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Integrated photonics consolidates multiple photonic functions onto a compact platform. It
enables high-speed data transmission, advanced sensing technologies, and energy-efficient opti-
cal computing. While conventional photonic integrated circuits (PICs) rely on established semi-
conductor platforms, polymer-based photonics offer a low-cost, flexible alternative with tunable
optical properties. This dissertation explores the role of polymer materials in integrated pho-
tonics, focusing on two key areas. The first involves the development of low-loss fiber-to-chip
couplers for polymer-based photonic platforms, specifically SU-8 in the C and L bands, as well
as III-V (AlGaAs) photonic devices in the visible range. The second focuses on the thermo-optic

characterization of SU-8 at cryogenic temperatures, utilizing these fiber-to-chip couplers for ef-



ficient device integration and packaging, enabling precise optical measurements in cryogenic
environments.

In the first part of this dissertation, a 3D low-loss, broadband fiber-to-chip coupler is de-
veloped for polymer-integrated photonics, incorporating custom-designed fiber receptacles that
enable a self-aligning structure. The polymer coupler, fabricated via two-photon polymerization
(TPP), facilitates seamless light transition between standard optical fibers and on-chip waveg-
uides, significantly reducing coupling losses by integrating mode field adapters and a hybrid
coupler-waveguide tapered structure. Custom-designed fiber receptacles ensure stable and con-
sistent fiber positioning, eliminating the need for high-precision alignment and facilitating robust
fiber-to-chip packaging.

In the second part of this dissertation, the thermo-optic coefficient (TOC) of SU-8 is char-
acterized at cryogenic temperatures to better understand its behavior in superconducting and
quantum photonic applications. SU-8 is widely used in photonic devices due to its excellent
optical properties, low-loss characteristics, and ease of fabrication. However, its TOC at ultra-
low temperatures remains largely unexplored despite its critical importance in designing stable
and efficient photonic circuits for cryogenic environments. To address this gap, the TOC of SU-8
is systematically measured down to 3 K using an integrated microring resonator approach. The
results reveal a significant reduction in TOC, decreasing by nearly two orders of magnitude as the
temperature drops from room temperature to cryogenic levels, providing key insights for future
low-temperature photonic designs. A critical connection between the two parts of this disser-
tation is established through the integration of the same 3D fiber-to-chip couplers developed in
Part 1. These couplers enable efficient and stable fiber-to-SU-8 microring resonator packaging

for characterization inside the cryostat, which lacks real-time active fiber alignment capabili-



ties. Their robust design ensures consistent optical coupling throughout multiple thermal cycles,
demonstrating exceptional resilience in extreme temperatures.

This dissertation’s third and final part focuses on developing a fiber-to-chip coupler for
III-V photonic integrated circuits (PICs) operating in the visible wavelength range. This work
addresses fiber-to-chip coupling challenges in AlGaAs waveguides that contain embedded single-
photon sources for quantum applications. Efficient optical pumping of these emitters is expected
to generate a high flux of single photons propagating through the waveguides. However, exist-
ing grating-based coupling schemes suffer from extremely low collection efficiency, limiting the
practical viability of these quantum photonic devices. To overcome this limitation, a novel cou-
pler design is proposed to enhance photon extraction and fiber-to-chip coupling. A key challenge
in this work is developing a fabrication process for suspended AlGaAs devices, which differ struc-
turally from conventional planar waveguides. Moreover, the coupler operating at around 780 nm
requires careful photonic design adaptation. While experimental validation is ongoing, the pro-
posed design is designed to improve mode conversion between waveguide and fiber modes, with
simulations predicting a coupling efficiency exceeding 80%. This dissertation also discusses the
initial steps toward experimental realization, addressing fabrication constraints due to AlGaAs’s
high reflectivity. Additional parameter tuning and fabrication steps, particularly related to the

release of suspended structures after 3D nanoscale printing of couplers on AlGaAs are explored.
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Chapter 1: Introduction to Polymer Integrated Photonics

1.1  Overview of Photonic Integrated Circuits (PICs)

Photonic integrated circuits (PICs) are becoming a cornerstone of modern optics by com-
bining key components—Ilike modulators, detectors, and waveguides—onto a single chip. Just
as electronic integrated circuits revolutionized signal processing, PICs are transforming fields
like optical communication, sensing, and computing by offering a more compact, scalable, and
energy-efficient alternative to bulky, discrete optical systems [1]. By shrinking complex opti-
cal functions into a small footprint, PICs make it possible to integrate many components side
by side, which not only reduces signal losses and parasitics but also supports faster, low-power
operation. These features make PICs especially valuable for cutting-edge applications in data
centers, quantum technologies, and biosensing.

Figure 1.1 shows a photonic integrated circuit (PIC) comprising an input port, power split-
ter, optical filter, and modulator, with multiple output ports. These components are just a few
examples of the wide variety of photonic elements that can be integrated within a compact chip
area. When implemented individually on an optical table, such components would occupy signif-
icant physical space, whereas integration enables dense functionality on a much smaller footprint.

To really understand the reach of PICs, it’s helpful to look at the range of wavelengths they

work with across different applications. Photonic technologies span a wide range of applications,
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Figure 1.1: Schematic layout of a photonic integrated circuit (PIC) featuring key components
including an input coupler, power splitter, optical filter, and modulator, with three distinct output
ports. The design illustrates a typical signal flow through an integrated optical system, demon-
strating core functionalities such as optical splitting, filtering, and modulation on-chip.

each operating within specific wavelength bands tailored to their functional needs. Figure 1.2
maps key application domains—such as quantum photonics, telecommunications and biosens-
ing—onto their respective wavelength ranges. For instance, data and telecom systems typically
operate in the O-, C-, and L-bands (1260-1625 nm) due to low loss in silica fibers. Quantum
applications span visible to near-infrared regimes depending on the platform, while biophotonics
and diagnostic tools make use of the tissue-transparency window from 500—1100 nm. This chart
highlights how wavelength selection drives material, device, and platform design in integrated
photonics.

PICs have traditionally been built on semiconductor materials such as silicon (Si), silicon
nitride (SiN), and indium phosphide (InP), which offer strong mode confinement and are com-

patible with established CMOS fabrication workflows. That said, these platforms also come with
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Figure 1.2: Sideways bar chart showing wavelength ranges relevant to various photonic appli-

cation spaces, from visible to mid-infrared. Each bar indicates the spectral window typically
exploited for that domain, such as quantum optics, biophotonics, telecom, or sensing

certain trade-offs:

* High fabrication costs: Photonic devices built on semiconductor substrates require multi-
step processes that involve photolithography, thin-film deposition, etching, and precise
material control. Techniques like deep ultraviolet (DUV) lithography or electron-beam
lithography (EBL) are commonly used to define fine features with sub-micron precision,
but they demand expensive equipment and highly controlled cleanroom environments. Ad-
ditionally, yield can be sensitive to minor variations in process parameters, which further
increases production cost during both prototyping and volume manufacturing [2]. As a re-
sult, the development of custom PICs remains financially intensive, especially for academic

labs or startups working on small production runs.

* Limited structural flexibility: Platforms based on crystalline materials like silicon or

indium phosphide are mechanically rigid, which makes them less adaptable to curved or



flexible surfaces. This rigidity also complicates direct integration with optical fibers or

packaging strategies that require conformal interfaces

* Weak nonlinear and electro-optic responses: Many semiconductor platforms exhibit
modest nonlinear optical coefficients and limited electro-optic tunability. This places con-
straints on dynamic modulation speed and reconfigurability, which are increasingly impor-

tant in applications like optical switching and signal processing [3].

These constraints have prompted researchers to explore alternative materials and platforms.
Among these, polymer-based photonics has emerged as a versatile and promising route—capable
of supporting a wide range of applications through flexible, low-cost fabrication and tunable op-

tical behavior.

1.2 Polymers in Integrated Photonics: Key Benefits

Polymers offer a distinct set of advantages for photonic integration. Their processability,
chemical diversity, and compatibility with diverse fabrication techniques position them uniquely
to overcome limitations posed by traditional semiconductor materials. Compared to rigid and
expensive platforms like silicon and III-Vs, polymers bring a more adaptable and scalable alter-
native to the design of photonic circuits.

Several characteristics support the increasing relevance of polymers in integrated photon-

ics:

1. Low Propagation Loss: Thanks to advancements in polymer synthesis and waveguide

engineering, many polymer systems now achieve propagation losses below 0.1 dB/cm at



telecom wavelengths [4,5]. This level of loss, once exclusive to specialized semiconduc-
tor platforms, is now achievable with spin-coated and lithographically patterned polymers.
Furthermore, polymers exhibit negligible two-photon absorption in the near-infrared, mak-

ing them suitable for high-power and nonlinear photonic systems.

. Refractive Index Versatility: One of the major design benefits of polymers is their cus-
tomizable refractive index, which can be engineered through molecular composition or
blending. With refractive indices typically ranging from 1.3 to 1.7, polymers offer de-
sign flexibility in optical mode confinement and coupling. This enables more efficient
mode matching between standard optical fibers and on-chip waveguides, reducing inser-

tion losses and simplifying packaging [6,7].

. Fabrication Versatility: Polymers can be deposited, patterned, and structured using a
wide range of techniques, including spin coating and various forms of lithography such
as UV, photo, and electron-beam lithography, inkjet printing, and two-photon polymeriza-
tion (2PP). These processes enable rapid prototyping and 3D microstructuring at low cost,
without the need for cleanroom-intensive equipment [5]. This accessibility has lowered
the barrier to entry for integrated photonics research and enabled flexible designs that are

otherwise infeasible with crystalline materials.

. Flexibility for Hybrid Integration Polymer materials offer remarkable flexibility, en-
abling the fabrication of complex 3D photonic structures with ease. Their adjustable refrac-
tive indices and low-temperature processing make them ideal for hybrid integration with

silicon platforms [8]



5. Biocompatibility and Functional Integration: Many photonic polymers are derived from
materials already used in biomedical engineering, offering intrinsic biocompatibility. Their
softness and chemical tunability allow seamless integration into lab-on-a-chip devices, im-
plantable sensors, and real-time biosensing platforms [9]. The optical performance, com-
bined with mechanical flexibility, positions polymers as a key material for interfacing pho-

tonic devices with living systems.

1.3 Application of Polymers in Integrated Photonics

The accessibility, customizability, and low-cost fabrication of polymer photonics have cat-
alyzed their use across a diverse range of emerging and established application domains. These
materials serve not only as passive optical media but also as enabling elements in systems where

flexibility, thermal responsiveness, and biocompatibility are crucial.

* Optical Communication: Polymer-based waveguides and couplers offer low insertion loss
and broad spectral bandwidth, particularly in the C and L bands, making them ideal for use
in passive components such as splitters, multiplexers, and fiber-to-chip interconnects [10].
Their compatibility with standard telecom wavelengths and ease of integration with fiber

optics allows them to serve as efficient interfaces in short- and medium-reach optical links.

* Data Center Interconnects: As data traffic increases, the need for high-density, short-
reach optical links within data centers has grown. Flexible and lightweight polymer waveg-
uides present a scalable alternative to copper interconnects, supporting high-bandwidth
data transfer while reducing power consumption and thermal load [11]. Additionally, their
compatibility with printed circuit boards (PCBs) enables streamlined integration into exist-
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ing electronic infrastructure.

Biomedical Devices and Biosensing: Due to their inherent biocompatibility and tunable
mechanical properties, polymers are well-suited for biosensing and lab-on-a-chip plat-
forms [12, 13]. Polymer photonics enable miniaturized optical probes for detecting pro-
teins, DNA, and other biomarkers in real time. Their ability to conform to soft biologi-
cal tissues and operate in fluidic environments expands their utility in wearable and im-

plantable systems.

Holographic 3D Telepresence and Augmented Reality (AR) Applications: Tunable op-
tical properties, lightweight nature, and mechanical flexibility of polymers make them ideal
for fabricating dynamic holographic displays and waveguides. In particular, polymer-based
photonic structures can be engineered to modulate light with high precision, enabling im-
mersive 3D projections and responsive augmented reality (AR) interfaces. Their compati-
bility with flexible substrates also supports the creation of wearable AR systems, paving the
way for more adaptable, user-friendly devices. Furthermore, the low-cost and scalable fab-
rication of polymers enhances the feasibility of integrating these advanced functionalities

into everyday applications [14, 15]

Quantum Photonics: Emerging research demonstrates that polymers can serve as viable
platforms for integrating components such as single-photon sources, microring resonators,
and waveguides [16, 17]. Their cryogenic resilience, which we have established through
the research described in this thesis by SU-8 and similar materials, opens pathways for
low-temperature photonic circuits that interface with superconducting quantum systems or
cryogenic detectors. Efficient fiber coupling, low thermal expansion, and broad material
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compatibility further enhance their appeal in this field.

1.4 Scope and Structure of the Dissertation

This dissertation investigates the role of polymers in integrated photonics through the lens
of optical interfacing and thermal behavior—two areas where polymer platforms have shown
both promise and complexity.

The work is structured into three main parts:

Part I introduces a nanoscale 3D-printed, broadband fiber-to-chip coupler designed for
polymer photonic platforms. By using two-photon polymerization to fabricate freeform couplers
directly onto SU-8 waveguides, this design overcomes longstanding issues related to alignment
sensitivity and mode mismatch. Custom-designed fiber receptacles enable self-aligning func-
tionality, while numerical simulations (eigen mode expansion (EME) and finite-difference time-
domain (FDTD)) guide the geometry for low insertion loss performance. Experimental validation
shows coupling losses as low as 0.42 dB per facet in the 1520-1620 nm range, representing a sig-
nificant improvement over grating or edge couplers.

Part II focuses on the thermo-optic behavior of SU-8 at cryogenic temperatures. While
SU-8 is already established in room-temperature photonics, its performance in low-temperature
environments—crucial for superconducting and quantum applications—remains largely unex-
plored. Using integrated microring resonators, this study tracks resonance shifts down to 3 K,
revealing a two-order-of-magnitude drop in the thermo-optic coefficient. Notably, the fiber-to-
chip couplers from Part I are reused here to enable reliable, alignment-free optical packaging

inside the cryostat—demonstrating their thermal resilience and practical versatility.



Part III explores fiber coupling to III-V photonic integrated circuits, specifically AlGaAs
waveguides that operate in the visible range and contain embedded single-photon sources. This
part addresses the challenges of mode conversion and fabrication on suspended III-V membranes.
A novel coupler is designed to interface standard single-mode fibers optimized for 780 nm with
AlGaAs waveguides while maintaining high efficiency (=~ 80% simulated). Key engineering hur-
dles such as reflection management and structural release are addressed, and early experimental

results indicate strong potential for scalable implementation in quantum photonic systems.

1.5 Significance and Contributions

Rather than treating coupling, cryogenics, and III-V integration as separate problems, this
work positions them as interconnected aspects of a larger question: how can we make polymer-
based photonics reliable, high-performance, and ready for diverse real-world conditions? By
designing and validating tools that work across platforms and temperature regimes, this research
contributes both fundamental insights and practical solutions.

Key contributions include:

* A versatile, broadband 3D polymer nanoscale coupler design with integrated self-alignment

features. [18, 19]

* The first detailed experimental characterization of SU-8’s thermo-optic coefficient down to

3 K. [20]

* A coupling strategy for AIGaAs photonic devices at 780 nm, adapted for suspended ge-

ometries.



Together, these advances support the integration of polymer photonics into a broader spec-
trum of applications—extending from classical optical communication to the frontier of quantum

photonics.
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Chapter 2: Low-Loss 3D fiber-to-chip coupler for Polymer Integrated Photonic

Waveguide

2.1 Introduction

Efficient coupling between optical fibers and photonic integrated circuits (PICs) is a funda-
mental requirement for advancing modern photonic technologies. As photonic systems continue
to evolve, their efficient integration with optical fiber networks becomes essential for diverse
applications, including high-speed data transmission, optical signal processing, and advanced
sensing technologies. Despite extensive research, achieving efficient, low-loss, and broadband
fiber-to-chip coupling remains challenging due to inherent discrepancies in mode field diameter
(MFD), numerical aperture (NA), refractive index profiles, and wave propagation characteristics
between standard optical fibers and integrated waveguides.

High coupling losses at the fiber-to-chip interface not only diminish power transfer effi-
ciency but also negatively affect the performance and reliability of both active and passive pho-
tonic components. In active photonic devices, such as semiconductor optical amplifiers (SOAs)
and laser diodes, inefficient coupling can significantly reduce optical output power, degrade
signal-to-noise ratios (SNR), and can introduce cross-device interference between that limits the

integration density. Consequently, critical system characteristics such as modulation bandwidth,

11



amplification performance, and overall signal integrity in high-speed photonic communication
links become severely compromised. Similarly, passive components, such as waveguide-based
filters, splitters, interferometers, and resonators, are adversely affected by fiber-to-chip interface
losses. High insertion losses can cause signal attenuation, unwanted back-reflections, and stand-
ing wave effects, thereby negatively impacting spectral response, wavelength selectivity, and
overall device reliability.

In addition, quantum optics applications and high-sensitivity photonic sensors require pre-
cise optical mode control and minimal interface losses. Any inefficiency at the fiber-to-chip
coupling interface can reduce system sensitivity, lower measurement accuracy, and compromise
the fidelity of quantum information processing and quantum detection systems.

Polymer-based photonic platforms have attracted considerable interest as a result of their
inherent fabrication flexibility, cost-effectiveness, and ease of integration. However, typical poly-
mer waveguides have smaller mode fields compared to standard single-mode fibers, such as SMF-
28, which introduce considerable mode mismatches and insertion losses at the fiber-to-chip in-
terface. Hence, addressing these coupling challenges becomes critical, particularly for practical
applications such as biosensing, laboratory-on-a-chip systems, and quantum photonic integration.

Traditional coupling approaches such as grating couplers and edge couplers are commonly
used but inherently exhibit limitations [21]. Grating couplers, despite their widespread adoption
due to relatively simple alignment requirements, suffer from narrow operational bandwidth, po-
larization dependence, and generally require additional lithography and etching to achieve the
lowest loss. On the other hand, edge coupling approaches, despite potentially offering lower
insertion losses, suffer from stringent alignment requirements at submicron levels, significantly
complicating the packaging, assembly, and long-term alignment stability of photonic integrated
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circuits.

Recently, polymer coupler structures realized using direct laser writing have gained sig-
nificant attention as a possible solution for fiber-to-chip coupling [22,23]. Leveraging advanced
polymer materials, particularly IP-Dip2 (a commercially available high-resolution photoresin),
these couplers allow for precise fabrication, refractive index matching, and ultra-low insertion
losses across broad spectral ranges (e.g., 1520-1620 nm). Furthermore, their inherent flexibility
in creating intricate 3D geometries ensures superior mode matching between fibers and integrated
waveguides, significantly reducing insertion losses and simplifying alignment [24-26].

These advantages stem from the capabilities of 3D lithographic techniques—especially
direct-write methods such as two-photon polymerization—which enable true three-dimensional
structuring with submicron resolution. However, despite their flexibility and precision, these
techniques do not match the scalability, integration density, or throughput of conventional pla-
nar lithography methods (e.g., photolithography and deep-UV stepper-based processes), which
remain the standard for wafer-scale manufacturing in the semiconductor and integrated photon-
ics industries. As such, while 3D-printed couplers offer promising performance for prototyping
and low-volume applications, their broader adoption may depend on advances in high-throughput
direct-write systems or hybrid integration approaches.

Despite current limitations in scalability and throughput, the usefulness of polymer-based
3D fiber-to-chip couplers often outweighs these challenges, particularly in contexts where design
flexibility, performance, and ease of integration are critical. These couplers offer a compelling al-
ternative to traditional coupling methods, enabling notable improvements in photonic integration,
packaging robustness, and operational efficiency. Consequently, this thesis aims to design and
experimentally demonstrate polymer-based 3D fiber-to-chip couplers. Specifically, we present
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enhanced flexible polymer receptacles capable of achieving efficient fiber-to-chip coupling with-
out the need for precision alignment stages, active feedback control, or additional lithographic
layers. The proposed coupler architecture is broadly applicable across various integrated pho-
tonic material platforms, thereby offering a scalable and practical solution for next-generation

photonic systems.

