-V curves under
dark condition and illumination at 1275 nm for QDPD 1 and QDPD 2 respectively. (b)
Photo-current vs. optical power of QDPD 1 at a bias of -1 V. (d) Photo-current vs. optical
power of QDPD 2 at a bias of -2 V.



102 SPECTROMETER BASED ON MULTI-COLOR CASCADED WG-QDPDs

(a) - (b) 20
Ta —W!dth 3um < Width 3um
3 wg:: ; g#m 2 45 | = Width 10m
—_— i m .
=3 = ] Width 30 um
@ g
£ £ 10
g’ 3
o [=]
£ T
o
0 0

o

10 20 30 40 50 10 20 30 40 50
Power (W) Power (W)

o

Figure 4.15: Photoresponse of QDPDs with different widths. (a) Photoresponse of type 1
ODPDs with a length of 50 um, measured at a bias of -1 V. (b) Photoresponse of type 2
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Figure 4.16: Responsivity vs. QDPD length at an optical power of 4 uW. (a) Responsivity of
type 1 QDPDs, measured at a bias of -1 V. (b) Responsivity of type 2 QDPDs, measured at a
bias of -2 V.

dark current of approximately 28 nA. The easier carrier extraction for QDPD 1
with larger bandgap QDs possibly originates from better-aligned conduction and
valence band edges at the heterostructure interfaces. For both types of QDPDs, the
responsivity was limited by incomplete light absorption and coupling loss at the
waveguide-QDPD boundary. To avoid errors due to a saturation-induced nonlinear
response, all subsequent characterization of the spectrometer was performed at a
power level below 10 W within the waveguides.

To mitigate power saturation in the waveguide-coupled QDPDs, the waveguides
were widened to 30 um, a strategy demonstrated to be effective in alleviating
saturation [194], as illustrated in Figure 4.15.

QDPDs with different lengths were also fabricated on the same chip. The respon-
sivity increased with length, as shown in Figure 4.16. The red lines represent the

predicted responsivity using the equation R = 7, % (1 — e~ 1), Here, v denotes
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Figure 4.18: Time stability of the WG-QDPD.

the absorption-induced loss for both types of QDPDs, with a; = 0.0058um ! and
ag = 0.0048um ! measured in Figure 4.10(d). A coupling efficiency (7.) of 70%
is applied in the calculations.

The bandwidth of the WG-QDPD, with a length of 200 um, was measured to
be approximately 6 MHz at a wavelength of 1275 nm, as shown in Figure 4.17,
corresponding to a response time of 58 ns. Increasing the voltage bias from 1 V
to 4 V resulted in minimal change in bandwidth, suggesting that the speed of the
WG-QDPD is RC-limited. The speed is slower than expected, as discussed in
Chapter 2, likely due to increased series resistance.

Moreover, the WG-QDPD demonstrates good short-term stability, as shown in
Figure 4.18, with no significant decrease in photocurrent observed over the 300 s
measurement period. Further investigation is required to assess its long-term and
temperature stability.
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4.6 Characterization of spectrometer

The input waveguide of the spectrometer was cleaved to eliminate the bandwidth
limitation imposed by the grating coupler. The wavelength-dependent channel
responsivity R; () of each QDPD was measured with a tunable laser, as shown in
Figure 4.19. However, the response from two targeted diffraction orders could not
be fully measured due to limitations in the tuning range of the available laser (1260
nm to 1360 nm). We therefore extrapolated the response to the full wavelength
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%- : g 0.015 :
~ 0.005 = 0.01
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Figure 4.19: Measured channel spectral responsivity of QDPDs on eight channels of the
PCG. (a) ODPD 1. (b) QDPD 2.

range targeted using the absorption spectra of both QDPDs (Figure 4.10(d)). Based
on Equation 4.3, the responsivity of cascaded QDPD j (Rcqs,;(\)) was computed,
as shown in Figure 4.20. The measured spectral responsivity, spanning from 1260
nm to 1360 nm, covers one FSR range. To obtain the missing spectral responsivity
from 1200 nm to 1260 nm and from 1360 nm to 1380 nm, the following calculations

(A/W)

cas,j

0.1

R

QDPD 1
QDPD 2

0
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Figure 4.20: Spectral responsivity of cascaded QDPD j.
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Figure 4.21: Resotred channel spectral responsivity of cascaded QDPDs covering two target
diffraction orders. (a) QDPD 1. (b) QDPDs 2.

were performed:

cas,j(AFFSR)’

Rij(A— FSR) ez for 1360 nm < A < 1380 nm

) {Rm-()\ + FSR)—eass Q) for 1200 nm < A < 1260 nm
ij(A) =
Reas,j(A-FSR)>

(4.6)
Here, R; ;j(\) represents the missing channel spectral responsivity at channel ¢,
QDPD j, while R; ;(A+ F'SR) denotes the measured channel spectral responsivity
at the adjacent diffraction order. The assumption was made that the optical trans-
mission spectrum of the PCG has equal amplitude at the two adjacent diffraction
orders. The restored channel spectral responsivity, spanning two FSRs, is shown
in Figure 4.21, showcasing shapes similar to simulations (Figure 4.12). Note that
the measured channel responsivity was approximately 10 times lower than the
simulated values, a difference most likely related to the additional optical losses
from the PCG and the coupling loss from the optical fiber to the waveguide.

Leveraging the measured channel responsivities R; ;(A), the matrix M; was calcu-
lated as described above. The performance of the two-color QDPD spectrometer
was demonstrated by measuring the ASE spectra from an O-band semiconductor
amplifier, and benchmarked with respect to the spectrum measured with a YOKO-
GAWA spectrometer. Figure 4.22(a) and (b) provide the photocurrents measured
by both QDPDs for all eight channels for two different ASE spectra, which we
obtained using two different current settings of the amplifier. Using the 16 measured
photocurrents and the transmission matrices M, the input spectra as displayed
in Figure 4.22(c) were then reconstructed. As can be seen, the discrete spectrum
obtained in this way matches the profile of the input spectrum as measured using a
commercial benchtop spectrometer. Notably, both test spectra covered two FSRs
of the PCG. Hence, measuring such a spectrum is impossible using a conventional
on-chip spectrometer. Note that the spectral reconstruction led to relatively large
deviations at channel 2 (wavelength of 1217 nm and 1307 nm) and channel 3
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Figure 4.22: Spectrum reconstruction. (a) and (b) Measured photocurrent from both types of
ODPDs at all 8 channels with different input spectra S1 and S2, respectively. (c)
Reconstructed spectrum of spectrum S1 and S2 and their reference spectrum measured from
a commercial spectrometer. (d) Condition number of the reconstruction matrix for each
channel.

(wavelength of 1229 nm and 1319 nm). This outcome is consistent with the larger
condition numbers x(M;) of these channels, as shown in Figure 4.22(d), indicating
higher sensitivity to measurement noise.

4.7 Discussion

In this work, we successfully extended the spectral bandwidth of a PCG beyond a
single FSR, by leveraging the tunable spectral response and ease-of-processing of
colloidal QDPDs. Our demonstrated spectrometer utilizes two different QDPDs,
and covers a bandwidth of around 180 nm with a resolution of 12 nm. Compared
with traditional integrated dispersive spectrometers that use fixed spectral-response
germanium photodetectors, our approach replaces these with tunable spectral-
response cascaded QDPDs, breaking the inherent bandwidth-resolution limit.

Integrated computational spectrometers have seen rapid development in recent years.
The flexibility to design diverse optical filters [219-223] or scattering [224,225]
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systems, facilitates the creation of a large number of channels with uncorrelated
chaotic transmission. With computational reconstruction, these schemes have
demonstrated excellent performance, achieving resolutions of < 10 pm over a broad
bandwidth of > 200 nm [219], comparable to benchtop spectrometers. However,
these demonstrated spectrometers are almost exclusively passive, lacking integrated
photodetectors due to the cost or complexity of such integration, especially for
the more robust, temperature-stable SiN platform where monolithic integration of
photodetectors are currently absent. Combining our proposed cascaded QDPDs with
other computational spectroscopy methods could greatly improve the capabilities
of these on-chip computational spectrometers. Our cascaded QDPD approach not
only provides a cost-effective photodetection solution for the spectrometer chip but
also introduces an additional degree of freedom to customize the spectral response
of the sampling channels, thereby enhancing the spectral range and robustness of
computational spectrometers.

Due to the absence of sweeping components, our spectrometer offers fast one-shot
acquisition capability. By sacrificing response speed, such as by introducing a
tunable ring filter at the input of the PCG, with the ring FSR matching the channel
spacing of the PCG, we can enhance the resolution to pm level [218] without
significantly changing the footprint. Additionally, the reconstruction accuracy of
our spectrometer can be improved by fine-tuning the absorption spectra of the two
types of QDs used. Also, the length of the QDPDs can be further improved. Now it
was kept constant for each type of quantum dot, but it could be finetuned for each
channel separately without complicating the fabrication process, thereby improving
the robustness of the reconstruction process. Moreover, the proposed concept can be
extended to incorporate more diffraction orders by introducing additional cascaded
QDPDs, thereby expanding the working range. The successful cascading of more
QDPDs depends on controlling the coupling loss between the passive waveguide
and the QDPDs, which can be addressed through the implementation of taper
structures that allow for an adiabatic transition at the interface.

4.8 Conclusion

In this chapter, we have demonstrated a new integrated spectrometer scheme using a
PCG and cascaded QDPDs on a SiN platform. Leveraging the wavelength response
disparity of two consecutive QDPDs, we successfully decoupled two diffraction
orders of the PCG. Our implementation achieved a broad spectral bandwidth of
approximately 180 nm on an eight-channel PCG with a 90 nm FSR, achieving a
resolution of 12 nm. The tunable wavelength response of the proposed cascaded
QDPDs opens avenues for their integration with various optical configurations,
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promising enhanced resolution, broader bandwidth, and increased robustness for
on-chip computational spectroscopy applications.
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5.1 Introduction

Fourier transform spectrometers (FTSs) are renowned for their wide bandwidth,
high resolution, and superior signal-to-noise ratio in infrared spectroscopy. In
traditional FTS systems, light is divided by a beam splitter into two paths, reflecting
off a stationary mirror and a moving mirror [226]. As the moving mirror changes
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position, the optical path length difference between the two beams varies. When
the beams are recombined at the beam splitter, they interfere with each other,
producing an interferogram that is recorded by a detector. By analyzing how the
intensity of the combined beams varies with the mirror’s position and applying
a Fourier transform on the interferogram, the spectral information of the light
source is retrieved. Integrated FTSs, on the other hand, commonly employ static
architectures, utilizing either tunable phase shifters to sweep the optical path delay
between two arms of a Mach—Zehnder interferometer (MZI) [227,228] or an array
of MZIs with increasing path differences [229-231].

One such variant, the stationary-wave integrated FT'S (SWIFTS), operates by di-
rectly sampling the stationary wave generated within a waveguide. Nanosamplers
positioned above the waveguide probe the evanescent field of the formed interfer-
ogram, offering a means to develop high-resolution spectrometers with compact
and robust designs. However, sampling the stationary wave presents a challenge. It
requires a nano-detector array with subwavelength-sized elements, a task difficult
with existing semiconductor detectors. Most demonstrations to date have utilized
nano-scale scatter centers on top of the waveguide to scatter the light upwards,
which is then collected by an optical imaging system [232-235]. Superconducting
nanowire single-photon detectors (SNSPDs) offer a potential nano-detector solution
for SWIFTS [229], but the cryogenic working conditions add complexity to the
system. Recent advancements have showcased that the limited carrier diffusion
lengths in QD layers [236] offer potential for QD-based photodetectors as nano-
scale probes for integrated FTS [141]. However, existing demonstrations integrate
only a single QDPD on the waveguide, necessitating a moving mirror to shift the
stationary wave. In this chapter, we explore the feasibility of employing a QDPD
array as nano-samplers for SWIFTS. The spectrometer is designed on a SiN plat-
form, aiming to sample the interferogram formed by counter-propagated light in a
waveguide.

