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Abstract

Optical sensing and measurement technology provides one of the most accurate tools for detecting
and characterizing materials. They are robust, can provide a rich amount of information about the
analytes, and are amenable to miniaturization and large-scale integration on a chip for certain
applications. In this thesis, we develop novel optical sensing and measurement methods for two
important applications, namely environmental greenhouse gas monitoring and chiral compound
analysis for pharmaceutical and biochemical research.

The first part of the thesis aims to develop an integrated multi-analyte gas sensor on a silicon
photonic platform for the parallel detection of CO2 and Hz gas concentrations in the atmosphere.
The development of a compact sensor that can measure CO> gas concentrations at the atmospheric
level is motivated by the need for accurate monitoring of greenhouse gas for climate change study.
A key contribution of the thesis is to demonstrate a silicon photonic refractometric CO2 sensor
based on a novel functional material that can be integrated with other gas sensors on the same chip.
A prototype dual-gas sensor chip based on a wavelength-multiplexed microring array was also
developed for the simultaneous detection of CO2 and H> gases. Gas sensing experiments were
conducted to evaluate the performance of each sensor in the presence of other analytes, and to
address important issues related to multi-analyte sensing environment such as cross-sensitivity.
The results obtained and knowledge gained from the study help lay the groundwork for future
development of multi-analyte sensor systems on a chip for monitoring greenhouse gases and
industrial emissions.

The second part of thesis aims to develop novel ellipsometric methods for measuring the

chirality of biochemical compounds. In particular we explore the unique properties of chiral
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surface plasmon polaritons for enhancing the detection sensitivity of these methods. The research
is motivated by the important role of chirality in governing the biological functionalities of
biochemical compounds. Measurement of chirality provides information about molecule
conformation, enantiomeric purity or excess, and chiral compound concentrations, which are
important in pharmaceutical research and other biomedical fields. The ellipsometric methods
developed could offer crucial advantages over existing techniques in terms of accuracy, small
sample size and the ability to measure multiple optical quantities in the same setup. In addition,
chiral surface plasmon waveguide structures investigated offer promising solutions for realizing

chiral sensors on an integrated platform.
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Chapter One.

Introduction

1.1 Research Motivation

Over the past few decades, integrated optic sensors have found application in various disciplines
and industries. Unlike mass-sensitive or electrical sensors, optical sensors are capable of more
than merely detecting the analyte presence but can also provide information such as chemical
composition and bioactivity in addition to its optical properties. The wide selection of materials
available allows optical sensors to be tailored for different application requirements, such as in
extreme environmental conditions or for in-vivo medical diagnostics. With the advancement in
material science and micro/nano fabrication technology, sensors based on integrated photonics and
plasmonics have gained increasing interest as low-cost sensing solutions which can provide high
throughput, multi-analyte detection and large scale integration on a chip.

This thesis focuses on two optical sensing applications. The first objective is to develop an
integrated silicon photonic sensor system for parallel detection of multiple gases for environmental
monitoring applications. The second objective is to develop new ellipsometric techniques,
including surface plasmon enhanced techniques, for accurate measurement of chiral compounds,
with target applications in biochemical research, drug discovery and toxicological analysis. Each

of these main objectives will be described in more detail below.

1.1.1 Silicon photonic multi-gas sensor on a chip

Conventional gas sensors are based on infrared (IR) spectroscopy. These sensors tend to be

expensive because of the high power lasers required, bulky because of the long optical path lengths
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needed for adequate absorption, and difficult to achieve multi-analyte detection due to the wide
spread of gas molecular fingerprints over the IR spectrum. Over the past decade, there has been a
push within the sensor industry toward multi-functional, cost-effective and portable platforms,
with the ultimate goal of achieving a sensing system on a chip. It is also desirable in terms of
reduced cost and improved sensor robustness to integrate as much as possible signal conditioning
and processing circuitries on the same chip. In this respect, the silicon-on-insulator (SOI) material
has emerged as a cost-effective platform for implementing integrated photonic circuits and sensors
that can be seamlessly interfaced with CMOS electronics.

In this thesis we propose to exploit the multiplexed sensing capability of integrated photonic
refractometric sensors based on microring resonators for multi-gas detection. The challenges in
developing such a sensor system include management of multiple sensor signals on a chip,
fabrication complexity, and compatibility among different functional materials for different gas
analytes. As a step toward addressing these challenges, we aim to demonstrate a silicon photonic
sensor chip based on a wavelength-multiplexed microring array for the simultaneous detection of
two gases, carbon dioxide and hydrogen. Both of these gases are closely monitored in the gas and
energy industry for environmental and safety compliance. In addition, CO; is an important
greenhouse gas whose atmospheric concentration is continuously being monitored for climate
change study.