2.2 Challenges in Traditional Optical Coupling: Efficiency, Alignment, and

Scalability Issues

The functionality of fiber-to-chip couplers directly impacts the efficiency, scalability, and
overall performance of photonic systems. Effective fiber-to-chip interfaces must minimize inser-
tion losses, operate across a broad wavelength range, and ensure ease of fabrication and align-
ment.

Traditional fiber-to-chip coupling approaches, including grating couplers and edge cou-
plers, have been extensively used in silicon photonics and other integrated photonic platforms [27—
29]. However, these methods suffer from significant insertion losses, polarization sensitivity,
alignment difficulties, and bandwidth limitations. Moreover, even for these well-established
techniques, external alignment mechanisms and stabilization structures are typically required to
realize a robust, packaged photonic device—adding complexity and cost to the integration pro-
cess. Recent advances in 3D-printed freeform couplers using two-photon polymerization (TPP)
provide a superior alternative by enabling seamless mode transition, broadband performance, and

reduced polarization dependence [30,31].
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2.2.1 Grating Couplers: Efficiency vs. Bandwidth Trade-off

Grating couplers are widely adopted in integrated photonics due to their vertical coupling
capability, CMOS compatibility, and ease of integration into wafer-level testing [32]. However,

they present a number of limitations:

* Narrow Operational Bandwidth:
The bandwidth of a grating coupler is fundamentally limited by the geometry of the diffrac-
tion problem: the numerical aperture of the fiber, the thickness of the intervening (oxide)
cladding layer [33,34]. Grating coupler operational bandwidth, typically span between 30—
50 nm, centered around the telecommunications wavelength of 1550 nm [35]. This con-
straint arises from their reliance on diffraction-based coupling, which is highly wavelength-
selective. Consequently, grating couplers are less suitable for broadband photonic systems
such as wavelength-division multiplexing (WDM), where wide spectral coverage is essen-

tial.

* High Insertion Loss and Limited Coupling Efficiency
Grating couplers often suffer from high insertion loss, typically in the range of 3-5dB,
which poses a significant drawback for power-sensitive photonic systems [36]. These
losses stem from diffraction inefficiencies, imperfect mode overlap between the fiber and
waveguide, and fabrication-induced imperfections such as non-ideal etch profiles or grat-
ing parameter variations. Additionally, a substantial portion of incident optical power may
be reflected back into the fiber, transmitted through the substrate without coupling, or scat-

tered due to surface roughness and other fabrication defects [37]. While design strategies
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such as apodized gratings and backside reflectors can help mitigate these issues, they often
increase process complexity and fabrication overhead, making grating couplers less ideal

for low-loss, high-efficiency interconnects.

Wavelength Sensitivity
The performance of grating couplers is highly sensitive to wavelength variations. The

central coupling wavelength is governed by the Bragg condition:

A = A(negr — sin 6) 2.1

where A is the grating period, n.g is the effective refractive index, and 6 is the fiber tilt
angle. Small deviations in these parameters, due to fabrication tolerances or environmental
fluctuations, can shift the operational bandwidth, reducing coupling efficiency [37]. While
chirped or subwavelength grating designs offer some mitigation, they introduce additional

design and manufacturing challenges.

Polarization Dependence

Standard grating couplers predominantly couple light in the Transverse Electric (TE) po-
larization mode. To support Transverse Magnetic (TM) modes, specialized structures such
as birefringent gratings or polarization-splitting configurations must be introduced, com-

plicating the design and potentially increasing footprint.

Back Reflection Issues
One inherent drawback of vertical coupling is the generation of back-reflected light into

the input fiber. This can introduce noise and interference in coherent optical systems and
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degrade the performance of sensitive photonic receivers. Techniques such as tilted grating
geometries or anti-reflection coatings are often used to minimize these reflections, but they

add to design and alignment constraints.

Fabrication Sensitivity

The efficiency and spectral response of a grating coupler are highly sensitive to fabrica-
tion parameters such as etch depth, duty cycle, and period uniformity. Even small devia-
tions from the design values can lead to substantial degradation in coupling performance
or spectral shift. This places strict demands on nanofabrication accuracy, particularly in

high-throughput or multi-project wafer runs [38].

Fiber-to-chip Alignment Sensitivity

Successful coupling through grating structures requires precise alignment, particularly
with respect to the fiber’s tilt angle (typically 8—15 degrees) and lateral position (within
3-5 um). While these tolerances are less stringent than those of edge couplers, they
still pose challenges for automated alignment systems in high-volume production envi-
ronments [38]. In laboratory settings, active alignment with real-time optical feedback is
often used to achieve optimal coupling. However, for packaged devices, the final structure
must be aligned—often through microscopic inspection alone, without the aid of active
feedback—and then permanently secured using adhesives such as UV-curable epoxy. This
adds an additional layer of complexity and reliability concern to the packaging process,

particularly in large-scale or field-deployable systems.

Environmental Instability
Grating couplers are sensitive to environmental perturbations, particularly temperature
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fluctuations. While thermo-optic effects can shift the refractive indices of the waveguide
and cladding materials—subtly detuning the Bragg condition—the more significant impact
often arises from thermo-mechanical effects. Differential thermal expansion between ma-
terials in the packaging stack can lead to mechanical misalignment of the fiber and grating
interface, degrading coupling efficiency. This sensitivity necessitates careful mechanical
design and thermal stabilization strategies for high-performance or temperature-variable

applications [38].

Scalability Limitations

Grating couplers provide flexibility in fiber placement and compatibility with wafer-level
testing and vertical packaging, making them a convenient choice for fiber-to-chip coupling.
However, their scalability is constrained by fiber pitch requirements, which typically range
from 127-250 pm. This spacing limits the number of channels per unit area, as each fiber
requires sufficient separation to prevent crosstalk and maintain coupling efficiency. As a
result, grating couplers consume more chip real estate per channel, reducing their suitability
for high-density photonic integration, such as co-packaged optics and dense transceiver

arrays [39].

2.2.2 Edge Couplers: High Alignment Sensitivity and Complex Packaging

Edge couplers enable direct in-plane coupling between optical fibers and photonic waveg-

uides, offering superior coupling efficiency and broader spectral performance, with insertion

losses as low as 1-2 dB [29]. However, present several challenges that hinder their integration

and manufacturability.
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2.2.2.1 High Alignment Sensitivity

Unlike grating couplers, edge couplers require sub-micron precision in fiber positioning.
Even minor lateral misalignments—on the order of 1 um—can lead to measurable increases in
coupling loss, making them highly sensitive to assembly tolerances and vibrations. As a result,
active alignment systems are often required, significantly increasing packaging cost and com-

plexity.

2.2.2.2 Mode Mismatch

The disparity between the mode field diameter of standard SMF-28 fiber (/9.2 um) and
the sub-micron waveguide dimensions (0.5-2 um) leads to poor optical overlap at the interface.
To address this, inverse tapers or adiabatic mode converters are commonly employed. However,

these require extended coupling regions and careful fabrication, adding to design overhead [40].

2.2.2.3 Facet Quality Requirements

Edge coupling depends on smooth, defect-free chip facets to minimize scattering and max-
imize transmission. This necessitates additional dicing, cleaving, and polishing steps in the fab-
rication process. Moreover, facet degradation from environmental exposure (e.g., dust, humidity,
or oxidation) over time can lead to performance drift, especially in unsealed packaging environ-

ments [40].
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2.2.2.4 Packaging and Testing Limitations

A major drawback of edge couplers is their incompatibility with wafer-level testing. Since
the optical interface is at the chip’s edge, optical access is only possible after dicing. This prevents
early yield screening, increasing the risk of packaging non-functional chips and raising overall

manufacturing cost [41].

2.2.2.5 Integration Density Constraints

Achieving high-density fiber coupling using edge couplers is difficult due to the need for
highly precise alignment across multiple channels. This becomes particularly problematic in
arrayed configurations or co-packaged transceivers, where uniform coupling across several fibers

is essential [41].

2.2.2.6 Environmental Sensitivity

Because edge coupling depends on tight mechanical alignment, it is inherently susceptible
to environmental factors such as temperature changes and mechanical stress. Thermal expansion
of packaging materials can lead to fiber misalignment over time, degrading coupling efficiency.
These issues necessitate careful thermal and mechanical design, especially in mission-critical

applications.

2.2.3 Scalability

Unlike grating couplers, which can be arranged in a two-dimensional (2D) array, edge

couplers are limited to a single row along the chip edge. This constraint places a hard limit on the
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number of fiber channels per device, restricting their feasibility for high-density interconnects in

large-scale photonic circuits.

2.3 3D Fiber-to-Chip Couplers: Complex vs. Free-Form Polymer Approaches

While traditional fiber-to-chip coupling techniques—such as edge couplers and grating
couplers—have been widely adopted in integrated photonics, they suffer from several inherent
limitations, including high insertion losses, polarization sensitivity, limited bandwidth, and strin-
gent alignment requirements. These challenges have motivated the development of more ad-
vanced three-dimensional (3D) coupling architectures that leverage precision microfabrication to
enable improved optical performance and simplified packaging.

Among the emerging solutions, two distinct yet promising approaches stand out: 2.5D
multi-step hybrid edge couplers and 3D free-form polymer fiber-to-chip couplers. In this thesis,
the term free-form couplers specifically refers to 3D nanoscale-printed polymer couplers fabri-
cated via two-photon polymerization (2PP). These structures are described as “free-form” due to
their ability to assume arbitrary, fully three-dimensional geometries in a single fabrication step,
with submicron resolution. This stands in contrast to the more constrained and process-intensive
fabrication flows required for multi-step hybrid couplers.

The term 2.5D, as used in this thesis, refers to couplers fabricated using conventional pla-
nar techniques—such as lithography, deposition, and etching—to construct vertically stacked
or sloped waveguide structures. These enable efficient mode-size transitions between optical
fibers and photonic chips. The designation “2.5D” captures the fact that while these structures

incorporate some vertical complexity (e.g., through partial etching or multi-layer stacking), they
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remain fundamentally limited by the constraints of planar fabrication. Typically constructed from
semiconductor-compatible materials, these couplers are well-suited for high-performance optical
communication systems and wafer-scale integration [42].

In contrast, 3D free-form polymer couplers present a highly flexible and cost-effective
alternative. Leveraging 3D nano-printing and direct laser writing (DLW), these couplers can be
fabricated with complex, application-specific geometries designed for mode matching, alignment
tolerance, and packaging robustness [43]. While both approaches aim to improve coupling effi-
ciency and integration with photonic circuits, free-form polymer couplers offer superior design
versatility, rapid prototyping capabilities, and a simplified fabrication process—making them es-
pecially attractive for heterogeneous platforms and emerging photonic packaging strategies.

Here is a brief comparative analysis of the two approaches:

2.3.1 Fabrication and Complexity

The fabrication process of 3D free-form couplers is highly efficient and flexible, utilizing
techniques such as direct laser writing (DLW) and 3D nano-printing. These methods enable the
creation of free-form, arbitrary geometries that are well-suited for customized mode-matching
structures. Unlike traditional semiconductor-based fabrication, free-form couplers do not require
cleanroom environments or lithographic alignment to pre-patterned layers, significantly reducing
manufacturing complexity, cost, and processing time. It is important to note that while coupler-
to-waveguide alignment remains necessary during the nanoscale printing of 3D couplers, the
fabrication itself avoids the need for multi-step mask alignments typical of planar lithographic

processes. Furthermore, the rapid prototyping capability of these couplers makes them espe-

22



cially attractive for research and development applications, where iterative design and testing are
essential.

However, 2.5D couplers rely on multistep semiconductor fabrication processes, including
lithography, deposition, etching, and precise alignment steps. While this approach ensures high
precision and repeatability, it is considerably more time-consuming due to the requirement of
cleanroom conditions. Additionally, the fabrication process is constrained by the limitations of
planar lithography, making it difficult to achieve truly arbitrary 3D structures that could otherwise

improve coupling efficiency.

2.3.1.1 Material Stability

The material composition of these couplers plays a significant role in their overall per-
formance and long-term reliability. 3D free-form couplers are fabricated using photosensitive
polymer materials such as IP-Dip2, SU-8, OrmoComp, PMMA etc., which provide high design
flexibility and rapid prototyping capability. These polymers enable customized refractive index
tuning—typically within the range of 1.4 to 1.7 at telecom wavelengths—allowing for broad-
band operation and efficient mode matching between optical fibers and integrated waveguides.
However, polymers exhibit degradation over time, higher thermal expansion, and sensitivity to
high-power laser exposure, making them less suitable for long-term, high-power applications.

In contrast, 2.5D couplers are constructed from silicon, silicon nitride (SiN), or III-V semi-
conductor materials, which provide higher mechanical strength and thermal stability. Unlike
polymers, these semiconductor-based materials offer better resistance to environmental changes

and minimal thermal-induced expansion, resulting in longer operational lifetimes.
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While 2.5D couplers provide superior material durability and long-term operational stabil-
ity, 3D free-form couplers offer significantly greater design adaptability, making them a preferred
option for flexible photonic applications where rapid prototyping and customization are key con-

siderations.

2.3.1.2 Scalability and Cost

From a cost and scalability perspective, 3D free-form couplers offer significant advantages
for prototyping and low- to medium-volume production, as they enable rapid, design-specific
fabrication without the need for photomasks, cleanroom facilities, or lithographic alignment.
This makes them particularly attractive for emerging photonic technologies that demand rapid
innovation, design flexibility, and short development cycles.

Conversely, 2.5D multi-step hybrid couplers, fabricated using conventional planar pro-
cesses, involve multiple stages of lithography, material deposition, and precise waveguide align-
ment. While this approach can be more cost-intensive on a per-device basis during prototyping,
it becomes highly cost-effective and scalable in high-volume manufacturing, due to the inherent
parallelism and process maturity of semiconductor fabrication. However, this scalability comes
at the cost of design rigidity—any variation in coupler geometry often requires new masks or

modified process flows, making it less agile for iterative or customized designs.
The following table presents a comparative analysis of these coupling techniques in terms

of fabrication complexity, efficiency, alignment sensitivity, scalability, and material properties.
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Table 2.1: Comparative analysis of fiber-to-chip couplers based on key performance metrics.

Feature Grating Coupler Edge Coupler 2.5D Complex 3D Free-Form
Coupler Coupler
Fabrication Lithography-based Lithography and Multi-step Direct laser writing
Process periodic diffractive etching with facet lithography, (DLW) or 3D
structures polishing deposition, etching, nano-printing
and alignment
Design Limited; constrained | Limited; constrained | Limited; constrained Highly flexible;
Flexibility by grating period by waveguide taper by lithography allows free-form
design geometries
Coupling Low High Very high Very high
Efficiency
Insertion 3-5dB due to 1-2 dB (lower than Low; designed for Moderate; dependent
Loss diffraction grating couplers) high-efficiency on polymer
inefficiencies waveguides absorption
Wavelength Narrow (20-50 nm), | Broadband possible | Greater than 100 nm Broadband with
Sensitivity wavelength- 1dB bandwidth refractive index
dependent tuning
Polarization TE-mode preference, Low polarization Minimal polarization Lower sensitivity
Sensitivity requires dependence dependence compared to grating
modifications for couplers
TM-modes
Alignment Requires fiber tilt Sub-micron Requires precise More tolerant due to
Tolerance (8-15°), lateral alignment needed alignment free-form structures

alignment (2-5 pm)
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Continuation of Table 2.1

fragile

Feature Grating Coupler Edge Coupler 2.5D Complex 3D Free-Form
Coupler Coupler

Material Silicon-based; stable Silicon or Silicon, SiN, III-V; Polymer-based;

Stability but rigid SiN-based; stable but stable flexible but

susceptible to

degradation

3D Integration

Poor; supports only

vertical coupling

Limited; in-plane

only

Moderate; designed
for

high-performance

High; can be printed
directly on photonic

platforms

telecom applications

Due to the numerous advantages highlighted in the preceding sections, including superior
mode matching, broadband operation, reduced insertion losses, ease of fabrication and relaxed
alignment tolerances, this thesis focuses on the design, realization, and experimental validation

of 3D free-form direct laser-written couplers as the preferred fiber-to-chip coupling solution.

2.3.2 Proposed Solution: 3D-Printed Polymer-Based Couplers

A promising approach to fiber-to-chip coupling involves the use of three-dimensional (3D)
polymer-based micro-optical elements fabricated via two-photon polymerization (TPP). This
technique enables high-resolution printing of microstructures with sub-micron fidelity to the de-
sign, making it an ideal candidate for fabricating customized fiber-to-chip couplers. In this study,
we introduce a novel IP-Dip2 polymer-based fiber-to-chip coupler, designed to facilitate an adi-
abatic mode transition between the fiber and a polymer waveguide, thereby improving coupling

efficiency and minimizing losses.
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Unlike conventional methods, this approach offers several key advantages:

* Adiabatic Mode Transition: The coupler is engineered with a smooth geometric transi-
tion to facilitate efficient mode evolution from a tapered SMF-28 fiber to the SU-8 polymer

waveguide.

* High-Precision Fabrication: The use of TPP lithography enables the fabrication of cou-
plers with sub-micron structural accuracy, allowing fine control over optical mode conver-

sion.

* Broadband and Low-Loss Coupling: The adiabatic taper structure is designed to min-
imize insertion losses and extend the operational bandwidth beyond that of conventional

grating couplers.

* Scalability and Integration: The polymer-based nature of the coupler makes it compatible
with a wide range of photonic platforms, including flexible and biocompatible waveguide

systems.

* Polarization Insensitivity: The 3D coupler can be designed to exhibit minimal polariza-
tion sensitivity, enabling efficient coupling for both TE and TM modes. This feature makes

it attractive for practical fiber-to-chip interfaces where the input polarization state may vary.

2.3.3 Research Objectives and Methodology

This research aims to develop and experimentally validate a high-efficiency fiber-to-chip

coupler for polymer photonic platforms. The key objectives include:
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* Coupler Design for Low-loss Transmission: Developing an IP-Dip2 polymer-based in-
terconnect structure with an carefully designed adiabatic taper geometry to enhance mode-

matching between the SMF-28 tapered fiber and the SU-8 polymer waveguide.

* Fabrication using Two-Photon Polymerization (TPP): Utilizing TPP lithography to fab-

ricate couplers with sub-wavelength precision.

* Numerical Simulations: Implementing Eigenmode Expansion (EME) and Finite-Difference

Time-Domain (FDTD) methods to model the optical performance of the coupler.

* Experimental Characterization: Measuring the coupling efficiency and comparing ex-

perimental results with numerical simulations.

This study provides a novel and scalable fiber-to-chip coupling solution tailored for poly-
mer photonic platforms. The findings will have significant implications for high-performance
optical interconnects, biomedical photonic devices, and next-generation photonic communica-

tion systems.

2.4 1IP-Dip2: A High-Precision, Low-Loss Material for 3D-Printed Fiber-to-

Chip Couplers

Refractive index contrast is a key parameter in the design of optical couplers, influenc-
ing optical confinement, mode transformation, and overall device performance. For 3D-printed
polymer couplers, the contrast is primarily between the polymer material (e.g., IP-Dip2) and
the surrounding air cladding, enabling strong vertical confinement. Equally important is the re-
fractive index difference between the coupler and the underlying photonic waveguide. To ensure
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efficient adiabatic mode transfer, the coupler’s effective index should generally be lower than that
of the waveguide. While high index contrast allows compact, tightly confined structures, it can
increase propagation losses and sensitivity to fabrication imperfections. On the other hand, lower
index contrast supports smoother mode transitions and reduced scattering losses, but at the cost
of larger device footprints. In fiber-to-chip couplers, achieving the right balance—strong enough
contrast for mode confinement, but moderate enough to ensure low insertion loss—is essential.
Thus, selecting an optimal refractive index contrast is critical for balancing efficiency, robustness,
and footprint requirements [44].

In this thesis, in order to fabricate the 3D fiber-to-chip couplers, we have used IP-Dip2,
the standard two-photon polymerization (2PP) photoresist provided by Nanoscribe [45], ensur-
ing compatibility with high-precision microfabrication processes. The refractive index of cross-
linked IP-Dip2 is approximately 1.531, positioning it between the refractive indices of SMF-28
optical fiber ( 1.444 at 1550 nm) and SU-8 photoresist ( 1.571 at 1550 nm). This intermedi-
ate refractive index makes IP-Dip2 an effective bridge for optical mode transitions, facilitating
improved light coupling efficiency between fiber-based and integrated photonic structures. More-
over, the process parameters, incorporating IP-Dip2 and the 63x immersion lens, which provides
the highest resolution and is best suited for fabricating the smallest micro- and nanoscale struc-
tures with superior feature fidelity, are specifically optimized by the vendor.

