THE HONG KONG
Q POLYTECHNIC UNIVERSITY
& Fenian

Pao Yue-kong Library
BEREEE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

IMPORTANT

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




OPTOFLUIDIC CHIPS WITH DIRECTLY
PRINTED POLYMER OPTICAL
WAVEGUIDE SENSORS FOR LABEL-FREE
BIODETECTION

WANG HAN

PhD

The Hong Kong Polytechnic University
2024



The Hong Kong Polytechnic University
Department of Electrical and Electronic Engineering

Optofluidic chips with directly printed polymer
optical waveguide sensors for label-free
biodetection

WANG Han

A thesis submitted in partial fulfilment of the requirements for
the degree of Doctor of Philosophy

July 2024



CERTIFICATE OF ORIGINALITY

I hereby declare that this thesis is my own work and that, to the best of

my knowledge and belief, it reproduces no material previously published
or written, nor material that has been accepted for the award of any other
degree or diploma, except where due acknowledgement has been made in

the text.

(Signed)

WANG Han (Name of student)




Table of contents

ADSEFACT aueeiiniiiciirininnininniissnticsssnissssnesssssessssssssssssssssasssssesssssesssssesssssssssssne I
List of publications ........ccieveiinvricisnicisnninssnnissnnessnicssnsicssssessssesssssesssssne \%
ACKNOWIEAZEMENLS ....uceeeeuiiiiiunicssnninssnnisssnnessnisssnsicssssessssesssssessssasssnsesns VI
LiSt Of fIGUIES ccuuueieivnriiiniininiininiissnnicsnnicsssncssnncssnsicssssessssessnssesnssesens VIII
LiSt Of ACTONYIMS ....uuuiieueriiiniiiiniininicsinicssnnicssnnecssssesssssessassesssssssssssesens XV
Chapter 1. INtroduction ........cceeeeiceicssnnenssncsssicssnsesssssesssssesssssessssssssssne 1
1.1 Back@round..........cccueeiieiiinieeiieeeie e 1
1.2 Motivation and objectives of the research............cceceevvenieennnnnne. 3
1.3 Outline of the thesis........ccoocveiiieiiiiiie e, 4

Chapter 2. Overview of optofluidic chip technologies based on optical

WAVEGULAR SCIISOTS ceeeeeurricsnressrncsssresssssesssssesssssessssscssssesssssessssssssssasssssassans 6
2.1 INtrOdUCHION ...ttt 6
2.2 Optofluidic chip technologies..........ccecueevieeciieriieieeieeee e 6
2.3 Optical waveguide sensors for optofluidic chips.........cccceennenee. 10

2.3.1 Optical waveguide Mach-Zehnder interferometer (MZI)
SEIISOTS ...teneteenieeeuteentteeteesateebtesateenate e bt esate e beesaseenbeesaneesanesseennneens 12

2.3.2 Optical waveguide micro-ring resonator (MRR) sensors... 16

2.4 Fabrication technologies for optical waveguide..............cc.......... 19
2.4.1 Typical fabrication techniques ..........cceeeercieenieeciienieennne 19
2.4.2 DMD-based Maskless lithography technology ................... 23

2.5 SUMIMETY ...veieniiieeiieeetteeetee et e ettt e siteeebte e steessateesaeeesaeeesabaee e 27



Chapter 3. Fabrication of polymer optical waveguides by digital

ultraviolet lithog@raphy ........ciieiiniiiiiiiicisninssnninssnncssnncssnsncsssnecsnsenes 28
3.1 INtrodUCION ...t 28
3.2 Design of single-mode SU-8 optical waveguides........................ 30

3.3 Fabrication and optimization of the designed SU-8 optical

WAVEZUIACS ...eovvviiiiiieciieeeiee et eete e eetve e et e e st eeeir e e e staeeenbaeesaseeessseeenens 32
3.4 Optimization of the fabricated SU-8 optical waveguides............ 34
3.4.1 Proximity effect compensation...........ccccceeveeriieenieerieenenenne. 35
3.4.2 Seamless StItChING ........cceeeevieeiiieeieecee e, 38
3.5 Characterization of the fabricated SU-8 optical waveguides....... 41
3.5.1 Bending loss measurement............ccceeeeeeueenienneesieeneeeneans 41
3.5.2 Propagation loss measurement............cccceeeveerverieeneeennnenne 44
3.6 Characterization of MMI, Y-Branch Splitter and MRR................ 46
3.7 SUIMIMATY ...evviieeiiiieeeiiee et e e et e e et eeesra e e e esieaeeeesabbeeeennsseeesnnnns 50

Chapter 4. Optofluidic chip with directly printed polymer optical

waveguide Mach-Zehnder interferometer S€NSOrsS .......cceeeeeeecscneeccsenns 52
4.1 INtrodUCHON .....vveieiiieciie et e 52
4.2 Fabrication of SU-8 optical waveguide and optofluidic chip...... 56

4.2.1 Fabrication of SU-8 optical waveguide Mach-Zehnder
INLETTETOMELET SENISOTS ...evvieiieeiieeiieeieeeieeniee et e e ereeseaeeseesereens 56
4.2.2 Fabrication of optofluidic chip by packaging the waveguide

chip with microfluidic 1ayer...........cocceevierciiiniiieeee, 63



4.3 Testing and characterization of the fabricated SU-8 waveguide
and optofluidic ChIP ...cccvvieeiiiieee e 66
4.3.1 Transmission spectra of the fabricated MZI microsensors. 67
4.3.2 Measurement of the bulk sensitivity of the fabricated MZI
SEIISOTS ..vteneteeniteeuteentteetee sttt ebee st esaee e bt esate e beesateenbeesaneesaseebeesnneens 74

4.4 Testing of the fabricated optofluidic chip in the detection of

human Immunoglobulin G...........ccceeeeiiieiiiiieeceee e 76
4.5 Reusability TeStING .......ccccveeeviieiiieeieeeie ettt 78
4.6 SUIMIMATY ..ccvvviieeeiieeeeeiieeeeeiteeeeeireeeestaeeeessrseeeessseeeesssseesasssseeenns 80

Chapter 5. Optofluidic chip with high-Q polymer waveguide

MICrOring reSONATOL SEMSOI'S cocueeecrsrecsssressssressssessssssssssasssssesssssessasssssnses 81
5.1 INtrOAUCTION ..ottt s 81
5.2 Design of high-Q 1ing SENSOTS........ceevvviieriieeciie e 83

5.3 Fabrication of SU-8 waveguide MRR sensor and optofluidic chip

5.3.1 Fabrication of SU-8 waveguide MRR sensors.................... 86

5.3.2 Fabrication of the SU-8 MRR sensor integrated optofluidic

5.4 Testing and characterization of the fabricated SU-8 waveguide
MRR sensor and optofluidic Chip........ccccveeeeiieiiiiiiiee e, &9

5.4.1 Transmission spectra of the fabricated MRR sensors......... 89



5.4.2 Transmission spectra of the SU-8 waveguide MRRs with
different loss and coupling coefficients..........c.ccccueveiveriieieennnnne. 91
5.4.3 Testing of the bulky sensitivity of the fabricated SU-8
waveguide MRR SENSOTS.......cccueeecuiiieiiieeiieeciee et 92
Glucose solutions of different concentrations were used to evaluate
the bulk sensitivity of the manufactured MRR sensors. Injecting
glucose solution into or out of the microfluidic channels is done with
a motorized syringe pump. As the concentration of glucose increases,
the observed wavelength moves to a longer wavelength, as seen in Fig.
5.8(a). The MRR sensors' wavelength shift on the external refractive
indices is presented in Fig. 5.8(b). It reveals that the refractive index
of the fabricated waveguide MRR sensor is about 22.55 nm/RIU,

which is close to the numerical simulation value, i.e., 30.73

NM/RIU.5.5 SUMMETY ...oooviiiiiiiieeeeceece e 93
Chapter 6. Summary and outlook for future works........cccceeerececvnnces 96
6.1 SUMMATY ....vviiiiiiiieccee et e e et e e e ar e e e e eee 96
6.2 Future outlooK ........cccveeiiieiiiiniieieeee e 97



Abstract

Optofluidic chips fusing photonic and microfluidic technologies have
attracted remarkable attention due to their tremendous promise in the
development of small-size high-performance biochips for biomedical
detection and diagnostics. The progress of affordable diagnostic tools for
everyday testing and extensive applications is impeded by the intricate
fabrication procedures and restricted functionalization flexibility inherent in
conventional silicon-based photonic chips. In this thesis, optofluidic chips
based on directly printed polymer optical waveguide sensors, including
Mach-Zehnder interferometer (MZI) waveguide sensors and micro-ring
resonator (MRR) waveguide sensors, are developed, and their performances
in label-free detection have been numerically and experimentally

investigated.

A new fabrication process for SU-8 optical waveguides was developed by
using an in-house digital ultraviolet lithography (DUL) system. Compared to
the photomask-based lithography technologies, DUL can save the cost for
the fabrication of photomasks and shorten the lead time. On the other hand, it
has the advantage of higher throughput over conventional electronic beam
lithography (EBL) and direct laser writing (DLW) technologies. Some

typical problems in digital lithography, such as proximity effect and stitching



error, have been well compensated through the numerical pretreatment of

pattern data and process optimization.

Experimental results showed that at a wavelength of 1550 nm, the
propagation loss of the manufactured straight waveguide is measured to be
0.238 dB/mm. The bending loss is below 0.1 dB/90°-arc if the bending
radius is greater than 100 um. Moreover, multi-mode interferometer (MMI)
and Y-branch power splitters were experimentally fabricated to uniformly
split the input power across a broad spectral range, spanning from 1500 nm

to 1600 nm.

With the own-established waveguide fabrication processes, an integrated
optofluidic biochip with directly printed polymer optical waveguide MZI
sensors has been developed. An asymmetric MZI sensor embedded with
width-tailored waveguide was designed and fabricated for high-sensitivity
label-free biodetection. In order to get a high-contrast interference at the
output, a specifically constructed Y spitter has been designed to compensate
for the light propagation loss in the sensor arm and make the light powers
from the two arms suitably balanced. After coming with the transmission
spectra of the MZI sensors before and after fabrication of Ormoclad cladding,
it was verified that such a special designed MZI sensor can greatly enhance
the extinction ratio (ER) of output spectrum to reach 13.48 dB when the

sensor was finally packaged and immersed under water.



After precise printing of an Ormoclad layer via an overlay exposure
process and vertical integration with a microfluidic layer, an integrated
optofluidic chip was fabricated for on-chip label-free biodetection
applications. The on-chip integrated MZI sensor devices exhibited a
remarkable high bulk refractive index sensitivity, 1.e., 1695.95 nm/RIU. The
demonstration of optofluidic chip's ability to detect disease biomarkers was
conducted by quantifying the concentration of Human immunoglobulin G
(HIgG). HlgG, a main antibody present in both blood and extracellular fluids,
acts as a vital defense mechanism against bacterial and viral infections within
the human body. After being functionalized with capture molecules, these
MZI1 biosensors were capable of detecting HIgG analytes down to a low
concentration of 1.78 pM, which is far beyond the performance of current

commercial ELISA tests.

Moreover, an optofluidic chip integrated with directly printed polymer
optical waveguide MRR sensors has also been demonstrated. An all-pass
MRR sensor that embedded with a width-tailored waveguide was designed
and directly printed by using our own-built digital UV lithography processes.
The Q factor of the fabricated MRR sensor is as high as 8604. An optofluidic
chip has been fabricated, by vertically integrating the MRR sensors with a
microfluidic layer, for on-chip label-free biodetection. Results showed that
the bulk sensitivity of on-chip integrated MRR sensors is 22.55 nm/RIU.

Considering that such MRR has a very narrow transmissive spectral dip (i.e.,



very high spectral resolution) because of high Q factor, it is believed that
such an integrated optofluidic chips is also very promising for
high-sensitivity biochemical applications, such as nucleic acid or virus

testing.

The incorporation of polymer optical waveguide biosensors in these
optofluidic chips presents a range of advantages, such as miniaturization,
cost-effectiveness, heightened sensitivity, and simplified functionalization.
As a result, this breakthrough has the potential to revolutionize the
development of compact devices and instrumentation for point-of-care

testing and diagnostics.
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Chapter 1. Introduction

1.1 Background

Efficient and accurate biodetection tools play vital roles in tackling the global
challenges of epidemic diseases-caused health crises. To facilitate the development of
new-generation of healthcare devices, there is also a strong need of biomedical tools
for high specificity, high sensitivity, multiplexing and non-invasive label-free
biodetection. Recently, the need for compact, portable, multi-scenario adaptability has
aroused great interest in the miniaturization of biomedical tools towards chip-scale
diagnostic technologies for disease detection and general health monitoring. They are
promising for real-time biomedical tests and can facilitate clinical diagnosis at the
point of care (POC), ensuring timely and accurate interventions in healthcare [1].
Thanks to advanced nano/micro-photonic and microfluidic technologies, optofluidic
biosensors experienced rapid growth and development in integrating lightwave with
microfluidic technologies to create compact devices for label-free detection of
molecules with high sensitivity and specificity.

However, traditional fabrication technologies in optofluidic chips have some
limitations. For instance, electron beam lithography (EBL) and direct laser writing
(DLW) are high-resolution and highly reliable maskless technology. On the other hand,
it has drawbacks of low speed and low throughput, which are suitable for fabrication

of small-size devices in low-volume applications. Although photolithography is a fast



and high throughput fabrication process, the photomask is expensive and its patterning
flexibility is low [2]. Therefore, development of low cost, high throughput fabrication
platform with high flexibility is a matter of urgency in the development of optofluidic
chips.

Optofluidic chips can be achieved by integrating different types of photonics
sensors, such as optical fibre, surface plasmonic resonance sensors, photonic crystal
sensors, interferometer-based sensors, optical waveguide sensors, optical resonator
sensors, within microfluidic channels. Planar optical waveguide sensors possess
advantages such as compact size, high integration density, compatibility with fiber
optics, and tailored optical properties. Typically, Mach-Zehnder interferometers (MZI)
and micro-ring resonator (MRR) are the most common sensors used in integrated
photonic biochips. In an MZI, input light is split into two paths by a beam splitter.
These two beams of light pass through two waveguides of different lengths and then
recombine at the output waveguide. The two recombined light waves interfere with
each other, resulting in an interference due to phase difference after propagating
different optical paths. In an MRR, light coupled to the micro ring from a straight
waveguide via e.g. evanescent coupling or contact coupling [3]. The light then
circulates inside the ring when the resonance condition is fulfilled, and then a resonant
spectral dip will appear in the transmission optical spectrum. Indeed, MZI and MRR
are widely used in integrated photonics for various applications, such as including

filtering [4], switching [5], modulation [6], and sensing [7].