5.2 Principle

The fundamental operation of QDPDs as nano-probes is depicted in Figure 5.1(a).
Due to the small diffusion length within the QD film (tens of nm), only carriers
photo-generated in the proximity of the p-contact contribute to the photocurrent,
while those outside this region undergo non-radiative recombination. Interestingly,
although this characteristic is typically considered a limitation for QDPDs as
it restricts the thickness of the QD film for absorption, consequently limiting
achievable EQE, it makes QDPDs an ideal choice for nano-detection. The detection
region of QDPDs is simply defined by the p-contact metal, facilitating practical
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Figure 5.1: QDPDs as nano-samplers for SWIFTS. (a) Fundamentals of QDPDs as
nano-probes. Due to the short diffusion length within the QD layer, only carriers
photo-generated in the vicinity of the p-contact contribute to the photocurrent, while
carriers outside this region recombine non-radiatively. (b) Schematic of the QDPD array as
nano-samplers for SWIFTS. By defining a p-contact array on top of the QDs, the QDPD
array effectively serves as an array of nano-samplers for SWIFTS. These nano-samplers
efficiently capture the stationary wave pattern within the SiN waveguide via evanescent
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Figure 5.2: The architecture of our proposed SWIFTS system based on QDPD
nano-samplers. On top of the waveguide, the QDPD array is integrated to sample the
formed stationary wave. The p-contacts within the array feature a length | and are spaced
apart by a pitch d. A thermal phase shifter is positioned on top of one arm to facilitate
optical path tuning.

fabrication.

Exploiting this principle, we propose to realize an array of nano-samplers for
SWIFTS by creating a nano-sized p-contact array atop the QD film. These nano-
samplers can then capture the stationary wave pattern within the waveguide through
evanescent absorption, as illustrated in Figure 5.1(b). Variations in the input optical
spectra produce distinct stationary-wave shapes, which can be discerned through
Fourier transform analysis.

The architecture of our SWIFTS is shown in Figure 5.2. The input light is split into
two paths, which counter-propagate within the target waveguide. The QDPD array
is integrated on top of the target waveguide, sampling the formed stationary wave.
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This waveguide will be referred to as the “sampling waveguide” for clarity. To
increase the length of the sampling region (improve the spectral resolution) and ease
the fanout of the QDPD array for measurement, we space out the nano-QDPDs with
a pitch d, each QDPD with a p-contact length /. To ensure sampling of the entire
stationary wave, a thermal phase shifter is integrated on top of one arm. This heater
can adjust the position of the stationary wave by tuning its optical path through
varying the heating power.

The photocurrent of each nano QDPD can be expressed as:

I= q/// G(z,y, z)dxdydz (5.1a)

Poys(w,y,2)  2mnkeg
hv - h

where G(z,y, z) is the generation rate of photocarriers, g is the elementary charge,
P.ys(z,y, z) is the optical power absorbed per unit volume, hv is the energy of the
photon, n and « correspond to the real and imaginary part of the refractive index,
respectively, and E(x,y, z) denotes the electrical field of the light. z represents
the propagation axis of the waveguide, as depicted in Figure 5.2. If there is no
waveguide mode mixing, G(z,y, z) = G(x)G(y, z), and G(y, ) is the same for
all nano QDPDs. Therefore, we only consider G(z) in the following analysis.

G(a,y,2) = |E(z,y,2)| (5.1b)

Let’s consider a monochromatic input light with an angular frequency w. Light
injected into the sampling waveguide has an electrical field of £y (upper path) and
FEs (lower path), respectively:

Ei(x) = Eoe*“(%+$)ej [B(5+a)—wt+e1] (5.2a)

By(x) = Ege~ (5 0)¢ilf(5 —)—wit o] (5.2b)

where « is the propagation loss of the sampling waveguide, L is the length of the
sampling waveguide, E is the amplitude of the electrical field of light injected into
the sampling waveguide, 5 = 2mn.¢s/\ is the effective propagation constant of
the optical mode, and ¢; and ¢, denote the phases of the counter-propagated light.
G(z) is proportional to | E(z)|?, and it can be expressed as:

G(x) o< [Er(z) + Ez(2)][Er(2) + Eo(x)]
_ Eg {efa(L+2w) _’_efa(Lf%c) _’_26705L COS(QﬁZL’-i—Qﬁ . ¢2)}

: - dmn.
— ge—aL |:e—2oz1_’_e2cu_’_2cos( 7T7’>L\ ff$+A¢>:| (53)

= Eie oL {2 cosh(—2azx) + 2 cos <47m/\effw + Agbﬂ
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where A¢p = ¢1 — ¢, represents the phase difference between the counter-
propagated lights, which equals 0 without phase tuning.

For a nano-QDPD, with length [ at position x, the photocurrent is:

I(z) = qG(:v)l// G(y, z)dydz

A (5.4a)
= Ipale oL [2 cosh (—2azx) + 2 cos (;ffx + Aqb)]
AE?
Iy = ‘I"EOTO/ |E(y, 2)|? dydz (5.4b)
e T4e”

Here, we consider G(z) as a constant over the short length [. cosh(z) = “—

is the hyperbolic cosine function. The propagation loss « induced by the QDs
introduces a slowly varying component of cosh (—2au) as shown in Figure 5.3(a),
which does not significantly affect the spectral shape obtained with the Fourier
transform shown in Figure 5.3(b). However, « does influence the signal intensity.
The intensity of the interferogram is proportional to e~ as indicated in Equation
5.2 and Figure 5.3(a). The intensity of the collected current signal from QDPDs
is proportional to ale~*%, with a factor of ol related to the absorption. For a
sampling waveguide length L of 100 pm, the collected signal reaches its maximum
value around o = 500 dB/cm (115 cm™1!), as shown in Figure 5.3(c). The design
of sampling waveguide loss should be confined to the range of 100 cm™! to 1160
cm~! to ensure less than a 50% signal intensity drop.

For the nano-detector array, separated by a pitch d, the current of each QDPD is:

L L
Im—I(md), m—fﬁ,...,fl,o,l,...,ﬁ

(5.5)
With the thermal phase shifter, we can shift the interferogram pattern along the
waveguide direction z. This operation is equivalent to shifting the nano-detector
array in the opposite direction. To stitch together the entire stationary wave pattern,
we need to shift the interferogram pattern, step by step with interval Az, over a
distance d. This requires the phase change induced by the heater to be:

47Tneffd

A
¢>—

(5.6)

In our SWIFTS architecture, we sample the stationary wave within a range L,
employing a sampling window with a width [. The interferogram is truncated by the
limited sampling waveguide length L, which introduces a sinc-shaped broadening
in the spectrum:

Strunc(x) = 5(1’) - rect <%) (5.7a)
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Figure 5.3: Influence of propagation loss « of the sampling waveguide on SWIFTS
performance. (a) Interferogram formed with different propagation loss, using a 1.3 pm
monochromatic light as input. The inset shows a zoomed-in view of the interferogram. (b)
Normalized Fourier transform of the interferogram under different propagation loss. (c)
Intensity of collected signal from QDPD vs. propagation loss.

Strunc(w) = S(w) * Lsinc (%) (5.7b)

where s(x) is the stationary wave pattern, s;n.(x) denotes the stationary wave
truncated by the sampling waveguide. rect (%) is the rectangular function, which
equals 1 when —L/2 < x < L/2 and 0 elsewhere. The symbol * denotes the con-
volution operation. St.ne(w) and S(w) are the corresponding Fourier transforms.
H _ Amnegy . R

ere, w = —=LL, and sinc(x) = sin(x) /.

According to the Rayleigh criterion, two monochromatic sources are considered to
be just resolvable when the central maximum of the spectral pattern of one source
coincides with the first minimum of the spectral pattern of the other. This leads to
the resolution of the spectrometer, denoted as A\:

)\2

AN =
2ngL

(5.8)
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As depicted in Figure 5.4(a), for monochromatic input light, increasing the sam-
pling waveguide length results in a narrower spectrum, consistent with the predic-
tions derived from Equation 5.2.

Sampling the stationary wave with nano-QDPDs is equivalent to convolving the sta-
tionary wave with a rectangular window of length /. Consequently, this convolution
introduces a sinc-shaped window in the frequency domain:

Save(x) = s(x) x rect (%) (5.9a)

Save(w) = S(w) - 1 - sinc (L;l> (5.9b)

where s4,¢(2) denotes the stationary wave sampled by the nano-QDPD and S5, (w)
is the corresponding Fourier transform. The sinc-shape acts as a low-pass filter in the
frequency domain, averaging out high-frequency patterns and thereby establishing
a lower boundary for the optical bandwidth for a given :

/\min = 27’Leffl (5.10)

The simulation results in Figure 5.4(b) clearly illustrate this effect. When using a
short pulse (broadband) as the input signal, reducing the QDPD length [ results in
an increased signal intensity at lower wavelengths.

If the input spectrum is broadband, with a shape of S(\), the interferogram is not a
simple sine shape but an integration over all spectral components:

I(z) = /Ioale*O‘L {2 cosh (—2ax) + 2 cos <47m;”$ + A(ﬁ)} dx  (5.11)

The bandgap of the QDs sets the upper limit of our spectrometer. For longer
wavelengths below the QD bandgap, the photodetector will not respond. As long as
the spectral components of the input light are above \,,;,, and below the bandgap of
the QDs, we can record the interferogram pattern and retrieve the source spectrum
via Fourier transform.

5.3 Design

We aim to demonstrate our SWIFTS on the SiN platform, enabling wavelength
sensing capabilities up to 1.4 pum, which is constrained by the absorption character-
istics of our well-established WG-QDPD described in Chapter 4. SiN is favored
over SOI owing to its lower refractive index, resulting in larger effective wavelength
within the wavegude and hence a slower variation of the stationary wave pattern.
This allows for larger p-contact sizes, alleviating fabrication challenges.
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Figure 5.4: The impact of the sampling waveguide length and QDPD size on SWIFTS
performance. (a) The simulated Fourier spectrum of SWIFTS with varying sampling
waveguide lengths. Monochromatic light of 1.3 um wavelength serves as the input. (b) The
simulated Fourier spectrum of SWIFTS with different QDPD lengths. A short (broadband)
optical pulse serves as the input signal.

5.3.1 Sampling waveguide

Selection of waveguide mode

Due to the larger refractive index of the PbS QD layer (n=2.55 for PbS-TBAI and
n=2.25 for PbS-EDT) compared to SiN, the TE mode extends into the QD layer
in the hybrid waveguide, as illustrated in Figure 5.5(a). However, in the detector
region where the p-contact metal is deposited on top of the QDs, the TE mode
is pushed downward, as depicted in Figure 5.5(b) and (g). The refractive index
and propagation loss of both modes are presented in Figure 5.6(a) and (b). The
region without p-contact exhibits significantly stronger absorption loss compared
to the QDPD region with p-contact on top (8369 dB/cm vs. 583 dB/cm) due to
the stronger electrical field in the QD layer, which is undesirable. In the sampling
waveguide, the absorption in the region with p-contact contributes to the signal,
while the other part introduces optical loss.