IP-Dip and IP-Dip2 are both negative-tone hybrid organic-inorganic photoresins, primarily
composed of pentaerythritol triacrylate (PETA)—a multifunctional acrylate monomer known for
its high cross-linking density, mechanical durability, and optical transparency. These properties
make them well-suited for two-photon polymerization (2PP), where precise, localized polymer-
ization is essential for fabricating intricate microscale and nanoscale structures. IP-Dip2 is dis-
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tinguished by its high resolution, minimal shrinkage, and strong mechanical stability, making it
a compelling choice for high-precision photonic and microfabrication applications [46,47].
Most of the existing literature and technical data focus on IP-Dip, as it has been widely
utilized for two-photon polymerization over a much longer period [48, 49]. While both resists
share fundamental characteristics, IP-Dip2 is an improved version of IP-Dip, offering enhanced
mechanical properties, higher resolution, and greater structural stability. Despite its more recent
and refined formulation, IP-Dip2 retains many of the core properties of IP-Dip, making previ-
ous findings on IP-Dip broadly applicable to IP-Dip2-based fabrication. Consequently, although
dedicated research on IP-Dip2 remains limited, existing studies on IP-Dip provide a valuable
reference for understanding and optimizing IP-Dip2-based processes. Here are some additional
insights into the reasoning behind the choice of IP-Dip2 as the material for fabricating 3D fiber-

to-chip couplers:

* Optimal Refractive Index: With a high refractive index of approximately 1.531 at 1550
nm, [P-Dip2 bridges the mismatch between optical fibers and polymer waveguides, ef-
fectively lowering Fresnel reflection losses and improving mode transfer efficiency. This
property plays a pivotal role in maintaining coupling efficiency across diverse geometries

and spectral ranges [50].

* High Fabrication Precision: IP-Dip2 supports submicron feature sizes crucial for creat-
ing complex 3D coupler structures with high accuracy. This precision is enabled by two-
photon polymerization’s capability for additive manufacturing at a resolution smaller than
the wavelength of light. Furthermore, IP-Dip2 facilitates the fabrication of freeform and

tapered coupler geometries, which are indispensable for efficient mode transitions between
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dissimilar waveguides, such as optical fibers and integrated photonic chips [24].

* Low Optical Loss: IP-Dip2 exhibits excellent optical transparency in the near-infrared re-
gion, with measured transmission above 90% for waveguides up to several millimeters in
length, confirming its suitability for low-loss photonic device fabrication.have been exper-

imentally validated [25,51].

* Design Versatility: The material supports various custom configurations, such as tapered
and freeform optical structures. These configurations improve mode conversion efficiency
by reducing higher-order mode excitation and minimizing cladding mode losses. This
ensures mode distribution remains well-confined and controlled across the length of the

coupler, leading to better coupling performance in demanding environments [26].

These properties make IP-Dip2 an ideal candidate for next-generation polymer photonic
couplers, particularly in applications requiring high performance and low-loss fiber-to-chip inte-

gration.

2.5 Design Considerations for the 3D Polymer Fiber-to-Chip Coupler

The design of the 3D polymer coupler aims to improve mode matching between an optical fiber

and an SU-8 waveguide while minimizing insertion loss. The key design parameters include:

* Mode Field Diameter Matching: Mode field diameter (MFD) matching is essential to
minimize losses during optical transitions between single-mode fibers (SMFs) and SU-
8 polymer waveguides. This process aligns the spatial extent of the fundamental optical

modes in both media to maximize power transfer efficiency. In telecom fibers such as
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G.652.D, the MFD is approximately 15 um, extending well beyond the physical core into
the cladding [52]. Standard SMF-28 fibers have an MFD of about 9.2 pm, with the mode
largely confined to the core region. In contrast, SU-8 polymer waveguides support much
smaller mode field sizes due to their higher refractive index contrast and sub-micron cross-
sections. Simulations indicate that fundamental TE modes in SU-8 are confined within
structures approximately 2.2 um in height and 2.5 pum in width, resulting in significantly

smaller mode field areas and potential coupling losses if not properly managed [53].

To bridge this mismatch, 3D-printed IP-Dip2 couplers serve as intermediate structures with
tailored mode field profiles. Their typical single-mode dimensions (greater than 3 um) pro-
duce effective mode sizes that lie between those of SMFs and SU-8 waveguides, enabling
graded transitions. Additionally, the high refractive index and geometric flexibility of IP-
Dip2 allow for customized taper geometries that support gradual mode evolution. By lever-
aging these properties, IP-Dip2 structures enable improved mode field matching through
adiabatic tapering and refractive index engineering, significantly reducing insertion losses

in fiber-to-chip coupling [54].

Adiabatic Tapering: Adiabatic tapering ensures smooth mode evolution between opti-
cal structures with differing cross-sections. By gradually changing the geometry, loss-
less transmission and high mode conversion power transfer efficiency (MCTE) are main-
tained [55]. In single-mode structures, abrupt transitions can lead to mode mismatch, back-

reflection, and scattering into radiation modes, resulting in increased insertion loss.

For IP-Dip2 couplers, adiabatic tapers play a critical role in bridging the mode mis-

match between single-mode fibers (SMF-28) and SU-8 waveguides. Unlike direct fiber-
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to-waveguide coupling, which suffers from high insertion loss, IP-Dip2 tapers provide a
gradual transition due to their nanoscale 3D-printed flexibility and tunable refractive index.
By enabling smooth, controlled taper profiles, IP-Dip2 couplers effectively minimize mode

mismatch and maintain high transmission efficiency.

Broadband Performance: Broadband optical couplers are critical in telecommunications,
operating across wide wavelength ranges (e.g., 1520-1620 nm). Designing for broadband
performance requires careful consideration of refractive index dispersion and modal prop-
erties to maintain consistent coupling efficiency. Adiabatic tapers improve broadband per-

formance by enabling gradual mode transitions, reducing wavelength sensitivity [56].

IP-Dip2 couplers further enhance broadband operation by providing flexible, high-resolution
3D-printed taper designs with tunable refractive indices. Their low-loss characteristics and
customizable geometries allow for efficient mode adaptation across a wide spectral range,
making them particularly useful for fiber-to-waveguide transitions. The refractive index of
cross-linked IP-Dip2 ( 1.531 at 1550 nm) enables better mode overlap with both SMFs and

SU-8 waveguides, reducing modal mismatch losses.

SU-8 polymer waveguides exhibit strong broadband characteristics due to their high re-
fractive index contrast and low propagation losses [57]. Typical SU-8 waveguide when
interfaced directly to fibers achieve coupling losses of ~ 4.2 dB for TE mode propagation
at 1550 nm [58]. Integrating IP-Dip2 couplers as intermediate structures further improves
broadband coupling efficiency by mitigating sensitivity to fabrication variations and align-
ment errors. Additionally, broadband tapers reduce alignment sensitivity and fabrication

tolerance issues, improving system robustness. These properties make IP-Dip2 couplers

33



suitable for broadband optical systems, including silicon-on-insulator (SOI) and lithium

niobate-based platforms.

The integration of mode-matching conditions, adiabatic tapering, and broadband optimiza-
tion enhances IP-Dip2 optical couplers, enabling high-efficiency performance with min-
imal signal degradation across wide wavelength ranges. These design strategies address
challenges related to dimensional mismatches and refractive index disparities, ensuring

reliable fiber-to-chip coupling for photonic applications.

Optimization of Fiber Tip Diameter for Efficient Fiber-to-Chip Coupling: The selec-
tion of an appropriate fiber tip diameter is critical for optimizing coupling efficiency and
minimizing insertion loss in fiber-to-waveguide transitions. Standard single-mode fibers
(SMFs), such as the SMF-28, have a cladding diameter of 125 um and a mode field diame-
ter (MFD) of approximately 9.2 um at 1550 nm. Direct coupling between a standard-sized
fiber tip and the significantly smaller IP-Dip2 waveguide, however, results in large mode-
size mismatch and substantial insertion losses. Although two-photon polymerization (2PP)
via the Nanoscribe system enables nanoscale precision, its sequential voxel-by-voxel fab-
rication process makes producing large-scale or millimeter-sized structures impractical, as

the exposure times could extend over several hours or even days.

To address this limitation and improve practicality, We utilized a controlled thermal taper-
ing method to gradually reduce the fiber diameter from the standard 125 pum cladding size
down to approximately 10 um - 20 um at the tip as per the coupler design requirement. This
intermediate fiber taper significantly reduces the dimensional mismatch with the on-chip

waveguides, enabling efficient mode adaptation directly from the fiber side. Thus, only
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compact polymer coupler structures need to be fabricated by 2PP, effectively ensuring ef-
ficient and feasible fiber-to-chip coupling. A detailed discussion of different fiber tapering
techniques is presented in the following sections, focusing on the key factors influencing
fabrication quality, reproducibility, and reliability. While the fiber pulling method offers
advantages such as high precision, smooth surface quality, and reduced material degrada-
tion, its benefits and limitations are considered in the broader context of alternative tapering

approaches.

2.5.1 Fiber Tapering Techniques: Fiber Pulling, Chemical Etching, and Laser
Heating

Among the different fiber tapering techniques, micro-heater-based fiber pulling, chemical
etching, and laser-assisted heating are commonly used because they offer well-defined taper pro-
files, smooth surfaces, and precise control over optical properties [59-62]. However, each method
has its own strengths and limitations, particularly in terms of fabrication complexity, structural
integrity, precision, and safety risks.

Chemical etching is valued for its ability to produce uniform and ultra-fine tapers, but it
requires hydrofluoric acid (HF)—a highly corrosive and dangerous chemical. The process is
also sensitive to environmental conditions, such as temperature and humidity, which can cause
inconsistencies in fiber diameter.

Laser-assisted heating offers localized control, making it useful for applications where pre-
cise taper shaping is required. However, it can result in non-uniform heating, internal stresses,

and unintended structural changes, which can compromise the fiber’s mechanical strength and
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optical performance.

Fiber pulling, when combined with a micro-heater or flame-based heating, provides con-
sistent results with smooth surfaces and precise tapering, making it well-suited for fiber-to-chip
coupling. However, it comes with its own safety concerns, particularly the use of high-current
micro-heaters or open hydrogen flames, which, although less hazardous than full-concentration

HE, still require careful handling and controlled operating conditions.

Table 2.2: Comparison of Fiber Tapering Techniques

Parameter Fiber Pulling Chemical Etching | Laser Heating
Precision High (controlled High  (sub-micron | Moderate (depends
taper profile) resolution) on heating
uniformity)

Surface High High Moderate (can

Smoothness introduce defects)

Fabrication Moderate (requires | High (etching Moderate (requires

Complexity automated  pulling | parameters must be | controlled heating)

system) controlled)

Reproducibility | High Moderate (sensitive | Moderate (depends
to environmental | on heating stability)
conditions)

Taper Excellent Excellent Moderate (can be

Uniformity non-uniform)

Mechanical Strong (minimal in- | Fragile (can be Moderate (can

Integrity ternal stress) brittle) introduce  residual

stress)

Safety Requires controlled | Hazardous (requires | Requires laser safety

Considerations | heating (hydrogen | hydrofluoric  acid, | precautions

flame or HF)
micro-heater)

Application Fiber-to-chip Ultra-fine  tapers, | Specialty fiber

Suitability coupling, photonic crystal | shaping, mode con-

optical sensing fibers verters

Table 2.2 provides a concise comparison between fiber pulling, chemical etching, and laser-
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assisted heating techniques, highlighting their key characteristics, advantages, and trade-offs. The
choice of tapering method is highly application-specific and should be selected based on factors
such as optical loss requirements, fabrication constraints, and structural integrity, as different
applications may benefit from alternative tapering techniques. As detailed later in this thesis,
to efficiently couple light into couplers designed for the 780 nm wavelength, we employed the
HF etching process for tapering 780-HP fibers. This approach was chosen because HF etching
produced significantly lower optical losses in 780-HP fibers compared to micro-heater based fiber

pulling technique.

2.5.2 Fiber Tapering Using a Micro-heater

In this project, where we couple light into fiber-to-chip couplers for SU-8 waveguides, we
particularly used the fiber pulling technique with a micro-heater to fabricate tapered fibers for
efficient coupling. The tapering setup, shown in Fig. 2.1(a), works by heating an optical fiber
with a localized heat source while applying controlled tension to gradually form a taper. The
micro-heater provides precise temperature regulation, ensuring a consistent and uniform taper
formation while minimizing defects and mechanical stress that could compromise fiber integrity.
Additionally, the automated fiber pulling stages allow for precise control over the pulling speed
and timing, ensuring a steady and reproducible tapering process. This level of control enables the
fabrication of tapers with well-defined diameters, making it possible to tailor the fiber profile for

specific coupling and transmission requirements.
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Figure 2.1: (a) Micro-heater-based fiber tapering setup featuring precision fiber pulling stages
and fiber mounts to achieve controlled taper profiles. (b) SEM image of the fabricated tapered
fiber facet, highlighting its exceptionally smooth and flat surface. (c) SEM image of a single-
ended tapered fiber waist demonstrating the uniformity achieved using this technique. (d) Fiber-
to-fiber transmission measurement structure, fabricated using IP-Dip2 polymer via two-photon
polymerization (2PP). Two tapered fibers are inserted into the self-aligning structure to measure
coupling efficiency and characterize transmission properties.
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2.5.3 Fiber Tapering Process

The fiber tapering process using a micro-heater follows these key steps:

1. Fiber Preparation: A standard single-mode optical fiber (e.g., SMF-28) is stripped of its

protective coating and cleaned with isopropanol to remove contaminants.

2. Heating with a Micro-heater: The fiber is positioned within the heating zone of the micro-
heater, which provides a highly controlled and stable heat distribution. The localized heat-
ing softens the fiber, allowing for controlled deformation. In this system, heater temper-
ature is maintained in the range of 1400°C to 1600°C to soften the fiber without causing

uncontrolled deformation or breaking.

3. Bi-directional pull: The fiber is symmetrically pulled from both ends at a controlled rate
of 0.04 mm/s. The pulling speed and heating duration define the final taper profile, ensuring

a smooth transition of the mode field diameter (MFD).

4. Fiber Cleaving: After the tapering process, applying additional tension to the fiber induces
a controlled break at the minimum waist diameter, resulting in the formation of two single-
ended tapered fibers. This cleaving process is critical to ensuring that the resulting fiber
facets are smooth, flat, and well-defined, which directly impacts the efficiency of light
coupling and optical performance. The quality of the cleaved facet is influenced by several

key factors:

* The fiber must be positioned accurately within the heating zone to ensure uniform
thermal distribution. Any misalignment may lead to an uneven break or rough surface
morphology.
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* Ensuring that the fiber remains axially aligned throughout the pulling and cleaving
process prevents angular misalignment, which could introduce asymmetry in the ta-

pered region or result in non-uniform facet formation.

* Applying the right amount of tension is essential to achieving a clean break. Excessive
force may introduce micro-cracks, while insufficient force may cause an irregular or

jagged facet.

5. Cooling and Stabilization: After achieving the desired taper shape, the fiber is gradually

cooled to prevent thermal stress and structural defects.

This technique delivers exceptional reproducibility, highly smooth taper profiles, and min-
imal insertion losses, positioning it as particularly advantageous for precision fiber-coupling ap-
plications. Single-ended tapered fibers manufactured using this process have been meticulously
characterized using a nanoscale 3D printed fiber-to-fiber coupling structure (Fig. 2.1(d)). Most
fibers produced demonstrate superior optical performance, consistently achieving insertion losses
below 1 dB, negligible polarization sensitivity, and broad-spectrum transmission capabilities.
Additionally, rigorously following the outlined fabrication steps ensures that the resulting fiber
facets exhibit ultra-flat surface quality, as clearly demonstrated by the corresponding SEM images

(fig. 2.1(b) and (c)).

2.6 Comprehensive Coupler Design Methodology

This section details the design strategy for a three-stage fiber-to-chip coupler, tailored to

minimize mode mismatch and maximize coupling efficiency into a on-chip photonic waveguide.
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The fiber-to-chip coupler is a multistage 3D structure with varying dimensions along its length to

achieve efficient mode transition (fig. 2.2).

(@)

.Tapered Fiber Receptacle Coupler (IP-Dip2) || Waveguide (SU-8)

Figure 2.2: 3D schematic illustrating a perspective view of the coupler, showing the tapered fiber,
receptacle, IP-Dip2 coupler, and SU-8 waveguide. (b) Top and side views depicting different
stages (Stage 1 to Stage 3) along the coupler length at positions L = L, Ly, Lo, Ls.

To determine the optimal height and width of the coupler at different stages, we employed a
combination of simulation platforms—finite-difference eigenmode (FDE), eigenmode expansion
(EME), and finite-difference time-domain (FDTD)—each leveraging different physical principles
to design specific aspects of the fiber-to-chip coupler.

Finite-Difference Eigenmode (FDE) simulations were used as a first step to analyze the
modal properties of various cross-sectional geometries along the coupler. The FDE solver nu-
merically solves Maxwell’s equations in two dimensions using a finite-difference approximation
of the Helmholtz equation. This allows the extraction of effective refractive indices and spatial
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electric/magnetic field distributions of supported eigenmodes. For each geometry (e.g., tapered
fiber tip, IP-Dip2 taper section, SU-8 waveguide), FDE simulations helped confirm single-mode
operation, quantify mode size and confinement, and assess mode overlap between adjacent sec-
tions—crucial for minimizing insertion loss during transitions. Additionally, the simulations
provided insight into the gradual mode leakage from the coupler into the underlying waveguide,
enabling better understanding and control of how energy is transferred along the taper.

Eigenmode Expansion (EME) simulations were then employed to model light propaga-
tion through the coupler. EME treats a 3D structure as a series of discrete longitudinal sections
(or cells), each supporting a set of eigenmodes. It then solves for how these modes evolve and
couple between cells as light propagates. Because it assumes negligible backscattering within
each cell and leverages mode orthogonality, EME is particularly efficient for simulating long,
gradually varying waveguides or tapers, making it ideal for optimizing the length and profile of
each stage in the coupler. While EME does not capture full vectorial 3D propagation effects,
it provides an accurate and computationally efficient approximation of the optimal taper length
required for high-efficiency mode transfer.

Finite-Difference Time-Domain (FDTD) simulations were used as the final step to val-
idate the complete 3D structure under full-wave, time-dependent conditions. FDTD directly
solves Maxwell’s curl equations on a discretized grid over time, capturing the evolution of the
electromagnetic field in all spatial dimensions. Unlike EME and FDE, FDTD accounts for ar-
bitrary geometries, material dispersion, back-reflections, and scattering effects—making it ideal
for verifying realistic performance in complex regions such as the fiber-to-chip interface or inter-
face between different taper stages. It also allowed us to observe potential loss mechanisms not
captured by mode solvers, such as radiation loss due to fabrication-induced discontinuities.
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Together, these simulation platforms form a hierarchical and complementary design work-
flow: FDE for local mode analysis, EME for efficient taper-length design for maximum transmis-
sion, and FDTD for full-system validation. This multiscale approach ensures robust and efficient
coupling in the final fiber-to-chip assembly. The simulation environment used for all three plat-
forms are birefly discussed in appendix A.

In order to elaborate on the design methodology, we divide this section into three key parts,
each corresponding to a critical stage of mode evolution. The first stage addresses the choice
of the initial taper dimensions, where the optical mode transitions from the fiber to the coupler.
Once the fiber mode is effectively transformed into the coupler mode, the second stage focuses
on the coupler-to-waveguide transition. The third and final stage completes the process, where
the coupler terminates and the photonic waveguide becomes the dominant guiding structure. At
this point, the optical mode must be fully adapted to the waveguide mode to achieve maximum

transmission efficiency.