Because of its great potential, optical waveguide-based optofluidic chips have
become one of the most promising technologies for many different applications, such
as temperature sensing [8], refractive index sensing [9], volatile organic compounds
gas sensing [10], water contaminants detection [11], protein detection [12], parasite
detection [13], etc. They offer great many new opportunities in the development of
small-size high-performance microdevices for environmental monitoring and human

health evaluation.

1.2 Motivation and objectives of the research

Small size and high-performance optofluidic chips are highly desired in many
applications due to the advantages of miniaturization, high sensitivity, high specificity,
and rapid response. For instance, in some limited resources settings, especially for
those with poor health service or laboratory, it is unrealistic to use advanced medical
facilities, which need highly trained personnel and specialized facilities [14]. In such a
case, optofluidic biochip provides a feasible solution for patient-centred diseases
primary diagnosis. Although optical waveguide-based optofluidic biosensors have
been widely studied in the past few years, most of the previous works focus on
silicon-based waveguide devices and rely on time-consuming and high-cost
fabrication techniques. By wusing an own-built DMD-based digital ultraviolet
lithography (DUL) system, cost-effective polymer waveguide-based integrated

optofluidic biochips can be developed



In this thesis, we developed a new fabrication process for polymer optical
waveguide devices by using a DUL system, and then used it to further develop two
kinds of optical waveguide biosensors for integrated optofluidic chips. To fabricate
high-quality optical waveguides, we systematically optimize the processing techniques
and their parameters. After process optimization, we developed polymer waveguide
MZI sensors and integrate them with microfluidic layer to make optofluidic chips for
human IgG detection. Moreover, an optofluidic chip based on microring resonators
has also been fabricated. The Q value of the fabricated MRR sensor is quite high,
which indicates that it is promising platform for low-limit detection of disease

biomarkers in biomedical applications.

1.3 Outline of the thesis

The chapters of the thesis are organized as below:

Chapter 1: Introduction. This chapter provides an overview of the optofluidic
biochip, discussing the background and research motivation. The research project's
objectives are outlined, and the structure of the thesis is presented.

Chapter 2: Overview of optofluidic chip technologies based on optical waveguide
sensors. In this chapter, optofluidic chips based on different types of optical sensors
and its applications are review. Typical sensing mechanisms and application of optical
waveguide sensors, especially MZI and MRR sensors, are described. The conventional
optical printing technologies and maskless lithography are also introduced and

discussed.



Chapter 3: Fabrication of polymer optical waveguides by digital ultraviolet
lithography. In this chapter, we present a digital ultraviolet lithography technology for
fabricating polymer optical waveguides. The fabrication processes and parameter
optimization are described in detail. The optical characteristics of the fabricated
polymer optical waveguides are also presented.

Chapter 4: Optofluidic chip with directly printed polymer optical waveguide
Mach-Zehnder interferometer sensors. In this chapter, polymer waveguide MZ
micro-interferometer sensors are demonstrated by using DUL technology. The
fabricated waveguide chips were then packaged with a microfluidic layer to make an
optofluidic chip for label-free biodetection. The use of the fabricated optofluidic chip
for high-sensitivity detection of human IgG was demonstrated in experiments.

Chapter 5: Optofluidic chip with high-Q polymer waveguide microring resonator
sensors. In this chapter, polymer optical waveguide micro-ring resonator sensors were
demonstrated by using DUL technology. The fabricated optical waveguide chips were
packaged with a microfluidic layer to make an optofluidic chip for label-free
biodetection.

Chapter 6: Conclusions and future outlook. This chapter presents a concise
summary of the thesis and outlines the future prospects for optofluidic chips with

directly printed polymer optical waveguide sensors in biodetection applications.



Chapter 2. Overview of optofluidic chip

technologies based on optical waveguide sensors

2.1 Introduction

In this chapter, fundamental principles and recent progress of optofluidic chip
technologies, particularly optical waveguide sensor-based optofluidic chips, are
reviewed. Different types of optical waveguide sensors, especially waveguide MZI
and MRR sensors, for on-chip optofluidic biodetection are summarized. Sensing
mechanisms of the two waveguide sensors are described. Typical lithography

technologies for fabricating optical waveguides are also reviewed.

2.2 Optofluidic chip technologies

With increasing demands on point of care (POC) testing and diagnostics, many
problems have arisen in traditional methods involving complex sample pretreatment
and analysis, such as labour-intensive and costly. Therefore, there is an urgent need to
develop miniature and affordable biochips to alleviate this situation. Optofluidic chips
integrate optical and microfluidic components on a single chip-scale platform. The
quantity testing result can be obtained rapidly because of the fast response of optical
sensors. Because of the small size, highly integration, less analyte consumption, rapid
turnaround times, optofluidic chips have become an ideal solution for many
applications, such as drug development & disease modelling [15], point-of-care (POC)
testing [16], imaging resolution enhancement in microscope [17], cell operation and

6



analysis [18], environmental sensing [19], as shown in the Fig. 2.1. Many optical
sensing techniques have been adopted into optofluidic chips such as optical fibres [20],
fluorescence [21], waveguides [22], surface plasmon resonance [1] and
microarrays [23].

Among these technologies, optical waveguide sensor-based optofluidic chips
provide universal and robust transduction platforms for sensitive and efficient
detection for diseases in an early stage. Optical waveguides include a higher refractive
index layer in the middle for light propagation, and two lower refractive index layers

in the two side for mode confinement. Although most of light confined within the

Figure 2.1 Optofluidic chips developed for different applications: (a) Drug development
& disease modelling [15], (b) Point-of-care (POC) testing [16], (c¢) Imaging resolution
enhancement in microscope [17], (d) Cell operation and analysis [18], (e)

Environmental monitoring [19].



guiding layer, small portion of the light extends to the surface of waveguide and
contact with analyte, which is called as evanescent wave. Both refractive indexes
changing and surface biomolecular binding activity affect the speed of the light
transmitted in the waveguide via evanescent wave and thus can be utilized for
biosensing [24]. A stronger evanescent field is beneficial to the sensor’s sensitivity, but
meanwhile the propagation loss will increase. As a result, appropriate balance of
propagation loss and sensitivity is very necessary.

For instance, Densmore ef al. demonstrated a silicon photonic MZI biosensor array
for simultaneous detection of two biomarkers (Fig. 2.2(a)) [12]. Their results showed
that the biochip was able to detect goat and rabbit IgG at the same time, with a
detection limit of about 1.2 ng/mm?. Andrea et al. presented a three-dimensional MZI
in a microfluidic chip, as shown in Fig. 2.2(b). They inscribed an MZI into a
commercial microfluidic chip by ultrafast laser writing [25]. Sensing arm of the MZI
orthogonally crossed the micro-channel, and the reference arm passed over it. As for
the limit of detection, the device can test the induced refractive index change of a
glucose solution concentration of 1x10* RIU. Qing et al. presented a MZI-miRNA
detection system for multiple biomarkers detection in label free manner, as shown in
Fig. 2.2(c) [26]. It can detect two types of miRNAs in urine samples of bladder cancer

patients in a single test.
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Figure 2.2 Optofluidic chips based on optical waveguides. (a) A silicon photonic MZI
biosensor array integrated with microchannel. (b) Three-dimensional MZI sensor
integrated microfluidic chip. (c) An MZI sensor-based point-of-care system. (d) A
microring resonator-based optofluidic chip. (e) An optical microring resonator with
on-chip microfluidic tuning. (f) An optofluidic chip consisting of arrayed optical

slot-waveguide ring resonators.



Wu. et al. demonstrated a label-free MRR biosensor-based microfluidic device,
which consist of two poly-(methylmethacrylate) (PMMA) base and
poly-(dimethylsiloxane) (PDMS) microchannel, see Fig. 2.2(d) [27]. The alignment
was carried out with the assistance of four pins. The results revealed that the chip can
detect human immunoglobulin G with detection limit of 0.5 pg/mL. Notably, the
optofluidic chip consumed only 30 pL sample solution in a test. Uriel et al. designed
an optofluidic chip based on a micro-ring resonator that located inside a microfluidic
channel, as shown in Fig. 2.2(e) [28]. The upper cladding of the waveguide sensor is
flowing liquid in the channels. The resonance wavelength and the coupling coefficient
can then be tuned by changing the refractive index of flowing liquid. The resonant
wavelength can be tuned by 2 nm, and its extinction ratio was achieved to be 37 dB.
Carlborg et al. presented an optofluidic biochip based an array of slot waveguide MRR
sensors, which were incorporated within the microfluidic layer embedded in a
compact cartridge, for multi-biomarkers parallel testing, as shown in Fig. 2.2(f) [29].
A dual surface-energy adhesive was applied to ensure a tight binding of plastic shell
and PDMS microfluidic network. The LOD of the sensor is 5 x 10% RIU, and the

detection limit of surface mass density is 0.9 pg/mm.

2.3 Optical waveguide sensors for optofluidic chips

According to different working principles, optical waveguide sensors can be classified

into planar waveguide sensor [9], spiral waveguide sensor  [30], Y splitter
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sensor [31], micro-ring resonator sensor [32], Mach-Zehnder interferometer (MZI)

sensor as well as grating waveguide sensor [33], as shown in Fig. 2.3.
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Figure 2.3 Different types of optical waveguide sensors. (a) Planar waveguide sensor [9],
(b) spiral waveguide sensor [31], (c) Y splitter sensor [32], (d) microring resonator sensor

[33], (e) Mach-Zehnder interferometer (MZI) sensor [33], (f) grating waveguide sensor
[34].

Among these sensor schemes, optical waveguide MZI and MRR sensors have been

widely considered as the most promising approach for integration with microfluidics
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to develop optofluidic chips. In the following section, the sensing mechanisms of MZI

and MRR sensors are summarized.

2.3.1 Optical waveguide Mach-Zehnder interferometer (MZI) sensors

An MZI sensor consists of an input waveguide, an output waveguide, a Y-shaped
beam splitter, a Y-shaped combiner, a sensing arm, and a reference arm. In an
asymmetric MZI, as depicted in Fig. 2.4(a), the input light is coupled to the input
waveguide and then split into two beams along with two arms by the waveguide
splitter. The two beams travel a specific distance following recombining at the coupler.
The sensing arm is a bare core waveguide for detecting analytes, while the reference
arm is protected with polymer cladding and does not contact with the liquid analytes
in a test. Consequently, the output optical power for a specific wavelength varies as a
result of the phase difference change between the light waves after propagating

through the two arms.
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Figure 2.4 Basic structure of an optical waveguide MZI sensor. (a) Asymmetric MZI

waveguide sensor. (b) Typical transmission spectrum of an MZI sensor.

According to the mechanism of evanescent field sensing, variations in the
environment affect the effective refractive index of the mode transmitted in the
sensing arm. This alteration in refractive index leads to phase modulation affecting the
interference of the two arms, resulting in the generation of a phase difference change.
A transmission peak occurs when the phase difference between the reference arm and

the sensing arm is an integer multiple of 271. Mathematically, this can be expressed as

follows:

nel

L—-2m L
A

m-2w =21 2 L (2.1)

where m is an integer, and ne1, ne2, L1, Lo are the effective indexes and the lengths of

sensing arm and reference arm, respectively. 4 refers to lightwave wavelength.
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If the refractive index of the medium surrounding sensing arm has a change, a shift
of resonance wavelength will happen. If assume that the resonance wavelength

changes from 4; to A2, the equation under two states can be written:

mﬂl = ell1 _neZLZ’ (2°2)
mﬂ-’z = e3li _n621§ 2 (2'3)
where 7.3 1s the effective index of sensing arm after changing the upper cladding. Then,

we make Eqn. (2.2) - Eqn. (2.2) to obtain:

mAl=ML. (2.4)

As the effective index of an optical waveguide mode depends on the refractive index

of external medium and the lightwave wavelength, An. could be approximated as:

_oAn, . OAn .. (2.5)
" om ¢ oA

An

where n. is the refractive index of surrounding medium. If assume Li=L,, the
wavelength shift induced by a variation of external refractive index can be found by

substitute Eqn. (2.5) into Eqn (2.4) as:

on (2.6)

A=Ay

To simplify the equation, we can define n; as group index as [34]:

n=n —iﬁn"

2.7)
< T

A=l
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Furthermore, we define on./0On. as waveguide sensitivity Sw. Then the induced change

of group index, 1.e., Ang, is:

A
An. =An, _a o (2.8)
¢ ' oA |,
With Eqn. (2.8), Eqn. (2.6) can be rewritten to:
AL = A-S, A (2.9)
An

i
The important parameters for describing the spectral characteristics and sensing
performances of an MZI sensor include:

1) Free spectra range (FSR), i.e., the wavelength spacing between two resonance

dips, which determines the sensing range of a MZI sensor, is:

FSR=——2 . (2.10)

2) Bulk sensitivity. It describes the sensitivity of an MZI sensor’s spectrum to a
small change of surrounding refractive index. For a symmetric MZI, its bulk
sensitivity is mainly determined by the waveguide sensitivity rather than arm
length.

AL A oOn
S="F=""" 2.11)
An. An, On

3) Limit of detection (LOD), known as smallest change in surrounding medium
that a sensor can detect. 36 method refers to a value estimated by using three

times sigma of the measured background noise to their average. If a
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measurement result exceeds this value, then the signal from a sample can be

detected.

LOD = 3§' 2.12)

2.3.2 Optical waveguide micro-ring resonator (MRR) sensors

Optical waveguide MRRs exhibit advantages such as a compact size, high quality (Q)
factor and excellent wavelength selectivity. The ring cavity of MRRs enables optical
feedback, making them suitable for integration with various optoelectronic devices.
Therefore, they find extensive applications in integrated optoelectronics, optical
communications, and other related areas [35].

MRR devices typically comprise a microring waveguide coupled to a strip
waveguide, as shown in Fig. 2.5 (a). Light is coupled into the strip waveguide and
propagates to the coupling region. In this coupling region, a part of the light in the
strip waveguide coupled into the ring, the remaining continue to propagate. The light
coupled into the microring interferes with the light in the strip waveguide after
circulating around the ring. For the light waves satisfying the resonant condition, a
resonance enhancement effect will be generated in the low-loss microring waveguide,
resulting in a relatively strong optical field confined within the ring waveguide.
Resonances are generated when the optical path of microring is an integer multiple of

the wavelength of the incident light. The MRR resonance equation can be written:

27Rn, =mA, (2.13)
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where R represents the radius of the microring, 4 refers to the resonance wavelength.