For the same waveguide structure, the TM mode exhibits similar mode profiles for
both regions in the sampling waveguide, as illustrated in Figure 5.5(e), (f), and (h).
The absorption loss of the region without p-contact is lower than that with p-contact
(Figure 5.6(d)) due to the stronger electrical field in the QDs, which is desirable as
more light will contribute to the signal. Therefore, we will utilize the TM mode for
our demonstration and subsequent design efforts.
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Figure 5.5: TE and TM modes in the sampling waveguide region. (a) and (b) depict the
structure of two types of hybrid waveguides, one without and the other with a p-contact,

respectively. The dimensions of each layer are as follows: SiN 350 nm x 10 pm, HSQ 320
nm, ITO 20 nm, ZnO 40 nm, PbS-TBAI 60 nm, PbS-EDT 75 nm, Au 50 nm. The simulations
are conducted at a wavelength of 1.3 um. (c) and (d) illustrate the mode profiles of the
fundamental TE mode in the region without and with p-contact metal, respectively. (e) and
(f) display the mode profiles of the fundamental TM mode in the region without and with
p-contact metal, respectively. (g) and (h) depict the cross-section in the middle of the
waveguides for TE modes and TM modes, respectively.
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Figure 5.6: Effective refractive index and propagation loss of optical modes in the sampling
waveguide region. (a) and (b) Fundamental TE modes. (c) and (d) Fundamental TM modes.
The simulation is conducted under the same conditions as in Figure 5.5.
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QD taper to reduce reflection

The discontinuity at the boundary between the sampling waveguide and the passive
waveguide typically introduces reflection, affecting the interferogram within the
sampling waveguide. To mitigate this reflection, we incorporate a taper in the QD
layer, as illustrated in Figure 5.7(a). The SiN waveguide is designed with a width
of 10 pm to minimize power saturation effects. The QD film is tapered from 100
nm to 16 pm. Simulation results obtained using Lumerical FDTD demonstrate
that increasing the taper length to 15 um reduces the reflection from the sampling
waveguide to the passive waveguide to just 0.2%.

(a)

Ci

Reflection (%)~

SiN wg

110 Hm

QDs 16 pm

e o o 2o
N B O

Taper

5 10 15 20 25
Taper length (zm)

Figure 5.7: Tapering QD layer to reduce the reflection in the sampling waveguide. (a) The
taper structure. (b) The reflection of fundamental TM mode from sampling waveguide (with
0ODs) to passive waveguide (without QDs), with varying taper lengths.

Sampling waveguide simulation

The stationary wave in the sampling waveguide is simulated using the 2D FDTD
solver in Lumerical, based on the structure depicted in Figure 5.8(a), with counter-
propagated light. We utilize 100 p-contacts with a length [ of 100 nm and a pitch d
of 1 um. Figure 5.8(b) illustrates the averaged electric field intensity in the PbS-
TBALI absorption layer using 1.3 sm monochromatic light. The slight bowl shape
of the profile arises from the absorption loss-induced cosh function, as indicated
in Equation 5.2. A zoom-in of the stationary wave is provided in Figure 5.8(c),
revealing a sin-shaped pattern. Conducting the Fourier transform allows us to obtain
the period of this stationary wave. Light with different wavelengths exhibits varying
periods, as demonstrated in Figure 5.8(d). This structure, together with the 15 ym
long QD tapers at both sides described above, constitutes the sampling waveguide
in our SWIFTS design.

5.3.2 Multi-mode interferometer beam splitter

The input light should be uniformly split into two paths, generating two counter-
propagated beams within the sampling waveguide. We employ a MMI as the power



120 FOURIER TRANSFORM SPECTROMETER USING QDPD ARRAY NANO-SAMPLERS

@) | > | Number of p-contact = 100
a

Au 50nm
PbS-EDT 75nm

PbS-TBAI 60nm

Zn0 40nm
ITO 20nm

Si0,320nm
SiN 350nm

A=1.3um
(b) 012 - -
0 g
E£008 E
2006 - .
Yy 0.04 - -
0.02 | E
I
0 10 20 30 40 50 60 70 80 90 100
Length (um)
(c) A=1.3um (d) _ 0.06
0.12 =)
& 0.4 5
o~ - .
—_ <2 0.
£ 0.08 = 0.04
2 0.06 >
%y 0.04 @ 0.02
0.02 g
= 0
495 50 50.5 0.2 0.4 0.6
Length (zm) Period (;:m)

Figure 5.8: Simulation results of the sampling waveguide with counter-propagated input
light. (a) The optical structure utilized for simulation, conducted using the 2D FDTD solver
in Lumerical. (b) The simulated electrical field intensity in the PbS-TBAI absorption layer,

at the wavelength of 1.3 um. (c) A zoomed-in view of the stationary wave in (b). (d) The

Fourier transform of the stationary wave employing monochromatic light at various
wavelengths. Different wavelengths are associated with distinct periods.
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W, (3.68 um)

T
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Figure 5.9: Structure of a Multi-Mode Interferometer (MMI). L.,: the length of the
multi-mode waveguide section. W.,: The width of the multi-mode section. L,: aperture
length. Wq1: the width of the narrow side of the apertures. Waa: the width of the expanded
side of the apertures. W: the central distance between two output apertures. The optimized
parameters for our application are denoted in the brackets.

splitter due to its higher tolerance to dimension changes in the fabrication process.
A common 1 x 2 MMI structure is illustrated in Figure 5.9. For a symmetric input
(input aperture in the middle of the y-axis of the MMI), only the even modes can be
excited. In this case, the self-imaging length can be approximated as [237]:

nwW2

Lsi =
A

(5.12)

Here, n,, and W,, represent the refractive index and width of the multi-mode
waveguide core, respectively. The 2-port power splitting occurs at the position
Ly; /2. This expression enables us to estimate the length of the MMI for a given
MMI width. We fine-tune the MMI parameters using the EME solver in Lumerical,
employing its built-in particle swarm optimization. The optimized parameters of
the MMI are denoted in brackets in Figure 5.9.

The electrical field distribution of the optimized MMI is depicted in Figure 5.10(a),
showing the power is equally split into the two output ports. The transmission of
each port is displayed in Figure 5.10(b). Over a 300 nm optical bandwidth (from
1.1 pm to 1.4 pm), the transmission decreases slightly from 0.48 to 0.402, with a
drop of 7.9%. This bandwidth is sufficient for our SWIFTS demonstration.

5.3.3 Thermal phase shifter

As discussed in Section 5.2, to sample the entire stationary wave, it’s necessary to
shift the interference pattern by adjusting the phase delay in one arm. We employ a
thermal phase shifter for this purpose due to its ease of fabrication. Given a QDPD
array pitch d of 1 um, a phase change as substantial as 67 (as described in Equation
5.2) is required for a wavelength of 1.1 gm. The induced phase shift (A¢) by the
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Figure 5.10: Simulation results of designed MMI. (a) Wavelength response. (b) Electrical
field distribution.
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Figure 5.11: Design and simulation of the thermal phase shifter. (a) The structure of the
thermal phase shifter. Triple-path waveguides are employed to obtain a larger achievable
phase shift. The top view and cross-section of the structure are presented in the upper and
lower parts of the figure, respectively. (b) The simulated optical loss with increased top
cladding thickness. (c) The simulated thermal map using a 2D model. The length of the
phase shifter is set to 3 mm, and an applied electrical power of 1 W is considered. The top
cladding thickness is set to 2 um. (d) The simulated thermal phase shift with increased
electrical power.
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thermal phase shifter can be computed using the formula:

CZ’I’Le ff 2
A¢p = | —== | AT — Lpcater 5.13
¢ ( a7 ) 3 Lheat (5.13)
where % is the thermo-optic coefficient, AT is the temperature change induced

by the applied electrical power, and Lpeqter 1S the heater length.

To accommodate such a substantial phase change without risking damage to the
heater, we extend the length of the heated waveguide to mitigate the potential
degradation induced by overheating. To achieve this, we employ triple-path waveg-
uides beneath the heater, effectively tripling the length of the heated waveguide, as
illustrated in Figure 5.11(a).

To minimize metal-induced optical loss, a top cladding layer is used as an optical
spacer. The loss decreases exponentially with increasing top cladding thickness,
as depicted in Figure 5.11(b). A thickness of 2 um is chosen to reduce the heater-
induced loss to below 0.1 dB/cm.

Utilizing the HEAT solver in Lumerical, we simulate the thermal-induced tem-
perature change. The resulting temperature map of a 3 mm long heater under 1
W electrical power is illustrated in Figure 5.11(c). Leveraging the thermo-optic
coefficients of 2.5 x 107K ~! for SiN and 9.6 x 1076 K~ for SiO, [238], we
can simulate the phase change at varying electrical power using the mode solver
in Lumerical. As depicted in Figure 5.11(d), a phase shift as large as 16 7 can be
achieved at an electrical power of 1 W.

SWIFTS layout

Our design is shown in Figure 5.12. SWIFTS, as the core component, is positioned
in the middle of the chip. The nano-QDPD array, consisting of 100 individual
QDPDs separated by a pitch of 1 um, is connected to the contact pads on the upper
and lower sides of the chip. These contact pads are designed with a pitch of 200 pm,
aligning with the Printed Circuit Board (PCB) design for wire bonding. To mitigate
resistance of connection wires, we employ a 5-stage planar fan-out, progressively
increasing the wire width from 100 nm (p-contact width) to 20 pm.

Moreover, we included a number of reference structures, including MZIs with the
same heater design as the one used in the actual device, to support the calibration
procedure. These calibration structures allow us to quantify the relationship between
the optical delay change and heating power, which can then be used to stitch the
interferogram in our proposed SWIFTS. Additionally, the input waveguide of the
SWIFTS and the reference can be cleaved for butt coupling, accommodating a
larger optical bandwidth.
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Furthermore, our chip incorporates discrete QDPDs with varying p-contact lengths,
ranging from 50 nm to 1 pm. These QDPDs serve to measure the effective QDPD
length corresponding to each p-contact length, as discussed in Section 5.5.
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Figure 5.12: Layout of the designed SWIFTS chip.
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5.4 Fabrication

() (b)

(c) (d)

I (f)

(e)

(9) (h)

Figure 5.13: Integration steps to fabricate the SWIFTS. (a) Preparation of the passive
waveguides. (b) ITO and ZnO patterning. (c) n-contact patterning. (d) Ti heater patterning.
(e) ODs patterning. (f) p-contact patterning. (g) PECVD SiO2 deposition and contact
opening. (h) Connection metal patterning.

The fabrication started from a silicon wafer, initially coated with 3.7 pm SiO5. Sub-
sequently, SiN with a thickness of 350 nm was deposited using PECVD, followed
by patterning using EBL and RIE dry etching (refer to Section 2.4.1 for process
details). For the top cladding, both flowable oxide (HSQ) and PECVD SiO- were
employed. HSQ can planarize the surface for the following steps as we mentioned
in previous chapters.

Initially, HSQ was utilized for the entire 2 pm thick top cladding that we designed
to minimize optical absorption from the thermal phase shifter. However, it proved
challenging to achieve the desired 2 pm thickness with HSQ.
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For better planarization, we divided the 2 m HSQ into four layers, each spin-coated
and annealed at 400 °C in Ny for 2 hours, resulting in a thickness of 500 nm per
layer. Unfortunately, slight cracks were observed in the film during the third layer,
which worsened after the fourth layer deposition, as depicted in Figure 5.14(a).
These cracks, likely induced by stress during the HSQ annealing process, could
introduce optical scattering and more critically, disrupt the electrical connection of
the metal deposited on top.

To attain a crack-free top cladding, we used the combination of HSQ and PECVD
SiOs: two layers of HSQ, each layer with a thickness of 400 nm, were utilized for
planarization, supplemented by a 1.2 um SiO4 layer deposited via PECVD at 270
°C to achieve the desired cladding thickness, as shown in Figure 5.14(b).

The region designated for the placement of the QDPDs requires a top cladding
thickness of 320 nm to facilitate evanescent absorption. To achieve this, the top
cladding was patterned with photolithography and RIE dry etching. Photoresist
(Ti35 E) with a thickness of 4 ym was patterned in positive mode, utilizing an
exposure dose of 500 mJ/cm? (5 mW/cm?, 100s, MAG6), followed by development
in AZ400:H2O = 1:3 for 90s. RIE with CF4, SFg, Ha chemistry was then employed
to thin down the thickness of the top cladding to 320 nm, as depicted in Figure
5.13(a). A 20s O, plasma treatment was conducted to at the beginning of the
etching to eliminate any potential photoresist residue. The etch rates of PECVD
Si04, HSQ, and Ti35 photoresist are 35.2 nm/min, 52.2 nm/min, and 40 nm/min,
respectively.

(b)
1200 nm PECVD SiO,

HSQ 2

Cracks

Figure 5.14: Top cladding deposition. (a) A 2 um thick HSQ layer was utilized as the top

cladding. This was achieved through four rounds of spin-coating and annealing, with each

cycle forming a 500 nm thick layer. (b) An 800 nm thick HSQ layer and a 1.2 um PECVD

SiO2 layer were employed as the top cladding. For improved planarization, two layers of
HSQ, each 400 nm thick, were utilized.