Photonic CO> gas sensors which can operate at room temperature and in dry air environment
have rarely been reported because of the chemical stability of CO, and the lack of a suitable
functional material. One of the main objectives of the thesis is to explore the use of a guanidine-
based polymer as a functional material for photonic refractometric CO> sensors. In particular, we
aim to demonstrate that the proposed polymer exhibits reversible refractive index change when
absorbing and releasing CO; gas molecules at room temperature and in dry air condition. The
proposed functional polymer will also be used to functionalize an integrated optic sensor based on
a microring resonator and demonstrate refractometric sensing of CO; gas at atmospheric
concentration levels.

For achieving multi-gas sensing on a chip, it is also important to investigate the possibility
of incorporating different functional materials on different photonic sensor elements on the chip.
We will address this issue by developing a procedure for integrating two microring sensors, one

for detecting CO» gas and the other for H> gas, on a silicon chip. The performance of the prototype
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dual-gas sensor will be experimentally evaluated in terms sensitivity, crosstalk, and limit of
detection. The results obtained and the knowledge gained from the study will be valuable for
future development of fully-fledged sensor systems on a chip for monitoring greenhouse gases and

industrial emissions.

1.1.2 Development of optical and surface plasmon enhanced techniques for chiral sensing

Chirality refers to the stereochemical property of a molecule whose mirror images cannot be
superimposed on each other, like the left and right hands. The two mirrored molecules, referred
to as enantiomers, have the same chemical formula but different three-dimensional structures,
which cause them to have different chemical properties and biological functionalities. The
importance of chirality and chiral analysis is well acknowledged in clinical and pharmaceutical
applications, biochemistry and environmental chemistry [3-5].

Optically, chirality manifests itself in the different ways chiral molecules interact with left
and right circular polarized light. Traditionally, two optical detection techniques, polarimetry and
circular dichroism spectroscopy, are employed to measure the two types of chirality, optical
rotation (OR) and circular dichroism (CD). Since these techniques depend on measurements of
chirality-induced changes in either the polarization or optical absorption of light propagating
through a chiral sample, long optical path lengths and hence large sample volumes are required to
achieve good signal-to-noise ratios. Also, it is difficult to integrate these techniques with other
optical characterization tools to measure other optical parameters of the sample such as its
refractive index and extinction coefficient.

Ellipsometry is a widely-used optical characterization technique which measures the change
in the polarization state of light upon reflection from the sample, providing information on thin
film thickness, uniformity, and material refractive index [6-8]. Thanks to its capabilities of real-
time monitoring and non-destructive measurement, ellipsometry has shown promising potential in
refractometric and affinity biosensing applications [9, 10]. However, the use of ellipsometry for
chiral measurement has rarely been reported. Such a measurement can provide important
chiroptical information about the functionality of a biochemical compound. In the second part of
the thesis, we aim to develop new ellipsometric methods for measuring the chiral parameter of
small-volume samples based on reflection from multi-layer dielectric-chiral and metal-chiral

structures.



Since naturally-occurring chiral substances have very weak chirality, the biggest challenge
in developing a reflection-based ellipsometric method for chiral detection is to improve its
sensitivity and reduce the effect of system noise. Here we propose a differential ellipsometric
method for measuring the optical rotation of chiral compounds which is robust enough that it can
be implemented with a lamp-based light source instead of expensive tunable lasers. We
implemented the method in a commercial ellipsometer and demonstrated its application for
broadband measurement of the optical rotation dispersion of chiral samples.

Another objective of this part of the thesis is to investigate the unique properties of chiral
surface plasmon polaritons existing at a chiral-metal interface, and exploit them for enhancing the
sensitivity of ellipsometric chiral measurements. To accomplish this, we will first investigate how
the chiral strength influences the propagation characteristics of chiral SPPs at a chiral-metal
interface and suggest how to exploit these effects to realize integrated chiral sensors based on
plasmonic waveguides. We will then turn our focus to investigate how the excitation of chiral-SPP
modes influences the ellipsometric response of light reflection from a multi-layer chiral-metal
structure. Two multi-layer structures for exciting chiral SPPs will be analyzed, namely, the
Kretschmann and Otto configurations, and their ellipsometric responses will be compared to
determine the optimum configuration for achieving SPR-enhanced measurement of the sample
chirality. Finally we also aim to investigate the feasibility of implementing such method in a

commercial ellipsometer.