Notably, the shape of ring is not necessary to be a circle. For example, racetrack [36]

or spiral [37] also can also be used for increasing interaction length.

6 =

Transmission (dB)

Transmission (dB)

Wavelength (nm) Wavelength (nm)

Figure 2.5 Two basic configurations of MRR: (a) All pass ring resonator; (b) Add-drop
ring resonator. (c) The transmission spectrum of the first configuration is a spectrum of
periodic notch resonances. (d) The spectrum from the drop port of the second

configuration is a complementary shape of the spectrum of throughput port.

The most common ring resonators include all-pass ring resonator and add-drop
ring resonator, as shown in Fig. 2.5. As for an all-pass ring resonator, as shown in Fig.

2.5 (a), the ratio of transmitted and incident field in the bus waveguide can be written

as:

E - a—-re”
pass et(n+¢) ; R (2. 14)
1—rae

input
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where ¢g=pL refers to the single-pass phase shift, and L, f, a are the round-trip length,
propagation constant of optical mode, single-pass amplitude transmission, respectively.
By squaring Eqn. (2.14) we obtain the intensity 7:

a’ —2racosg+r’

_ T pass

- 1-2arcosg+(ra)

(2.15)

n

input
where r is self-coupling coefficient, and £ is cross-coupling coefficient. » and k are the
splitting ratios of the coupler. If assume that there is no loss in coupling area, they

satisfy [3]:
r'+k’=1. (2.16)
The full width at half maximum (FWHM) for an all-pass ring resonator can be derived

to be:

FwHM = L=rA, 2.17)

ﬁngL\/ra .

For an add-drop ring resonator, it is:

FWHM = A=A, (2.18)

on Lirra
g 12

Spectral peak sharpness is measured using the quality factor (Q-factor), which is

correlated with the FWHM and resonance wavelength as

0= A (2.19)
FWHM

For an all-pass ring resonator, it is
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0- ﬂngL\/g

(1-ra)A (220)

On the other hand, for an add-drop ring resonator, which shown in Fig. 2.5 (d), it is

n L,|arr,
— g
(—-arr)A

res

2.21)

where 71 and r; refers to the coupling ratios of two couplers of add-drop ring resonator,
whose values range from 0 to 1.0. From Eqn. (2.20) and Eqn. (2.21), one can
understand that Q factor of all-pass ring resonators can be higher than that of add-drop
ring resonators, when the effective indexes and the length of waveguides are same [38].
So, in this thesis we choose all-pass ring resonators in our research experiments.

From Eqn. (2.20), we can find that the O factor depends on the waveguide loss and
coupling ratio, when the group index and the perimeter of ring waveguide is fixed. In
the Chapter 5, we will further discuss the impact of waveguide loss and coupling ratio

on MRR Q factors.

2.4 Fabrication technologies for optical waveguide

As we know, typical fabrication technologies for optical waveguides include optical
lithography [39], e-beam lithography [40], laser direct writing [41], as shown in
Fig. 2.6. They are all well-established technologies with high resolution, but all of

them have their own shortages.

2.4.1 Typical fabrication techniques
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Figure 2.6 Typical fabrication technologies: (a) optical lithography [42], (b) e-beam
lithography [43], (c) direct laser writing [41].

A crucial step in the production of semiconductors is optical lithography, which
transfers a pattern from a photomask to a photosensitive substance using light [44,45].
The typical fabrication processing is shown in Fig. 2.7 [40]. During exposure, light
passes through the mask and irradiates the photoresist-coated substrate. After baking
and development, the patterned resist layer can serve as a mask for subsequent
fabrication steps such as etching and deposition.  Optical lithography enables the

precise replication of patterns, playing a crucial role in the production of advanced
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microelectronics devices. Its ability to create intricate patterns plays a crucial role in
the miniaturization and integration of complex circuitry in modern integrated circuits.
However, the optical lithography technique lacks flexibility in vertical dimensions.
Besides, a photomask needs to be fabricated in advance, which is high-cost and
time-consuming, and minor change of photomask is not allowed.

UV exposure

Ep— kil i tl] 44
) Photoresist spin-coating Soft-baking \l
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Photoresist removal Etching
— i | [ i I- 1 l l Post exposure baking and
Step 6a Step 5a photoresist developing
Step 4
_ Pouring and curing PDMS /
Peeling away PDMS Soft lithography

Step 6b Step 5b

Figure 2.7 Flow chart of typical optical lithography processes [41].

EBL acts an important role in the development and fabrication of nanoelectronics,
photonics, and nanoscale devices [46—48]. In EBL, a beam of electrons is emitted
from an electron source, typically a field emission gun. The electron beam is then
focused using electromagnetic lenses and directed onto a substrate coated with a thin
layer of electron-sensitive resist material. The resist material will undergo a chemical
or physical change upon exposure to the high-energy electrons, which enables the
selective removal or protection of specific regions. The patterning process in EBL is
achieved by scanning the focused electron beam across the resist-coated substrate,
following a pattern predefined by a computer-generated mask. The mask, often created
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using a specialized software, directs the beam's movement to form the desired
nanostructures. The electron beam can be precisely controlled, allowing for sub-10
nanometer resolution and the creation of complex patterns. After exposure, the
resist-coated substrate undergoes a series of post-exposure processes, including
development, rinsing, and drying. The development step selectively removes either the
exposed or unexposed regions of the resist, resulting in the formation of a patterned
resist mask, which can then be used as a template for subsequent fabrication processes
such as etching, deposition, or implantation to create the desired nanoscale structures
on the substrate.

EBL offers several advantages over other lithographic techniques. Its high
resolution and flexibility make it suitable for fabricating intricate nanoscale patterns.
Additionally, EBL allows for direct writing of patterns, enabling rapid prototyping and
quick iteration in research and development. However, EBL also has own drawbacks.
It is very time-consuming and requires specialized equipment and expertise. The
throughput of EBL is much lower than optical lithography techniques, limiting its
scalability for large-scale production. Moreover, the proximity effects caused by
electron scattering can lead to distortions in final patterns, requiring additional
correction techniques.

Direct laser writing (DLW) is an advanced nanofabrication technique that enables
the precise and rapid fabrication of not only two-dimensional but also
three-dimensional nanostructures with submicron resolution [49-51]. It utilizes a

focused laser beam to directly pattern materials, enabling the creation of complex and
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customizable nanostructures in a single-step process. DLW has gained significant
attention in various fields, including photonics, plasmonics, and metamaterials.

In DLW, a photosensitive substance or photoresist is subjected to a closely focused
high-power laser beam. The intense light energy induces various photochemical or
photophysical processes in the photoresist, resulting in either polymerization or
ablation. Polymerization occurs when the photoresist undergoes a chemical reaction
and solidifies in the exposed regions, while ablation involves the removal of material
through vaporization or melting. The patterning process in DLW is achieved by
scanning the focused laser beam across the photoresist surface while precisely
controlling its position and intensity. This enables the creation of intricate 3D
structures by stacking multiple 2D patterns layer by layer. The scanning is typically
controlled by computer-aided design (CAD) software, providing the necessary
instructions for the laser beam's movement to produce the desired nanostructures.

DLW offers several advantages compared to traditional optical lithographic
techniques. It allows for rapid prototyping and quick iteration, as it doesn’t require for
photomasks. This direct-writing capability enables the fabrication of highly
customized and complex nanostructures relatively easier. Additionally, DLW offers
high resolution and the ability to create arbitrary patterns, empowering researchers to
explore novel designs and functionalities.

However, DLW also faces their own challenges. Its achievable throughput is
limited due to the nature of the single-spot scanning process, making it less suitable

for large-scale production. Additionally, the resolution and speed of DLW are
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influenced by many factors such as laser power, focusing optics, and material

properties, requiring careful optimization for specific applications.

2.4.2 DMD-based Maskless lithography technology

Maskless lithography technology based on digital micromirror devices (DMDs) has
emerged as a versatile approach for micro/nano-fabrication. In this technique, a DMD
acts as a programmable, dynamic mask, replacing the traditional static photomask
used in conventional photolithography.

A DMD chip is a high-speed spatial light modulator, which consists of a
two-dimensional array of tiny mirrors that can be individually tilted to either one of
two positions. A typical example is 0.7 1024 x 768 eXtended Graphics Array (XGA)
DMDs, which have a micromirror tilt angle of 12°, with micromirror pitch of 13.68
um, and the packaged chip size is 40.64 mm x 31.75 mm [52]. Fig. 2.8 (b) shows two
DMD pixels that tilted into two opposite states. These mirrors are controlled digitally,
allowing precise manipulation of the reflected light beam. The device's mirrors are all
able to be slanted, enabling the presentation of "ON" and "OFF" states. When it is in
the "ON" state, light is reflected by the micromirrors and enters the optical projection
system. On the other hand, the light is diverted from the intended course when it is in
the "OFF" state. By rapidly modulating the mirrors' positions, a series of light and
dark pixels can form the desired images.

A. Ping et al. developed a dynamic optical projection stereolithography (DOPsL),
establishing a new stereo-biofabrication method in 2012 [53]. As shown in Fig. 2.8(a),

the system includes 1) a UV light source, 2) a computer for uploading sliced image, 3)
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a DMD chip, 4) a series of projection optics, 5) a position control stage. It is capable
of fabricate complex 3D extracellular microenvironments rapidly with customized
geometry. The in vitro results revealed that the scaffolds have promising capability to
guide and manipulate cell-cell interactions and multicellular organizations. However,
it still had some limitations on fabrication of hydrogel-based devices. In 2016, they
presented an optical maskless stereolithography (OMsL) technology by introducing an
optical imaging technology, which improved features of in-situ micro-fabrication and
large-scale patterning [54]. The Polyacrylic acid (PAA) ionic hydrogel can be
accurately printed on the surface of a tapered optical microfiber to develop an
ultrasensitive fiber-optic pH sensor. After that, by using the OMsL technique, an
on-chip in-situ patterning poly(N-isopropylacrylamide)(PNIPAAm) microvalves [55]
and micropatterned elastic gold-nanowire/polyacrylamide composite hydrogels for

wearable pressure sensors [56] were developed in 2016 and 2018 respectively.
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Figure 2.8 (a) Schematic diagram of dynamic optical projection stereolithography
(DOPsL) [53]. (b) Two DMD pixels tilted into “ON” and “OFF” state respectively [52].
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Besides, various kinds of ultrasmall optical fiber-tip sensor also fabricated with an
in-house optical 3D p-printing setup. SU-8 polymer micro-structures were precisely
printed onto the end face of fibers, from which the Fabry-Pérot interferometric (FPI)
sensors [57,58] and miniatured suspended structure sensors [59—62] have been
demonstrated for gas detection, pressure sensing as well as acoustic sensing. On-chip
nano/micro-structure device, such as polymer optical WGM microcavity [63], also
been presented. With the well-developed maskless optical lithography technology,
on-chip optofluidic chip that integrated with optical components can be fabricated
rapidly and further used for point for care analysis [20,64—66].

This kind of DMD-based maskless lithography technology offers several
advantages in comparison with traditional photomask-based lithography. Firstly, it
eliminates the need for physical photomasks, which are typically high-cost and
time-consuming to fabricate, particularly for low-volume or prototyping applications.
The programmable nature of the DMD allows for rapid, flexible, and cost-effective
changes to the exposure pattern, enabling quick design iterations and reduced
time-to-market.

Moreover, DMD-based maskless lithography can provide enhanced resolution and
accuracy compared to conventional projection lithography systems. The high-density
mirror array of DMD and projection control algorithms may enable the creation of
intricate and high-resolution patterns on a photosensitive substrate.

Furthermore, it offers the ability to perform multiple exposures or grayscale

exposures within a single lithography step, expanding the design flexibility and
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enabling the fabrication of three-dimensional complex structures. This capability is
particularly beneficial for various applications such as microelectromechanical
systems (MEMS), microfluidics, and photonic integrated circuits, where intricate
patterns and 3D structures are widely required.

When compared to other spatial light modulators such as liquid crystal on silicon
(LCoS-SLM) [67] and microelectromechanical systems (MEMS) based deformable
mirrors  [68], DMDs chips exhibit superior capabilities in terms of speed and
resolution. DMD chips can achieve high-speed and high-resolution light modulation,
with the latest chips capable of modulating light at a speed of 5 kHz. In contrast,
LCoS-SLM devices have a limited light modulating speed of only 200 Hz. While
MEMS-based deformable mirrors can have a very high frame rate of 60 kHz, they
typically have fewer light modulating pixels ranging from a hundred to a thousand. In
terms of spatial resolutions, both DMDs and LCoS-SLM offer a significantly larger

number of light modulating pixels [69].

2.5 Summery

In summary, optical waveguide-based optofluidic chip technologies have been
reviewed in detail in this chapter. Firstly, optofluidic chips and their applications,
including point-of-care testing, drug development & disease modelling, improve
imaging resolution in microscope, cell operation and analysis, environmental
monitoring etc., are introduced. Then, optical waveguide sensor-based optofluidic chip,

1.e., a variety of devices combining optical waveguide sensor and microfluidic chips,
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are introduced. Particularly, the most common optical waveguide sensors, 1.e., MZI
and MRR sensors, are described and their sensing mechanisms are discussed in details.
Moreover, some typical fabrication techniques for optical waveguides have also been

reviewed. DMD-based maskless lithography has been briefly introduced.
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Chapter 3. Fabrication of polymer optical
waveguides by digital ultraviolet lithography

3.1 Introduction

Because of its advantages of low cost, simple production, wide transparent window,
polymer optical waveguides have attracted a lot of interest and have been widely
employed in numerous fields, including photonic integrated circuits and optical
label-free biosensors [70—77]. Polymer waveguides demonstrate remarkable vertical
flexibility, offering exciting opportunities for effective refractive index modulation in
the wvertical direction and the advancement of 2.5D or 3D structures, such as
multimode crossings based on Maxwell fisheye lenses [72—75]. Compatibility of
polymer waveguides with different substrates and materials render them very
appealing for hybrid integration of photonic devices, which can greatly expands their
versatility and potential applications [76—78]. In the context of biosensors, polymer
waveguides offer the capability of direct protein absorption and immobilization
through covalent bonding on their surfaces. This unique feature enables optical
waveguide structures to be easily modified for specific detection of
biomolecules [31,77].

The most commonly used polymer materials for waveguide fabrication can be
classified into: 1) non-photosensitive polymers (e.g., most polyimides [79] and

polycarbonates [80]) and 2) photosensitive polymers (e.g., SU-8 [81]).