Afterwards, a 20 nm ITO layer was sputtered onto the sample and patterned using
photolithography and HCI-based wet etching. Following this, a 40 nm ZnO layer
was deposited via sol-gel chemistry and patterned using a dilute HCI solution, as
illustrated in Figure 5.13(b). Subsequently, 20 nm Ti/ 100 nm Au /5 nm n-contact
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pads were placed on the side using the lift-off technique, as shown in Figure 5.13(c).
Further details on this process can be found in Section 3.3.

Next, a 300 nm Ti layer was deposited on top of one arm using photolithography
and the lift-off method, forming the phase shifter, as depicted in Figure 5.13(d).
A sacrificial layer of 1.8 pum photoresist (AZ5214) was patterned using the image
reversal mode (12 s exposure, 120 °C image reversal bake for 3 min, 50 s flood
exposure at 5 mW/cm?). After development in AZ400K:H50 = 1:3 for 28 s and a
10 s O4 plasma treatment with RIE for surface cleaning, 300 nm Ti was deposited
using E-gun evaporation. Subsequently, the sample was immersed in acetone for 1
hour to complete the Ti patterning process, as shown in Figure 5.13(e).

On top of the ZnO layer, the QD stacks were placed using the lift-off method. PbS
QDs with a band-gap transition of 1355 nm were spin-coated and treated with
TBAI in a methanol solution, serving as the absorption layer with a thickness of 60
nm. On top of this, PbS QDs with a 940 nm band-gap transition were spin-coated
and treated with EDT in methanol, serving as the HTL with a thickness of 75 nm.
The resist patterning and lift-off methods used were consistent with those outlined
in Section 2.4.5. Subsequently, 100 nm Au was placed on the QD stacks as the
p-contact using another lift-off process, as shown in Figure 5.13(f).

This step is one of the most critical due to the targeted small p-contact size of 100
nm. Previously, we used PMMA with an adapted baking temperature of 60 °C for
the p-contact lift-off process. However, this approach did not work for patterning
the nano p-contacts.

As depicted in Figure 5.15(a), PMMA baked at 60 °C failed to achieve a clean
lift-off in the region with small patterns, likely due to less undercut at the resist
sidewall, making it difficult to remove the metal during the resist dissolution process.
Conversely, for the standard 150 °C baking, the lift-off was clean, as shown in
Figure 5.15(a). The detailed process is as follows: 220 nm PMMA was spin-coated
onto the sample, then baked at 150 °C for 3 minutes on the hotplate. A thin layer
of conductive polymer (Electra 92, All resist) was spun on top at a speed of 3000
rpm and baked at 90 °C for 2 minutes to dissipate e-beam charges on insulating
substrates. The structures were exposed under EBL (Raith, 50kV), with the aid of
proximity effect correction at a base dose of 300 /C/cm?. The resist was developed
in AR600-55 for 90 seconds, with a short sonication at the end of the process. A 45
nm Au /5 nm Ti layer was deposited using E-gun evaporation. The sample was
then immersed in acetone for 1 hour, with a short sonication at the beginning of
the lift-off process. Nano metal wires with a width down to 20 nm can be achieved
with this recipe, as shown in Figure 5.15(b).

To ensure these nanowires are of high quality without breaks, we fabricated 5
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nanowires, each with a width of 100 nm and a length of 400 yum, and connected
them with two pads on both sides, as shown in Figure 5.15(c). All these nanowires
exhibited similar I-V behaviors (Figure 5.15(c)), with a resistance of around 12.6
kQ.

20 nm »1 pm

(b)

(d)

Current (pA)

-1 -0.5 0 0.5 1
Voltage (V)

Figure 5.15: Nano p-contact patterning. (a) Liftoff with PMMA baked at different
temperatures. (b) Nano p-contact from 20 nm to 1um. (c) The structure used to test the
quality of the nano metal lines with 100 nm width. (d) I-V curves of nano metal lines in (c).

The patterning of the p-contact array was successful as well, as demonstrated
in Figure 5.16. The initial fanout of the p-contact array was conducted in three
stages of expansion, gradually widening the wire width from 0.1 gm to 3 pm and
increasing the pitch between the wires from 1 gm to 10 pm.
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Figure 5.16: Image of the fabricated P-contact array.
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Figure 5.17: Influence of baking temperature on the performance of QDPDs. (a) Structures
used for test. (b) The dark and light responses of the QDPDs. The optical power is 1.13 mW
and the optical peak power density is around 1 W/cm?®.

We also checked the impact of increased baking temperature on the performance of
the QDPD. Two sets of dummy QDPDs were fabricated on glass/ITO substrates,
as depicted in Figure 5.17(a). After QD film deposition, they were covered with
PMMA and baked either at 60 °C or 150 °C. Following this, the resist was removed
with acetone, and Au was evaporated on top. As illustrated in Figure 5.17(b), the
QDPD baked at 150 °C exhibited a dark current of 163 nA at -1 V, which was three
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times larger than that of the sample baked at 60 °C (52 nA). However, the optical
response did not vary significantly under reverse bias. The observed degradation in
QDPD performance under the standard baking temperature of 150 °C is acceptable.

Following the integration of QDPDs, a 500 nm SiO, layer was deposited atop the
sample at 60 °C via PECVD for encapsulation. The SiO» cover protects QDPDs
from exposure to Oy and water which are unavoidable during the final metalization
process. Metal contacts were subsequently opened using photolithography and RIE
dry etching, as illustrated in Figure 5.13(g). Ti35 photoresist, with a thickness of
3.5 pm and patterned in positive mode, served as the etching mask.

Finally, a layer of 20 nm Ti / 400 nm Au was deposited and patterned to provide
access to the contacts, as depicted in Figure 5.13(h). For this final pattern, 1.6 ym
AZ5214 photoresist patterned in image reversal mode was utilized. The application
of Ti prime between the substrate and the photoresist was essential to prevent the
photoresist pattern from peeling.

5.5 Characterization

The thermal phase shifters, with varying heater lengths, were characterized on an
MZI structure, as depicted in Figure 5.18(a). Characterization was performed using
a 1.3 pm laser and a Keithley 2400. The heater length ranged from 1 mm to 4 mm,
corresponding to heated waveguide lengths of 3 mm to 12 mm, respectively.

As shown in Figure 5.18(b), as the heater length increased, more bias was required
to achieve the same current level due to the increased resistance. However, longer
heaters could sustain larger electrical power before thermal damage, thereby offer-
ing a greater phase tuning capability. At lower electrical power levels, the current
exhibited almost linear behavior with voltage, exhibiting a resistor-like behavior.
However, surpassing a certain threshold of electrical power caused the heater’s
resistance to change, indicating proximity to the limit before thermal damage oc-
curred. For the 1 mm long heater, the maximum power achievable before thermal
damage was approximately 1 W. For longer heaters, the damage threshold extended
to higher power levels, which were not obtained within the driving voltage range.

The transmission exhibited periodic changes with increased electrical power, as
depicted in Figure 5.18(c). Each period indicates a 27 phase change. For an
electrical power of 1 W, a phase change of approximately 167 was achieved,
consistent with the simulations. The phase tuning behavior of 1 mm and 4 mm
long heaters showed no significant difference within the measured electrical power
range. However, longer heaters were capable of achieving larger phase shifts



132 FOURIER TRANSFORM SPECTROMETER USING QDPD ARRAY NANO-SAMPLERS

before reaching the thermal damage threshold, potentially reducing the number of
nano-QDPDs requiring measurement.
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Figure 5.18: Performance of thermal phase shifters. (a) MZI structure used for thermal
phase shift measurement. (b) I-V curves of heaters with different lengths. (c) Transmission
spectra of MZI (heater length 1 mm and 4 mm) with varying electrical power.

Moreover, we fabricated QDPDs with varying p-contact lengths, ranging from
50 nm to 1 um, as depicted in Figure 5.19(a). In these structures, the QD film
maintained a consistent length of 100 pm, with the p-contacts positioned in the
middle of the QD layers. Consequently, the input light encounters the same optical
decay from QD absorption and reaches a similar carrier generation rate G at
the middle of the QD film, where each nano-QDPD is located. Therefore, the
photocurrent generated by each QDPD can be expressed as I = ¢Ggl, where [
stands for the p-contact length.

As depicted in Figure 5.19(b), with an increase in p-contact length, the photore-
sponse exhibits a corresponding increase. Figure 5.19(c) presents the averaged
photocurrent from -3.5 V to -4.5 V. As expected, the photocurrent demonstrates
a linear increase with p-contact length. Notably, the linear fit reveals that the in-
tercept at the y-axis is not zero when the p-contact length approaches zero. This
observation suggests that photocarriers generated in the vicinity of the p-contact
can be collected and contribute to the photocurrent. The effective length of this
vicinity region can be determined from the intercept at the x-axis, and is found to be
31 nm. This implies that for a 100 nm p-contact length, as utilized for sampling the
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interferogram, the effective length extends to 131 nm. Such a small effective length
of the vicinity region underscores the essence of employing QDPDs as nanoprobes.
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Figure 5.19: Photoresponse of nano QDPDs with different p-contact lengths. (a)
Mircoscope image of fabricated nano QDPDs. (b) I-V curves of QDPDs with different
p-contact lengths under 1.3 pm illumination. (c) The averaged photocurrent (from -3.5 V to -
4.5 V) with different p-contact lengths.

It appears that each individual component of our SWIFTS system operates effec-
tively. However, at the time of writing, we didn’t achieve a functional SWIFTS
system. The patterning of the final connection wires (Figure 5.13(h)) encountered
difficulties due to the unsuccessful peeling of the metal on the resist, as illustrated in
Figure 5.20. This issue was particularly pronounced in regions with denser patterns,
leading to the shorting of all nano-QDPDs as a whole. Nevertheless, this obstacle
is not unsolvable and does not preclude the realization of our SWIFTS system.

Employing a thicker photoresist for liftoff should offer a straightforward solution to
this problem.
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Figure 5.20: Failed connection metal wire patterning.

5.6 Discussion

Based on the preliminary experimental results, we determined that for a 100 nm p-
contact size in our SWIFTS system, the effective size of the QDPD is approximately
131 nm. This establishes the lower limit on the optical bandwidth of our system
to around 890 nm, assuming a refractive index (n.ss) of 1.7, as per Equation 5.2.
The upper limit is constrained by the absorption spectrum of our QDs, estimated
to be 1.4 pm. QDs with smaller bandgaps are particularly appealing, as they
can extend the SWIFTS operation to longer wavelengths, possibly even into the
mid-infrared range, thereby broadening the scope of spectroscopic applications.
Moreover, shifting to longer wavelengths would relax the requirement on the p-
contact size due to the increased stationary wave period in the waveguide. This
relaxation opens up the possibility of using the SOI platform, where thermal tuning
is more efficient due to the significantly larger thermo-optic coefficient of silicon
(1.5 x107*K 1) [239].

The spectral resolution of the designed SWIFTS system is estimated to be 5 nm, as
calculated by Equation 5.2, limited by the length of the sampling waveguide. To
enhance the spectral resolution, one can increase the sampling waveguide length by
incorporating more QDPDs or by increasing the pitch of the QDPD array.
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5.7 Conclusion

In this chapter, we proposed the utilization of a QDPD array as nano-samplers
for SWIFTS. Our spectrometer design is based on a 350 nm SiN waveguide,
incorporating a 100-channel QDPD array as the nano-samplers. These QDPDs
feature a compact length of 100 nm to locally probe power density in the waveguide
and a pitch of 1 pm to facilitate fan-out. A thermal phase shifter with triple-
path waveguides underneath proved to supply sufficient phase change to move the
interferogram for stiching. A process flow was developed in our cleanroom to
fabricate such SWIFTS.