2.6.1 Stage 1: Fiber-to-Coupler Interface

In standard telecom fibers, light is confined within the doped silica core via total internal
reflection at the core—cladding boundary. However, as the fiber is tapered and its core diame-
ter approaches approximately 5 pm, core confinement weakens and the mode shifts toward the
silica—air interface. This change significantly alters the mode profile and is a critical consider-
ation for efficient coupling to the IP-Dip2 coupler. The initial taper dimension (at L = L),
where the fiber couples to the coupler and subsequently to the waveguide, plays a critical role in

determining the system’s optical performance. It is essential to ensure that the fiber-to-coupler
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power coupling efficiency is high while simultaneously maintaining strong optical confinement
within the fiber to avoid power leakage into the S0, substrate. As observed (fig. 2.3), fibers with
dimensions smaller than approximately 8 um exhibit significantly reduced optical confinement,
resulting in increased power leakage into the substrate. Power coupling was simulated between
a circular cross-section fiber and a square-cross-section, uniform-index IP-Dip2 waveguide, each
having equal lateral dimensions corresponding to the fiber diameter, to evaluate the influence of
fiber tip diameter on coupling performance and confinement. As observed (fig. 2.3), fibers with
dimensions smaller than approximately 8 um exhibit significantly reduced optical confinement,
resulting in increased power leakage into the substrate.

In contrast, fibers with diameters exceeding 20 um encounter mode-size mismatch issues,
reducing the efficiency of power coupled to the coupler. Thus, selecting the optimal fiber diam-
eter involves balancing these competing effects of confinement and coupling efficiency. For this
thesis, a fiber diameter of 15 um was chosen, as it effectively ensures both efficient power transfer
from the fiber to the coupler and negligible power leakage into the substrate. In fact, we have
chosen the taper dimension at L = Ly to be 15 um. This section then gradually tapers down in
all three directions toward a smaller dimension, determined by the fiber-to-coupler interface, as

described in the subsequent subsection.

2.6.2 Stage 2: Coupler-to-Waveguide Interface

In this section, the mode size becomes sufficiently small to efficiently couple into the
waveguide material. The critical position in this region is at L = L, where the hybrid coupler-

waveguide structure begins. To minimize back-scattering and back-reflection, it is crucial to
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Figure 2.3: (a) Variation of power confinement within the fiber core (left y-axis) and power cou-
pled to the coupler (right y-axis) as a function of fiber tip radius. Power coupling was simulated
between a circular cross-section fiber and a square-cross-section IP-Dip2 waveguide of equal lat-
eral dimension (i.e., equal to the fiber diameter). (b) Mode profiles illustrating that smaller fiber
radii (e.g., 3 um) leak optical power into the SiO, substrate, whereas larger fibers (e.g., 7.5 um
and 10 pm radii) effectively confine power within the fiber core, minimizing leakage.
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ensure that the effective mode index does not experience an abrupt change at L = L;.

To achieve this smooth transition, the effective mode index of the coupler without the
waveguide (indicated by the red scattered points in Fig. 2.4) must closely match the effective
mode index of the combined coupler-waveguide structure for a particular set of coupler and
waveguide dimensions, as depicted by the contour plot in Fig. 2.4. As an illustrative example, if
the selected coupler width at L = L4 is 10 um, the effective mode index is approximately 1.537,
as indicated by the red scattered points in Fig. 2.4. To ensure a smooth mode transition into the

waveguide, the waveguide width should therefore be selected within the range of approximately
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Figure 2.4: Contour plot illustrating the variation of the effective mode index with different
coupler and waveguide widths at L = L;. The red scattered points represent the effective mode
indices at position L = L;— i.e., just before the SU-8 waveguide region begins—corresponding
to the coupler structure alone (without the waveguide). The top view of the coupler structure is
provided for visual guidance, indicating the region where simulations were performed. A cross-
sectional diagram of the structure at coupler-waveguide interface (L = L) is also shown.

0.6 um to 0.8 um. For this thesis, a waveguide width of 0.7 um is chosen. The thickness of the
waveguide tapers is defined in the fabrication process (spin coating) and is ~ 2.2 pm. This means
that while the coupler structure tapers in all three spatial directions, the waveguide tapers only

laterally.

2.6.3 Stage 3: Transition to Waveguide-Only Region

In this stage, the majority of the mode field has already transitioned into the waveguide.

However, an abrupt termination of the coupler at . = L3 without careful mode matching prior to
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this point would result in significant scattering and increased coupling loss.
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Figure 2.5: Contour plot illustrating the variation of the effective mode index with coupler and
waveguide widths at L = L3. The red scattered points represent the effective mode indices at
position L. = L3, (immediately after the coupler ends and the waveguide continues into the
rest of the PIC), corresponding exclusively to the waveguide structure (without coupler). The
top view of the coupler structure provides visual reference for identifying the region where the
simulations were conducted. A cross-sectional diagram of the structure at coupler-waveguide
interface (L = L3) is also shown.

An important detail in this particular design is that beyond the dotted line shown in the top
view of the coupler (Fig. 2.5), the cross-sectional dimensions of the coupler become smaller than
those of the waveguide. As a result, there is no physical coupler structure beyond this point; only
the waveguide remains. However, in order to maintain a consistent taper profile and properly
define the taper angle, it is still essential to specify the dimensions of the coupler at the end
point . = Lg, even though the physical coupler does not extend that far. This ensures accurate
modeling and fabrication of the full taper geometry.

Once the cross-sectional dimensions at the key transition stages—namely the tapered fiber
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Figure 2.6: (a) 3D schematic of the fiber-to-chip coupler, illustrating the coupler and waveguide
dimensions at various points along its length. Widths are indicated at the top and bottom of
each cross-section, while heights are marked on the left and right sides. These cross-sectional
dimensions are color-coded for clarity. Additionally, the finalized lengths of the three key sections
are provided (b) cross-sectional mode evolution (normalized |E|) along the coupler extracted
from EME simulations (not drawn to scale) (c) FDTD transmission profile of the proposed fiber-
to-chip coupler, demonstrating approximately 96% transmission efficiency around a 1550 nm
wavelength.

tip, coupler body, and waveguide interface—are determined (Fig. 2.6(a)), Eigenmode Expansion
(EME) simulations are employed to design the longitudinal taper profiles of each section for
maximum transmission. By systematically varying the taper lengths, the simulations ensure adi-
abatic mode transformation across the entire coupler structure, thereby maximizing optical power
transfer from the tapered fiber to the on-chip waveguide. Figure 2.6(b) shows the mode evolution
along the length of the coupler extracted from EME simulations.

With the cross-sectional and longitudinal aspects of the coupler defined, a full-device
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Finite-Difference Time-Domain (FDTD) simulation is performed to validate the overall design.
This simulation accounts for vectorial 3D electromagnetic wave propagation and captures inter-
ference, scattering, and radiation losses. The resulting transmission spectrum of the complete
coupler design is shown in Fig. 2.6(c), verifying broadband performance and high coupling effi-
ciency over the desired wavelength range.

It is worth noting that, depending on the dimensions at certain sections of the coupler, the
structure may support higher-order modes. However, the entire coupler is designed with adiabatic
tapers that gradually evolve in all spatial directions. This tapering strategy ensures that only the
fundamental mode is efficiently guided to the output, while higher-order modes are minimally
excited and rapidly attenuated along the taper, resulting in negligible impact on the transmission

profile.

2.6.4 Fiber-Receptacle

The fiber alignment receptacle features a flexible design that allows it to accommodate ta-
pered fibers with a moderate range of tip diameters. This adaptability enables secure insertion
without requiring additional structural modifications. However, effective self-alignment still de-
pends on proper dimensional matching between the fiber tip diameter and the input facet of the
coupler. A fiber that is too large could result in an air gap, while a fiber that is too small may not
properly sit against the coupler facet, reducing alignment precision. Within a reasonably matched
diameter range (around £2 pum), the geometry of the receptacle and coupler ensures passive lat-
eral and vertical alignment between the fiber and the on-chip waveguide, eliminating the need

for active alignment procedures. In this configuration, the dominant potential source of misalign-
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ment becomes the coupler-to-waveguide interface, which is minimized by using a high-precision
nanoscale printing alignment strategy during fabrication. This ensures robust, repeatable, and
low-loss fiber-to-chip optical coupling.

Figure 2.6 presents a detailed visualization of the cross-sectional dimensions, taper lengths,
and the simulated FDTD transmission around 1550 nm. Notably, we have specifically ensured
that the total coupler length remains below 200 um, allowing it to fit within a single printing field

of the direct laser writing system, thereby minimizing potential stitching errors.

2.7 Device Fabrication Process

I Si @ SiO: M| SU-8 B Liquid IP-Dip2 I Cross-linked IP-Dip2
Spin E-Beam Resin Direct Laser
Coating Lithography Deposition Printing

Figure 2.7: Step-by-Step Fabrication Process Flow

As shown in figure 2.7, fabrication process for this fiber-to-chip coupler follows a simple and
efficient sequence of steps. It begins with spin coating to deposit the SU-8 layer on the Si/Si0,
substrate. Electron beam lithography then defines the waveguide structure. Developing the unex-
posed resist directly forms the waveguides without requiring an etching step. Next, the process
deposits the IP-Dip2 resin, and direct laser writing (DLW) polymerizes it into the desired 3D
coupler structure. This single-step, maskless lithography technique efficiently cross-links the
material, solidifying the final coupler.

By leveraging direct laser writing, this approach streamlines fabrication by eliminating
complex multi-step alignment procedures and reducing post-processing. Its efficiency, scalabil-

50



ity, and precision make it ideal for rapid prototyping.

Fabrication Overview:

The fabrication process consists of three main stages: substrate preparation, SU-8 waveguide
fabrication via electron-beam lithography (EBL), and nanoscale 3D printing of polymer couplers
using two-photon polymerization (TPP). A thermal oxide layer is first grown on a silicon wafer,
followed by substrate cleaning and spin-coating of SU-8 photoresist. Waveguides of varying
lengths are patterned using high-resolution 100 kV EBL, with proximity effect correction and
optimized dose settings. Following development and thermal cross-linking, the SU-8 structures
form the passive waveguide layer. The couplers are fabricated using the Nanoscribe Photonic Pro-
fessional GT2 via two-photon polymerization (TPP), an advanced nonlinear photopolymerization
technique that employs a femtosecond-pulsed 780 nm laser. TPP enables direct-write lithography
for complex three-dimensional micro- and nanostructures by leveraging two-photon absorption
(TPA), which initiates polymerization precisely within the laser’s focal volume. Unlike con-
ventional lithography, which is constrained by diffraction limits, TPP offers sub-diffraction-limit
resolution and facilitates true three-dimensional structuring, making it highly suitable for intricate
photonic device fabrication [63, 64].

Three key-factor for proper nanoscale printing of 3D structure incorporate:

1. The appropriate laser power and scanning speed guarantee effective cross-linking of the

coupler structure.

2. Accurately identifying the interface between the liquid resin and substrate ensures strong

adhesion of the coupler to the devices.
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3. Precise alignment of the couplers with the pre-patterned waveguides is essential for achiev-

ing optimal device performance.

Development and Post-Processing:

After laser exposure, the structures are developed in PGMEA for at least 15 minutes to remove
unpolymerized resin. This is followed by IPA rinsing to prevent deformation, and a final post-
curing step (thermal or UV) to improve mechanical and optical stability.

A detailed description of the fabrication steps, including the spin-coating recipe and two-
photon polymerization (TPP) process parameters and the post development process, is provided
in appendix A.

A noteworthy aspect of the coupler design, as illustrated in the top view in Figure 2.5
and 2.6, is that the portion of the IP-Dip2 structure beyond the black dotted line is designed to
extend into the SU-8 waveguide. While this overlap is not physically realizable, it is often ac-
ceptable during design and printing to allow the coupler to intrude into the waveguide region
without generating a separate CAD file that accounts for encapsulation boundaries. This simpli-
fication is justified because in material systems that are not photosensitive to femtosecond laser
exposure, rastering the laser beam through them does not result in any significant physical modi-
fication. However, because SU-8 is photosensitive, prolonged exposure to the 2PP laser can lead

to overexposure and unintended material modifications, including:

1. Increased brittleness and cracking, compromising mechanical durability.

2. Higher absorption, which can introduce excess optical losses [59, 65].

To avoid these adverse effects, we avoided direct printing within the SU-8 waveguide and
instead restricted the printed coupler structure to regions outside the waveguide, ensuring that it
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remains encapsulated within the coupler. This approach preserves structural integrity, minimizes

optical loss, and maintains optimal waveguide functionality.

2.8 Direct laser Writing:

As previously mentioned, this thesis employs a direct laser writing approach based on
two-photon polymerization for fabricating the coupler structures. Underlying principles of two-
photon polymerization (2PP) and the detailed workflow of the direct laser writing process are

elaborated in the subsequent sections.

Physics of Two-Photon Polymerization (TPP):

TPP is based on a nonlinear process called Two-Photon Absorption (TPA), where two near-
infrared (NIR) photons are absorbed simultaneously to initiate polymerization. This contrasts
with traditional single-photon polymerization (SPA), where a single high-energy UV photon is
used. Two-Photon Polymerization (TPP) enables high-precision 3D microfabrication by lever-
aging the simultaneous absorption of two lower-energy photons, typically in the near-infrared
(NIR) range. Unlike single-photon absorption, where a single high-energy UV photon excites
an electron directly from the ground state to an excited state, TPP involves a sequential two-step
process as shown in fig.2.8. The first photon excites the electron to a virtual intermediate state,
which is not a real, stable energy level but exists momentarily due to the nonlinear nature of the
interaction. The second photon further excites the electron to the final excited state, triggering

polymerization in a photopolymer resist. Two-photon absorption depends quadratically on laser
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Figure 2.8: Energy Band Diagram of Two-Photon Polymerization (TPP).

intensity, i.e., the polymerization rate follows:

where [ is the local light intensity and /3 is the two-photon absorption coefficient.polymerization
only occurs at the focal point of the laser, enabling sub-diffraction-limit resolution and true 3D
structuring without affecting surrounding material. As a result, polymerization only occurs at the
laser’s focal point, enabling sub-diffraction-limit resolution and true 3D structuring without af-
fecting the surrounding material. Additionally, the use of femtosecond pulsed lasers increases the

peak intensity significantly while maintaining low average power, further enhancing the nonlinear

54



absorption efficiency. This makes TPP highly advantageous for applications requiring high pre-
cision, such as integrated photonics, micro-optics, and biomedical engineering. The confinement
of polymerization to the laser focus allows for the fabrication of intricate nanoscale structures
with superior spatial control, making TPP a key technology in advanced additive manufacturing

and optical device fabrication.

Objective Lens

Polymerized
1 structure
Immersion
medium

(Liquid resin) Focal point
Substrate Z —————— o
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Direct Laser Printing il

CCD Camera
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Figure 2.9: (a) Schematic illustration of the Nanoscribe Photonic Professional GT2 system, high-
lighting the femtosecond laser beam path steered by galvanometric mirrors, and focused through
an objective lens into photosensitive resin. (b) Detailed schematic representation of the two-
photon polymerization (TPP) process, demonstrating polymerization occurring only within the
highly localized voxel region defined by two-photon absorption at the laser’s focal point.
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* Laser and Resin Interaction: A schematic illustrating the working principle of the direct laser
writing process is presented in Fig.2.9. As shown, a femtosecond-pulsed NIR laser is tightly fo-
cused into a photosensitive resin designed to polymerize upon nonlinear excitation. Although the
resin is transparent at NIR wavelengths, the intense localized irradiation at the focal point induces
simultaneous absorption of two NIR photons, generating effective UV excitation and triggering
highly localized polymerization. The laser beam is precisely steered using galvanometric mir-

rors, enabling rapid and accurate 3D patterning.

The system used in this work incorporates a femtosecond laser with a center wavelength of
780nm, delivering ultrashort pulses with durations between 80—100 fs at a repetition rate of
80 MHz. Despite an average output power below 180 mW, the peak power reaches up to 25 kW,
which facilitates the extreme intensity necessary for nonlinear two-photon absorption. The laser
system complies with Class 1 safety standards for the full system and is internally classified
as Class 3B. In practice, the system is typically calibrated at reduced optical power, delivering
around 50 mW at maximum settings. This controlled reduction in power is essential for prevent-
ing overexposure and ensuring the fidelity of nanoscale features during two-photon polymeriza-

tion.

* Voxel Formation: The smallest polymerized volume, known as a voxel, is defined by the laser’s
point spread function and resin’s polymerization threshold. Voxel dimensions are precisely con-

trolled, typically achieving sizes significantly below the laser wavelength.

* Layer-by-Layer Printing: Structures are meticulously fabricated voxel-by-voxel and layer-by-
layer using controlled movements from the system’s motorized stage and piezoelectric actuators.

This precision allows for intricate three-dimensional fabrication at resolutions below 100 nm, far
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exceeding the capabilities of conventional lithographic techniques.

* System Components and Their Roles:

— Acousto-Optic Modulator (AOM): Controls the intensity and exposure timing of the laser,

providing precise regulation of the polymerization process.

— INlumination LED: Provides background illumination for visualization and alignment of

the sample during fabrication.

— Objective Lens: Focuses the laser beam to a diffraction-limited spot, crucial for achieving
high-resolution voxel dimensions. We used 63X/1.4 NA immersion lens which is a special-
ized high-performance lens used in the Nanoscribe Photonic Professional GT2 system. With
its high numerical aperture (NA) of 1.4, this objective achieves extremely tight focusing of
the femtosecond laser beam, resulting in sub-diffraction-limit voxel dimensions below 200
nm laterally and around 400-500 nm axially. The short working distance (approximately
190 um) allows precise focusing within thin resin layers, crucial for accurate nanoscale 3D
printing. Its high numerical aperture significantly enhances the intensity of the focused laser
spot, facilitating efficient nonlinear two-photon absorption required for polymerization, thus

ensuring superior resolution and precision in direct laser writing applications.

— CCD Camera: Monitors the fabrication process, enabling real-time observation and accu-

rate positioning of the laser focus within the resin.
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Figure 2.10: (a) SEM of several straight waveguides with input and output coupler (b) SEM of a
fiber-to-chip coupler with receptacle aligned to a SU-8 waveguide.

58



2.9 Experimental Characterization and Performance Analysis

Scanning electron microscope (SEM) images of the patterned waveguides and coupler
structures are presented in Figure 2.10. As shown in Figure 2.10(a), all devices are interfaced
with 3D-printed couplers at both the input and output ends. The receptacles facilitate the self-
alignment of fibers to the couplers. These receptacles can be custom-designed to accommodate
tapered fibers with a broad range of diameters (approximately 10um to 20um). Figure 2.10(b)
demonstrates precise alignment between the coupler and the SU-8 waveguide. Alignment mark-
ers, patterned in SU-8 concurrently with the waveguides, are important for coupler-waveguide
alignment. The section of the SU-8 waveguide encapsulated by the coupler is not visible in the
SEM images. Devices obtained through this process are then characterized, and their perfor-
mance is thoroughly analyzed using insertion loss measurements as explained by the following

sections.

2.9.1 Characterization Setup

The devices with on-chip integrated couplers are characterized using tapered SMF fibers,
which are fabricated via a micro-heater-based fiber tapering method. These fiber tapers can be
inserted into the coupler receptacles without requiring a precise alignment stage, relying instead
on manually adjusted mechanical stages. This is because the couplers are designed to automat-
ically guide and align the fibers upon insertion, ensuring efficient coupling to the device. The
characterization setup shown in figure 2.11 includes a tunable laser source (TLS) that can sweep
across the 1520-1620 nm wavelength range. A three-paddle polarizer is connected at the laser

output, ensuring that the input power is maximized for TE polarization, as required by the cou-
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Figure 2.11: Experimental setup for device characterization, incorporating a tunable laser source,
polarization control unit and real-time monitoring with a photo-receiver and power meter

plers. The output from the polarizer is then routed through a 1/99 power splitter, with 99% of the
power directed to the device under test. The remaining 1% is monitored by a power meter for
polarization control. The output from the device is connected to a photoreceiver, which transmits

the signal to a USB-connected oscilloscope for spectral analysis.

2.9.2 Coupling Loss Measurement

To isolate the coupling loss specific to the 3D polymer couplers from other potential loss
sources in the measurement setup, we first measured the transmission spectrum using a direct
fiber-to-fiber coupler structure, as illustrated in Fig. 2.1(d). In this configuration, two fiber tapers
were precisely aligned without an intermediate waveguide. Subsequently, we recorded the trans-
mission spectra for SU-8 waveguides of six distinct lengths (I mm, 3 mm, 5 mm, 7 mm, 10 mm,
and 15 mm) to evaluate their performance independently.