29



Various fabrication techniques have been employed for polymer waveguide
production, including photolithography [36,82], LDW  [83], and EBL [84].
Although conventional mask-based photolithography provides an efficient solution for
fabrication of polymer waveguides in massive production, it lacks the flexibility in the
fabrication of grayscale features and the ability of vertical integration. LDW and EBL
offer greater flexibility, but they have low throughput resulting from their inherent
single-spot scanning exposure nature. We will tackle these technological bottlenecks
by developing a digital ultraviolet lithography (DUL) technology.

The DUL system utilized a high-speed spatial light modulator, i.e., DMD, with
millions of pixels acting as a virtual dynamic mask, as explained in Chapter 2. It
permits high-throughput all-digital production of intricately designed optical
waveguides [60,69,85]. Each micro-mirror's state can be rapidly flipped by computer
control using the pattern data generated from the designed 2D/3D structure. With this
digital light processing technology, 3D microfabrication and grayscale exposure can
be carried out [60,85].

To fabricate polymer optical waveguides that operate in a single mode, a maskless
lithography system's resolution must be less than 2 pm. Researchers have made many
efforts to raise the resolution of DMD-based lithography system. For instance, D. H.
Lee presented an integrated maskless lithography optical system that consists of
self-designed illumination part and projection lens part. It is verified that the system
can reduce the resolution from 13.68 um to 4 um line width [86]. T. L. Laidig et al.

improve resolution by introducing a 180-degree phase shift between adjacent
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micro-mirrors [87]. K. Kim et al. presented flow lithography by using wobulation
technique. An additional subpattern that shifted by half-pixel in diagonal direction of
original pattern was generated. During exposure, the two patterns switched repeatedly
for a short interval, accompanied by half-pixel shift of the motorized stage. By this
way, the resolution of pattern can be increased and the edge of fabricated pattern will
be smoothly [88].

This chapter presents the fabrication processes for high-quality polymer optical
waveguides using a DUL system with high-resolution capabilities. The DUL system is
based on a UV light-source (at the wavelength of 365 nm) and use a reduction
projection optics with high magnification and a DMD with micromirror pitch of 7.6
um. It indicates that the side length of mirrors is 7.6 um. Methods for proximity effect
compensation and stitching loss elimination are established. Experimental evaluations
are conducted to fabricate various SU-8 optical waveguides, such as MMI splitters,
Y-branch power splitters, and MRRs, to demonstrate the performance of the

own-established DUL system.

3.2 Design of single-mode SU-8 optical waveguides

The structure of the SU-8 waveguide discussed in this chapter is depicted in Figure
3.1(a). To achieve strong light confinement with a small bending radius, a ridge
waveguide structure is utilized. It consists of an air cladding and a 4-um SiO> insulator
on a silicon wafer, creating a significant refractive index contrast. The waveguide

structure is designed and analysed using the finite difference eigenmode (FDE) solver
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provided by the MODE Solutions of Lumerical Solutions Inc. The SU-8 waveguide

has dimensions of 2.0 pum in height and 2.4 pm in width, enabling it to operate in

(a) SU-8

(b)

Figure 3.1 (a) Cross-section structure of SU-8 optical waveguide. (b) Calculated

electrical field distributions of TE; and TM11 modes of the presented waveguides.

single-mode conditions with low polarization dependence. Fig. 3.1(b) shows the
calculated mode profiles, indicating support exclusively for the fundamental
transverse electric (TE11) and transverse magnetic (TMi1) modes.

Several types of polymer waveguide components based on SU-8 materials,
including the MMI coupler, Y splitter, and MRR, are designed. The MMI was

designed based on the self-image theory [89]. In the case of a 1 x N MMI splitter, the

length of the core section (Lmmr) can be written [89]:

Ly, =3L_ 14N =37 /4N(B, - f3). (3.1)
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where L represents the beat length of the two lowest-order modes. N denotes the
number of output waveguides, and S and f1 represent the propagation constants of the
first and second order modes, respectively. And the separation between two output

waveguides (Wsp) is determined by the equation [89]:
/1 1 20 2 2\-1/2
W,=W+(=)(—)"(n -1")")/N- (3.2)
Ton,

where W is the width of the MMI core. A and n, are wavelength and the refractive
index of the waveguide, respectively. For TE mode, ¢ = 0 and for TM mode ¢ = 1. In
our case, the width of the multimode interference (MMI) core is selected as 40 um to
ensure the excitation of an adequate number of modes and to achieve sufficient
distance to separate two beams of power between the two output waveguides. An
eigenmode expansion propagation (EME) solver provided by Lumerical Solutions
Inc was applied to optimize the MMI coupler. Besides, the length of the MMI is 774.2
um, and the distance between the two output waveguides is 20.1 ym. The 1 x 2 Y
splitter consists of one input waveguide, two S-bends, and two output waveguides. To
minimize bending loss and ensure sufficient separation between the two output
waveguides, we choose the radius of the S-bends as 300 pum.

To design a high performance MRR, we incorporate an MMI-like gapless coupler
to reduce coupling length and increase fabrication tolerance [8,90]. Considering the

bending loss, we choose a radius of 150 pm for the MRR.
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3.3 Fabrication and optimization of the designed SU-8 optical

waveguides

In the fabrication process of the designed waveguides, an own-built digital UV
lithography system was employed. The system, as depicted in Fig 3.2(a), comprises a
nano-precision motorized stage (ANTI130-XY, Aerotech), projection optics, a
high-power UV light-emitting diode (L10561-215, Hamamatsu Photonics), and a
high-speed digital micromirror device (DMD) (DLP6500, Digital Light

Innovations) [57,58,61]. The projection optics utilized in the system consist of two

Design patterns

Projection I
optics

High-precision ﬂ (C

XY-stage SRRy

4

Figure 3.2 (a) Diagrammatic representation of the DUL system. (b) Grayscale bitmap
depicting the engineered patterns functioning as a digital photomask. (c¢) Schematic

illustration of waveguide structures with end-face termination.

lenses obtained from Thorlabs Inc. The lenses effectively reduce the separation
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between two light pixels by approximately 300 nm . Additionally, a digital camera is
integrated into the system to accurately determine the Z-position.

The waveguide patterns designed were transferred into 8-bit grayscale bitmaps and
then uploaded to the DMD, which serves as a virtual mask (Figure 3.2(b)), during the
optical exposure process. If assume that a grey value g can approximately represent
the depth of light penetration in SU-8 during exposure, the overall exposure time ¢ can

be calculated according to the Beer Lambert law as [80]:
t=t,exp(g/c,). (3.3)

where fo 1s the threshold of exposure time. The constant ¢ depends on the ratio of the
contents of photoinitiator to that of UV light absorber as well as the light intensity.
During the fabrication, a silicon wafer coated with a 4-um Si0O; oxide layer was
utilized as the substrate. Prior to SU-8 coating, an adhesion promoter Omnicoat
(Kayaku Advanced Materials, Inc.) was spun onto the wafer at the speed of 3000 rpm
for 30s. The epoxy-based SU-8 2005 (Kayaku Advanced Materials, Inc.) was then spin
coated for one minute at a speed of 4000 rpm. The thickness of the SU-8 layer was
measured to be approximately 2.1 um. A soft bake process at 65°C for 5 min and 95°C
for 10 min was carried out. To transfer the designed patterns into the SU-8 layer,
optical exposure was conducted with light intensity of 36.38 mW/cm?. Then the
samples were post-baked at 65°C for 15 min and 95°C for 30 min. Subsequently, the
samples were developed in 1-Methoxy-2-propyl acetate (J&K Scientific Ltd.) for 2

min. Finally, hard baked the samples on a hotplate at 120 °C for 1 hour.
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3.4 Optimization of the fabricated SU-8 optical waveguides

To fabricate high-quality low-loss SU-8 waveguide, the typical problems presenting in
conventional lithography, such as proximity effect and stitching error, need carefully
handled in the experiments. Here, we numerically pretreat pattern data and then tackle

these problems by using a dynamic exposure scheme in exposure process.

3.4.1 Proximity effect compensation

Proximity effect during optical exposure will cause geometry deformation, leading to
bad performance of the fabricated waveguides. For mitigating the consequences of the
proximity effect, we employ a Gaussian-inspired distribution function to
mathematically represent the scattered light intensity pattern emanating from

individual pixels:
P(r)=P, e—2.773r2/w2 ’ (3.4)

where Py is the peak intensity of the central position of the light pixel. P is the
scattered light intensity of adjacent pixels, whose distance to the central pixel is .
Besides, w represents the full width at half maximum (FWHM) of the scattered light
distribution, characterizing the spatial extent of the scattered light profile. Under the
assumption of a uniform scattered distribution for each light pixel, the light intensity
distribution of an entire pattern can be obtained by superposing the intensities of all
neighbouring pixels. By changing the parameters of this distribution, one can adjust

the intensities of pixels that were affected by increased scattering from neighbouring

36



light pixels to control the dynamic exposure for effectively compensating the

proximity effect.

Figure 3.3 (a) The line pattern with an initial width of 8 pixels before (1) and after (i1)
being corrected using a Gaussian-like light pixel distribution. (b) SEM images of the
fabricated waveguide with pattern of 2.4-um wide line. (c) A 9-pixel wide line pattern
with half-maximum grey edge before (i) and after (ii) corrected with Gaussian-like light
pixel distribution. (d) SEM images of the fabricated 2.4-uym wide line waveguide. (e)
SEM images of the fabricated 45-degree angle patterns using different FWHM values.

37



Fig. 3.3(a) illustrates a line pattern that pretreated by proximity effect
compensation function. It can be observed that the pixels at the edges of the
waveguides possess higher grayscale values, while the pixels in the centre of the
waveguides exhibit lower grayscale values for compensating the increased light
intensity due to scattering. To optimize both the exposure time and the parameters of
the exposure time threshold (%) and the full width at half maximum (FWHM, w) in
Eqn. (3.4), exposure tests were conducted using a line pattern with a half-maximum
grey edge (Figure 3.3(c)) and an angled line pattern. This approach aims to achieve
optimal results in terms of exposure characteristics.

Fig. 3.3(b) and (d) present the SEM images of the fabricated line patterns,
obtained with specific settings for the exposure time, threshold time (#), and full width
at half maximum (FWHM). In the experiments, the exposure time was set to 18 s, the

threshold time (7)) was 1.8 s, and the full width at half maximum

(FWHM) was 3.0. These optimized parameters enabled the successful fabrication
of line waveguides with a width of 2.4 um for both the all-white 8-pixel wide line
pattern and the 9-pixel wide line pattern with a half-maximum gray edge. In Fig.
3.3(e), the effects of different FWHM values (w) on the fabricated patterns are
depicted. It can be observed that when the FWHM is set to 0, some residue resulting
from the proximity effect is visible in inner corner. However, by increasing the
FWHM to 3.0, a better result was achieved without obvious residue in inner corner,
indicating successful compensation of the proximity effect. Notably if there are

changes in the fabrication conditions, such as variations in chemical constituents,
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photoresist thickness, or UV light intensity, these parameters including the total
exposure time (), threshold time (#) in Eqn. (3.3), and FWHM (w) in Eqn (3.4) need

to be re-optimized to fabricate structures with minimized proximity effect.

3.4.2 Seamless stitching

Even though a DMD chip consists of millions of pixels, typically 1920 x 1080 pixels,
the size of its optical image projected onto the substrate is approximately 572 x 322
um? resulted from the utilization of reduction projection optics. Consequently, it is
required to stitch multiple subpatterns together to fabricate practical optical waveguide
devices with input/output elements. To reduce optical loss caused by stitching
misalignment, transition zones were introduced between neighbouring subpatterns. In
these transition zones, the grayscale values of the pixels were adjusted in a quadratic
form to compensate for potential width differences resulting from separate exposures.
Specifically, for a transition zone defined by the pixel positions from xo to xi, the

grayscale values of the transition zone in two successive subpatterns are:

{gf(x,):go(xl)[l—x,+4c(x, _xlz)]’ (3.5)
2, (%)) = g, (x,)[x, Hc(x, _xzz)]a

where gr and g, are the modified grayscale values of the first and the second
subpatterns, respectively, go is the original grayscale value of the designed pattern. The

local pixel position 1s xi=(x-x0)/(x1-xo0), ¢ 1s compensation coefficient.
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Figure 3.4 (a) Grayscale distribution maps of the stitching transition zones between
two patterns when their compensation coefficients are positive. (b) Grayscale
distribution maps of the stitching transition zones between two patterns when their
compensation coefficients are negative. (c) Transmission spectra of the fabricated
waveguides with various compensation coefficients. (d-h) SEM images of the stitching
transition zone of the fabricated waveguides with various compensation coefficients of

-0.15, -0.1, -0.05, 0, and 0.05, respectively.
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Fig. 3.4(a) and (b) illustrate the grayscale images of the transition zone,
showcasing the effects of compensation coefficients of 0.1 and -0.1, respectively. A
positive compensation coefficient results in slightly brighter grayscale values around
the abutting centre line, indicating an increased exposure dose through a longer
exposure time. Conversely, a negative compensation coefficient produces smaller
grayscale values around the abutting centre line, indicating a decreased exposure dose
through a shorter exposure time. The grayscale values of the image have been
normalized to a maximum of 255, enabling the creation of 8-bit bitmaps for the

grayscale exposure process.

Fig. 3.4(c) displays the tested transmission spectra of the fabricated spliced
waveguides, with varying compensation coefficients, i.e., -0.15, -0.1, -0.05, 0, and
0.05. The SEM images of the stitched transition zones can be observed in Fig. 4(d)-(h),
corresponding to each compensation coefficient, respectively. The experimental results
demonstrate that a negative compensation coefficient leads to a thinner waveguide at
the stitching region, resulting in increased waveguide loss. Conversely, when the
compensation coefficient is 0.05 or higher, the waveguide at the stitching region
slightly widens, also leading to increased waveguide loss. In the range between -0.05
and 0, no observable stitching trace is present, and the fabricated waveguide exhibits

relatively low loss.

It is worth noting that the optimal fabrication parameters mentioned above are
reliant on the specific configuration of the DUL system, which encompasses factors

such as the types of UV source, DMD, and projection optics, as well as the chemical
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composition and thickness of the SU-8 layer. Therefore, in the event of any
modifications to the system configuration or the SU-8 layer, it is necessary to repeat

the optimization procedure outlined earlier to determine new optimal parameters.

3.5 Characterization of the fabricated SU-8 optical waveguides

To characterize the fabricated waveguides, the waveguide chip was tested by using
edge coupling by cutting it on both sides, as shown in Fig. 3.2(c). The transmission
spectra of the fabricated waveguides were measured using a broadband light source
covering the range of 1480-1600 nm, along with an optical spectrum analyser (OSA)

model Yokogawa AQ6370D.