Our investigation revealed that the effective length of the nano QDPD closely aligns
with the top p-contact size, thereby validating the feasibility of employing QDPDs
as nano-probers. Although the experimental demonstration of the SWIFTS system
is still pending, all individual components have exhibited promising performance.
Thus far, no significant hurdles have been encountered that would impede our
demonstration efforts.
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6.1 Introduction

Integrating light sources into silicon photonics has been a significant challenge due
to the inherent properties of silicon. Silicon is an indirect bandgap semiconductor,
which means it is inefficient at emitting light. Traditionally, III-V semiconductors
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boasting direct bandgaps, such as GaAs and InP, have been introduced into silicon
photonics as light sources. Various methods, including flip-chip mounting, transfer
printing, wafer bonding, and monolithic epitaxial growth, have been explored for
this hybrid integration. However, these approaches often prove costly for mass
fabrication or pose significant challenges in integration, as mentioned in Section
1.3.1.

QDs offer a promising solution to overcome this hurdle. QDs can be deposited onto
silicon substrates using simple and cost-effective solution-based techniques, facil-
itating seamless integration with existing silicon photonics fabrication processes.
Notably, CdSe QD-based lasers have been successfully demonstrated on SiN plat-
forms as visible light sources under optical pumping [136, 137,240]. Despite this
progress, the realization of electrically driven QD-based lasers remains challenging.
Klimov’s group has made significant strides in this area, progressing from the
first demonstration of DC-driven gain [111] to recent breakthroughs in electrically
driven ASE [114]. On the integration side, Elsinger et al. have showcased the
integration of QLEDs on SiN waveguides [139].

In this chapter, we investigate the integration of an electrically driven QD-based
light source on SiN waveguides through process flow and material optimization.
The optimization builds on the structure proposed by Elsinger et al, using ALD
ZnO as the low-loss ETL and thick organic semiconductors as the HTL. We start by
analyzing the challenges in achieving net optical gain under electrical pumping. We
argue that the high resistance of the thick HTL, employed to mitigate the optical
loss from the p-contact metal, leads to a hole-injection problem. Our efforts focus
on optimizing the HTL for improved hole transport and employing pulsed electrical
pumping to mitigate heating damage. While We observe optical emission from a
higher state, further optimization is required to achieve optical gain.

6.2 Challenges related to QD-based lasing

Despite significant advancements in QLEDs, which are approaching commercial
viability, transitioning them to quantum dot-based laser diodes remains challenging.
To achieve lasing, the gain provided by the QDs must surpass the cavity loss during
around trip. Typically, QLEDs employ a p-i-n structure, with a thin quantum dot
film sandwiched between thin electron transport and hole transport layers (ETL and
HTL), each tens of nanometers thick. The combination of zinc oxide (ZnO) as the
ETL and organic semiconductors as the HTL represents the state-of-the-art material
choice for QLEDs. However, this structure suffers from significant optical loss due
to the proximity of the optically lossy top and bottom contacts to the guided optical
mode.
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Figure 6.1: Simulation results for waveguide-coupled QLED. (a) Cross-sectional schematic
of the hybrid waveguide with the integrated QLED on top. (b) Mode profile showing the
Sfundamental TE mode of this hybrid waveguide. (c) Simulated optical loss with versus

thickness of the organics. An ALD ZnO thickness of 10 nm, SiN height of 300 nm and width

of 3 um were used in the simulation.
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Figure 6.2: Transient absorption characterization of QDs. (a) Time-resolved absorption
dynamics at a probe wavelength of 630 nm with excitation at 520 nm. (b) Material gain
measured 2.5 ps after excitation. [14]
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In our investigation, we utilized the low-loss platform initially developed by Lukas
Elsinger for integration [139]. CdSe/CdS core/shell QDs, with an excitonic emission
peak around 640 nm, were employed as emitters. These QDs exhibit a gain lifetime
of approximately 270 ps and a biexciton lifetime of around 500 ps [14], as shown in
Figure 6.2 (a). The material gain reaches up to 1000 cm ™! near the first excitonic
peak [14], as shown in Figure 6.2 (b).

As depicted in Figure 6.1(a), a SiN waveguide with a height of 300 nm and a
width of 3 pm forms the lossless waveguide core. ALD ZnO, with a thickness of
10 nm, served as the low-loss semiconductor for electron injection into the QDs
emission layer. A 30 nm thick quantum dot layer atop the waveguide provided
gain. Organic semiconductors and an aluminum p-contact injected holes vertically
into the QDs. SiN, with its higher refractive index compared to other materials
(SiN 1.95, ALD ZnO 1.89+0.00071, QDs 1.75, organics 1.78), effectively confined
light in the SiN core, as illustrated in Figure 6.1(b). Although the intrinsic material
gain (g;) of the utilized QDs could reach as high as 1000 cm—! [14], the modal
gain of the fundamental TE mode was around 20 cm~*! (87 dB/cm) due to the low
confinement factor (I') of 3.6% in the QD film (g,1040: = N1 gi, Where the QD
packaging fraction 7 was assumed to be 0.5). This low modal gain necessitated
optimization of the optical loss to achieve light amplification. TM modes are not
used due to the large optical loss they experience from the p-contact metal.

The primary optical loss in this structure stemmed from the top p-contact metal.
Decreasing the thickness of the HTL exponentially increased optical loss due to
the evanescent tail of the mode, as demonstrated in Figure 6.1(c). To minimize
metal absorption, a thick HTL was preferred. For the HTL, tris(4-carbazoyl-9-
ylphenyl)amine (TCTA) (sublimed grade, Ossila) and N,N’-Di(1-naphthyl)-N,N’-
diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) (sublimed grade, Ossila) were em-
ployed for better energy alignment with the band edge of the QDs. 1,4,5,8,9,11-
Hexaazatriphenylenehexacarbonitrile (HAT-CN) (sublimed grade, Ossila) was used
for better hole injection from the aluminum electrode to the NPB HTL [241]. These
organic semiconductors also exhibited good optical transparency. Depositing TCTA
and NPB on SiN waveguides introduces no obvious optical loss. However, these
pristine organic HTLs have low conductivity. We measured the conductivity of
NPB using the TLM, with pairs of 3 cm-long interdigitated electrodes with gap
distances ranging from 20 pm to 50 pm, as depicted in Figure 6.3(a). The measured
resistivity of NPB was approximately 9 x 104Q - m at -5 V, indicating that QLEDs
with a thick HTL would struggle to achieve high current density. QLEDs with
NPB thicknesses of 500 nm and 50 nm, as shown in Figure 6.3(c), exhibited signifi-
cant differences in their measured I-V curves, as illustrated in Figure 6.3(d). This
difference increased at higher voltages, attributed to the current being dominated
by space-charge-limited conduction (J = %6067’ u‘L/—i, where J represents current
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Figure 6.3: Resistivity of NPB and its influence on QLEDs. (a) TLM structure used to
measure the resistivity of NPB. NPB was evaporated to a thickness of 100 nm on pairs of
gold electrodes with varying gaps. Interdigitated electrodes, 3 cm in length, were employed
to facilitate measurable current. (b) Measured resistance corresponding to different
electrode gaps under a bias of 5 V. (c) and (d) Structure and I-V curves of QLEDs with NPB
thicknesses of 50 nm and 500 nm, respectively.

density, €q is the vacuum permittivity, €, is the relative permittivity, y is the mobility
of the hole, V' is the applied voltage, and L is the thickness of the organics), and
increased hole mobility at higher electrical field [242,243]. This prompted us to
seek a more conductive HTL (higher mobility or larger doping) to improve hole
transport performance in the scenario of thicker layers.

It was reported that a (HAT-CN/NPB),, alternating structure exhibits significantly
improved hole mobility (5.3 x 10~ em?V ~1s~1) compared to pure NPB (2.2 x
10~4em2V ~1s~1) [244]. Consequently, we tried to use this alternating stack as
the HTL for the QLED to enhance hole transport. The HAT-CN layer exhibits
relatively higher optical loss compared to NPB and TCTA. Deposition of a 100 nm
thick layer of HAT-CN on SiN waveguides with a dimension of 300 nm x 1 ym
resulted in an increase in propagation loss to approximately 40 dB/cm. By fitting to
a simulation model, we estimated the complex refractive index to be 1.8+0.0005i.
To mitigate optical loss, TCTA and NPB, characterized by low optical absorption,
can be interposed between the QDs and the (HAT-CN/NPB),, stack, as illustrated in
Figure 6.4(a). For a total HTL thickness of 400 nm, a dimension chosen to mitigate
p-contact absorption, increasing the proportion of low-loss HTL results in reduced
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Figure 6.4: Optimization of the QLED structure for integration on SiN waveguide. (a) The
QLED structure with 10 nm ALD ZNO, 30 nm QD layer, low-loss HTL consisting of TCTA
and NPB, high-mobility HTL consisting of (HAT-CN 20 nm / NPB 20 nm),, alternating
stacks, 10 nm HAT-CN HIL and 200 nm Al top electrode. (b) Simulated optical loss induced
by the HTL and p-contact metal at varying thicknesses of the low-loss HTL. The total
thickness of the HTL was fixed at 400 nm. Other materials were assumed to be transparent
in this simulation.

optical loss due to decreased absorption from the high-mobility HTL layers, as
demonstrated in Figure 6.4(b). We selected a combination of 200 nm low-loss HTL
(100 nm TCTA + 100 nm NPB) and 200 nm high-mobility HTL ((HAT-CN 20 nm /
NPB 20 nm)x5) as the final HTL configuration for our QLED. This selection is
expected to introduce an additional loss of approximately 15 dB/cm. Taking into
account the loss from ALD ZnO, the total loss is estimated to be 27 dB/cm.

6.3 Integration on waveguide

6.3.1 Fabrication

The fabrication steps used to integrate the QLED stack on top of waveguides are
shown in Figure 6.5.

Waveguide paterning

First, a 300 nm SiN layer was deposited on a Si substrate with 1 pgm thermal
oxide. The SiN was patterned using EBL and RIE dry etching (see Section 2.4.1
for details), as shown in Figure 6.5(a).

The initial step involved depositing a 300 nm layer of SiN on a silicon substrate with
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Figure 6.5: Processing steps to integrate QLED stack on SiN waveguides. (a) SiN waveguide
patterning, defined with EBL and dry etching. (b) ZnO was deposited using ALD as the ETL,
while AloO3 was applied as a protective layer. These layers were patterned through
photolithography and wet etching techniques to confine the active region, effectively
reducing optical loss. (c¢) N-contact metal patterning with photolithography and liftoff. (d)
SiO2 deposition with PECVD and local planarization using EBL and dry etching. (e) QD
film patterning with EBL and liftoff. (f) Organic semiconductor and Al metal electrode
patterning using evaporation through a shadow mask.

a 1 pm thermal oxide. Subsequently, the SiN was patterned using EBL followed by
RIE dry etching (for detailed procedures, refer to Section 2.4.1), as illustrated in
Figure 6.5(a).

ALD ZnO patterning

Subsequently, 10 nm ZnO and 10 nm Al2O3 were deposited on the waveguide
conformally using the ALD method (See Section 2.4.2 for deposition details),
as shown in Figure 6.5(b). The ALD film was annealed at 400 °C using rapid
thermal annealing for 1 min to decrease the optical loss and enhance the electrical
conductivity. The annealing temperature significantly influenced the waveguide
loss, decreasing from 21 dB/cm before annealing to 5 dB/cm after annealing at the
optimized temperature of 400 °C, as depicted in Figure 6.6(a). This improvement
is likely attributed to the passivation of intra-band defects [245]. Additionally,
annealing at this temperature led to a slight enhancement in the conductivity of the
ZnO film, as demonstrated in Figure 6.6(b).