Figure 2.12(a) displays the measured transmission spectra for each waveguide length. Fig-

ure 2.12(b) illustrates the coupling loss per facet as determined from a linear fit of insertion loss
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Figure 2.12: (a) Transmission spectra through SU-8 waveguides of different lengths (b) Measured
and simulated coupling loss per facet vs. wavelength is shown in blue and red dots respectively.
Error bars represent the 95% confidence interval of the linear fit of the measured transmission
vs. waveguide length data. As an example, linear fit of insertion loss vs. waveguide length at a
wavelength of 1550 nm is shown as inset
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versus waveguide length, with error bars indicating the 95% confidence interval. The experi-
mental data (blue dots) are compared directly with FDTD-simulated results (red dots) at various
wavelengths. For clarity, an example of the linear fit at a wavelength of 1550 nm is provided as
an inset in Fig. 2.12(b).

Simulation results indicate a notably low coupling loss of just 0.17 dB per facet at 1550
nm wavelength for the final taper design. Experimental measurements confirm a coupling loss of
0.42 + 0.34 dB at the same wavelength. As anticipated from the simulated transmission spectra
shown in Fig. 2.6(b), coupling loss increases at longer wavelengths. The coupling loss remains
within 1 dB over a 100 nm wavelength range, demonstrating the broadband performance of the

couplers.

2.10 Discussion and Future Prospects

2.10.1 Comparison with Existing Techniques

The experimental results and simulations presented in this study confirm the advantages
of 3D direct laser-written polymer couplers over conventional fiber-to-chip coupling methods,
particularly in terms of insertion loss, alignment tolerance, scalability, and fabrication flexibility.
Compared to grating couplers, which suffer from wavelength-dependent coupling efficiency and
require precise fiber tilt angles, the proposed 3D polymer coupler achieves significantly lower
insertion loss while maintaining a broadband response. The grating-based approach, with losses
typically ranging between 3-5 dB per facet, is significantly outperformed by the polymer-based
coupler, which demonstrates a coupling loss as low as 0.416 dB per facet over a broad spectral

range.
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In comparison to edge couplers, which require sub-micron alignment accuracy and precise
facet polishing, the 3D polymer coupler offers a self-aligning structure that facilitates passive
fiber coupling without requiring precision alignment stages. Edge couplers, while known for
their low insertion loss (typically 1-2 dB per facet), demand complex fabrication steps, including
lithography and etching of inverse tapers, which introduce scalability challenges. The proposed
3D free-form coupler mitigates these issues by leveraging two-photon polymerization, allowing
for direct integration with polymer waveguides without requiring lithographically defined struc-
tures.

Furthermore, when compared to multi-step lithographically fabricated couplers, the 3D
polymer coupler provides significant fabrication simplicity. Multi-step lithography-based de-
signs, which involve deposition, etching, and precise material alignment, exhibit low losses but
require expensive cleanroom facilities and are constrained to planar geometries. In contrast, 3D
free-form couplers enable arbitrary geometric configurations, allowing for more effective mode
field adaptation and seamless integration with diverse waveguide architectures. The ability to de-
sign customized adiabatic tapers, coupled with a high degree of refractive index control, ensures
enhanced performance in various photonic systems.

Overall, the proposed 3D polymer-based coupler represents a scalable, cost-effective, and
high-performance alternative to traditional fiber-to-chip coupling methods, offering low-loss,

broadband, and fabrication-flexible solutions for next-generation integrated photonic circuits.
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2.10.2 Potential for Hybrid Photonic Platforms

The development of 3D direct laser-written couplers not only improves fiber-to-polymer
waveguide integration but also paves the way for hybrid photonic platforms that combine multiple
materials for enhanced device functionality. One of the most promising applications of these
couplers lies in heterogeneous photonic integration, where polymer waveguides are interfaced
with silicon nitride, lithium niobate, chalcogenide glasses, and III-V semiconductor materials to
enable multi-wavelength and high-performance optical processing systems.

Silicon nitride has gained prominence in photonics due to its low propagation losses, high
power-handling capability, and CMOS compatibility. However, fiber-to-chip coupling in sili-
con nitride waveguides remains challenging due to their small mode field diameter mismatch
with standard optical fibers. The integration of a 3D polymer coupler offers an effective mode-
matching interface, enabling efficient coupling into silicon nitride photonic circuits without re-
quiring complex inverse taper structures.

Lithium niobate is another key material for photonic applications, particularly in electro-
optic modulation, nonlinear optics, and quantum photonics. Conventional fiber coupling ap-
proaches often struggle with achieving high-efficiency coupling to lithium niobate waveguides
due to index mismatches and fabrication constraints. The use of 3D polymer couplers can ad-
dress these issues by providing customizable refractive index profiles, ensuring smooth optical
mode transitions between standard fibers and lithium niobate photonic structures.

Chalcogenide glasses offer high nonlinearity and mid-infrared transparency, making them
well-suited for nonlinear photonic applications and infrared sensing. However, fiber coupling

to chalcogenide waveguides remains a significant challenge due to their high refractive index
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contrast with silica fibers. The implementation of 3D-printed polymer couplers can act as an
intermediate interface, facilitating low-loss mode transition between fibers and chalcogenide-
based photonic devices.

The ability to directly fabricate 3D free-form couplers on different substrates without re-
quiring multi-step processing enhances the scalability of hybrid photonic platforms. The adoption
of nanoscale polymer couplers can significantly reduce coupling losses, improve photonic device
integration, and enable seamless fiber-to-chip connectivity across multiple material platforms.
Moving forward, further research into multi-material 3D printing, advanced polymer composi-
tions, and integrated hybrid waveguide architectures will unlock new possibilities for the next

generation of photonic interconnects, optical computing, and quantum technologies.

2.10.3 Design Considerations and Limitations:

While 3D polymer couplers offer a versatile solution for hybrid photonic integration, their
performance is fundamentally constrained by the refractive index contrast between the coupler
material and the surrounding medium. Efficient optical confinement within the coupler structure
typically requires the substrate or lower cladding layer to have a lower refractive index than the
polymer used (e.g., [P-Dip2 or similar). This condition is readily satisfied when interfacing with
waveguides embedded in low-index platforms such as silicon dioxide or SU-8, but becomes chal-
lenging in high-index substrates like bulk lithium niobate, I1I-V semiconductor heterostructures
etc. In such cases, the absence of a low-index buffer layer beneath the coupler can lead to vertical
leakage of the guided mode, severely impacting coupling efficiency. Future work may explore the

use of sacrificial release layers, engineered photonic cladding structures, or locally underetched
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platforms to overcome this constraint and extend the applicability of 3D-printed couplers to a

wider range of material systems.

2.11 Conclusion

This chapter describes the design, fabrication, and experimental validation of a three-
dimensional fiber-to-chip coupler developed for use with polymer photonic waveguides. The
goal was to address long-standing difficulties in coupling efficiency and alignment by using a
direct laser writing process to create custom freeform polymer structures. The result is a device
that simplifies integration while maintaining strong performance across a wide wavelength range.

One of the core challenges in this domain is the mismatch between the mode field di-
ameter of standard optical fibers, such as SMF-28, and the much smaller dimensions of inte-
grated waveguides. Traditional solutions—including grating couplers and edge couplers—are
still widely used, but they come with trade-offs related to loss, polarization dependence, and
alignment sensitivity. While lithographically defined couplers can reduce some of these losses,
they often require complex processing steps that are difficult to scale. The approach developed
here offers a different path by combining custom 3D geometries with flexible fabrication.

Simulations and experiments show that the coupler achieves coupling losses as low as
0.416 dB per facet, with stable performance over a 100 nanometer range over the C and L band.
Tapered fiber inputs and self-aligned receptacle structures allow for passive insertion, eliminating
the need for active alignment tools or real-time feedback. These features make the system more
practical for both lab-scale testing and potential large-scale deployment.

The fabrication process uses a two-photon polymerization method that supports complex
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geometries with sub-micron accuracy. This level of control allows the structure to be customized
for different waveguide designs or integration needs. When combined with fiber tapering, the
result is a compact and reproducible coupling interface that can be applied across a variety of
platforms.

Looking ahead, there is clear potential for adapting this design to work with other material
systems, such as silicon nitride, lithium niobate, or chalcogenide glasses. These platforms offer
important advantages for nonlinear optics, electro-optic modulation, and quantum applications,
but they also bring new challenges in packaging and alignment. The modular nature of this
coupler makes it well suited for this kind of extension.

Overall, this work contributes a practical and adaptable coupling strategy that addresses
both performance and integration constraints. The approach balances design flexibility with
experimental reliability, and it offers a foundation for future developments in fiber-connected

photonic systems.
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Chapter 3: Thermo-Optic Characterization of SU-8 at Cryogenic Temperature

3.1 Introduction

Polymer-based resists are a potentially convenient alternative to traditional dielectric waveg-
uide materials. Unlike conventional materials that require complex etching processes or high-
temperature thermal treatments, polymer resists can be patterned solely using existing lithogra-
phy processes, eliminating the need for additional etch steps or substantial thermal processing.
This streamlined fabrication process allows for the seamless incorporation of polymer-based
photonic structures into film stacks, making them particularly attractive for photonic integrated
circuit (PIC) applications.

SU-8, a negative-tone electron-beam and photolithography resist, has emerged as a partic-
ularly promising photonic material [66]. This bisphenol A novolac epoxy-based resist was orig-
inally developed for microelectronics, but its excellent optical and mechanical properties have
made it a viable candidate for integrated photonics. One of SU-8’s key advantages is its ability
to form films over a very wide thickness range, from 0.5 micrometers to 500 micrometers, which
enables the patterning of high aspect-ratio structures exceeding 190:1 while maintaining smooth
and well-defined sidewalls [67,68]. This capability is crucial for photonic devices where precise
structural integrity and low scattering losses are essential for efficient light transmission.

From an optical perspective, SU-8 exhibits a broad transparency window, transmitting
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wavelengths greater than 400 nm [69], making it suitable for both visible and near-infrared ap-
plications. In the telecommunication-relevant C-band (around 1550 nanometers), propagation
losses as low as 1.6 decibels per centimeter have been demonstrated in SU-8 waveguides, con-
firming its viability for low-loss photonic circuits [57]. These favorable optical properties have
enabled SU-8 to be widely employed in various photonic devices, including filters [70, 71], sen-
sors [72,73], modulators [74], and quantum dot-based single-photon sources [75]. The extensive
research and experimental demonstrations in these areas highlight SU-8’s potential as an adapt-
able and high-performance material for integrated photonics.

In addition to its use in planar photonic components, SU-8 can also be structured into
three-dimensional (3D) nanophotonic architectures using two-photon polymerization (TPP). This
advanced fabrication technique enables the creation of highly intricate 3D photonic structures
with sub-micron resolution. Notable applications of SU-8 in this domain include topological
photonic devices [76], MEMS transducers [77], microlenses [78], and photonic wire bonds [79].
The ability to fabricate such complex structures with high precision makes SU-8 a key enabler of
next-generation photonic interconnects and optical systems.

The demonstrated applications of SU-8, particularly in 3D photonic wirebonds and quan-
tum dot-based single-photon sources, point toward further promising use cases in quantum com-
puting and superconducting photonic circuits. In these applications, precise control over optical
properties at cryogenic temperatures is critical to ensure the stability and efficiency of photonic
devices. However, despite SU-8’s extensive use in photonic applications, its optical behavior
at extremely low temperatures remains largely unexplored. To effectively integrate SU-8 into
quantum photonic and superconducting optoelectronic systems, a detailed understanding of its

refractive index variation and thermo-optic coefficient under cryogenic conditions is necessary.
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In this thesis, we address this gap by experimentally measuring the temperature-dependent
optical properties of SU-8 from room temperature down to 3 Kelvin. Using an on-chip SU-8 mi-
croring resonator operating in the C and L bands (1520 to 1625 nanometers), we characterize its
refractive index and thermo-optic coefficient as a function of temperature. These results provide
essential insights into SU-8’s performance in cryogenic environments and establish a foundation
for its future application in quantum information processing, low-temperature photonic comput-
ing, and superconducting optical systems. Understanding the temperature-dependent behavior of
SU-8 will facilitate its adoption in advanced photonic platforms where stable, low-loss optical

components are required for high-performance operation in extreme environments.

3.2 Challenges in Optical Cryogenic Characterization of Bulk Photonic Mate-

rials

The thermo-optic coefficient of a material is a crucial parameter in designing photonic de-
vices. This property is typically studied in bulk materials using techniques such as ellipsometry,
reflectometry, and interferometry. However, measuring these properties at cryogenic tempera-
tures presents significant challenges. Cryostat chambers impose strict constraints on sample size
and packaging, requiring compact, well-mounted structures for effective thermalization. Main-
taining precise thermal control while ensuring optical access to bulk materials within a cryostat
is highly impractical, severely limiting the accuracy and feasibility of refractive index measure-
ments at low temperatures.

Moreover, conventional bulk measurement techniques, such as normal-incidence reflec-

tometry, are sensitive to surface roughness and multilayer effects. Achieving accurate ellipso-
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metric measurements at cryogenic temperatures would require integrating optical access ports
and precision alignment mechanisms within the cryostat—an impractical solution. As a result,
bulk material characterization under these conditions remains challenging, restricting the avail-
ability of reliable thermo-optic data for photonic materials like SU-8.

To overcome these challenges, integrated photonic structures provide a more efficient and
accurate method for studying thermo-optic properties. Embedding the material within a photonic
circuit, such as a microring resonator, allows refractive index variations to be determined by ana-
lyzing wavelength shifts in optical resonances. This technique enables highly sensitive and direct
measurements without requiring external ellipsometric or reflectometry-based instrumentation
inside the cryostat.

An integrated photonic device naturally packages the sample within a waveguide structure,
ensuring better thermal coupling and uniform temperature distribution. This approach eliminates
the need for additional optical alignment mechanisms required for bulk measurements and yields
results directly relevant to real-world photonic applications by assessing refractive index varia-
tions in actual waveguiding conditions. SU-8 is particularly well suited for this method, as it
supports high aspect-ratio structures with smooth, well-defined sidewalls through standard litho-
graphic processes. Its compatibility with integrated photonics makes it an ideal candidate for
investigating its low-temperature optical behavior in practical device configurations.

Despite its extensive use in photonic devices, SU-8’s optical properties at cryogenic tem-
peratures remain largely unexplored due to these experimental constraints. Addressing this gap is
crucial as SU-8 is increasingly considered for superconducting and quantum photonic technolo-
gies.

In this study, we characterize SU-8’s optical behavior down to 3 K using an integrated
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microring resonator. This method circumvents the challenges of bulk material characterization in
cryogenic environments and provides direct, application-relevant data on SU-8’s refractive index
and thermo-optic coefficient. By leveraging this approach, we establish a foundation for SU-8’s
integration into quantum photonic and superconducting technologies, ensuring its properties are

well-characterized for reliable low-temperature operation.

3.3 Temperature-Dependent Refractive Index Variations and Their Impact on

Resonant Wavelength in Microring Resonators

The refractive index of a material varies with temperature due to the combined effects of
thermal expansion and changes in electronic polarizability. As temperature fluctuates, the atomic
or molecular density of the material shifts, altering the propagation characteristics of light. This
dependence is quantified by the thermo-optic coefficient (TOC), defined as the rate of change of
refractive index with temperature, typically expressed as j—;ﬁ.

For most materials, an increase in temperature results in thermal expansion, leading to
a decrease in refractive index as the atomic spacing increases. However, in polymers such as
SU-8, the TOC is often negative, meaning that the refractive index increases as temperature de-
creases. This phenomenon is attributed to reduced molecular vibrations and enhanced electronic
interactions at lower temperatures, which influence the material’s optical response. In integrated
photonics, temperature-dependent refractive index variations significantly impact the operation
of optical devices, particularly microring resonators. A microring resonator consists of a closed-

loop waveguide that supports multiple resonant optical modes (fig. 3.1).
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Figure 3.1: Schematic of a ring resonator. Light enters from the input port and partially couples
into the ring waveguide via evanescent coupling with the bus waveguide. At resonant wave-
lengths, constructive interference occurs within the ring, resulting in destructive interference at
the through port. The resulting transmission spectrum shows periodic dips at these resonant
wavelengths.

The resonant wavelength for a given mode order is determined by the round-trip optical path

length and is given by:

AN = ——— 3.1

where:

* R is the ring radius,

* n.sy 1s the effective index of the guided optical mode,

* )y is the resonant wavelength of order N.

Since the resonant condition directly depends on n.s¢, any temperature-induced variation
in refractive index alters the optical path length within the microring. If the refractive index
increases with decreasing temperature, as observed in SU-8 at cryogenic temperatures, the optical
path length increases, resulting in a redshift (increase) in the resonant wavelength. Conversely,
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a decrease in refractive index due to increasing temperature leads to a blueshift (decrease) in

resonance. The corresponding shift in resonance can be expressed as:

dA 1 dneff

— = 3.2

dT’ Netf dT’ ( )
where, % represents the rate at which the resonant wavelength shifts with temperature.

This relationship makes microring resonators highly sensitive tools for characterizing the thermo-

optic properties of materials.

3.4 Device Design

The microring resonator system used for thermo-optic coefficient (TOC) characterization
of SU-8 is designed with three key parameters in mind: the choice of ring radius, the coupling
gap, and the waveguide dimensions for single-mode TE propagation. Each of these parameters
significantly influences the device’s optical performance, impacting quality factor (()), free spec-
tral range (FSR), coupling efficiency, and overall sensitivity in detecting temperature-induced
refractive index changes. This section details the rationale behind these design choices and the

trade-offs considered to ensure optimal performance.

3.4.1 Waveguide Dimensions for Single-Mode TE Propagation

A fundamental design requirement for the waveguide system is single-mode operation,
which ensures well-defined optical propagation and consistent resonance behavior. Multimode
operation can introduce interference effects between different spatial modes, leading to ambigu-

ous spectral shifts and increased propagation losses. Thus, selecting appropriate waveguide di-
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mensions is essential to enforce single-mode behavior. To determine the single-mode cutoff,
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Figure 3.2: (a) Diagram of the SU-8 microring resonator with input and output fiber-to-chip
couplers similar to the couplers discussed in chapter 2 (b) Simulated TE single-mode profile of
the SU-8 waveguide.

eigenmode simulations were performed to evaluate the modal properties of SU-8 waveguides at
an optical wavelength of 1550 nm. Based on these simulations, a waveguide width of 2.5 ym and
a thickness of 2.23 um were chosen to ensure that only the fundamental TE mode is supported.
The single-mode dimensions of SU-8 waveguides are comparatively larger than those of high-
index-contrast platforms such as silicon-on-insulator (SOI) or silicon nitride (SizN4) on oxide.
This is primarily due to the low index contrast between the SU-8 core (n ~ 1.571) and the SiO,
substrate (n ~ 1.444), which results in weak optical confinement. Consequently, higher-order
modes are poorly guided and quickly radiated away, enabling robust single-mode operation over
a wider range of waveguide widths. In contrast, high-index platforms require much smaller cross-
sectional dimensions to maintain single-mode behavior. The selected dimensions offer sufficient
mode confinement while maintaining low propagation losses, facilitating high-quality resonance

formation within the microring.
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3.4.2 Choice of Ring Radius

The microring radius plays a crucial role in determining both the free spectral range (FSR)

and bending loss of the resonator. The FSR, which dictates the spacing between adjacent reso-

nances, is given by:

FSR =

(measured in Hz) 3.3)
2mn,

where c is the speed of light in vacuum, n, is the group index of the waveguide, and R is

the microring radius. This expression highlights the inverse relationship between the ring radius

and the FSR (in the unit Hz).
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Figure 3.3: (a) Transmission spectrum of SU-8 ring resonator devices with three different ring
radii along with CAD renderings representing rings (b)Illustration of the chosen ring resonator
design with a ring radius of 275 um and a coupling gap of 600 nm. (c) Measured loaded () and
free spectral range (FSR) with respect to ring radius. Loaded optical quality factor () comes from

Lorentzian fits of the resonances, and error bars indicate the standard deviation of () for all the
measured resonances across the C and L bands.

Figure. 3.3(a) shows transmission spectra of ring resonators with three different radii:
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250 pum, 275 um and, 325 um. A larger microring radius reduces bending losses, which helps
maintain a high optical quality factor (()) as shown in fig. 3.3(c). However, increasing the radius
also decreases the FSR, potentially leading to ambiguity when tracking resonance shifts since
multiple resonances may fall within the same spectral window. Conversely, a smaller radius in-
creases the FSR, ensuring well-separated resonances that simplify spectral tracking, but it also
introduces higher bending losses, which can degrade () and reduce the sharpness of resonances.