3.5.1 Bending loss measurement

To determine suitable radii for bend waveguides like MRRs, we fabricated and
characterized S-bends with different radii. The waveguide dimensions, including
height and width, were maintained at 2.1 um and 2.4 um, respectively. Every
waveguide had eighteen parts that formed a 90° arc and had a predetermined bending
radius. Figs. 3.5(a) and (b) display bend waveguides that have been built with radii of
75 pm and 100 pm, respectively. Fig. 3.5(c) displays the tested transmission spectra of
the bent waveguides with varying radii, i.e., 75 pum, 100 um, 125 pm, 150 pm, and 175
um. To eliminate the impact of coupling loss and propagation loss, the transmission
spectra underwent normalization in relation to a similar-length straight waveguide.

Minor ripples in the measured transmission spectra may be caused by surface
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reflections between the constructed waveguide and the lensed optical fibre [92], or by

reflections from micro-particles incorporated into the construction process.
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Figure 3.5 (a) SEM images of the fabricated waveguides with bending radius of 75 pum.
(b) SEM images of the fabricated waveguides with bending radius of 100 um.(c) Tested
transmission spectra of the fabricated waveguides with varying bending radii. (d)

Extracted dependence relation of the loss on bending radius at the wavelength of 1550

nm.
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The appearance of these modest spectral peaks or ripples at different wavelengths
can be explained to minor differences in the relative locations and light reflection
routes between the optical fibre and the waveguide facet during various tests.
Furthermore, the light reflection routes can differ amongst the particles inserted during
the production process. Fig. 3.5(d) shows the normalized bending loss for each 90°-arc
waveguide section at 1550 nm. When the radius exceeds 100 pum, the results show a
minimal bending loss (~0.1 dB/90°). This degree of bending loss is comparable to
what can be obtained using classic photolithography processes [93]. Based on these
findings, a radius of 150 pum was chosen for bend waveguides such as MRR or spiral

waveguides in order to minimize bending loss during the experiments.

3.5.2 Propagation loss measurement

The relatively high propagation loss observed is primarily attributed to scattering
caused by minute particles or impurities that adhere to or are mixed within the
waveguides. It is important to note that the fabrication processes were not carried out
in a cleanroom environment, rather than due to sidewall roughness. With an optical
resolution of approximately 298 nm, our DUL system allows for the fabrication of
waveguides with a width of 2.4 um. To achieve this, the designed waveguide patterns
have a width of 8 pixels, which ensures the generation of smooth boundaries through

the utilization of an 8-bit grayscale exposure technique.

44



F

|

=

=

=l A FTTTT &

2] S . ' ' 2 B S

Bl sprgbeeiumanZl IR § -

E | 2 . - 13.08 mm = | £a - : ; |

L3 o e R R-Square=0.972
‘ | aoam - ot - | Loss=0.2380.04 dB/mm

1520 1540~ 1560 1580 1600 0 6 12 18 24
Wavelength (nm) Length (mm)

Figure 3.6 (a) SEM images of fabricated spiral waveguides with length of 12.2 mm.
(b) SEM images of the fabricated spiral waveguides with length of 23.3 mm. (c) and
(d) are the enlarged images of (a) and (b) at two different positions, respectively. ()
Tested transmission spectra of the fabricated waveguides with different lengths of 8.1
mm, 13.08 mm, 20.82 mm, 23.9 mm, respectively. (f) Dependence of propagation loss

on waveguide length at the wavelength of 1550 nm.
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Fig. 3.6(a) and (b) display the SEM images of the fabricated spiral waveguides
with varying lengths. Enlarged images at different positions can be seen in Fig. 3.6(c)
and (d), respectively. The measured transmission spectra of the waveguides with
varying lengths of 8.1 mm, 13.1 mm, 20.8 mm, and 23.9 mm are presented in Fig.
3.6(e). Extracted from Fig. 3.6(e), Fig. 3.6(f) shows the measured losses at the
wavelength of 1550 nm. It can be observed that the measured loss increases linearly
with the length of the waveguide. From this linear relationship, the propagation loss at
the wavelength of 1550 nm can be deduced to be approximately 0.238 dB/mm. In
addition to the transmission loss, other factors such as edge coupling loss contribute to
the overall loss. By setting the waveguide length to 0 on the linear regression line, the
calculated edge coupling loss was determined to be 12.8 dB. The propagation loss
observed in our fabricated waveguides is comparable to that of SU-8 waveguides
produced through conventional lithography techniques [93-95]. The relatively high
propagation loss in our fabricated waveguides can be primarily attributed to scattering
loss caused by small particles or impurities that adhere to or are present within the
waveguides. It 1s important to note that all fabrication processes were not conducted in
a cleanroom environment. The sidewall roughness does not significantly contribute to
the observed propagation loss.

In our DUL system, the optical resolution is approximately 298 nm.
Consequently, to fabricate 2.4-um waveguides, the designed patterns should have a
width of 8 pixels. Such a number of pixels is sufficient to achieve a smooth boundary

using the 8-bit grayscale exposure technique.
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3.6 Characterization of MMI, Y-Branch Splitter and MRR

To validate the capabilities of the DUL system in fabricating SU-8 waveguide devices,
various waveguide components were manufactured and tested. Among these

components, two types of power splitters, namely MMI coupler and Y-branch, were
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Figure 3.7 (a) SEM photograph of the fabricated MMI power splitter. (b) Normalized

transmission spectra of the fabricated MMI power splitter.

fabricated and subjected to characterization.
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Fig. 3.7(a) shows an SEM image of a manufactured MMI coupler. Fig. 7(b) shows
the measured transmission spectra, which were normalized and acquired from the two
output ports. The symmetrical MMI power splitter provides effective power
distribution over a wide wavelength range of 1520 nm to 1610 nm. The transmission
spectra show power fluctuations of 6.5 and 4.0 dB, respectively. The additional loss

found in the manufactured MMI coupler is mostly due to scattering at the connections

. -5- _______ I7F & TR TR T [l e e | L= &= & SASE o il
M ! : I I I
E | | | |

=107 o= pocn= Sl 1=
.E 4 | [ | |

& 5 = e - S—
g ] [ I —-OutputL

0 I . —outpu2
= . : | I I
T e S C—

1520 1540 1560 1580 1600

Wavelength (nm)

Figure 3.8 (a) SEM photograph of the fabricated Y-branch power splitter. (b) Normalized

transmission spectra of the fabricated Y-branch power splitter.
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of the MMI core area and the access waveguides. Additionally, shallow ripples
appearing in the transmission spectra may result from the interference of light waves

reflected by the end surfaces of the coupling fibre and waveguide.

A fabricated 1 x 2 Y-branch power splitter with one input waveguide and two
output waveguides with S-bends is depicted in the SEM picture in Fig. 3.7(c). A 300
um radius was used in the design of the S-bends to reduce bending loss and give
enough room between the two branching waveguides. The Y-branch junction may be
seen in greater detail in the inset of Fig. 3.7(c). Fig. 3.7(d) shows the measured
normalized transmission spectra of the Y-branch power splitter. Within the
measurement range, the two output ports' spectra are quite similar to one another and
barely depend on the waveguide. Over the wavelength range of 1520 nm to 1610 nm,
the output power differential is 0.15 dB at 1550 nm and does not exceed 0.36 dB. A
manufactured 1 x 2 Y-branch power splitter with one input waveguide and two output
waveguides with S-bends is depicted in the SEM picture in Fig. 3.7(c). A 300 pum
radius was used in the design of the S-bends to reduce bending loss and give enough
room between the two branching waveguides. The Y-branch junction may be seen in
greater detail in the inset of Fig. 3.7(c). Fig. 3.7(d) shows the measured normalized
transmission spectra of the Y-branch power splitter. Within the measurement range, the
two output ports' spectra are quite similar to one another and barely depend on the
waveguide. Over the wavelength range of 1520 nm to 1610 nm, the output power

differential is 0.15 dB at 1550 nm and does not exceed 0.36 dB.
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Figure 3.9 (a) SEM image of a fabricated waveguide MRR. (b) Measured normalized

transmission spectrum of the MRR. (c¢) and (d) enlarged part of transmission spectra at the

wavelengths around 1551 nm and 1600 nm, respectively.

Furthermore, an MRR with a gapless coupling part was fabricated, as depicted in

Fig. 3.9(a). The MRR ring had a radius of 150 um. The measured transmission
spectrum of the MRR, spanning from 1520 nm to 1610 nm, is shown in Fig. 3.9(b).
The enlarged figures of the spectra at wavelengths near 1551 nm and 1600 nm are
provided in Fig. 3.9(c) and (d), respectively. Fig. 3.9(c) illustrates that the free spectral
range (FSR) near 1551 nm is approximately 1.588 nm, closely matching the simulated

value of 1.575 nm. The MRR exhibits a high Q factor, with the highest value of 7174
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corresponding to the transmission dip at a wavelength of 1600 nm. Additionally, the

extinction ratio at this wavelength is 16.4 dB.

3.7 Summary

In summary, we have presented a new fabrication process utilizing a DMD-based DUL
system for the fabrication of SU-8 optical waveguides. This process offers improved
flexibility compared to traditional optical lithography, while it provides higher
productivity compared to E-beam lithography and laser direct writing technologies. A
numerical pre-estimation of light scattering effects was employed to harness
grey-scale exposure for mitigating light scattering and reducing proximity effects.
Additionally, a grayscale exposure method was demonstrated to seamlessly stitch
patterns together, enabling the creation of large-area, high-quality waveguide devices.

According to the experimental findings, when the bending radius was greater
than 100 um, the manufactured waveguides displayed bending loss < 0.1 dB/90°-arc.
At a wavelength of 1550 nm, the propagation loss was measured at 0.238 dB/mm.
Moreover, uniform power splitting was shown by the manufactured MMI and
Y-branch power splitters throughout a wide wavelength range of 1500 nm to 1600 nm.
The fabricated MRR demonstrated an extinction ratio of roughly 16 dB and a high O
factor that was more than 7100.

It is anticipated that the technique of grayscale and dynamic optical exposure will
be very beneficial for creating waveguides with 2.5D and even 3D features, like

multimode crossings based on Maxwell fisheye. The development of intelligent
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adaptive lithography technology could be further enabled by integration with machine
vision technologies, which would facilitate the fabrication of innovative waveguide

devices.
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Chapter 4. Optofluidic chip with directly printed
polymer optical waveguide Mach-Zehnder

interferometer sensors

4.1 Introduction

Improvement of healthcare services for patient-centred outcomes has become
increasingly important nowadays [14,96-98]. There is an increasing demand to
develop low-cost biomedical diagnostic devices that may be utilized on daily basis and
have a wide range of uses, particularly in response to public health emergencies.
Lateral flow immunoassay (LFIA) approaches are currently one of the most used
technologies for point-of-care diagnostics. LFIA procedures are popular because they
are simple to implement and require little time to analyse [99-102]. Nonetheless,
when compared to laboratory-based immunochemical approaches, LFIA techniques
have limitations in terms of sensitivity and specificity, yielding primarily qualitative
data. To address these restrictions, lab-on-a-chip (LoC) devices have emerged as a
promising solution. These devices combine numerous microscale components to
enable multiple processes on a chip. Among the various types of LoC devices,
integrated optofluidic chips have received a lot of attention mainly due to their high
sensitivity in biodetection.

Integrated optofluidic chips are devices fusing microfluidic and photonic

microsensors. First, they take advantage of the multiplicity of interactions between
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light and matter to improve detection powers. The application of lightwave technology
in these chips improves biodetection efficacy by increasing sensitivity and
signal-to-noise ratio. Thus, integrated optofluidic chips are seen as a very promising
way to achieve biodetection with great sensitivity [9,22,103,104]. An example of the
potential of integrated optofluidic chips for biodetection was demonstrated in a study
by Q. Liu et al. They developed a two-procedure sample-to-answer device that
incorporated silicon MZI sensors and a sample pretreatment unit. This device was
specifically designed for the detection of malaria parasites [13]. In another notable
study, X. Ouyang et al. fabricated an optofluidic chip that includes polymer
whispering gallery mode (WGM) microlaser sensors for enzyme-linked
immunosorbent assay (ELISA). This new chip showed extraordinary sensitivity,
capable of detecting vascular endothelial growth factor (VEGF) at 17.8 fg/mL [66].

In particular, because of their flexible on-chip integration, optical
waveguide-based photonic sensors have significant promise for integrated optofluidic
systems [9,105]. They can provide low propagation loss and effective confinement of
light waves within a strip or rib. This feature allows for the integration of
micro-interferometers or micro-resonators, which use lightwave technology to provide
highly sensitive biosensing capabilities. The well-defined structures within the
waveguide allow for interference or resonance, while the evanescent field of the light
wave facilitates interaction with target molecules in the surrounding
medium [106-108]. MZI micro-sensors are extensively employed in bio-detection

applications. Patricia et al. introduced a POC device for tuberculosis detection based
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on MZI sensors. They developed a photonic device with several SisN3 MZI sensors
incorporated inside a disposable microfluidic cartridge. This approach permitted the
simultaneous detection of several disease biomarkers. The device successfully
detected tuberculosis in undiluted urine samples at a concentration level as low as
0.475 pg/mL, and the turnaround time was within 15 minutes [109]. Densmore et al.
displayed a Si photonic MZI biosensor array for detecting of two biomarkers
simultaneously. Their findings revealed that the fabricated MZI sensor-device can
successfully detect two proteins, i.e., rabbit IgG and goat IgG, in parallel. The
detection ability that measured upon surface coverage was impressively below 0.3
pg/mm?. This highlights the high sensitivity and potential of the MZI biosensor array
for multiplexed biomarker detection [101]. Angelopoulou et al. presented an
advanced optofluidic chip based on ten Si MZI sensors and a sophisticated
microfluidic unit. This chip enabled the measurement of four allergens simultaneously.
They are bovine milk protein, peanut protein, soy protein, and gliadin. The analysis
process was remarkably fast, with a completion time of only 6.5 minutes. The chip
exhibited exceptional sensitivity, with limits of detection measured at 0.04 pg/mL, 1.0
ug/mL, 0.80 pg/mL, and 0.10 pg/mL for the respective allergens [110].