To further reduce optical loss, the ALD ZnO was confined to the active region
through photolithography and HCl-based wet etching (refer to Section 2.4.4 for
processing details).
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Figure 6.6: Optimization of annealing temperature for ALD ZnO. (a) The propagation loss

of waveguides (300 nm x 3 um) coated with 10 nm ALD ZnO and a 10 nm Al2O3 protection

layer, rapidly annealed at various temperatures. Optical loss was measured at a wavelength

of 640 nm. (b) The resistivity of the ZnO film at different annealing temperatures. Both the
optical loss and resistivity were measured using varying length methods.

n-contact patterning

Following that, we deposited 20 nm of Ti / 100 nm of Au/ 5 nm of Ti as n-
contacts, which were patterned using lift-off methods with photoresist serving as
the sacrificial layer (refer to Section 2.4.3 for detailed procedures). The bottom Ti
layer was utilized to achieve low contact resistance with ZnO, while the top thin
layer of Ti was employed to enhance adhesion to the subsequent SiO5 cover.

SiO, deposition and local planarization

The waveguide needed to be planarized to mitigate the step in height, which could
otherwise impede the deposition of QDs.To achieve this, we deposited a 300 nm
layer of SiOs using PECVD at 150 °C, matching the thickness of SiN, to fill the
trench surrounding the waveguide (Figure 6.7(a)). Then EBL was used to precisely
expose the extra SiO, region on top of the waveguide. Subsequently, ELB was
employed to precisely expose the extra SiO» region atop the waveguide. Following
this, RIE was utilized to remove the SiO5. To ensure precise control over the etching
process, an interference-based in-line etching monitor was employed to ensure that
the SiO» etching precisely terminated at the AloOg surface, as depicted in Figure
6.7(c). Finally, O, plasma ashing was employed to eliminate any remaining e-beam
resist.

This step is the most critical in the fabrication process, and significant effort was
devoted to achieve a stable outcome. Several challenges were encountered. Initially,
the thin layers of ZnO and Al;O3 were prone to damage following planarization.
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(a) PECVD SiO, (b) Lithography patterning

(c) RIE etching (d) O, plasma cleaning

Figure 6.7: Process steps of local planarization. (a) Deposition of 300 nm SiO> using
PECVD. (b) Patterning of e-beam resist using EBL. We took precise control of the overlap
alignment and size dimension. The region with additional surface morphology was exposed,

while other parts were protected by the resist after development. (c) RIE dry teaching to
remove the excess SiO2. (d) Removal of the resist with Oz plasma.

This damage was inconsistent and varied between batches, as illustrated in Figure
6.8(a)-(c) from different planarization tests. One potential source of the damage
was the ion bombardment from the RIE process during SiO5 etching. To address
this issue, we reduced the radio-frequency (RF) power used to generate the plasma,
thereby decreasing the self-bias of the RIE during etching from 380 V to 200 V.
Following this adjustment, the planarization process became more stable, resulting
in consistent surface quality after etching, as shown in Figure 6.8(d).

Precise control of the position and dimensions of the etching mask is critical. When
the etching width is narrower than the required size of SiO; to be planarized,
unetched SiO, lumps may remain on both sides of the waveguide, as depicted in
Figure 6.9(a). This surface morphology can adversely affect the spin-coating of
QDs and potentially lead to the formation of pinholes in the fabricated devices.

Another potential issue is misalignment during the process, resulting in a SiO»
Iump on one side and an over-etched valley on the other side, as shown in Figure
6.9(b). The SiO4 deposited via PECVD exhibits strong stress and relatively weak
adhesion to the sidewall of the waveguide. As a result, the SiO5 on the sidewall
becomes isolated due to overetching and tends to peel off, particularly after wet
etching of Al;Og for electrical contact with QDs, as depicted in Figure 6.9(c).

Figure 6.9(d) illustrates a scenario of local planarization with poor alignment and
size control, where unetched SiOy lumps, over-etched valleys, and peeling of SiO»
from the sidewall are clearly observed.
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Figure 6.8: SEM images of waveguides after planarization. (a)-(c) SiO3 etch back using RIE

with a self-bias of 380 V. The ZnO and Al2 O3 layers were susceptible to damage due to the

intense ion bombardment. (d) SiOz etching with RIE employing a reduced self-bias of 200 V.

This resulted in significantly reduced damage to the ZnO and Al> O3 layers, and the process
exhibited greater stability.
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0°5.1 mm

Figure 6.9: Influence of alignment and dimensional accuracy on local planarization. (a) The
width of the etched-back area is smaller than the actual SiO2 width, resulting in unetched
SiO2 lumps on both sides of the waveguide. This phenomenon affects subsequent QD
spin-coating processes and introduces pinholes in the devices. (b) The overlap alignment is
shifted compared to the target region. On one side, unetched SiO2 lumps are present, while
on the other side, over-etching of SiO2 leads to a valley formation. (c) The consequence of
the over-etched valley is illustrated. Weak adhesion on the SiO2 deposited on the sidewall of
the waveguide, coupled with strong stress in the deposited SiO2, causes the SiOz to peel off,
especially after wet etching of AlaOs to expose the ZnO. (d) SEM image of a planarized
waveguide with overetching on the left side and a lump on the right side. Peeling of the SiO2
on the sidewall is evident.
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Figure 6.10: The influence of QD annealing is significant. Without annealing, the QD film on
the substrate tends to peel off when immersed in acetone during the liftoff process. However,
with annealing, the QD film becomes more physically robust, thereby preventing peeling.

QD film patterning

PMMA and liftoff were used for QD film patterning. ARP 672.08 e-beam resist
was patterned following the process outlined in Figure 2.4.5. Subsequently, the
Al5O3 protection layer was removed for electrical contact of ZnO with QDs.

CdSe/CdS core/shell QDs dispersed in n-octane were then spin-coated on top,
resulting in a film thickness of approximately 30 nm. To enhance the physical
robustness of the QD film and aid in the evaporation of residual solvent, the QD
film was annealed in N5 at 150 °C for 5 minutes. This annealing process is crucial
as it prevents the risk of peeling during the subsequent liftoff process in acetone, as
illustrated in Figure 6.10.

To assess the impact of annealing on lasing behavior, hybrid waveguides embedding
a 50 nm QD film annealed at different temperatures between two SiN films were
fabricated. The fabrication process followed the methodology developed by Xie
[246] and Zhu [14]. Initially, a 125 nm SiN layer was deposited using PECVD with
low frequency to minimize optical loss. The QDs were then spin-coated on top and
annealed at various temperatures under Ny atmosphere for 5 minutes. Subsequently,
another layer of 125 nm SiN was deposited on top at 120 °C, employing mixed
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Figure 6.11: Influce of annealing temperature on the performance of ASE under optical
pump. (a) Hybrid waveguide with QDs as gain material embedded in SiN. (b) L-L curves of
waveguides with QDs annealed at different temperatures under No atmosphere.

frequency mode to reduce stress and form the hybrid waveguides. This hybrid film
was patterned into wavegudie shapes using photolithography and RIE dry etching.
These waveguides, with lengths around 1500 pm, were pumped using nanosecond
pulses with a repetition rate of 938 Hz. The L-L curves (Output power vs. pump
power) exhibited similar behavior for annealing temperatures of 120 °C and 160 °C,
indicating that annealing does not significantly influence the lasing performance
of QDs when annealed at 150 °C for improved physical stability during liftoff.
However, a higher annealing temperature of 200 °C slightly increased the ASE
threshold, likely due to the increased defect density and faster non-radiative rate at
such high temperatures.

Organics and p-contact metal evaporation

The material stack mentioned in Section 6.2, 100 nm TCTA, 100 nm NPB, (HAT-
CN 20 nm / NPB 20 nm) x5, 10 nm HAT-CN, 200 nm Al, were deposited in
sequence by thermal evaporation in a deposition chamber (Trovato) in the glovebox
!, Patterning was achieved using shadow masks positioned in front of the samples
during evaporation to prevent overlap with n-contacts.

6.3.2 Characterization

To mitigate overheating, electrical pulses were utilized instead of a DC drive for
the sample. The setup is depicted in Figure 6.12. Electrical pulses, featuring a

'Deposition of the organic layers and p-contact metal was performed by Frederik Van Acker,
associated with the Liquid Crystals and Photonics (LCP) research group of Ghent University.
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duration of 2 us and a period of 0.2 ms, were generated using a function generator
(AFG3102, Tektronix). These pulses were then amplified using a high-voltage
amplifier (WMA-320, Falco system). The amplified electrical pulse was connected
to the device under test via a pair of electrical probes. A 100 €2 load resistor was
incorporated in series with the device to convert the current to voltage, which was
subsequently measured using an oscilloscope (MSO6021A, Keysight) with high
input impedance (1MS2). The electrical amplifier can boost the electrical pulse to
a maximum of 150 V. The emitted light from the device was collected from the
cleaved facet using a micro-lensed fiber and then measured using a spectrometer
cooled at -80 °C (SR303i, Andor).

Trigger

2us

0.2ms
Ri02q=100 Q
Banana cable ‘

Figure 6.12: The setup for electrical pulse pumping. The device was connected electrically
with probes. The emission was collected from the cleaved facet using a micro-lensed fiber.

Figure 6.13(a) shows the current measured with the oscilloscope from the load
resistor at different driving voltages. Notably, transient responses occur at the onset
and end of the electrical pulse, attributed to the charging and discharging of the
capacitor. The actual current driving the QLED can be read from the stable region
noted with the black frame.

To understand this, we can analyze the equivalent circuit of the device, depicted
in Figure 6.13(b). As illustrated in Figure 6.13(c), the emission region (Region 1)
atop the SiN waveguide core can be represented as a diode in series with resistance
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Figure 6.13: Measurement of current driving the QLED under pulsed electrical pumping. (a)
The measured current for an active area of 9000 pm? at various driving voltages. The
measured current exhibits transient behavior at the onset and end of the electrical pulse.
The actual current driving the QLED can be determined from the stable region, as indicated
by the black frame. (b) and (c) The equivalent circuit of the device and its origin. The
emission region, with a narrow area of 9000 pm>, can be equated to a diode and series
resistance Ra. The n-contact, separated from the p-contact by SiO2 and other layers,
constitutes a capacitor C1 and resistor R, in parallel with the diode and Ra. Notably, this
area surpasses the emission region in size, exceeding 45000 um?, signifying that Ry is
considerably smaller than Ra. A load resistor is positioned in series with these components
to convert current into voltage for measurement using the oscilloscope (OSC).

Rs. On the other hand, the n-contact, situated on the side and separated from the p-
contact atop by SiO» and other layers (Region 2), forms a capacitor C; and resistor
Ry, which are parallel to the diode and Ro. These components are connected in
series with a load resistor. Notably, the area of Region 2 significantly exceeds that
of Region 1 (> 45000 xm? vs. 9000 m?), implying R; << Ra. At the beginning
of the electrical pulse, current predominantly traverses the upper path (capacitor
path) due to the substantially lower resistance of R; in comparison to Ro. As the
capacitor charges, it impedes current flow until reaching equilibrium. Subsequently,
current predominantly flows through the lower path (diode path) upon attaining
stability, as observed within the delineated region in Figure 6.13(a). Analogously,
at the end of the electrical pulse, the capacitor discharging is observed.
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Figure 6.14: Characterization of the waveguide coupled QLED. (a) Current density at
different driving voltage. (b) Output power from the cleaved facet at different current
densities. (c) The emission spectra at different current densities. (d) Optical transmission
measurement on two types of structures. 640 nm laser was injected into the waveguide from
the cleaved facet, and the output power from the grating coupler shows a similar level.
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The relationship between current density and driving voltage is shown in Figure
6.14(a). At a driving voltage of 100 V, we achieved a current density of 61.2 A/cm?.
While the emission increases with current density, ASE behavior is unfortunately
absent, as evidenced in Figure 6.14(b). The increase of output power slows down
with higher current density, indicating a decline in EQE. This roll-off is typical
in QLEDs and is commonly attributed to Joule heating [247] and increased non-
radiative Auger recombination [96] due to imbalanced electron and hole injection.