Balancing these competing effects is essential. A microring radius of 275 pm fig. 3.3(b)
was chosen as an optimal trade-off, providing sufficiently low bending loss while maintaining a

large enough FSR for unambiguous detection of resonant wavelength shifts.

3.4.3 Coupling Gap Selection

The coupling gap between the microring and the bus waveguide defines the coupling regime
of the resonator, influencing how light transfers between the waveguide and the ring. For TOC
characterization, it is desirable to operate in the undercoupled regime, where the presence of
the bus waveguide introduces minimal perturbation to the resonator’s spectral properties. In this
regime, any observed shift in the resonance wavelength is primarily attributed to changes in the
refractive index of SU-8, rather than artifacts introduced by variations in coupling conditions.
Operating in the undercoupled regime also helps preserve a high ()-factor, which is critical for
detecting small shifts in resonant wavelengths with high sensitivity.

To achieve this, the coupling gap was set to 600 nm (fig. 3.3(b)), ensuring weak evanescent
coupling between the microring and the bus waveguide. This configuration minimizes external

influences on resonance shifts while maintaining efficient optical confinement within the res-
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onator.

3.4.4 Summary of Key Design Choices

The final design parameters for the microring resonator system are summarized in Ta-

ble 3.1, highlighting the rationale behind each selection.

Table 3.1: Key design parameters for the microring resonator system.

Design Parameter Chosen Value | Reasoning

Microring Radius 275 ym Balances low bending loss with a sufficiently
large FSR for clear resonance tracking.

Coupling Gap 600 nm Ensures operation in the undercoupled regime,
isolating TOC effects from coupling influences.

Waveguide Dimensions | 2.5 ym x 2.23 ym | Guarantees single-mode TE propagation, re-
ducing loss and ensuring resonance clarity.

Through careful design of these parameters, the microring resonator system achieves a
high-quality factor (around 10,000), stable resonance behavior, and precise TOC characteriza-
tion. The combination of a carefully chosen ring radius, an appropriately set coupling gap, and
well-defined waveguide dimensions ensures that the device operates reliably under varying tem-

perature conditions.

3.5 Fabrication of SU-8 micro-ring

The process used for fabricating the SU-8 ring resonator and the 3D input and output cou-
plers follows a similar approach to the steps outlined in Section 2.7 of the previous chapter.
The primary distinction lies in the design layout, where SU-8 ring resonators replace the straight
waveguides of varying lengths. Additionally, while the coupler design has undergone slight mod-
ifications, the fundamental design concept remains consistent.
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Figure 3.4: (a) SEM image of a microring resonator with the coupling region shown in the inset
(b)Microscope image of a ring resonator device with a fiber inserted into one of the nanoscale
3D printed polymercoupler funnels. (Inset) Colorized SEM image of the nanoscale 3D printed
polymercoupler funnel and the 3D taper structure on top of the SU-8 waveguide.
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Our ellipsometry (see Sec. 3.6.1 for more details), atomic force microscopy, and surface
profilometer measurements indicated a final device height of 2.23 ym. We have used this thick-
ness for further numerical analysis. Fig. 3.4(a) shows an SEM image of the SU-8 ring resonator,
and (b) presents an optical microscope image of the ring resonator structure connected to a 3D
coupler at one end of the bus waveguide. The inset displays a colorized SEM image of the cou-
pler, showing a tapered fiber inserted into the supporting funnel and the 3D taper printed atop the

SU-8 waveguide.

3.6 Device Characterization from Ambient to Cryogenic Temperatures

The cryogenic characterization method utilizes the room-temperature refractive index as a
reference baseline, enabling accurate analysis of refractive index changes as the sample is cooled.
SU-8 is a commonly used negative-tone photoresist with a well-documented refractive index at
room temperature over a broad spectral range. However, the refractive index of cross-linked
SU-8 is expected to differ slightly from its uncured, liquid state. This difference significantly
influences the accuracy of data analysis, particularly in measurements involving temperature-
dependent optical characterization (TOC). For this reason, as described in the following sections,
the experimental process begins with room-temperature ellipsometry measurements to establish
an accurate baseline, followed by cryogenic spectral shift detection to capture the refractive index

variations at lower temperatures.
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3.6.1 Material Characterization at Room Temperature

We used variable angle spectroscopic ellipsometry (VASE) to precisely measure the refrac-
tive index of cross-linked SU-8 films, ngy.g at room temperature. VASE is an optical technique
that determines changes in the polarization state of reflected light at discrete wavelengths due to
the influence of sample material properties.

Although there are examples in the literature of room-temperature VASE characterization
of SU-8 ( [80], [81]), we needed a precise value of ngy.g of our own material with thickness

around 2 pm.

3.6.1.1 Sample Preparation

Samples are specifically prepared for ellipsometric characterization by spin-coating SU-8
2002 onto plain silicon wafers, following the same process used for fabricating our microring
devices. The SU-8 layer is then cross-linked through blanket UV-light exposure. Cross-linked
SU-8 films and patterned structures are known for their long-term chemical stability and excellent
sample-to-sample repeatability [82]. Consequently, using these ellipsometry-prepared samples
for room-temperature characterization offers a robust and reliable method to accurately determine
the optical constants of the microring devices.

Fig. 3.5 presents the optical constants obtained for the cross-linked SU-8 film, modeled us-
ing the Cody-Lorentz dispersion relation. In this approach, the optical band gap is parameterized
so that the extinction coefficient, k, equals zero for wavelengths exceeding 371.4 nm. Using this
model, the refractive index at 1600 nm was determined to be ngy.g = 1.571020 £ 0.000003, with

the uncertainty stated arising from the fitting procedure.
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Figure 3.5: (a) Derived index of refraction, ngyg and (b) Extinction coefficient, ksyg for the
2.2 pm thick SU-8 film. (inset) ksy_g in log scale for a wavelength range of 191.4-371.4 nm

3.6.2 Device Characterization Inside Cryostat

Next, we proceeded with microring resonator characterization inside the cryostat. We be-
gan by characterizing the device at room temperature and packaging it for cryogenic measure-

ments, as described in the following section.

3.6.2.1 Device Packaging for Cryogenic Measurement

To characterize the microring resonators, tapered single-mode fibers with an approximate
tip diameter of 10 um were inserted into the receptacles of the 3D fiber-to-chip couplers. Fibers
are tapered using the micro-heater tapering technique described in section 2.5.3. We then pack-
aged the device for cryogenic measurements, as the cryostat did not have a provision for real-time
fiber-to-chip alignment.

The sample was securely attached to a copper mount using thermally conductive, silver-
impregnated room-temperature-vulcanizing (RTV) paste to ensure efficient thermal contact within

the cryostat. After inserting it into the receptacle slot and confirming strong transmission through
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Figure 3.6: (a) Image of the device installed on the 3K inner flange of the cryostat, with Copper
Mount (I) ensuring secure placement of the packaged device along with connected fibers. (b)
Image of the packaged device with input and output tapered fibers secured on Copper Mount (II).
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the ring resonator with detectable resonances, the input and output fibers were fixed onto the
copper mount using UV-curable epoxy, as shown in.Fig. 3.6b. No further alignment was required

once the device was mounted inside the cryostat.

3.6.2.2 Device Characterization

After mounting the device, the 3 K stage was enclosed in three layers of shielding to
maintain stable temperature. The cryogenic chamber was cooled using a closed-cycle Gifford-

McMahon refrigerator. Fig. 3.7

Tunable Laser Source

Polarization Controller

DUT

Swept Wavelength
Spectrometer

~— B

Cryostat

Figure 3.7: Characterization setup for cryogenic measurements. A tunable laser source probes
the device under test (DUT) inside a cryostat. A polarization controller adjusts the input, and a
swept wavelength spectrometer analyzes the transmitted signal.

As shown in figure 3.7 a tunable laser source and a swept wavelength spectrometer were
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connected to the device via fiber-optic feedthroughs. We used a three-paddle polarization con-

troller to ensure TE polarization at the input of the bus waveguide.
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Figure 3.8: (a) Normalized transmission spectrum of the ring resonator at 286 K, 141 K, and 3 K.
Each NV value marks the mode order associated with the nearby resonant spectrum (b) Resonant
wavelength vs. temperature for multiple orders of resonance. Resonances of order N = 1647 are
marked in blue.

We captured the transmission spectra of the device as it gradually cooled from room tem-
perature to 3 K over a span of approximately 10 hours (Fig. 3.8(a)). The temperature was mon-
itored using a calibrated thin-film resistance temperature sensor affixed to the cold plate. Figure
3.8(b) illustrates the shift in the resonant wavelength from 1590 nm to 1610 nm across numerous
resonance orders. The blue markers indicate the wavelength shift corresponding to the resonant

order N = 1647. Details on the calculation of the resonant order and subsequent data processing

are provided in the following section.

3.7 Data Analysis

The extraction of TOC from the resonant shift follows few steps. We can first extract the

negr at room down base temperature and use this effective index value to solve the mode equations
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to obtain ngy.g variation with temperature tuning.
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Figure 3.9: Flowchart illustrating the steps to determine ngys(7") from the shift of resonant
wavelength

The resonant wavelength of the SU-8 microring shifted red as it cooled, slowing signifi-
cantly below 30 K (Fig. 3.8(b)). Based on these measurements, we calculated the mode effective

index n.g for each resonance of order /V as it cooled using the following equation [83]:

. QWRneff(/\N, T)
= N ,

AN (3.4)

where Ay is the resonant wavelength of order /N and R is the ring radius. In order to deter-
mine N for a particular resonance, we first solved for the room-temperature n.y of the funda-
mental TE mode of the SU-8 waveguide cross-section using Marcatili’s method (Described in
appendix B) for a rectangular dielectric waveguide [84,85], where we have used the wavelength-
dependent ngy_g obtained from the ellipsometry measurement (Sec. 3.6.1) and room-temperature,
wavelength-dependent ng;o, from Ref. [86]. As an example, for the mode that was around

1592 nm at room temperature, the calculated room-temperature n.s = 1.5173 £ 0.0007. Sub-
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stituting this value into Eq. 3.4, we found N = 1647 4= 1. We then used this resonance order
in Eq. 3.4 to calculate n.¢ from the measured resonant wavelengths at all temperatures. A flow

chart showing the necessary steps is shown in fig. 3.9.
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Figure 3.10: (a) Resonant wavelength vs. temperature for multiple orders of resonance. Analyzed
resonant wavelengths within the 1604.2 + 0.4 nm range are marked in blue dots (b) Refractive
index of SU-8 with respect to temperature extracted from the measured resonant wavelength
range. A fourth-order fit above 20 K is shown as red line with the square of the fit residuals as
green diamonds.

To isolate thermo-optic changes in refractive index from the effects of chromatic disper-
sion, we selected points with a specific wavelength range, 1604 4= 0.4 nm, as shown in Fig. 3.10a.
We then extracted ngy_g at each selected point. As found from eigenmode simulation, less than
5% of the waveguide mode power overlaps with the SiO, substrate. We accounted for this con-
tribution in our analysis by using the temperature-dependent ng;o, reported in literature [86]. We

again used Marcatili’s method to solve for ngy.g at different temperatures for the corresponding

neg values (Fig. 3.10b). We note that an eigenmode simulation software could also be used to
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iteratively find ngy.g from neg.

ONegt

The thermo-optic coefficient of the mode 5

could also be calculated directly from the

change in resonant wavelength with temperature: 2%t — s dA

o SN where n, is the group index,

which could be approximated from the free spectral range of the resonator. A similar relationship
would give the thermo-optic coefficient of the core material, but this requires a measurement or
estimate of the material group index, which need not match the waveguide group index. More-
over, this approach does not directly give the refractive index new(7") and ngyg(7"), which relies
on an estimate of the mode order V.

In order to describe the general trend of the data, we then fit ngyg(7") to the following

fourth-order polynomial:

n(T) = p1T* + paT° + p3T? + puT + ps (3.5)

This fit describes the data fairly well for temperatures above 20 K with fitting parameters:
p1=(—=1.0140.09) x 10712 K™, py = (7.6 £0.6) x 10710 K3, p3 = (—2.74+0.1) x 107" K2,
ps=(—5.3+1.2) x 107 K™, and p5 = 1.58384 + 0.00003. This polynomial fit above 20 K is
shown as a red line in Fig. 3.10b along with the square of the fit residuals. We differentiated this
polynomial with respect to temperature to extrapolate the thermo-optic coefficient (TOC) %

of SU-8 above 20 K (Fig. 3.11). At room temperature, this fit gives % = (—6.746 £ 0.055) x
1075 KL,
As temperature approaches 0 K and the vibrational transitions freeze out, we expect the

index of refraction to level off and the TOC to approach zero [87]. This rapid decrease of TOC

at base temperature can be explained from a thermodynamic point of view as reported in the
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Figure 3.11: Blue dots indicate the negative thermo-optic coefficient values for the whole tem-
perature range obtained from point-to-point linear interpolation of the measured ngyg(7"). Un-
certainty is from the wavelength accuracy of the swept wavelength spectrometer. Negative of the
TOC of SU-8 above 20 K, derived from the fit of the measured ngy.g(7") is shown as a red line.
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literature [88,89]. The leveling-off of ngy_g is not captured by the fourth-order polynomial fit, but
it is evident that the TOC 1s decreasing rapidly below 20 K. We find that ngy.g converges to about
1.584 at the lowest temperatures in our measurement. In order to extract the TOC for the whole
temperature range we did a point-to-point linear interpolation of the measured nsyg(7") data (as
shown in Fig. 3.11 with blue dots) and found that the TOC at 4 K is on the order of —1 x 1077
KL,

To compare to previous work, the only experimentally-measured room-temperature TOC
of SU-8 reported in the literature is —1.1 x 10=* K=! [90], which is comparable to our room-
temperature measurement in terms of order of magnitude. The discrepancy can likely be at-
tributed to differences in the processing of the SU-8 (their film had ngyg = 1.565 at room tem-
perature, ~ (0.006 lower than ours) and to the fact that earlier reported measurements were taken

over an elevated temperature range (293 K to 333 K).

3.8 Validation with Silicon

To validate our experimental process and data analysis method for extracting the temperature-
dependent refractive index of SU-8, we also characterized a silicon-on-insulator (SOI) microring
resonator device with similar nanoscale 3D printed polymercouplers. This Si resonator had a
30 pm ring radius with a waveguide width of 0.95 pm and thickness of 0.22 pm. It was clad on
the bottom and sides with SiO, and on the top with air. We packaged the device with tapered
fibers at the input and output ports in the same fashion and characterized the temperature-induced
shifting of the microring’s resonances, shown in Fig. 3.12a. We analyzed the wavelength shift

and extracted the refractive index of Si (ng;) using the same procedure as for SU-8 (Sec. 3.7).
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Our extracted values for ng; are in excellent agreement to the temperature-dependent refractive

index reported by Frey et al. [91].
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Figure 3.12: (a) Resonant wavelength vs. temperature for multiple orders of resonance in a Si
microring resonator. Analyzed resonant wavelength within 1559.4 + 1.0 nm range is marked in
blue (b) Refractive index of Si with respect to temperature extracted from the measured resonant
wavelength range. A third-order fit above 45 K is shown as a red line with the square of the
fit residuals as green diamonds. (c) Blue dots indicate the thermo-optic coefficient values for
the whole temperature range obtained from point-to-point linear interpolation of the measured
nsi(T"). Uncertainty is from the wavelength accuracy of the swept wavelength spectrometer. The
TOC of Si above 45 K, derived from the fit of the measured ng;(7"), is shown as a red line.

We fit our ng;(7") data to polynomials to describe the temperature dependence of the index

of refraction (Fig. 3.12c¢) of Si. For most of the temperature range (above 45 K), we found that a

third-order polynomial (Eq. 3.6) described the data best:

n(T) = piT° + psT° + psT + pa, (3.6)

where coefficients p; = (—4.15 4+ 1.95) x 10719 K3, p, = (5.25 + 1.02) x 107" K2, p3 =
(—1.69 £ 1.61) x 107> K~* and py = 3.4464 + 0.0007. From this fit, we determined the TOC of
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Si at room temperature to be (1.84 4= 0.07) x 10~* K=! which is consistent with that reported in
the literature (1.8 x 10~* K1) [91,92]. To extract empirical values across the full temperature
range, we performed the same point-to-point linear interpolation of the measured ng;(7"). At
around 6 K, we measured the TOC of Si to be on the order of 10~7 K~', which is comparable to
that reported in the literature [92]. Such consistency in our measured data to previously reported
refractive index and TOC values of Si across this temperature range confirms the validity of our

approach for characterizing the thermo-optic behavior of SU-8 under cryogenic conditions.

3.9 Thermal Expansion Contributions to the Thermo-Optic Coefficient

In thermo-optic coefficient (TOC) measurements and modeling, it is important to distin-

guish between changes in the refractive index that arise from intrinsic material property changes

dn
T’

and those induced by physical expansion. Fundamentally, the TOC, often expressed as is
influenced by both temperature-dependent variations in material polarizability and thermally in-
duced changes in volume—i.e., thermal expansion.

This distinction is embedded in the Lorentz-Lorenz formulation, which relates the refrac-
tive index to the polarizability and number density of oscillators:

n2—1_ Nao
n2+2 35V

Here,

¢ n: refractive index

* N: number density of polarizable particles
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* «: mean molecular polarizability
* £(p: vacuum permittivity

Taking the derivative with respect to temperature, the TOC becomes:

dn on\ dua on\ dV

aT (%) ar " (W) aT
where the second term explicitly represents the contribution of thermal expansion. The linear
thermal expansion coefficient «, [93], and can become particularly significant in materials with
low thermo-optic dispersion—that is, where changes in polarizability with temperature are rela-
tively weak. In such cases, the volumetric term may even dominate the TOC behavior. In this
thesis, the effect of thermal expansion on the refractive index of SU-8 was not explicitly sepa-
rated in the data analysis and was assumed to be negligible within the temperature range consid-
ered. While SU-8, as a polymer, is more susceptible to thermally induced dimensional changes
than inorganic materials, this assumption is consistent with common practice and yields reliable
results within the scope of this work. It is important to note, however, that the measured thermo-
optic coefficient (dn/dT) inherently reflects contributions from both electronic polarizability and
thermal expansion. Although these effects are conceptually distinct, they are microscopically
intertwined. Moreover, in practical photonic devices, both mechanisms inevitably influence the

optical behavior. Thus, the measured dn/dT value presented here can be considered representative

of real-world device performance.
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3.10 Conclusion

SU-8 is a promising material for integrated photonics, with potential applications in quan-
tum computing and optical data egress from superconducting devices. As a core material, it has
demonstrated suitability for use in devices operating at cryogenic temperatures. In order to de-
sign SU-8 devices operated at cryogenic temperatures, quantifying the thermo-optic behaviour
of this material at base temperature is very important. However, to the best of our knowledge, a
thorough characterization of SU-8’s thermo-optic coefficient over a cryogenic temperature range
has not been reported in literature. In this part of the thesis, we fabricated and packaged an SU-
8 microring resonator device and characterized its optical response inside a cryostat to analyze
shifts in the resonant wavelengths with temperature. By tracking these resonant shifts, we suc-
cessfully extracted the refractive index and thermo-optic coefficient (TOC) of cross-linked SU-8
from room temperature down to approximately 4 K. Consistent with findings for other polymer-
based photonic materials [94], our experiments confirm that SU-8 exhibits a negative thermo-
optic coefficient throughout the entire temperature range from 3 K to 300 K. Specifically, at room
temperature, we measured a refractive index of 1.571 and a TOC of (—6.746+0.055) x 107> K1
As the temperature decreased to the base temperature (around 3 K), the magnitude of the thermo-
optic coefficient was significantly reduced, decreasing by more than two orders of magnitude,
accompanied by an increase of approximately 0.8% in the refractive index. To validate our an-
alytical approach, we applied the same measurement technique to silicon microring resonators,
characterizing the temperature-dependent resonant wavelength shift. The excellent agreement of
our measured refractive index and TOC for silicon with literature values confirmed the accuracy

and reliability of our methodology. Beyond established room-temperature photonic applications,
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SU-8 shows considerable potential as a passive integrated photonic material suitable for quan-
tum computing and superconducting computing platforms operating at cryogenic temperatures.
Understanding the thermo-optic response of SU-8 across a wide thermal range provides essential
data for accurately designing and optimizing integrated photonic devices intended for reliable

operation at low temperatures.
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Chapter 4: Fiber-to-chip Polymer Couplers for III-V Photonic Integrated Cir-

cuits at 780 nm Wavelengths

4.1 Introduction

This chapter focuses on the development of efficient fiber-to-chip couplers tailored for I1I-
V photonic integrated circuits (PICs) operating in the telecom wavelength regime. Specifically,
it addresses fiber coupling challenges in AlGaAs waveguides that integrate embedded single-
photon sources for quantum photonic applications. In such systems, efficient optical pumping
is crucial for generating high single-photon emission rates. Equally important is the efficient
collection of these photons—a persistent challenge in existing coupling schemes. Conventional
approaches such as grating couplers and edge couplers often suffer from substantial collection
inefficiencies, which limit photon extraction and, consequently, the practical usability of these
devices. As a result, the unique advantages of III-V materials like AlGaAs—such as their tunable
bandgaps, strong nonlinearities, and efficient photon generation in the visible spectrum—remain
underexplored. Overcoming fiber-to-chip coupling losses is therefore a critical step toward un-
locking the full potential of III-V materials in scalable quantum photonic platforms. Motivated
by this challenge, this dissertation presents a novel coupler design designed for efficient single-

photon extraction. The proposed fiber-to-chip couplers enable low-loss collection of emitted
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photons and direct transfer into standard optical fibers, offering a scalable solution for high-
performance quantum photonic integration. The following section outlines the specific coupling
challenges in more detail and highlights key benefits of the III-V PIC platform, with a particular

focus on AlGaAs.