Polymer materials offer numerous advantages, including ease of manufacturing,
excellent biocompatibility, and the ability to be easily modified. These characteristics
make them highly attractive for the development of biomedical instruments and
sensors. Bruck er al. presented a polymer MZI waveguide biochip as a notable

example. The biochip employed polyimide and Ormoclad materials for the core and
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cladding of the polymer optical waveguide. Remarkably, this MZI waveguide sensor
demonstrated the ability to accurately measure streptavidin at a concentration as low
as 100 pg/mL [111]. AZUELOS et al. demonstrated a highly sensitive MZI biosensor
based on SU-8 epoxy. To enhance its sensitivity, they introduced an additional ring
resonator, leveraging the vernier effect. This innovative biosensor achieved a
remarkable bulk sensitivity of 17558 nm/RIU and showed an impressive limit of
detection down to 1.1 x 10 RIU [112].

To construct high-quality optical waveguide sensors, many fabrication methods
can be employed, such as optical lithography [81], LDW  [83], or EBL
technologies [84]. While conventional optical lithography is efficient for polymer
optical waveguide fabrication, it relies on beforehand photomasks and is short of
grey-scale exposure capability., LDW and EBL can partially overcome these

limitations but are generally less efficient because of their single-spot scanning
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Figure 4.1 The design of an optofluidic chip with several directly printed polymer

optical waveguide MZ micro-interferometer sensors.
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methodology.

In this chapter, we develop an optofluidic biochip that embedded with polymer
optical waveguide MZI sensors for the label-free detection of disease biomarkers,
which is critical in modern medical diagnostics for determining health, sickness, or
vaccination status. As shown in Fig. 4.1, we wuse our unique DUL
technology [63,66,113] to directly print an asymmetric MZI microsensor imbedded
with a width-tailored optical waveguide onto a Si0,/Si wafer, allowing for on-chip
biosensing. In addition, a PDMS-based microfluidic layer is produced utilizing
DUL-based technology to package the optical waveguide chip into an optofluidic chip.
The experimental results show that the manufactured optofluidic biochips have
outstanding bulk sensitivity, detecting human immunoglobulin G (HIgG) at
concentrations as low as 1.78 pM. Furthermore, the results demonstrate the optofluidic

chip's reusability, allowing for multiple biomarker detections.

4.2 Fabrication of SU-8 optical waveguide and optofluidic chip

The fabrication of the polymer optical waveguide sensors was accomplished using a
self-developed digital ultraviolet lithography (DUL) system. This system was
constructed with key components, including a high-power UV light-emitting diode
(L10561-215, Hamamatsu Photonics, Japan), a high-speed digital micromirror device
(DMD; DLP6500, Digital Light Innovations, USA), a nano-precision motorized stage

(ANT130-XY, Aerotech Inc., USA), and a set of projection optics.
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4.2.1 Fabrication of SU-8 optical waveguide Mach-Zehnder
interferometer sensors

The fabrication of the designed waveguide involved using a commercial SU-8
photoresist on a Si0,/Si wafer. Fig. 4.2 shows the flow chart of fabrication procedure.
The adhesion promoter Omnicoat was applied before coating the SU-8. Then SU-8
was then spun onto the silicon wafer at a speed of 5000 rpm for 30 seconds. To get rid
of the solvent, a gentle bake was done for five minutes at 65 °C and ten minutes at
95 °C. After prebaking, a grayscale pattern was dynamically projected onto the
photoresist using the DUL system. In less than twenty minutes, a MZI pattern with
dimensions of 22 mm by 4 mm was exposed. A post-bake was then done for five
minutes at 65 °C and for thirty minutes at 95 ° C. After that, the sample was
developed for two minutes using PGMEA. To further increase the crosslinking degree
of SU-8 waveguide structure, a hard bake was finally performed at 120 °C for 60
minutes. Both the post-bake and hard bake were ended by gradual cooling for

relieving the internal residual tension.
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Figure 4.2 Flow chart of the processes used in the fabrication of an integrated

optofluidic chip
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Another commercial photoresist known as Ormoclad was used to build a cladding
layer. A PLUTO-T Plasma Cleaner (PLUTOVAC, Shanghai, China) powered by 200
W was used for the five-minute plasma treatment. The flow rate was kept at 100
mL/min and the air pressure was adjusted to 24.4 Pa. Ormoclad was then spun onto
the prototype SU-8 waveguide sample. The cladding layer was formed by carefully
exposing the Ormoclad over the optical waveguide using the overlay exposure

function of the DUL system. On purpose, a window was left open on the optofluidic

Protection layer
(Ormoclad)

Waveguide
(. SU_ 8) \"\__

T t

10 um

Figure 4.3 (a) Optical microscope image of the fabricated waveguide MZI sensor. The
inset is a cross-section of waveguide, (b) SEM image of waveguide partially covered by
Ormoclad. The inset is close-up of the tapered waveguide. (c) SEM image of the
fabricated 1:2 waveguide splitter. (d) SEM image of the fabricated 1:1 waveguide

combiner.



biosensing arm.

A 90-um transition zone was inserted during the exposure of each sub-pattern in order
to lessen the problem of Ormoclad shrinking. After a 15-minute post-bake at 130 °C,
the sample was developed for 90 seconds with methyl isobutyl ketone (MIBK).
Ultimately, the optical waveguide chip underwent 180 minutes of rigorous baking at
150 °C.

The SU-8 waveguide MZI sensors, depicted in Fig. 4.3(a)-(d), were fabricated
using carefully selected materials. The core and the upper cladding of the optical
waveguide were made from SU-8 and Ormoclad, whose refractive index are
1.573 [114] and 1.52 [115] respectively. The substrate material was Si0; (n=1.45).
To achieve optimal performance, the dimensions of the SU-8 waveguide, excluding
the sensing part, were chosen as 2 um in height and 2.7 pm in width, which showed in
the inset of Fig. 4.3(a). This dimension selection allowed the waveguide to operate in a
single-mode condition while keeping the evanescent field relatively weak, effectively
minimizing optical loss caused by the direct printing processes used to fabricate the
Ormoclad cladding. The Ormoclad cladding layer is controlled to be about 10 pm,
which 1s thick enough to protect the SU-8 waveguide from changes in upper
environment.

To improve sensitivity, the width of the sensing arm in the optical waveguide was
reduced to 2.1 wm, as depicted in the inset of Fig. 4.3(b). This narrower width

enhanced the evanescent field of the waveguide, leading to better sensitivity.
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Numerical simulation results, as shown in Fig. 4.4, indicate that the evanescent field of
the fundamental guided mode in the SU-8 waveguide design can extend approximately
744 nm into the surrounding water environment. This range is adequate for capturing a

majority of biomarkers in various biological detection applications.
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Figure 4.4 (a) Structure of the cross-section of designed SU-8 waveguide. (b) Calculated
electrical field distributions of fundamental mode of the designed waveguides. (c)

Simulated electric field distributions of the waveguide.

To minimize optical propagation losses caused by mode-mismatch, a 50-um

adiabatic taper (Fig. 4.3(b)) is introduced between the waveguides of different widths.



This adiabatic taper ensures a smooth transition of light waves, reducing losses in the
system. Considering a narrower waveguide in the sensing arm, optical losses will be
higher compared with reference arms. The first Y-splitter of the optical waveguide
MZI is specifically designed with an asymmetric output. This design compensates for
the power difference between the light waves transmitted through the sensing and
reference arms. Consequently, the light waves propagate through their respective arms
and converge at the output Y combiner, where they interfere with each other to
produce the desired output signal.

In the presence of analytes, the effective refractive index of the optical modes
within the sensing arm varies depending on their concentration. This variation in
refractive index leads to a corresponding change in the optical phase of the light wave
passing through the sensing arm. Using a spectral dip in the transmission spectrum as
the output signal, the wavelength shift (A4) may reliably quantify the change in
refractive index within the sensor arm's working section. This optical phase
modulation technique enables precise detection and quantification of analyte

concentration in the surrounding liquid medium [112,116]:

B /U:lAn“
ngzzl + ngIZ] - ngZLZ

(4.1)

where L | Anei, and ng represent the length, the induced variation of effective
refractive index, and the group refractive index of the sensing arm with 2.1-um width,
respectively; ng corresponds to the group refractive index of the waveguide with

2.7-um width, which includes the embedded part of the sensing arm and the reference
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arm; Additionally, L and L represent the lengths of the embedded part of the sensing
arm and the reference arm, respectively.

The measurement range of the waveguide MZI sensor is determined by the FSR:

AZ
FSR = (4.2)

| ngZZ, +n, L —n,L |

Considering influences of the surrounding medium’s refractive index on the
effective refractive index of the working part of the sensing arm, denoted as Onei/Onext,

the bulk sensitivity (S) of the device can be expressed as:

_FSR-L, on,
A on_’

ext

S 4.3)

where nex is the refractive index of the surrounding medium of the sensor arm's
working portion. The working section, embedded section (L1 and AL»), and reference
arm (L2) lengths of our MZI sensor design are precisely selected to be 10.636 mm,
3.410 mm, and 13.918 mm, respectively. Theoretical calculation shows that the narrow
sensing waveguide (2.1-um width) in water (ng1) and the wide waveguide (2.7-um
width) embedded in Ormoclad have the group refractive indices (ng) of 1.6028 and
1.5805, respectively. Calculations showed that a 6 X 10* change in the external
refractive index increases the effective refractive index of the 2.1-um wide sensing
waveguide by 2.5%107. Using Eqn. (4.1), the spectral dip shifts 0.936 nm. As a result,
the sensitivity of the MZI sensor can be calculated using Eqn. (4.3) to be 1560

nm/RIU (refractive index unit) at the wavelength of 1550 nm.
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4.2.2 Fabrication of optofluidic chip by packaging the waveguide chip

N
ﬁ s
e L -

Figure 4.5 (a) A photograph of a red-lit SU8 optical waveguide MZI sensor. (b) Image of

an optofluidic device vertically integrated with a PDMS microfluidic layer on top of an

optical waveguide chip.
with microfluidic layer
The upper microfluidic chip was fabricated by using casting method. First, an SU-8

mold containing microchannels was prepared. A mixture of PDMS monomer and a
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cross-linking agent (in a 10:1 ratio) was degassed for 30 minutes. Subsequently, the
PDMS mixture was poured onto the SU-8 mold and subjected to a 2-hour baking
process at 70 °C to ensure complete cross-linking. The cured PDMS layer was
eventually removed from the SU-8 mold. The layer and waveguide chip underwent a
30-second plasma treatment at 200 W. To prevent leaks, the liquid PDMS mixture was
put all the way around the Ormoclad layer's edge. Using a homemade alignment
device, the PDMS layer was positioned and joined to the waveguide chip. In order to
create a strong link between the waveguide chip and the PDMS microfluidic channel

layer, the optofluidic chip was clamped and baked at 70 °C for three hours.

(i

Figure 4.6 (a) Photograph of a fabricated SU-8 mold for preparation of microfluidic chips
by casting method. (b)-(e) Photos of the different parts of the SU-8 mold taken by using a

laser scanning confocal microscope. The length of scale bars is 500 pm.



The optical waveguide chips before and after vertical integration with the
microfluidic layer are depicted in Fig. 4.5. A picture of the artificial SU-8 optical
waveguide under red light is shown in Fig. 4.5(a). It can be clearly seen that a sensing
window has been made to enable the vertical integration of the microfluidic layer for
analyte detection in liquid samples, and that a cladding layer has been printed next to
the optical waveguide. A fully packaged optofluidic device with four inlets, one
serpentine mixer, and three outputs is shown in Fig. 4.5(b). These parts are intended
for waste liquid injection, mixing, and collecting waste liquids. Figure 4.6 shows the
completed SU-8 mold.

During testing, the four inlets are used for injecting four solutions, i.e., APTES
solution, human IgG, PBS, and antibody strip buffer, respectively.
During the packaging process with the microfluidic layer, oxygen plasma was applied
to activated sensor surface to a hydrophilic state [81]. First, the optofluidic chip's
microchannel was filled with an aqueous solution containing 4% APTES
(aminopropyltriethoxysilane) to salinate the sensing arm for 20 minutes. This step
helped prepare the surface for subsequent functionalization. Phosphate-buffered saline
(PBS) buffer solution was then used to flush the sensing window, ensuring that the
sensor was in a stable and clean environment. Subsequently, the sensor arm of the chip
was incubated at room temperature for approximately half an hour using a solution
that included 100 pg/mL goat anti-human IgG. This step facilitated the binding of the
specific antibodies to the sensing surface, enabling target molecule detection.

Following the incubation, the unbound detection antibody was washed out, leaving
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only the specifically bound molecules on the sensor surface. A 1% BSA (bovine serum
albumin) solution was introduced into the chip to prevent nonspecific binding sites,
which significantly reduced background noise and improved the sensor's specificity.
To finish the functionalization process, a PBS buffer solution was administered to
remove any molecules that were loosely attached. At this stage, the MZI biosensor was
ready for the detection of HIgG (Human Immunoglobulin G) or other target

molecules.

4.3 Testing and characterization of the fabricated SU-8

waveguide and optofluidic chip

Using an end-fire coupling configuration, the spectrum responses of the polymer
optical waveguide device were assessed. Light was launched into the optical
waveguide device using an ASE (Amplified spontaneous emission) light source that
operated in the C band wavelength region (1530 ~ 1560 nm). This was accomplished
by coupling the light into and out of the chip using lensed single-mode optical fibers
(SMF). The spectra of the transmitted light were measured using an optical spectrum

analyzer (AQ6374, Yokogawa Company, Japan).

4.3.1 Transmission spectra of the fabricated MZI microsensors
Fig. 4.7(a) depicts the transmission spectra of the SU-8 optical waveguide MZI
sensors before and after packaging with a microfluidic layer. The spectrum of the MZI

sensor before packing is shown in Fig. 4.7(a). The spectrum from 1530 nm to 1560 nm
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is not uniformly flat. This non-uniformity can be attributed to the activation of
higher-order optical modes, as the optical waveguide is designed for single-mode
operation with an Ormoclad cladding. For the SiO,/SU-8/air waveguide configuration,

the essential width for single-mode operation is around 2.4 pm.
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Figure 4.7 Transmission spectra of the fabricated SU-8 waveguide MZI sensor. (a) The
MZI sensor's spectrum without Ormoclad cladding. (b) The MZI sensor's spectrum
following construction with Ormoclad coating. (c) The MZI sensor's spectrum in an

optofluidic device following a water injection.