At higher current densities, additional emission at shorter wavelengths is observed,
as shown in Figure 6.14(c), indicating that the ground state is nearly filled, and
carriers are beginning to recombine from higher energy states. This emission is not
from the organics, since for structures without QDs emission layer, we didn’t see
measurable emission. To understand the absence of ASE at this high pump level,
we assessed the loss from organics and p-contact metal using a pair of structures
fabricated on the same chip, as depicted in Figure 6.14(d). The left structure, with
a waveguide covered by a 300 nm SiO5 top cladding, is minimally influenced
by the organics and p-contact metal, while the right structure, lacking the SiOq
top cladding, is more susceptible to absorption from organics and p-contact. We
injected a 640 nm laser from the cleaved facet and monitored the transmission
power through these two waveguides, each 2 mm in length. The transmission
is very similar, with a difference of less than 2 dB, corroborated by the similar
emission brightness from the grating coupler (6.14(d) bottom line). This indicates
that the optical loss is less than 10 dB/cm, aligning with simulation expectations.

Hence, we attribute the absence of ASE to low optical gain. Achieving a net gain
necessitates higher current density. However, further increases in driving voltage
and current density resulted in device damage, even under pulsed electrical pumping.
Therefore, additional material optimization is required to achieve higher current
density and larger optical gain.

6.4 Optimization of the HTL

Achieving an optically low-loss and highly conductive HTL is crucial for attaining
net gain in our current platforms. One established strategy for enhancing the
HTL conductivity is doping, accomplished by co-evaporating the pristine organic
semiconductor with a dopant material. The basic mechanism of p-doping is believed
to be the electron transfer from HOMO (termed as valance band maximum in
inorganic semiconductor) of the organics semiconductor to the dopant, thereby
increasing the hole concentration [248]. However, doping may introduce additional
energy states, potentially leading to strong undesired parasitic absorption. Therefore,
optimizing the HTL requires careful consideration of both electrical conductivity
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Figure 6.15: The influence of thick NPB:HAT-CN HTL on the performance of QLEDs. (a)

QLED structures, device 2 has an extra layer of 400 nm thick NPB doped with HAT-CN. The

emission pixel has a dimension of 2 mm x 3 mm, defined by the overlap of the bottom ITO

electrode and the top p-contact. (b) Characterization of the QLED. Bright emission from the

QLED can be distinctly observed. (c) Current density vs. driving voltage. (d) Output optical
power density vs. driving voltage.

and optical absorption characteristics.

6.4.1 NPB doped with HAT-CN

The (NPB/HAT-CN),, stack was integrated into the waveguide-coupled QLED due
to its reported high mobility. To assess its conductivity, we fabricated two types
of dummy QLED devices on glass ITO substrates, as illustrated in Figure 6.15(a).
Device 1 utilized 100 nm TCTA / 100 nm NPB as the HTL, with a structure of ITO/
30 nm sol-gel ZnO /30 nm QDs / 100 nm TCTA / 100 nm NPB / 10 nm HAT-CN /
200 nm Al. Device 2 incorporated an additional layer of NPB doped with HAT-CN,
with a structure of ITO/ 30 nm sol-gel ZnO /30 nm QDs / 100 nm TCTA / 100 nm
NPB / 400 nm NPB:HAT-CN / 10 nm HAT-CN / 200 nm Al . Instead of using the

2Deposition of the organic layers and p-contact metal was performed by Bernhard Siegmund and
Xueshi Jiang, associated with the Organic Opto-Electronics (OOE) research group of Hasselt University.
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sequential deposition of (NPB/HAT-CN)),, stack, we used co-evaporation of both
materials (NPB:HAT-CN) at the same rate to ease the fabrication. The fabricated
QLEDs have a large pixel of around 2 mm x 3 mm, defined by the overlap of the
bottom ITO electrode and top p-contact.

QLEDs were characterized under DC conditions. The emission was collected with
a large-area photodiode from the glass side. As shown in Figure 6.15(b), clear red
emission from the QDs can be observed. The current density and optical power
density of Device 1 exhibit a more rapid increase compared to Device 2, as shown
in Figure 6.15(c) and (d) respectively, indicating that the conductivity of NPB:HAT-
CN is not sufficiently high compared to pristine NPB and TCTA. This suggests the
(NPB/HAT-CN)),, stack used in our waveguide-coupled QLED might also not be
conductive enough. Further optimization of the material deposition is needed to
achieve the reported improvement in the electrical performance.

6.4.2 NPB doped with MoO;

Metal oxides such as MoOj3 have been widely studied for the p-doping of organic
semiconductors [249,250]. We conducted measurements of electrical conductivity
and optical loss by depositing a 100 nm doped layer on pairs of interdigitated
electrodes and SiN waveguides *, as depicted in Figure 6.16. Indeed, NPB doped
with MoOs exhibited improved electrical conductivity, as outlined in Table 6.1.
Specifically, NPB doped with 15 wt% MoQO3 demonstrates a 3.8-fold reduction in
resistivity to 2.4 x 10%€) - m. Further increasing the doping concentration to 33
wt% results in a further decrease in resistivity to 1.9 x 1032 - m.

However, this doping process significantly increased the optical loss, with an
imaginary refractive index reaching as high as 0.021 for a 33 wt% MoQO3 doping
concentration. If utilized as an HTL with a thickness of 400 nm, the optical loss
would exceed 2000 dB/cm. Such high optical absorption levels are unacceptable
for our lasing applications.

6.4.3 BF-DPB doped with F6-TCNNQ

Organic dopants have been widely utilized for p-doping organic semiconductors. In
our study, we aimed to dope the pristine HTL N4,N4’-Bis(9,9-dimethyl-9H-fluoren-
2-y1)-N4,N4’-diphenylbiphenyl-4,4’-diamine (BF-DPB) due to its high glass tran-
sition temperature of 160°C, making it more resistant to heat damage [251]. We

3Deposition of the organic layers and p-contact metal was performed by Frederik Van Acker,
associated with the Liquid Crystals and Photonics (LCP) research group of Ghent University.
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Figure 6.16: Structures to measure the conductivity and optical absorption of NPB doped
with MoOs. (a) A pair of Au electrodes with varying gaps from 10 um to 50 um was
designed, configured into interdigitated shapes with a length of 3 cm, as illustrated in Figure
6.3(a). (b) Spiral SiN waveguides with dimensions of 300 nm X 1 um and lengths ranging
from 0.9 cm to 1.5 cm were fabricated. To mitigate optical absorption and facilitate
measurable transmission power, a 180 nm PECVD SiO layer was deposited on top in the
case of NPB with 33wt% MoOs doping. 100 nm NPB doped with MoOs was coated on these

samples.
Material Resistivity (€2-m) | Complex refractive index
NPB 9 x 107 1.77
NPB : 15wt% MoO3 2.4 x 10* -
NPB : 33wt% MoOs3 1.9 x 10? 1.81 + 0.0211

Table 6.1: Resistivity and complex refractive index of NPB doped with MoOs. The resistivity
was measured using the TLM method. The real refractive index was measured from
ellipsometry. The imaginary refractive index was obtained by measuring the waveguide loss
and fitting it into a simulation model. Materials with a thickness of 100 nm were deposited
on these characterization samples. The missing value for 15% MoOs3 doping is due to the
absence of SiO2 between the SiN core and the deposited organics in this case. The high
absorption results in no measurable transmitted optical power.

co-evaporated (1,3,4,5,7,8-Hexafluoronaphthalene-2,6-diylidene)bis(malononitrile)
(F6-TCNNQ) with BF-DPB at a ratio of 4 wt% for p-doping.

Two types of QLED samples were fabricated: one with (Device 3) and one without
(Device 4) a 200 nm thick BE-DPB:F6-TCNNQ doped layer, as illustrated in Figure
6.17(a). Interestingly, both QLEDs exhibited similar I-V behavior under high
driving conditions, as depicted in Figure 6.17(b), suggesting that the 200 nm thick
doped layer introduced little resistance to hole injection into the QD emission layer.
This observation was further confirmed by conductivity measurements (Device 5 in
Figure 6.17(a)), indicating a resistivity of 2.9 x 102} - m, which is approximately
one order of magnitude better than NPB doped with MoOs and more than 300
times better than pristine NPB. The relatively rapid increase in current at low
voltage for Device 3 can be attributed to possible shunt paths resulting from the thin
organics thickness. Moreover, the output optical power of Device 4 was three times
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Figure 6.17: The performance of BF-DPB doped with F6-TCNNQ. (a) Device 3 and 4
represent QLED samples with or without a 200 nm layer of BF-DPB:F6-TCNNQ,
respectively. Device 5 was employed for conductivity measurement, while Device 6
facilitated absorption measurement. (b) Current density vs. driving voltage. (c) Output
optical power density vs. driving voltage.

better than that of Device 3, as shown in Figure 6.17(c), possibly due to improved
outcoupling efficiency and reduced shunt current.

We assessed the optical absorption of this doped HTL by depositing it (200 nm
thick) on top of the SiN waveguide, as shown in Figure 6.17(a). The measured
optical loss was around 1520 dB/cm, corresponding to a complex refractive index
of 1.8 + 0.0097¢ when fitted to the simulation model. Although the absorption of
BF-DPB:F6-TCNNQ was two times lower than NPB:MoOsg, it was still too high to
achieve net gain for lasing.

6.5 Discussion

To achieve net gain with electrical pumping in our current integration platform, we
face the challenge of balancing the trade-off between hole injection and optical
loss. Increasing the thickness of the HTL to separate the optical mode from the p-
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Figure 6.18: ITO induced optical loss for waveguide-coupled LED with different HTL
thickness.

contact metal can help reduce optical absorption. However, the low conductivity of
commonly used pristine HTL materials poses a challenge in achieving high current
density for stimulated emission. Doping the HTL can enhance its conductivity, but
this may also introduce parasitic absorption, exacerbating optical losses.

There are several potential approaches to pursuing lasing:

1. Exploration of low-Loss, conductive HTL materials. Candidates can be identified
from OLED development, where recent advancements have demonstrated ultrathick
HTL OLEDs using hole transport materials with higher mobility. For instance,
organic—inorganic perovskite methylammonium lead chloride (MAPbCl3) exhibits
high hole mobility ( 1 cm?V~!'s~!) and is transparent to visible light, enabling
OLEDs with 1 um thick HTLs without requiring high voltages [252]. Similarly,
4.4’-(cyclohexane-1,1-diyl)bis(N,N-di-p-tolylaniline) (TAPC) with reasonable hole
mobility ( 3.3 x 1073 cm?V~'s~!) has demonstrated highly efficient and stable
OLEDs with thicknesses exceeding 1 um and low operating voltages [253]. HAT-
CN exhibits very high electron mobility (0.1 — 1 cm?V~!s~1) and its deep LUMO
aligns well with the HOMO of HTL materials, making it a promising hole transport
material. OLEDs with a 1000-nm-thick HAT-CN transport layer functioned properly
without a significant decrease in current density [252,254].

2. Utilization of transparent top electrodes. Another strategy to mitigate optical
losses from the top p-contact is to employ a transparent electrode. Covering a SiN
waveguide (300 nm x 3 pm) with a 20 nm ITO layer introduces a propagation loss
of only 49 dB/cm (complex refractive index of 2.21 + 0.003i). Consequently, using
a 20 nm ITO layer as a p-contact on top of our waveguide-coupled QLEDs would
introduce an additional loss of only 13 dB/cm, even with a 100 nm thick HTL
layer (see Figure 6.18). The performance of QLEDs with sputtered ITO electrodes
deserves further investigation.
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3. Optimizzation of the QD layer. Using QDs with suppressed Auger non-radiative
recombination is considered one of the most important factors in QLD development.
The threshold current density (j,) required to achieve population inversion can be
estimated using the equation:

(&

I e JTXTRX ©b
where e represents the elementary charge, o is the electrical cross-section, 7x is
the single-exciton lifetime and 7x x is the bi-exciton lifetime. Optimized strategies,
such as using a compositionally graded shell, can increase 7xx to ns. Recent
advancements have demonstrated ASE with electrical pumping using QDs with
enhanced lifetimes [114].