4.1.1 Efficient Fiber-to-Chip Couplers for Visible-Wavelength Photonics: Chal-
lenges & Motivation

While telecom-band wavelengths are widely employed in integrated photonics due to their
advantages in long-distance optical communication, shorter wavelengths in the visible (VIS) and
near-infrared (NIR) spectrum also hold significant practical importance. Applications such as
quantum information processing, biological sensing and imaging, microscopy, and scanning dis-
plays predominantly operate at these shorter wavelengths. Currently, these applications largely
depend on conventional bulk optical setups. As their complexity increases, transitioning to minia-
turized, integrated photonic platforms at visible and NIR wavelengths can offer considerable ben-
efits, including improved efficiency, reduced footprint, and enhanced scalability [95,96]. How-
ever, implementing integrated photonic solutions at visible wavelengths involves overcoming
specific technical challenges, particularly regarding fiber-to-chip coupling [21]

Fiber-to-chip coupling at shorter wavelength presents several practical challenges:

4.1.1.1 Smaller Mode Size and Alignment Sensitivity

The smaller optical modes associated with shorter wavelengths increase sensitivity to align-

ment errors. Even slight misalignment between fibers and waveguides can drastically decrease
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coupling efficiency, necessitating precision alignment methods. Around 780 nm wavelengths,
the MFD of a single-mode fiber is typically smaller compared to that at telecom wavelengths
due to the shorter wavelength of light. For instance, a typical single-mode fiber designed for
visible applications may have a mode-field radius around 5 pm [97]. This smaller MFD at visi-
ble wavelengths necessitates precise alignment and coupling techniques to ensure efficient light

transmission in integrated photonic systems.

4.1.1.2 Increased Fabrication Precision Requirements

Smaller waveguide dimensions at shorter wavelengths demand high-precision fabrication
processes [98]. Minor imperfections such as surface roughness, dimensional errors, or deviations
in waveguide shape significantly impact optical performance. Moreover, At wavelengths, small
defects or impurities within waveguides have amplified negative effects, leading to increased
insertion losses. These imperfections can dramatically reduce the reliability and efficiency of

integrated devices.

4.1.1.3 Coupling Efficiency and Mode Matching

Achieving efficient coupling between fiber and waveguide modes is challenging due to the
smaller mode field diameters at shorter wavelengths. Effective coupling requires careful design

of taper geometries, coupler designs, and overall interface characteristics.
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4.1.1.4 Material Limitations

The selection of suitable integrated photonics materials that operate effectively at shorter
wavelengths is limited [99]. Ensuring adequate transparency, stability, and compatibility of

waveguide and coupler materials is therefore crucial for device performance.

4.1.2 Advantages of III-V Materials for Photonic Integration: A Focus on Al-

GaAs

III-V semiconductor materials, including Gallium Arsenide (GaAs), Indium Phosphate
(InP), and Aluminum Gallium Arsenide (AlGaAs), offer a unique combination of optical and
electronic properties, making them well-suited for photonic integration. Their direct bandgap en-
ables efficient light emission and absorption, essential for integrated lasers, modulators, and pho-
todetectors. Among these, AlGaAs provides additional advantages due to its adjustable bandgap,
which can be tuned by varying the aluminum concentration. This tunability allows AlGaAs-
based devices to operate effectively across a wide wavelength range, including the near-infrared
region [100, 101].

Several properties make AlGaAs suitable for fabricating photonic integrated circuits (PICs),
including high electron mobility, direct bandgap, and high-quality epitaxial growth [102]. Ad-
ditionally, AlGaAs offers advantages over Lithium Niobate (LiNbO3) and Silicon (Si). While
LiNbOjs has a higher electro-optic coefficient (30—40 pm/V), it requires hybrid integration, adding
fabrication complexity. Silicon (Si), lacking a native Pockels effect, relies on free-carrier disper-

sion, which is less efficient for electro-optic modulation. AlGaAs, with its moderate electro-optic
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coefficient (1-2 pm/V), allows direct integration with semiconductor platforms and active opto-
electronic components, making it well-suited for compact and efficient electro-optic modulators.

AlGaAs also exhibits strong nonlinear optical properties, enabling applications in fre-
quency conversion, optical parametric amplification, and all-optical signal processing [101]. No-
tably, AlIGaAs can generate entangled photon pairs at telecom wavelengths even at room tem-
perature, a key feature for quantum communication and quantum computing [103]. Moreover,
its direct bandgap supports electrical injection, enabling the development of compact, multifunc-

tional photonic devices [100].

4.2 Objectives and scope of the current study

This research addresses critical limitations in fiber-to-chip coupling for -wavelength AlGaAs-

based PICs. Specifically, the objectives of this study include the following key points:
1. Address and overcome current limitations of grating-based and edge-coupling techniques.

2. Improve photon extraction efficiency from integrated single-photon emitters in AlGaAs

waveguides.

3. Develop reliable fabrication methods for suspended polymer couplers integrated onto Al-

GaAs devices.
4. Perform comprehensive simulations and detailed design process of the coupler structures.

5. Conduct initial experimental work to validate the designed coupler and fabrication ap-

proach.
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4.3  Fiber-to-Chip Couplers on AlGaAs Waveguides: Fabrication Challenges to

Address

Chapter 2 thoroughly discusses fundamental principles of optical coupling between fibers
and integrated waveguides, including mode matching, coupling efficiency, and associated loss
mechanisms. The primary distinctions between the previous chapter and the current study arise
from differences in the operating wavelength and the material stack. These differences intro-
duce additional technical challenges specific to AlGaAs-based PIC platforms, which are briefly

described in this section.

SiO2 Top protective Layer (<100 nm)
GaAs Capping Layer (5nm)

AlGaAsDevice Layer (140nm)
GaAs Capping Layer (5nm)

Release
Window

Sacrificial AlGaAs Layer (500 nm)

GaAs Substrate

.GaAs .A|o.75Gao.25AS DA|0-40G30-60AS .SiOz

Figure 4.1: Schematic of the material stack used in the device fabrication

4.3.1 III-V Material Platform Used in This Study

Figure 4.1 shows a Schematic of the material stack used in the device fabrication. These

devices were fabricated at the NIST nanofabrication facility by our collaborators from the nanos-
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tructure fabrication and measurement Group, led by Dr. Marcelo Davanco. The structure in-
cludes a GaAs substrate and a 500 nm sacrificial AlIGaAs layer. The compound semiconductor
AlGaAs has a general formula: Al,Ga;_,As. In the sacrificial layer, the aluminum content is
xr = 0.75. At this composition, Aly75Gag25As can be readily etched using hydrofluoric acid
(HF) through a wet etch process. Interestingly, the device layer with an aluminum content of
x = 0.40 (Aly.4Gag As) is resistant to HF and remains unaffected during the etching [104]. Tak-
ing advantage of this characteristic, suspended AlGaAs waveguides are fabricated. Free-standing
AlGaAs structures have significantly reduced optical losses due to the elimination of substrate
(GaAs) induced absorption. Their high optical confinement enhances nonlinear optical interac-
tions, making them suitable for nonlinear photonics, quantum optics applications. The AlGaAs
waveguides have embedded quantum dots fabricated using droplet etching epitaxy [105]. Sus-
pending these waveguides enhances the collection efficiency of emitted single photons due to
higher optical confinement. However, printing nanoscale polymer couplers and maintaining their
structural integrity on free-standing waveguides introduces significant challenges in the fabrica-

tion process.

* Couplers for Suspended AlGaAs: Printing nanoscale couplers after the HF-release of
the Aly.75Gago5As sacrificial layer could compromise the integrity of the free-standing
Aly 4Gay gAs waveguides, which are sensitive to mechanical stress. IP-Dip2 is recognized
as a robust material once cross-linked [106]; however, its compatibility with concentrated
hydrofluoric acid (49% HF), commonly used to wet-etch the sacrificial AIGaAs layer, had
not previously been reported, to the best of our knowledge. To address this, we experi-

mentally tested the resilience of IP-Dip2 in HF and confirmed its structural integrity during
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the process. Consequently, we successfully fabricated couplers on fully released AlGaAs

waveguides by releasing the structures post TPP of couplers on the waveguides.

High Reflectance of AlGaAs Substrate: The refractive index of AlGaAs at 780 nm is
around 3.5 [107]. The contrast of in refractive index between AlGaAs substrate and IP-
Dip2 resin is more than 2.0 which makes the coupler fabrication process significantly

harder.

Highly reflective surfaces can cause laser beams to scatter or reflect unpredictably during
the printing process. Reflections can lead to uneven polymerization, resulting in lower
resolution or structural inaccuracies. Reflected beams might unintentionally polymerize
areas outside the desired printing region, affecting overall device precision [108]. These
reflection-induced problems can compromise the structural integrity and repeatability of

printed nanoscale features. Two major issues are as follows:

1. The incident beam is typically focused slightly below the substrate surface to en-
sure strong adhesion of the printed structure. However, when using highly reflective
substrates, this practice can lead to unintended double exposure of the region imme-
diately above the resin-substrate interface as the beam moves upward, as illustrated
in the top schematic of Fig. 4.2(a). This unintended exposure can cause localized
burning due to excessive laser power, exceeding the optimal level required for proper
cross-linking. Additionally, deflection of the beam from its intended focal point can
result in insufficient cross-linking, leading to poor adhesion to the substrate. These

effects are illustrated in the top two SEM images of Fig. 4.2(b).

2. The reflected beam interferes with the incident beam, creating periodic regions of
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Incident
Beam

Alo.aGao.6As \VI
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Over-exposure ’ Poor Adhesion

Incident Reflected
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L~
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Rippled tether Side-wall corrugation

Figure 4.2: Fabrication challenges during nanoscale printing on AlGaAs surfaces. (a) Unintended
double exposure occurring just above the resin-substrate interface (top); interference between
incident and reflected laser beams causing side-wall corrugation and ripple artifacts (bottom). (b)
SEM images showing fabrication defects including poor adhesion, rippled tethers, and structural
over-exposure.

104



constructive and destructive interference. This interference results in undulating or
corrugated vertical walls within the printed structure, as illustrated in the schematic at
the bottom of Fig. 4.2(a). These ripple artifacts and sidewall corrugations are clearly
in the bottom two SEM images of Fig. 4.2(b). Additionally, unintended exposure
effects, such as localized burning and poor adhesion caused by beam deflection from

the intended focal point, are shown in the top two SEM images of Fig. 4.2(b).

Through careful calibration of the fabrication process, we can significantly enhance device
reliability and successfully realize fiber-to-chip couplers for highly reflective substrates, such as

III-V compound semiconductors operating at 780 nm wavelengths.

4.4 Choice of Resin

Due to its well-established material properties, high-resolution nanoscale printability, me-

chanical robustness, and our prior experience with it, we selected IP-Dip2 as the coupler material.

4.5 Coupler Design

To efficiently couple light into AlGaAs waveguides, one major challenge lies in design-
ing around 780 nm wavelengths. At these shorter wavelengths, the waveguides must be smaller,
which can lead to increased scattering losses. Additionally, the high refractive index contrast
between IP-Dip2 (n ~ 1.531) and AlGaAs (n =~ 3.5) introduces significant mode mismatch. This
makes the design of an effective mode adapter critical to minimizing insertion loss and ensuring
smooth optical transition. Moreover, fabricating extremely small structures can be challenging
with standard cleanroom processes. Therefore, a trade-off must be made between minimizing op-
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tical losses and ensuring the device dimensions remain practical for fabrication. Figure 4.3 shows

(@)

Il 3 Stage Coupler

AlGaAs
Waveguide B Tether

[ | Fiber-receptacle

B Tapered Fiber

T
"

Figure 4.3: (a) Perspective view of the fiber-to-chip coupler, showing the three-stage design,
integrated tethers that improve adhesion during the HF release process after printing, fiber recep-
tacles, and an inserted tapered 780-HP fiber. (b) Top and side views of the coupler

a 3D schematic of the coupler from three angles: perspective, side, and top views. As described in
Chapter 2, this coupler includes flexible receptacle structures designed to accommodate tapered
fibers with diameters ranging from 10 ym to 20 ym.An important feature of these couplers is the
inclusion of customized tethers and bottom pedestals (discussed in the next section), which help

keep the coupler suspended and stable after device release.

4.5.1 Design Parameters

As mentioned in the previous sections, the IP-Dip2 fiber-to-chip couplers for suspended
AlGaAs waveguides are designed following the same approach described in Section 2.6. Here
as well, the dimensions of the individual taper sections are carefully chosen to ensure that the
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effective index contrast between transitions is gradual, thereby minimizing mode mismatch. The
important distinctions to keep in mind when designing this coupler, compared to the fiber-to-SU8

couplers, are as follows:

1. Suspended waveguides and coupler combination

2. Very-low operating temperature to aid the cryogenic quantum measurements (designed at

4K)

3. High index contrast between AlGaAs and IP-Dip2

4. Wavelength of operation around 780 nm

The coupler structure, along with the detailed dimensions of its various sections, is shown
in Fig. 4.4. The device features a three-stage coupler specifically designed to facilitate efficient
transfer of the fundamental TE mode into a suspended AlGaAs waveguide. Each section of the
coupler is carefully engineered to achieve optimal optical performance while ensuring mechan-
ical stability during and after fabrication. To determine the appropriate dimensions at different
locations along the coupler, we employed finite-difference eigenmode (FDE) simulations. The

key design points along the structure for mode transition are described below.

* Three-Stage Coupler: The coupler is divided into three tapered sections that progressively
reshape the optical mode. This gradual transformation minimizes insertion loss and back-
reflections.The dimensions are shown in the table provided in figure 4.4.The first taper
stage spans from position I to II, followed by the second stage between positions II and III.
Between positions III and IV, the AlIGaAs waveguide is encapsulated within the IP-Dip2
structure, forming a hybrid coupler stage that facilitates the final mode transition.
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B 3 Stage Coupler
B Tether
B AIGaAs Waveguide

Bottom
Pedestal

Stage2 (Length: 42 um)
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r

Stagel (Length: 88 um) Stage3 (Length: 51 um)

Figure 4.4: Schematics showing the dimensions of the fiber-to-chip coupler at 3 stages.AlGaAs
waveguide is encapsulated by the coupler only at the final stage between (III) and (IV)
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— Fiber-Coupler Interface (position I): Here the initiation of optical mode expansion
from the input fiber begins. A single mode tapered fiber (780 HP) with 15 ym di-
ameter couples light into the 15 umx15 pum coupler facet. The dimensions of this

interface is obtained using the methodology mentioned in section 2.6.1

— End of Taper1 (position II): At this position, the coupler tapers down to a width of

8 pm and a height of 6 ;m, marking the end of Stage I of the taper.

— Transition to Hybrid Stage (position III): At this point, the AlGaAs waveguide has
a process-dependent height of 140 nm and a width of 75 nm. It resides within the
polymer coupler, which has a cross-sectional dimension of 2 ym X 2 pm at posi-

tion III. The design process follows the technique mentioned in section 2.6.2.

— Final Transition (Position IV): This point Completes the mode transition into the
AlGaAs waveguide and designed keeping the factors in mind as mentioned in sec-
tion 2.6.3. The waveguide tapers upto a width of 750 nm and the encapsulating poly-

mer tapers down to 1 pm x 1 pm.

Next, we used eigenmode expansion (EME) simulations to accurately determine the lengths
of the individual coupler stages, as shown in Fig.4.4. Figure 4.5 presents key results from
the EME simulations and a justification for the chosen lengths of the three taper stages. It
includes: (a) the transmission profiles from length sweeps of the three taper stages, (b) the
cross-sectional mode evolution along the propagation direction, and (c) the transmission
spectrum of the full coupler designed for 780 nm operation. These results confirm the
adiabatic behavior of the taper transitions and demonstrate efficient mode coupling. The

final performance of the designed structure was further evaluated using finite-difference
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Figure 4.5: Results extracted from eigenmode expansion (EME) simulations: (a) Normalized
transmission as a function of propagation length for each of the three adiabatic taper stages
(b) Cross-sectional normalized electric field intensity profile (| E'|) along the propagation direc-
tion, showing mode evolution through the coupler structure. (Not drawn to scale) (¢) Simulated
transmission spectrum of the full three-stage coupler (with Ly = 88 ym, Ly = 42 pm, and
L3 = 51 pm) around the 780 nm wavelength.

time-domain (FDTD) simulations, as discussed in the following section.

To ensure the mechanical stability of the air-suspended fiber-to-chip couplers, several structural
features were incorporated into the design. These elements are carefully engineered to provide
mechanical support while minimizing optical scattering, thereby maintaining both the structural

integrity and optical performance of the device.

* Tether Structures: Thin support tethers are incorporated into the design to hold the cou-
pler structure in place during and after fabrication. These tethers maintain mechanical
alignment without significantly disturbing the optical mode. They are particularly criti-
cal during the release process, where liquid HF etches away the underlying Aly 75Gag o5As
through designated release windows. The tethers are designed to keep the coupler sus-
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pended and mechanically stable once the undercut is complete.

* Bottom Pedestal:The coupler structure is supported by a thin pedestal that maintains me-
chanical stability during and after the HF release process. While the coupler becomes

suspended following the undercut, the pedestal ensures secure attachment to the chip. It

serves two key functions:

1. Facilitating Release: By increasing the exposure of the sacrificial layer to HF, the
pedestal promotes a complete and efficient release. If the entire funnel width rested

on the sacrificial layer, a much larger undercut would be necessary.

2. Mode Confinement: The pedestal helps confine most of the optical mode within the
IP-Dip2, reducing interaction with the substrate, which lies just 500 nm below the

waveguide.

-1.0

-1.2

-1.4

Transmission (dB)

-1.6

-1.8

760 780 800 820 840
Wavelength (nm)

Figure 4.6: Simulated transmission through the fiber-to-chip coupler around 780 nm

After carefully designing the structure using FDE and EME simulations, we performed
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FDTD calculations to estimate the coupling efficiency at a wavelength of approximately 780nm.
The simulated transmission spectrum, shown in Fig.4.6, indicates less than 1 dB of coupling loss,

with a moderate broadband operation centered at 780 nm.