The MZI sensor's transmission spectrum becomes more uniform and regular after
applying an Ormoclad cladding layer, as seen in Fig. 4.7(b). Using Eqn. (4.2) and

numerically calculated values of the group refractive indexes, it is possible to conclude
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that this decrease is caused by a change in ng from 1.6090 to 1.5805 as the cladding

layer transitions from air (z = 1.0) to Ormoclad (n = 1.52).
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Figure 4.8 Three designs of polymer waveguide Y splitters with different power splitting
ratios: 1:1, 1:2, 1:4

Fig. 4.7(c) displays the observed transmission spectrum of the MZI sensor, which
includes a PDMS microfluidic layer and water injection into the optofluidic chip. An
increase of 5.8 nm in FSR was observed upon the injection of water into the sensor
window. Eqn. (4.2) and the numerically obtained refractive indexes were used to
calculate ng1, the group refractive index of the waveguide in 2.1 um width, which

decreased from 1.6143 to 1.6028. This decrease is responsible for the observed rise.
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Of particular interest is the significant improvement in the extinction ratio (ER) of the
transmission spectrum, which increased from 2.63 dB to 13.48 dB. This enhancement
is due to the particularly built Y splitter used in the MZI sensor. The Y splitter
compensates for light propagation losses in the sensing arm, balancing light power
from both arms and achieving regulated interference at the output. This enhancement
1s due

In Fig. 4.8(a), the 1:1 Y splitter represents a symmetric design, while the 1:4 Y splitter
features a smaller arc radius compared to the 1:2 Y splitter. The reduced arc radius of
the 1:4 Y splitter results in higher bending losses and a higher splitting ratio. However,
it is observed that the MZI sensor employing the 1:2 Y splitter achieves the deepest

extinction ratio when compared to the results obtained with the 1:1 and 1:4 Y splitters.
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Upon comparison of the transmission spectra of the MZI sensor before and after the
cladding fabrication, it is evident that the optical power level of the transmission
spectrum has increased when the sensor is immersed in water. This increase can be

attributed to the following reasons:

Figure 4.10. (a) Simulated electrical field distribution of mode of 2.7-um waveguide in
air cladding, (i) TE:;1 mode, (ii) TMi11 mode, (iii) TE2; mode, (iv) TMi2 mode. (b)
Simulated electrical field distribution of mode of 2.7-um waveguide in Ormoclad, (i) TE1;

mode, (2) TM1; mode.
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Figure 4.11 Simulated electrical field distribution of light transmission in (a)
Ormoclad/air and (b) Ormoclad/water interface. The simulated excess loss for
Ormoclad/air interface and Ormoclad/water interfaces are 0.329 dB and 0.066 dB

respectively.

1) Elimination of excitation of higher-order modes: The utilization of Ormoclad
cladding eliminates the excitation of higher-order modes in the SU-8 waveguide.
Simulation results in Fig. 4.10 demonstrate that second-order optical modes, such as
TE>; and TM12 modes, are occur only present in the SU-8 waveguide with air cladding
(Fig. 4.10(a)), but disappear after switched the upper cladding from air to Ormoclad
(Fig. 4.10(b)). The absence of these higher-order modes in the transmission spectrum

leads to improved transmission efficiency and increased optical power levels.
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2) When immersed in water, the optical waveguide modes at the interface surrounding
the sensing window exhibit improved matching. This is due to the smaller refractive
index difference between Ormoclad and water, in contrast to the refractive index
difference between Ormoclad and air. This results in better mode matching at the
interface, reducing optical losses. The simulation findings in Fig. 4.11 show that the
excess loss falls from 0.329 dB to 0.066 dB as the waveguide external medium

transitions from air to water.

Wavelength Deviation (nm)

0 © so 100 100 2000
Tim e(s)
Figure 4.12 Long-time test of the peak wavelength stability of a fabricated

polymer waveguide MZI sensor immersed in water. The standard deviation (SD) 1s

30 pm.

Fig. 4.12 shows the results of a long-term stability test conducted on the
optofluidic chip, aimed at evaluating its performance over an extended period. In this

test, the optofluidic chip with a packaged sensing window was filled with deionized

75



(DI) water. The objective was to measure the deviation of a peak wavelength in the
transmission spectrum over a duration of 2000 seconds. The standard deviation (SD)
of the measured peak wavelengths was determined to be 30 pm. This value quantifies
the level of variation or fluctuation observed in the peak wavelength measurements
during the stability test. A lower standard deviation indicates higher stability and

greater consistency in the sensor's performance throughout the test period.

4.3.2 Measurement of the bulk sensitivity of the fabricated MZI sensors
The fabricated MZI sensors were subjected to tests using glucose solutions of varying
concentrations to evaluate their bulk sensitivity. To introduce and remove the glucose
solutions from the microfluidic channels, a motorized syringe pump was utilized. Fig.
4.13 (a) gives the measured wavelength shifts of the sensor during these tests. The
graph clearly demonstrates that as the concentration of glucose increases, the
interference peak wavelength has a red shift. This shift in wavelength indicates a
change in the refractive index of the surrounding medium due to the presence of
glucose. The shift is directly proportional to the concentration of glucose, allowing for
quantitative measurements of glucose concentration using the MZI sensor. Fig. 4.13(b)
further illustrates the relationship between the wavelength shift of the MZI sensor and
the surrounding refractive indexes, which can be calculated based on the
concentrations of the glucose solutions. This graph provides a calibration curve that
enables the determination of unknown glucose concentrations by measuring the
corresponding wavelength shifts in the MZI sensor [117]. The observed transmission

spectra of the SU-8 waveguide MZI sensors in various glucose solutions are given in

76



the inset of Fig. 4.13 (b). It is evident from the results that the bulk sensitivity of the
fabricated waveguide MZI sensor is approximately 1695.95 nm/RIU, which closely

aligns with the estimated sensitivity of 1560 nm/RIU.
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Figure 4.13. Test bulk sensitivity of the fabricated optofluidic chip. (a) The wavelength
shift corresponding to the concentration of glucose in a water solution; (b) The
wavelength shift corresponding to the change in refractive index. The inset shows the

tested varying transmission spectra.
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4.4 Testing of the fabricated optofluidic chip in the detection of

human Immunoglobulin G

The fabricated optofluidic chip was utilized to measure and quantify the concentration
levels of HIgG, a well-known antibody presenting in extracellular fluids and blood.
The human body uses HIgG to fight off viral and bacterial infections. This experiment
can show the optofluidic chip's capability in detecting disease biomarkers, specifically
the concentration of HIgG [115]. The waveguide MZI sensors were functionalized
using the approach shown in Fig. 4.14 (a). The SU-8 waveguide's hydrophilic surface
was activated before being salinated with APTES. It was further modified with goat
anti-human IgG. Fig. 4.14 (b) shows the MZI biosensor's dynamic response to a 1
ng/mL HIgG solution. The 90%-response time is approximately 4 minutes, and the
total wavelength shift is around 0.33 nm. Figure 4.14 (c) depicts the measured
wavelength shifts of the MZI biosensors in HIgG solutions at various concentrations
ranging from 0 ng/mL to 1000 ng/mL. The corresponding transmission spectra are
presented in the inset. By utilizing the triple of the standard deviation, the
noise-estimated LOD is determined to be 267 pg/mL, equivalent to 1.78 pM. This
LOD value is equivalent or exceeds the sensitivity of most similar sensors reported by

other studies [109,112,115].
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Figure 4.14 (a) A schematic representation of the surface functionalization process for the
detection of HIgG. (b) The dynamic response of the biosensor when exposed to a 1 ng/mL

target antibody solution. (c) The responses of the biosensor to various concentrations of

the target antibody.

The responses of the MZI biosensor to the target analyte, HIgG, and a negative
control, human serum albumin (HSA), were compared to evaluate the biosensor's
specificity. The measured reactions of the biosensor to HSA at different concentrations,
i.e., 1 ng/mL, 10 ng/mL, 100 ng/mL, and 1000 ng/mL, are shown in Fig. 4.15. These
responses were found to be 0.029, 0.152, 0.19, and 0.143 times, respectively,
compared to the similar responses to HIgG at the same concentrations. This
observation indicates a high degree of selectivity of the MZI biosensor, as the

biosensor exhibits significantly stronger responses to the target analyte (HIgG)
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compared to the negative control (HSA) at all tested concentrations.
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Figure 4.15 A comparison of the sensor's reactions to a control protein HSA and the target

analyte HIgG.

4.5 Reusability Testing

The fabricated polymer optical waveguide MZI sensor-based optofluidic biochip
serves as a versatile label-free biosensing platform capable of detecting various types
of disease biomarkers. In this study, we focused on demonstrating its detection
capability for HIgG, a commonly used disease biomarker. The rationale behind
choosing HIgG was based on its characteristics as a relatively large molecule (with a
molecular weight of 150 kDa) and the fact that the binding of smaller protein

biomarkers on a surface often induces significant refractive index changes [118]. By
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integrating the MZI sensor into the optofluidic chip, we enable the detection of a broad
range of protein biomarkers. Moreover, we believe that comparable procedures can be
used to other biological analyses, such as nucleic acid testing or virus detection [119].
This highlights the potential of our optofluidic chip as a versatile tool for various
bioanalytical applications beyond the detection of HIgG alone.

The optofluidic chip developed in our work offers the advantage of being reusable
for multiple measurements. By employing an antibody stripping solution, the HigG
layer can be effectively removed from the sensor surface after each detection. Fig.
4.16 illustrates the successful application of the MZI biosensor for five consecutive

measurement cycles. Following each detection, the MZI sensor was subjected to a
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Figure 4.16 Measured interference peak wavelengths in five cycles of HIgG detection on

a manufactured optical MZI biosensor.
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30-minute incubation in an antibody stripping solution. This solution specifically
disrupts non-covalent bonds, facilitating the removal of the HIgG layer while
preserving the stable binding of the lower layer of goat anti-human IgG to the SU-8
surface through APTES. Consequently, the stripped MZI biosensor can be reused for
subsequent HIgG detection without experiencing any significant loss in sensitivity

over the course of the five testing cycles

4.6 Summary

In summary, an integrated optofluidic biochip with directly printed polymer optical
waveguide MZI sensors have been presented. These MZI sensors are with asymmetric
configurations and width-tailored waveguides and can offer high sensitivity for
biosensing applications. They can be vertically integrated with a microfluidic layer to
make integrated optofluidic biochips for on-chip label-free biodetection.

Experimental results have demonstrated that the on-chip integrated MZI sensors
have impressive performance whose bulk sensitivity is as high as 1695.95 nm/RIU.
The optofluidic chip has been demonstrated to detect HIgG at an extremely low
concentration level, i.e., 1.78 pM. It is anticipated that such compact reusable
optofluidic chip can be utilized to develop tiny point-of-care diagnostic tools and

devices.
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Chapter 5. Optofluidic chip with high-Q polymer

waveguide microring resonator sensors

5.1 Introduction

In addition to MZI, MRR is another common waveguide sensor widely used in
integrated optofluidic chips. Compared to MZI, MRR have a much smaller footprint,
making them more suitable for integrated photonic applications. Besides, MRR
possesses narrower line width, indicating high-sensitivity biological analysis.

Adam L. et al demonstrated for the first time using silicon-on-insulator
microring optical resonator arrays for clinical diseases biomarker detection [120]. An
initial-slope-based quantitation method has been applied to estimate the unknown
protein concentration level with better accuracy. A low limit of detection of 2 ng/mL is
achieved in carcinoembryonic antigen (CEA) detection. L. Wang et al. developed a
simple UV-based soft imprint technique that can be used to fabricate polymer
photonics devices with only one step imprinting [121]. For the fabricated ring
resonator, the Q value reach 5 x 10* and 2.7 x 10* in air and water respectively. The
bulk sensitivity of the sensor is about 50 nm/RIU, and its specific detection in 5 pg/mL
human IgG has been demonstrated. T. Chalyan et al. develop biosensor devices by
using silicon oxynitride (SiON) microring resonators to detect AflatoxinM1
(AFM1) [122]. Two functionalization strategies i.e., DNA-aptamers immobilization

and antigen-binding fragments (fab’) functionalization were tested to realize specific
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detection. According to the result, a higher signal is observed on the
Fab’-functionalized surface. As the AFMI1 detection is more efficient on
Fab’-functionalized surface, with more reproducible result. And the lowest detectable
concentration is 5 nM.

In this chapter, we study a an optofluidic chip with directly printed polymer
optical waveguide MRR sensors, as shown in Fig. 5.1. We design and fabricate an
all-pass MRR sensor based on width-tailored waveguides using our own-built digital
UV lithography processes. The optical spectral properties and biosensing abilities of
the fabricated MRR sensor will be tested and characterized. By vertically integrating
the MRR sensors with a microfluidic layer, an optofluidic chip will be fabricated for

on-chip label-free biodetection.
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Figure 5.1 Optofluidic chip featuring multiple polymer optical waveguide MRR sensors
that are directly printed onto the chip.



5.2 Design of high-Q ring sensors

Considering the materials system (Si0,/SU-8/Ormoclad), to make the waveguide
work under single mode condition, the waveguide size we choose is 2.7 um in width
and 2.0 um in height. Inside the sensing window, the upper cladding is air or analyte
liquid. To alleviate multimode interference, we can narrow the waveguide in sensing
area. A smaller bending radius will contribute to smaller footprint. But at the same
time, we must make sure the bending waveguide is able to confine the mode. Taken
the waveguide materials system and waveguide size into consideration, we choose 300

um as ring radius. As for the structure of MRR, the Q factor can be given:

B ﬂngLM

C(A-ra)d’ 1)
where ng, L, refer to group index of ring waveguide and perimeter of MRR. And 7, a, A
refer to self-coupling coefficients, cross-coupling coefficients as well as resonance
wavelength respectively.

According to Eqn. (5.1), QO factor is related to the coupling ratio (» or k) and the
ring loss coefficient (a). Ideally, r equal to 1.0 if there’s no loss. And Q factor will be
infinity when r x a tends to be 1. In order to increase the Q factor, one need to reduce
the ring loss, and increase the coupling coefficient as much as possible. However, a
very high Q spectrum may have some penalty in ER.

To optimize the Q factor of MRR, we design the MRR in two dimensions, i.e.,

varying the ring loss coefficient and the coupling coefficient. The changing of ring
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loss coefficient can be realized by set different ring width, including 2.7 pum, 2.4 ym
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field of gapless coupler when the overlap distance is 1200 nm.

As for the coupling issue, we applied a gapless coupler, as shown in Fig. 5.2 (a), in
which we take 2.4-pum ring waveguide as example. It is easier to fabricate compared to
the directional coupler. We can adjust the distance of overlap to easily vary the
coupling coefficient. Fig. 5.2 (b) shows the simulated electric field of a gapless
coupler with overlap of 1200 nm. And we define coupling coefficient is the ratio of
light coupled into the ring to the total amount of the light.