Unbalanced carrier injection into the emission layer, with electrons injected much
faster than holes, can lead to QD charging. While this is beneficial for achieving
population inversion at lower pump levels, it reduces the maximum achievable
optical gain. QDs with higher achievable gain are preferred, as they provide more
margin to compensate for optical losses. Recently demonstrated bulk nanocrystals
are promising candidates due to their high material gain of around 50000 cm ™1,

along with reduced Auger recombination and low lasing thresholds [240].

6.6 Conclusion

In this chapter, we investigated the feasibility of integrating CdSe/CdS QDs on SiN
waveguides as electrically driven gain material. We identified the insufficient hole
injection into the emission layer as the bottleneck for achieving electrically driven
gain, mainly due to the thick HTL used to reduce optical loss from the top p-contact
metal. To address this issue, we introduced an alternating (NPB/HAT-CN),, stack
into the HTL, leveraging its reported superior hole transport capability and low
optical loss. Additionally, we optimized the process flow to integrate the QLED
stack on waveguides, combined with an electrical pulse pump featuring a duration
of 2 us and a period of 0.2 ms, resulting in a high current density of 61.2 A/cm? at
a driving voltage of 100 V and emission from the high state.

To achieve ASE or lasing, improved hole injection is crucial. We explored doping
pristine organic semiconductors to enhance conductivity. BF-DPB doped with
F6-TCNNQ yielded a significantly more conductive HTL, with a resistivity of
2.9 x 1029 -m, over 300 times lower than pristine NPB HTL. The insertion of a 200
nm doped HTL layer did not notably affect the performance of QLEDs. However,
the doping introduced excessive parasitic absorption, hindering the attainment of
net optical gain for lasing. We believe a conductive and low-loss HTL is essential
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to achieve waveguide-coupled laser diodes.
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7.1 Conclusion

In this thesis, we have developed heterogeneous integration processes to bring
colloidal quantum dots (QDs) into the field of integrated photonics, serving as
photodetectors and electrically driven light sources. Furthermore, we have demon-
strated both traditional and two new types of miniaturized spectrometers using
QD-based photodetectors as key building blocks.

Unlike the widely studied heterogeneous integration of III-V expixial stacks, where
functional stacks are grown in high quality and integration primarily focuses on
patterning these stacks using a subtraction process, integrating QDs offers us
significant flexibility to add materials heterogeneously layer by layer. However, this
also presents challenges in developing a functional process flow. We need to find
materials with high optical and electrical quality for each layer and ensure that the
integration process itself does not significantly degrade their quality.

First, we developed an integration process to integrate a QD-based photodiode
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(QDPD) design on SiN waveguides. We found the main limitation waveguide-
coupled QDPDs (WG-QDPDs) face is detector saturation induced by the high
optical power density of the guided light. Using the cladding thickness and waveg-
uide width as design parameters, we mitigated this issue, and we demonstrated
WG-QDPDs with a responsivity of 0.69 A/W at 1275 nm that exhibit a linear pho-
toresponse for input powers up to 400 nW. Moreover, we successfully demonstrated
the integration of a QDPD array with an eight-channel arrayed waveguide grating
demultiplexer, effectively functioning as a compact infrared spectrometer. This
integration of multiple QDPDs represents a significant step towards the scalable
integration of QDPDs in complex photonic integrated circuits, with promising
applications in a wide range of fields.

Subsequently, we conducted optimization efforts on both the QDPD material stack
and the integration process. This led to the successful integration of QDPDs
onto silicon waveguides using larger-size PbS quantum dots, thus extending the
photodetection capabilities beyond the traditional telecommunication range in
silicon photonics. The achieved results at room temperature, including a low dark
current of 106 nA, a high responsivity of 1.3 A/W at 2.1 ym, and a bandwidth of 1.1
MHz. Both the QDPD stack and the integration process were optimized to achieve
this level of performance. The scalability of our integration method was exemplified
through the presentation of an 8-channel compact spectrometer integrated with a
WG-QDPD array. This integrated system offers a promising solution for on-chip
spectroscopy around 2.1 pm.

Moreover, we explored the combination of the tunable spectral response of QD-
PDs with dispersive PICs, demonstrating a spectrometer with a working spectral
range beyond one free spectral range (FSR). Leveraging the wavelength response
disparity within two cascaded QDPDs, we successfully decoupled two diffraction
orders of the planar concave grating (PCG). Our implementation achieved a broad
operational range of approximately 180 nm on an eight-channel PCG with a 90
nm FSR, achieving a resolution of 12 nm. The tunable wavelength response of the
proposed cascaded QDPDs opens avenues for their integration in various optical
configurations, promising enhanced resolution, broader bandwidth, and increased
robustness for on-chip computational spectroscopy applications.

In addition, we proposed the utilization of a QDPD array as nano-samplers for
a Stationary-Wave Integrated Fourier Transform Spectrometer (SWIFTS). Our
spectrometer design was based on a 350 nm SiN waveguide, incorporating a 100-
channel QDPD array as the nano-samplers. These QDPDs featured a compact
length of 100 nm allowing to locally probe the power density in the waveguide.
Our experimental results revealed that the effective length of the nano QDPD
closely aligns with the top p-contact size, thereby validating the feasibility of
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employing QDPDs as nano-probers. Although the experimental demonstration
of the SWIFTS system is still pending, all individual components have exhibited
promising performance. We believe the demonstration of our SWIFTS is around
the corner.

We also investigated the feasibility of integrating CdSe/CdS QDs on SiN waveguides
as electrically driven gain material. We identified the problematic hole injection
into the emission layer as the bottleneck for achieving electrically driven gain,
mainly due to the thick HTL used to reduce optical loss from the top p-contact
metal. To address this issue, we introduced an alternating (NPB/HAT-CN),, stack
into the HTL, leveraging its reported superior hole transport capability and low
optical loss. Additionally, we optimized the process flow to integrate the QLED
stack on waveguides, combined with an electrical pulse pump featuring a duration
of 2 us and a period of 0.2 ms, resulting in a high current density of 61.2 A/cm?
at a driving voltage of 100 V and emission from the high state. To achieve ASE
or lasing, improved hole injection is crucial. We explored doping pristine organic
semiconductors to enhance conductivity. However, the doping introduced excessive
parasitic absorption, hindering the attainment of net optical gain for lasing. We
believe a conductive and low-loss HTL is essential to achieve waveguide-coupled
laser diodes.

7.2 Outlook

For waveguide-coupled QDPDs, there are several directions to explore:

* Optimizing the QDPD material stack to withstand higher optical power
saturation thresholds. This will make WG-QDPDs operate efficiently within
a smaller footprint and avoid the need of using a thick top cladding, a long
absorption length and a wide waveguide width.

* Integrating QDs with extended wavelength absorption capabilities into sil-
icon photonics to broaden its sensing range. Potential candidates include
larger PbS QDs, HgTe, and Ag,Se QDs. This expansion would extend the
photodetection capabilities of silicon photonics into the mid-infrared range,
aligning with the growing interest in sensing applications.

* Integrating WG-QDPDs on flexible photonic integrated circuits. QDs offer
superior mechanical flexibility compared to conventional rigid semicon-
ductors [255]. Exploring the integration of QDPDs onto flexible photonic
platforms holds promise for wearable sensing applications.
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* Integrating a QDPD array as nano-samplers for SWIFTS. Demonstrating

SWIFTS using QDPD array nano-samplers, as pursued in Chapter 5, has the
potential to yield a compact on-chip spectrometer with large bandwidth and
high resolution.

For QD-based light sources, potential strategies to push towards electrically-driven
laser diodes or amplifiers include:

» Exploration of low-loss and conductive hole transport materials. Investigat-

ing thick hole transport materials with high conductivity and low parasitic
absorption can reduce optical loss from top metal while maintaining a high
current density. Materials such as perovskite methylammonium lead chloride
(MAPDCl3) [252], TAPC [253], and HAT-CN [252,254] show promise in
this regard.

Utilization of low-loss top electrodes. Thin layers of transparent electrodes
like ZnO or ITO can replace traditional lossy metals, maintaining low optical
loss even with a thin hole transport layer.

Improvement of gain materials. Colloidal nanocrystals, which exhibit sup-
pressed Auger recombination for easier population inversion and offer a
larger achievable gain to compensate for optical loss, can facilitate the de-
velopment of electrically-driven gain. Promising candidates for this purpose
include nano-platelets [256] and bulk-like nanocrystals [240].

Given the potential for scalable integration of QDs as both light sources and
photodetectors, the prospect of developing a complete spectroscopy chip is highly
promising. QDs of varying sizes can be employed to create a broadband light source,
while long spiral waveguides can serve as the sensing unit. Integrated spectrometers
with QDPDs, as demonstrated in this thesis, can be effectively utilized for signal
detection. The low cost of QDs, along with their ease of integration, positions them
as competitive candidates for such systems. This integration could lead to compact,
cost-effective, and high-performance spectroscopy chips suitable for a wide range
of applications, including environmental monitoring, medical diagnostics, and
industrial process control.



Material synthesis and deposition

A.1 Synthesis of 950 nm PbS CQDs

Lead oleate and N-(3,5-bis(trifluoromethylphenyl))-N’-phenylthiourea were syn-
thesized according to Hendricks et al. [197]. In a three-neck flask, 7.00 mmol lead
oleate (5.38 g, 1.50 eq.) was dissolved in 25 mL anhydrous n-octane at 90 °C under a
nitrogen atmosphere. In a vial, 4.67 mmol of N-(3,5-bis(trifluoromethylphenyl))-N’-
phenylthiourea (1,70 g, 1 eq.) and 2 mL of 1-methoxy-2-(2-methoxyethoxy)ethaan
were mixed and heated to 90 °C as well. The thiourea solution was then quickly
injected into the lead oleate solution via a syringe and the flask was cooled down to
room temperature by immersion into a water batch after one minute. The resulting
dispersion was purified four times with the aid of n-octane and acetone under
ambient conditions and stored in anhydrous n-octane for further use. The synthesis
yielded about 1.5 grams of PbS QDs with a first exciton peak at 950 nm.

A.2 Synthesis of 1300 nm PbS CQDs

In a three-neck flask, 2 mmol lead oleate (1.54 g, 1.33 eq.) was dissolved in 20 mL
n-dodecane at 120 °C under a nitrogen atmosphere, and flushed for 30 min. Next,
1.5 mmol of N-(p-(trifluoro-methyl)phenyl)-N’-dodecylthiourea (0.5828 g, 1 eq.)
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was mixed with 1 mL of 1-methoxy-2-(2-methoxyethoxy)ethaan or diglyme under
a nitrogen atmosphere, preheated at 120 °C and quickly injected into the lead oleate
solution at 120 °C. The reaction mixture was cooled down to room temperature by
immersing the flask in a water bath after 80 sec. The resulting dispersion was then
purified at least four times with the aid of octane/acetone and finally passed through
a 0.45 um pore size syringe filter before re-dispersion in anhydrous n-octane and
adjusting the desired concentration.

A.3 Synthesis of 2100 nm PbS CQDs

In a three-neck flask, 1.2 mmol lead oleate (0.9241 g) was dissolved in 20 mL
n-dodecane at 150 °C under a nitrogen atmosphere. Separately, N-n-hexyl-N’-
dodecylthiourea (1 mmol, 0.3286 g) was mixed with 1 mL of diglyme (Diethylene
Glycol Dimethyl Ether) in a vial and heated to 150 °C. The pre-heated thiourea
solution was then injected swiftly into the lead oleate solution via a syringe and
the reaction was allowed to run for 20 minutes at 150 °C. Subsequently, the flask
was cooled down to ambient temperature by immersion into a water bath. The
final dispersion underwent four purification cycles inside a nitrogen-filled glovebox,
using a solvent mixture of 4:1 toluene to hexane, with methyl acetate as the non-
solvent. The purified PbS QDs were dispersed in anhydrous n-octane to achieve the
desired concentration.

A.4 Preparation of sol-gel ZnO presursor

Zinc acetate dihydrate (0.132 g) and ethanolamine (37 puL) were dissolved in 2-
methoxyethanol (2 mL) inside a N2 glovebox. The precursor solution is filtered
with a 0.2 um pore size syringe filter and stored in ambient conditions for further
use.
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