4.6 Fabrication Techniques and Process Flow

[GaAs [ Alo.7sGao.sAs [ 1Alb.«0Gao.eAs [[]Si0, [ Liquid  [7] Cross-linked

IP-Dip2 IP-Dip2
) (In (1)
HF vapor Resi_q
Top SiO2z removal Deposition
2-Photon
Polymerization

(IV) V) ] V1) I
Development HF Release

Figure 4.7: Fabrication process flow of fiber-to-chip couplers for AlGaAs waveguides

Our collaborators at NIST follow a well-established and highly structured process flow op-
timized for the fabrication of III-V photonic devices operating at around 780 nm wavelengths.
Using their advanced nanofabrication facility, they fabricated the AlGaAs devices with embed-
ded quantum dots (QDs). As part of the process, they incorporated our custom-designed layout
of the input and output AlGaAs taper regions, which were specifically created to accommodate
the polymer couplers. These features were patterned using electron beam lithography, followed
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by dry etching to define the waveguide structures.From this point onward, we carried out the
fabrication process, which included nanoscale 3D printing of the couplers via two-photon poly-
merization and the subsequent release of the suspended structures.

Figure 4.7 illustrates the fabrication process for the fiber-to-chip coupler integrated with a

suspended AlGaAs waveguide.

* The process begins with a multilayer III-V heterostructure consisting of GaAs substrate,
Aly 75Gag o5 As (sacrificial layer), and Aly 4GaggAs (device layer). A SiO, hard mask is

used to define the photonic structures with high resolution during pattern transfer.

* We began by removing the top SiO; layer using HF vapor etching. Unlike liquid HF, vapor-
phase etched SiO, much faster than the sacrificial layer, so we could selectively remove the

hard mask without releasing the structures.

* A drop of IP-Dip2 resin was deposited onto the surface, and the coupler was fabricated
using two-photon polymerization (2PP), where focused laser exposure defines the 3D ge-
ometry of the coupler structure. To enable reliable printing on the highly reflective AlGaAs
substrate, we modulated the laser power between the base layer and the rest of the coupler.
Specifically, the base layer was written using a lower dose to avoid double exposure effects,
as discussed in the previous section. Care was taken to ensure that the reduced dosage still

provided sufficient energy for cross-linking and did not result in under-exposure.

 After exposure, the unpolymerized resin was removed during the development step, leaving
behind the cross-linked IP-Dip2 structure. We followed a standard development protocol
consisting of a 15-minute PGMEA bath followed by a 2-minute IPA rinse. However, due
to the small and delicate nature of the printed structures, we avoided using a nitrogen gun
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for drying, as the high-pressure airflow could damage or displace the suspended structures.
Instead, we used Novec 7100, a specialty engineered solvent with low surface tension and
high volatility, which allows the sample to dry quickly and cleanly without leaving any

residue or causing structural deformation.

Tethers

! IP-Dip2 Coupler

Alo.75Ga0.25AS
Release window

Tethers

Figure 4.8: (a) An optical image of several suspended fiber-to-chip couplers printed on both sides
of the suspended AlGaAs waveguides as input and output (b) SEM showing the Aly 40Gag goAs
tapered waveguide patterns and the release window made from Al 75Gag 25As to house the cou-
plers (c) SEM of a AlGaAs waveguide post-release (d) SEM of the properly aligned fiber-to-chip
couplers using IP-Dip2

* Finally, the device was released using a 49% liquid HF etch for 10 seconds, which se-
lectively removes the 500 nm Aly 75Gag 25 As sacrificial layer. This was followed by three
subsequent DI water rinses, each lasting 5 minutes. The chip was then cleaned using a
2-minute [PA bath and a 1-minute dip in heated (55°C). After removal from the Novec
solution, the chip was allowed to air dry, eliminating the need for nitrogen blow drying
or critical point drying. This process results in a fully suspended photonic structure with
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the polymer coupler precisely aligned to the AlGaAs waveguide. Optical microscope and

SEM images of the fabricated and released fiber-to-chip couplers are shown in fig.4.8.

4.7 HF Tapering Process of Single Mode 780 HP Fiber

To prepare the tapered fibers used for coupling, we adopted a hydrofluoric acid (HF) etch-
ing method instead of the conventional microheater-based tapering technique. While microheater
tapering is commonly used for fibers like SMF-28, it proved unsuitable for the 780HP fibers in our
experiments. Specifically, the tapered 780HP fibers fabricated via thermal pulling (section 2.2)
exhibited significantly higher transmission losses. These losses were characterized using two
tapered-cleaved 780HP fibers coupled back-to-back within fiber-to-fiber transmission measure-
ment structures similar to those shown in figure 2.1(d). We suspect this is due to the smaller
core diameter of the 780HP fiber, as well as potential differences in core and cladding doping
concentrations that affect how the material behaves under thermal elongation.

In microheater tapering, the core and cladding materials melt together and stretch during
heating, which may cause deformation or mode distortion in small-core fibers. In contrast, HF
tapering relies on chemical etching that selectively reduces the cladding diameter while leaving
the core dimensions largely unchanged. This preserves the guiding properties and modal profile
more effectively.

Figure 4.9 shows the adopted process (a) as well as an optical microscope image of a
tapered 780-HP fiber (b). To achieve the desired taper geometry, we vertically dipped a single-
ended, cleaved 780HP fiber into 49% hydrofluoric acid for approximately 36 minutes. This

process yielded a smooth taper with a final tip diameter of approximately 15 xm, which was used
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Stripped
Fiber (780 HP)

49% HF

Figure 4.9: (a) Tapering process of a 780-HP fiber using hydrofluoric acid) (b) An optical micro-
scope image of a tapered fiber using HF tapering

for fiber-to-chip coupling in our characterization experiments.

Although this method requires the use of concentrated HF—necessitating strict safety pro-
tocols, appropriate personal protective equipment, and preventive cleanroom handling proce-
dures—we adopted it in order to achieve tapered fibers with significantly improved transmission

(<1 dB per tapered fiber as characterized using fiber-to-fiber measurement setup) performance.

4.8 Experimental Setup and Future Characterization Plan

We have made few initial attempts to characterize the fiber-to-chip couplers using our in-
house measurement setup. The setup consists of a 780 nm free-space laser source, which is cou-
pled into a tapered 780HP fiber. This fiber is inserted through the flexible receptacle to aligned
to the input facet of the coupler. The transmitted optical power is then collected and measured
using a calibrated detector. To ensure reliable fiber performance, we also utilize a fiber-to-fiber

coupling structure, as described in Chapter 2, to characterize the 780 HP tapered fiber indepen-
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dently before evaluating the coupler’s transmission performance. So far, we have observed an
average insertion loss of approximately 20 dB across multiple suspended AlGaAs waveguides
characterized using the input and output couplers. However, accurately estimating the coupling
loss from the measured transmission remains inconclusive due to the unknown propagation loss
in the suspended AlGaAs waveguides. Our efforts to fabricate and characterize these couplers are
ongoing, with improved layout designs aimed at reducing propagation loss to enable more accu-
rate evaluation of coupler performance. Once satisfactory transmission performance is achieved,
we plan to send the devices to NIST for further characterization—particularly to assess coupling

efficiency to single-photon emitters under cryogenic conditions.

4.9 Conclusions and Future Outlook

In this chapter, we presented the design, fabrication, and preliminary characterization of
fiber-to-chip polymer couplers tailored for AlGaAs photonic integrated circuits operating around
780 nm wavelength. These couplers were specifically developed to enhance light coupling into
suspended AlGaAs waveguides that incorporate single-photon emitters—an essential step for
advancing integrated quantum photonic platforms.

We addressed several unique challenges associated with -wavelength PICs, including high
sensitivity to alignment due to smaller mode sizes, the reflective nature of AlGaAs substrates,
and the structural fragility of suspended waveguides. Our approach involved the use of IP-Dip2-
based nanoscale 3D printing, where careful laser dose control and fabrication optimization were
crucial to mitigating reflection-induced printing artifacts and mechanical instability.

Simulation results using FDE, EME, and FDTD techniques validated the design, achieving
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simulated coupling losses below 1 dB and a 1 dB bandwidth of ~ 40 nm around the 780 nm
wavelength. These results confirm the effectiveness of the three-stage tapered coupler structure
in achieving efficient mode matching with minimal reflection and scattering.

On the fabrication side, we successfully implemented a post-process integration strategy
on NIST-fabricated AlGaAs waveguides. This included resin deposition, two-photon polymer-
ization, and a gentle HF release process optimized to preserve the integrity of both the polymer
and the suspended semiconductor structures.

Preliminary alignment and detection trials are currently underway, and efforts are ongo-
ing to refine the measurement setup for comprehensive evaluation of the coupler’s performance
across the intended wavelength range.

Looking ahead, once transmission performance is validated and well-understood, these
couplers will be sent to NIST for further experimental testing, particularly to characterize cou-
pling to embedded single-photon emitters under cryogenic conditions. The successful implemen-
tation of these couplers marks a critical step toward integrating high-performance fiber interfaces
in III-V quantum photonic chips around 780 nm wavelengths. This work paves the way for future
developments in scalable quantum information systems and other-wavelength integrated photonic

applications.
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Chapter 5: Conclusion and Future Outlook

This thesis has explored how microstructured polymer photonic components and high-
resolution 3D nanoscale printing can address longstanding challenges in fiber-to-chip coupling,
thermo-optic characterization, and photonic integration across diverse platforms. By combin-
ing flexible material platforms with advanced fabrication strategies, this work outlines several
practical approaches for improving optical packaging and extending device functionality in both
classical and quantum photonic systems.

A key result was the development of a 3D nanoscale fiber-to-chip polymer couplers that
significantly reduces coupling losses while simplifying optical alignment. Its compatibility with
standard fibers and on-chip waveguides, along with its stable performance across thermal cycles,
makes it a useful interface for experimental setups and scalable packaging. This type of coupler
design is not limited to one platform or wavelength, which opens the door for adapting it to a
range of photonic materials and spectral bands.

The cryogenic characterization of SU-8 revealed an atypical but advantageous thermo-optic
response: as temperature decreases, its refractive index increases slightly and becomes less sensi-
tive to thermal fluctuations. This inverse response at low temperatures contrasts with its behavior
at room temperature and indicates a degree of intrinsic thermal stability. Such characteristics are

valuable in the design of passive photonic circuits for cryogenic environments, where refractive
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index drift can impact device performance. These findings support SU-8’s continued use in su-
perconducting and quantum photonic platforms, particularly where low-loss and mechanically
stable waveguides are required.

In visible-wavelength photonics, coupling light efficiently into small, suspended III-V
waveguides remains a difficult task. The optical and mechanical requirements of these systems
differ significantly from those of polymer-based platforms. By tailoring a new coupler geometry
to these constraints and evaluating its feasibility through simulation and fabrication trials, this
thesis outlines a path toward more effective light extraction and coupling for quantum photonic
devices based on AlGaAs.

While each contribution was developed in the context of a specific material or application,
they are all connected by a shared focus: enabling more robust and accessible optical interfac-
ing at the micro and nanoscale using polymer photonics. The techniques and findings can be
applied to a broad range of integrated photonic systems that require reliable packaging, spectral

flexibility, or extreme environmental compatibility.

5.1 Future Roadmap

Several directions emerge naturally from this work:

* Cryogenic Platform Expansion: The cryogenic characterization method developed here
could be applied to other polymers and hybrid materials. Understanding their thermal and
optical behavior at low temperatures would help expand the toolkit for quantum-compatible

photonic design.
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* Automated Packaging Systems: With the foundation of self-aligned coupler structures in
place, future efforts could explore incorporating these into automated or semi-automated

fiber packaging workflows, reducing human error and improving reproducibility.

* Multiplexed Interfacing: Scaling the coupler design to support arrays of waveguides or
multichannel configurations could benefit photonic computing and neuromorphic systems,

especially when combined with reconfigurable elements.

* Cross-Platform Adaptability: The geometry of the coupler and the tuning of mode
adapters could be optimized algorithmically to adapt to a broader range of materials beyond

SU-8 and AlGaAs, including lithium niobate or hybrid polymer-inorganic composites.

As photonics continues to move into domains that demand tighter integration, higher spec-
tral efficiency, and extreme environmental performance, tools that make fiber-to-chip coupling
more reliable and versatile will be essential. This thesis contributes a set of techniques and in-
sights that help meet those demands, while also laying the groundwork for future devices that are

both adaptable and application-driven.
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Appendix A: Supplementary Information for Chapter 2

A.1 Dispersion Model of IP-Dip2 and SU-8

In this thesis, we employed the dispersion model of IP-Dip2 as provided by Nanoscribe [45].

However, the vendor-supplied data is limited to the wavelength range of 400-950 nm. To estimate
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Figure A.1: Refractive index dispersion of IP-Dip2

the refractive index near the 1550 nm wavelength, we extrapolated this data using a Sellmeier

fitting model, given by the following equation:

n?(\) =1+ (A1)



where A is the wavelength in micrometers. The fitted coefficients are:

By =1.3364

C, = 0.01654 ;im?

We obtained the dispersion model for SU-8 from ellipsometry measurements, as described in
Section 3.6.1. This model, along with that of IP-Dip2, was used to simulate the coupler design

and obtain its dimensions.

A.2 Simulation Parameters

A.2.1 MODE Simulations

We used Lumerical MODE to calculate the fundamental modes of both the waveguide and
the coupler structure. The mesh accuracy was set to high, with a mesh override region around
the coupler to ensure reliable mode profile extraction. Dispersion-enabled material models were
used, and refractive index data for IP-Dip2 and SU-8 were imported from externally fitted mod-
els. Simulations were primarily performed at a wavelength of 1550 nm. To avoid unphysical
reflections, Perfectly Matched Layer (PML) boundary conditions were applied in the transverse

directions.
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A.2.2 EME Simulations

To simulate light propagation through the 3D tapered coupler, we used the Eigenmode Ex-
pansion (EME) solver with the Complex-Valued Coupled Solver (CVCS) enabled. This allowed
for accurate modeling of the mode evolution along the taper. The structure was divided into
a combination of uniform and tapered sections to capture the geometry in detail. We selected
a sufficient number of modes to ensure convergence, and PML boundaries were applied in the

transverse directions to mimic open space and suppress reflection artifacts.

A.2.3 FDTD Simulations

For full-wave time-domain analysis, we used the FDTD solver to evaluate broadband per-
formance and estimate coupling efficiency. Mode sources and monitors were placed to excite
and track the power in the fundamental modes. The simulation time was set long enough to
allow complete decay of the fields. PML boundary conditions were applied on all sides of the

simulation region to absorb outgoing radiation and eliminate boundary reflections.

A.3 Fabrication Process Flow

The complete fabrication process of the SU-8 waveguides followed by input and output 3D

fiber-to-chip couplers consist of the following detailed steps:

1. Substrate Preparation

* We deposited a 3 um thermal oxide layer on a silicon substrate.

* The substrate was cleaned with acetone, IPA, and DI water, followed by a 2-minute
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dehydration bake at 100 °C.

* To enhance resist adhesion, we spin-coated a 200 nm Omnicoat layer at 3000 rpm

for 30 seconds.

* We then spun SU-8 2002 photoresist: first at 500 rpm for 5-10 seconds (100 rpm/s
acceleration), then at 2700 rpm for 30 seconds (300 rpm/s acceleration), achieving a

uniform 2.2 um thickness.

* A soft bake was performed at 95 °C for 1 minute.

2. Waveguide Fabrication

100 kV electron beam lithography (EBL) is used to pattern the waveguides, with
proximity error correction ensuring proper dosage. A base dose of approximately

6 uJ cm~2 is applied.

* The device layout includes waveguides of varying lengths: 1 mm, 3 mm, 5§ mm, 7

mm, 10 mm, and 15 mm.

After lithography, a 1-minute post-bake at 95 °C facilitates SU-8 cross-linking.

* The structures are developed using standard SU-8 developer (99% PGMEA), fol-

lowed by IPA cleaning.

* hard-bake at 120 °C ensures complete cross-linking and structural stability.

3. Nanoscale 3D Printing of On-Chip Couplers with Integrated Receptacles:
The couplers are fabricated using the Nanoscribe Photonic Professional GT2 via two-

photon polymerization (TPP), an advanced nonlinear photo-polymerization technique that
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employs a femtosecond-pulsed 780 nm laser.

Two-Photon Polymerization Process Parameters: The 3D geometry of the coupler was
designed using CAD tools like Creo Parametric and Blender. The final structure was ex-
ported as a stereolithography (stl) file file and imported into DeScribe, the job prepara-
tion software used for Nanoscribe printing. All process parameters were carefully tuned
through multiple dose tests and iterative fabrication trials to optimize print quality, dimen-
sional accuracy, and adhesion. The table below summarizes the best-case parameters used

for high-resolution 3D nanoscale printing of the coupler structure.

Table A.1: Process parameters used for two-photon polymerization of the 3D coupler structure.

Step Details

Objective 63x oil immersion, NA = 1.4

Writing Mode Dip-In Laser Lithography (DiLL), bottom-up writing
(All parts except one top segment of the receptacle)

Slicing Distance 0.05 ym

Hatching Distance 0.05 ym

Mean Laser Power 50 mW

Power Scaling 1

Laser Power Used

20%-30% of mean laser power

Scan Speed

6000 —7000 pm/s

Development

25 minutes in PGMEA, 5 minutes in IPA, dried with
N, gun

Post-development UV Ex-
posure

I minute at 100% UV gun power
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A.3.1 Development and Post-Processing:

After laser exposure, the development and post-processing of structures fabricated involve

the following critical steps:

* Resin Development: The exposed structures undergo a development process by immer-
sion in a suitable developer, typically standard SU-8 developer (99% propylene glycol
methyl ether acetate, PGMEA) for atleast 15 minutes, which selectively removes unpoly-

merized resin while preserving the polymerized structure.

* Cleaning: Post-development, the samples are carefully rinsed with isopropyl alcohol (IPA)
to eliminate residual developer and remaining unpolymerized resin, minimizing potential

deformation or structural damage caused by drying-related surface tension.

* Post-Curing (Hard-Bake or UV Curing): An additional curing step, such as a thermal
bake at approximately 120°C or UV exposure, enhances cross-linking, thus improving
mechanical stability, structural robustness, and optical performance of the final fabricated

couplers.
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Appendix B:  Supplementary Information for Chapter 3

B.1  Waveguide Mode Equations

Ng

Figure B.1: Schematic of a rectangular dielectric waveguide

According to Marcatili’s method [84,85], two key conditions must be met for a mode to be guided

within the rectangular dielectric waveguide depicted in fig. B.1

Assuming, k, < ki, k3, and ks

k,d = pr + tan™! (/L1OZ3) +tan~! (u1a5> (B.1)
,U/3k:r NSkx

kyw = qm + tan~! (61a2> + tan~! (81&4) (B.2)
82]€y E4k‘y
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where,

k2 + k; + k= wimer, ki —ai+ k= wiuee (B.3)

Figure B.2: Schematic of a SU-8 waveguide of width w and height h on SiO, substrate

For the case of a rectangular SU-8 waveguide (fig.B.2) with height and width of h and w

respectively, above simultaneous equations become:

kyw = 2 arctan <@> + gm (B.4)
kyEO
k.h = arctan (043,USU8> + arctan (M) + pm (B.5)
K pro z Si02
w’psusesus = ki + k; + k? (B.6)
wlpoeo = k2 — a3 + k? (B.7)
WQ[IJ()EO = k; - Oég + ki (B8)
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W’ Usi0Esi0s = k?; —ai+ k2 (B.9)

For the fundamental mode TE,, we set p = ¢ = 0. The unknowns in our calculations
include k,, ky, k., a1, o, and ai3. We also assume fisug =~ fisio, = fo-
To determine the effective refractive index neg, we solve for k, using:

Neff = —— (B.10)

Solving for cgyg

If we know ng (and therefore k), we determine ngyg using:

nsug = / MSUSESUS/(M0€0) (B.11)

By solving the same set of equations (B.1-B.6) and applying numerical methods, we extract

€sug accurately.
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Appendix C:  Supplementary Information for Chapter 4

Table C.1: Process parameters used for two-photon polymerization of the 3D coupler structure
on highly reflective AlGaAs waveguides

Step Details
Objective 63x o1l immersion, NA = 1.4
Writing Mode Dip-In Laser Lithography (DiLLL), bottom-up writing

(All parts except one top segment of the receptacle)

Slicing Distance

0.05 pm

Hatching Distance 0.05 pm
Mean Laser Power 50 mW
Power Scaling 1

Base Laser Power

10%—12% of mean laser power

Base Scan Speed

8000 pum/s

Solid Laser Power

15%—17% of mean laser power

Solid Scan Speed

7000 pm/s

Development

15 minutes in PGMEA, 5 minutes in IPA, 1 minute in
Novec-7100, dried in air
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