Through numerical simulation, we have found the dependence of coupling
coefficients on the overlap distance, as shown in Fig. 5.3. The overlap distance is zero

when the ring waveguide just touch the bending waveguide. When the overlap
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distance smaller than zero, it indicates a gap-based coupler, i.e., directional coupler. If
the distance increases, the coupling ratio will decrease to zero exponentially. When the
overlap distance greater than zero, it indicates an overlap-based coupling. As the
overlap increases from 0 to 1300 nm, the coupling coefficient takes practically all the
values between O and 1. Based on the simulation results, we may use the
overlap-based coupling mechanism to achieve the requisite coupling coefficient. The
MRR should operate at critical coupling, i.e., a = r. However, in practice, an ideally
critical coupling is difficult to achieve due to the small estimation error and fabrication

error. As a result, we choose two coupling coefficients near 0.5 for each width of MRR,
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Figure 5.3 Calculated coupling coefficient as function of overlap distance.

which may satisfy most of all-pass MRR designs.

The sensitivity of an MRR sensor can be estimated as:
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n@ anexl ’

S (5.2)

where Ars, ne and nex are the resonant wavelength, effective refractive index, and
environmental refractive index, respectively. Using our waveguide structure and
material, i.e., S10,, SU-8 and water-based liquid analyte, the n. and O ne/ O nex: are
numerically calculated to be 1.523 and 0.0302, respectively. As a result, an MMR

sensor's estimated sensitivity around the wavelength of 1550 nm is 30.73 nm/RIU.

5.3 Fabrication of SU-8 waveguide MRR sensor and optofluidic
chip

The MRR waveguide sensor based optofluidic chip was fabricated with the own-built

digital ultraviolet lithography technology.

5.3.1 Fabrication of SU-8 waveguide MRR sensors

Firstly, SU-8 2005 was spun onto the wafer. Soft bake was conducted at 65°C for 5
mins and 95 °C for 10 mins, to fully remove solvent. Then DUL was applied to
inscribe the waveguide pattern onto the wafer. A MRR pattern was equally divided
into a serious of 600 x 600-pixel sub-patterns. The exposure time for one sub-pattern
is 0.7 s. The exposure time was reduced more than halve compared to the MZI
fabrication, which means the fabrication efficiency was improved. After exposure, the

sample was post-baked at 65°C for 5 mins and 95°C for 25 mins. Finally, develop the

sample with PGMEA for 2 mins. To make the SU-8 crosslink completely and release
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internal residual stress, the sample was hard-baked at 120°C for 60 mins, and then
naturally cooling down to room temperature.

To protect the waveguide and open a sensing window, a waveguide protection
layer was fabricated with another commercial photoresist, i.e., Ormoclad. Firstly,
Ormoclad was spun onto the waveguide chip surface. Then baked the sample on a
hotplate at 80 °C for 20 mins. Such a prebake process is optional for the solvent-free
photoresist. It can improve the film homogeneity and adhesion to the substrate.
Exposure was also conducted by the DUL system. An overlay assistant function was
applied to align the protection layer pattern with the fabricated waveguide well.
During exposure, the transition pixel was 300, and the nonlinear compensation
coefficient was 0.25. It can address the liquid resist shrinkage issue. Afterwards, the
sample was baked on a hotplate at 130°C for 20 mins. Although the Ormoclad was
cured immediately after exposure, this high-temperature post-bake process can further
increase the adhesion to the substrate. Subsequently, the sample was developed by
MIBK for 90 s. To increase the thermal and environmental stability of the Ormoclad
layer, the sample was baked on a hotplate at 150°C for 3 hours.

Fig. 5.4(a)-(d) shows SEM images of fabricated SU-8 waveguide MRR sensors.
Fig 5.4(a) shows that the Ormoclad layer can be aligned well with the MRR
waveguide. The width of straight waveguide that covered with Ormoclad is 2.7 um,
which shown in the Fig. 5.2(b). When light enter the ring, a gapless coupler is applied,
for the advantages of higher fabrication tolerance compared to directional coupler. Fig.

5.2(d) shows a coupler with good geometry without any residual, which is owing to
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the proximity effect compensation during exposure. To enhance the evanescent field
for a stronger light-matter interaction the sensing ring waveguide is narrowed to be 2.4

um, as shown in Fig. 5.4(c).

Figure 5.4 SEM images of MRR waveguide sensor. (b) 2.7-um straight waveguide. (c)
2.4-um ring waveguide. (d) gapless coupler.

5.3.2 Fabrication of the SU-8 MRR sensor integrated optofluidic chip

The microfluidic chip was prepared by casting method with PDMS. The microchannel
mold was also fabricated with SU-8. Firstly, monomer and curing reagent was mixed
with ratio of 10:1. Degas the mixture in a vacuum oven, and then pour onto the mold
surface, cured the mixture at 90°C for 2 hours. To avoid leakage from the gap, we
smear some liquid PDMS around the Ormoclad. Before binding the microfluidic layer
with waveguide chip, treat the two layers with oxygen plasma, which can activate the
surface hydroxy. Then bind the two layers together and apply some pressure. High

temperature and pressure will make the binding stronger. After an overnight baking,
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the chip was packaging tightly. An optofluidic chip vertically integrated with a PDMS

microfluidic layer on top of an optical waveguide chip is depicted in Fig. 5.5.

Figure 5.5 Photograph of an optical waveguide chip with a PDMS microfluidic layer
vertically placed on top of an optofluidic chip

5.4 Testing and characterization of the fabricated SU-8

waveguide MRR sensor and optofluidic chip

Using an end-fire coupling setup, the spectrum responses of the polymer optical
waveguide chip were measured. A lensed SMF was used to direct light from an ASE
light source that was operating in the C-band wavelength range of 1530 to 1560 nm
into the optical waveguide chip. Another lensed SMF was used to couple the
transmitted light into an optical fibre, and an optical spectrum analyser (AQ6374,

Yokogawa Company, Japan) was used to measure the light's spectrum.

5.4.1 Transmission spectra of the fabricated MRR sensors
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Figure 5.6 Measured transmission spectra of the fabricated polymer waveguide MRR
sensor. (a) Spectrum of the MRR sensor with air cladding. (b) Spectrum of the MRR
sensor after fabrication of Ormoclad cladding. (¢) Spectrum of the MRR sensor in

optofluidic chip after injecting with water. (d) Close-up spectrum of the MRR sensor in

water near the wavelength of 1544 nm.

The transmission spectra of the fabricated SU-8 waveguide MRR sensors before and
after packaging with microfluidic chip are shown in Fig. 5.6. Fig. 5.6(a) shows the
spectrum of MRR before packaging. In the wavelength range from 1545 nm to 1545
nm, the flatness is not very well. It may be resulted from the excitation of higher-order
mode in optical waveguide. As it is designed to operate at single mode under

Ormoclad cladding. After making an Ormoclad cladding, the extinction ratio decrease
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significantly, which indicates an impropriate splitting ratio of the gapless coupler. As

the coupler was designed to work in a water-based environment.

Fig. 5.6(c) shows the measured transmission spectrum of the MRR sensor after
packaging with microfluidic chip and injecting water into the device. After immersing
the sensing ring into water, the F'SR increased from 0.78 nm to 0.79 nm. The FSR of
MRR can be estimated:

x

FSR=-"-
WL (5.3)

From Eqn. (5.3) and numerical simulation of group refractive indices, one can learn
that the change of FSR resulted from a decrease of ng of the 2.4-um wide waveguide
from 1.6112 to 1.6013. Also, the extinction ratio of the transmission spectrum
increases from 8 dB to 14 dB. The enlarged image of the resonance peak at 1548.7 nm
is shown in Fig. 5.6(d). The Q value can be calculated to be 8604, which is very

promising for biological analysis applications.

5.4.2 Transmission spectra of the SU-8 waveguide MRRs with different
loss and coupling coefficients

In the experiments, to obtain a spectrum with high Q factor for subsequent testing, we
evaluated and compared the sensor performances of various designs. There are six
designs with different ring waveguide widths and overlap distances as well as different
resulted coupling coefficients, whose values are (2.1um, 650 nm, 0.442), (2.1um,
550nm, 0.592), (2.4 um, 1000 nm, 0.449), (2.4 um, 850 nm, 0.64), (2.7 um, 1350 nm,

0.46), and (2.7 um, 1100nm, 0.655). Fig.5.7(a)-(f) show the transmission spectra of the
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fabricated MRRs after packaging with Ormoclad cladding and injected with water. As
shown in Fig. 5.7(c), the MRR with 2.4-um ring and 0.449 coupling ratio have the
narrowest linewidth and the highest contrast ratio of 13 dB at 1550 nm. Therefore, the

design of MRR sensor with 2.4-um ring with overlap distance of 1000 nm will be used

for further testing.
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Figure 5.7 Transmission spectra of the fabricated MRR with different loss and coupling

coefficients.

5.4.3 Testing of the bulky sensitivity of the fabricated SU-8 waveguide
MRR sensors
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Figure 5.8 (a) Measured transmission spectra towards varying refractive index of

solution. (b) Dependence of wavelength shift on the external refractive index change.

Glucose solutions of different concentrations were used to evaluate the bulk sensitivity
of the manufactured MRR sensors. Injecting glucose solution into or out of the
microfluidic channels is done with a motorized syringe pump. As the concentration of

glucose increases, the observed wavelength moves to a longer wavelength, as seen in
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Fig. 5.8(a). The MRR sensors' wavelength shift on the external refractive indices is
presented in Fig. 5.8(b). It reveals that the refractive index of the fabricated waveguide
MRR sensor is about 22.55 nm/RIU, which is close to the numerical simulation value,

1.e., 30.73 nm/RIU.

5.5 Summery

To summarize, we have developed an optofluidic biochip with directly printed
polymer optical waveguides MRR sensors. Using our own-built DUL, an all-pass
MRR sensor based on a width-tailored waveguide has been designed and directly
printed for biosensing applications. After vertical integration with a microfluidic layer,
an optofluidic chip has been fabricated for on-chip label-free biodetection.
Experimental results revealed that the on-chip integrated MZI sensors have a bulk
sensitivity of 22.55 nm/RIU. Such a small-size high-performance optofluidic chip with
directly printed MRR biosensors is promising in the development of compact

point-of-care diagnostic devices and instruments.
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Chapter 6. Summary and outlook for future works

6.1 Summary

This thesis explores the development and application of advanced optofluidic
chip platforms enabled by polymer optical waveguide sensors. These include MZI and
MRR sensor architectures, fabricated using an in-house DUL system.

The SU-8 waveguide fabrication processes were established by using DUL
technology. Characterization demonstrates low propagation losses of 0.238 dB/mm
and negligible bending losses, enabling the integration of complex waveguide-based
devices such as MMI splitters. Compared to conventional lithography techniques, the
DUL approach offers significant advantages in terms of cost, throughput, and
flexibility. Some fabrication issues such as proximity effect and stitching error have
been eliminated by numerical pre-estimation and dynamic exposure processes. This
grayscale and dynamic optical exposure approach is thought to hold great promise for
creating waveguides with 2.5D and even 3D features.

Building upon these robust waveguide fabrication capabilities, an optofluidic
biochip platform integrating MZI sensors was developed. This approach simplifies the
manufacturing process compared to traditional silicon-based photonic chips. The
asymmetric MZI design, coupled with a specialized Y-splitter, achieving a remarkable
extinction ratio of 13.48 dB. Vertical integration with a microfluidic layer further
enhances the functionality. The MZI sensor was demonstrated an exceptionally high

bulk refractive index sensitivity of 1695.95 nm/RIU. The optofluidic chips were
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validated for label-free detection, outperforming commercial ELISA tests in detecting
human IgG down to 1.78 pM concentrations. Such process can be extended to many
other diseases’ biomarker. This cost-effective and high-performance detection platform
holds immense value for enhancing healthcare services, particularly in
resource-limited settings, and could play a pivotal role in public health crises by
enabling rapid and accurate biomarker detection, thereby facilitating timely medical
interventions.

Additionally, a highly integrated optofluidic platform incorporating MRR sensors
was developed, leveraging the DUL fabrication advantages. The all-pass MRR sensor
design achieved a record-high quality factor of 8604, enabling narrow transmissive
spectral features crucial for high-sensitivity biological analyses, such as nucleic acid
or virus testing.

In summary, these optofluidic chip technologies based on polymer optical
waveguide biosensors offer significant advantages in terms of miniaturization,
cost-effectiveness, high sensitivity, and ease of functionalization. This paves the way
for the development of compact, robust, and versatile point-of-care testing and
diagnostic devices with transformative potential for wvarious healthcare and

environmental monitoring applications.

6.2 Future outlook
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With the developed DUL technology, we have developed two kinds of waveguide
sensors, i.e. MZI and MRR sensors, has been fabricated successfully and integrated
into optofluidic chips. Several outlooks for future investigations are listed below:

1) Further integration of different components with other functions, such as light
sources, photodetectors, and analyte pretreatment components, can make the
optofluidic chip to be a highly versatile, multifunctional analytical platform. Such a
monolithical integration of these diverse optoelectronic and microfluidic components
will result in significant improvements in system functionality, compactness, and
overall operational robustness.

2) Regarding sensor design, the exploration of diverse waveguide designs, such as
slot waveguides, photonic crystal waveguides, and graded-index structures, may
provide new schemes for tailoring the optical response and sensing ability of
integrated optofluidic chips. The versatility in waveguide design can facilitate the
realization of advanced optical sensing abilities, such as enhanced evanescent field
and increased detection sensitivity.

3) Addition to polymer materials, a variety of materials including III-V materials,
ceramic materials, rare-earth-elements-doped glass can be explored for developing
compact high-performance photonic chips. For instance, silicon nitride (Si3N4),
lithium niobate (LiNbO3) and aluminium nitride (AIN) are promising to be explored
for high-volume fabrication of integrated photonic chips with broader bandwidth and

high efficiency. Ceramic materials, such as barium titanate (BaTiOs) and yttrium
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aluminium garnet (Y3Als012), have advantages in harsh environmental conditions, i.e.,
high temperatures or chemically aggressive environments.

4) Various types of functional optofluidic chips can be explored in biomedical
applications. In light of lab-on-a-chip conception, researchers have started to explore
more complex optofluidic microsystems, such organ-on-chips (OoCs). In these OoCs
devices, microfluidic delivery components, multiple cell types and on-chip detection
devices are integrated to mimic the complexity of human organ systems. They may
enable the study of disease and drug mechanisms with greater fidelity than traditional
vitro models, making optofluidic chips a transformative tool for advancing our

understanding of disease mechanisms and accelerating therapeutic development.
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