1.2 Statement of Research Objectives

The research consists of two main parts: (i) development of an integrated silicon photonic sensor
system for environmental gas monitoring, and (ii) development of ellipsometric methods for

chirality measurement. The specific objectives for each part are described below.

Development of silicon photonic dual-gas sensor system

The main objective of this part is to develop a multiplexed silicon photonic sensor system
for parallel detection of CO2 and H> gases. The specific research goals are:
e Explore suitable functional materials for refractometric sensing of CO; gas at room

temperature and in dry air environment



Develop silicon photonic refractometric gas sensors for atmospheric CO» gas monitoring
applications

Design a silicon photonic dual-gas sensing system on a chip based on wavelength division
multiplexing for parallel detection of CO> and H» gases

Develop processes for selectively functionalizing sensor elements on a silicon chip for
different target gas analytes (CO2 and H»)

Implement the dual-gas sensor and experimentally evaluate its performance for parallel

detection of CO> and H> gases

Development of ellipsometric methods for chirality measurement

The main objective of this research is to develop new ellipsometric methods for measuring

the chiral parameter based on reflection from multi-layer dielectric-chiral and metal-chiral

structures. The specific research goals are:

Develop and experimentally demonstrate a broadband ellipsometric method for chiral
measurement based on reflection from a dielectric-chiral interface

Investigate the unique properties of chiral surface plasmon polaritons and their role in
enhancing the ellipsometric response of chiral thin films

Propose and theoretically evaluate surface resonance enhanced ellipsometric methods for
measurement of optical rotation and circular dichroism properties of chiral materials
Experimentally investigate the feasibility of implementing the proposed surface resonance

enhanced ellipsometry methods in a commercial spectroscopic ellipsometer

1.3 Organization of the Thesis

This thesis is organized as follows. In Chapter 2, we will investigate a guanidine-based

polymer for use as a functional material for refractometric sensing of CO; gas, and develop a

silicon photonic CO> microring sensor based on the new functional material for atmospheric CO»

gas monitoring. The performance of the sensor in terms of sensitivity, limit of detection and

selectivity will be experimentally evaluated. In Chapter 3, we will report the design and

implementation of a silicon photonic dual-gas sensor for parallel detection of CO> and H» gases.

Results of sensing experiments performed to evaluate the sensitivity, resolution and crosstalk of

the dual-gas sensor will be presented and discussed. In Chapter 4, we will propose a differential
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ellipsometric method for chirality measurement based on reflection from a dielectric-chiral
interface and demonstrate its implementation in a commercial ellipsometer. Chapter 5 presents
our study of the unique properties of chiral surface plasmon polaritons, with a view of how to
exploit them for chiral sensing. Surface plasmon resonance enhanced ellipsometric methods for
measuring both the optical rotation and circular dichroism of chiral samples will be proposed and
analyzed. Preliminary experimental results of our attempt to demonstrate surface plasmon
enhanced ellipsometry technique using a commercial ellipsometer will also be presented and
discussed. Chapter 6 provides a summary of the thesis and recommends directions for future

research.



Chapter Two.

A Silicon Photonic Refractometric CO, Gas Sensor

2.1 Introduction

Carbon dioxide is well known as a major contributor to global warming due to the greenhouse
effect. The importance of monitoring and reduction of CO> gas in the atmosphere has been
advocated more widely than ever in recent years due to the alarming rate at which atmospheric
COgz level has been increasing. Figure 2.1 shows the growing trend of the global atmospheric CO-
concentration over the past half century as reported by the National Oceanic and Atmospheric
Administration (NOAA) [11]. The global average concentration of atmospheric CO> gas reached
400 ppm in 2015, which is well above the threshold of 350ppm beyond which the effects of climate
change are deemed irreversible [12]. The growth rate of atmospheric CO; level has also shown an
increasing trend over the past few decades. According to a recent report in 2016 from NOAA, the
warming effect of CO; in the atmosphere has increased by 50% since 1990 as a direct result of
human activities [13]. Given these alarming statistics, an urgent need arises to develop compact,
accurate and low-cost CO> gas sensors that can be efficiently deployed in large-area sensor

networks to monitor trends in greenhouse gas concentrations over wide geographic areas.
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Figure 2.1 (a) Atmospheric CO> level and (b) its growth rate from 1960 to 2016. Images adopted from [14].

In addition to its effect on climate change, the concentration of CO> gas in the ambient air
which we breathe everyday also has a non-negligible effect on our health, with serious implications
to work environment safety [15]. Acute exposure to CO2 of 2-3% can cause shortness of breath,
with even more severe symptoms showing at higher concentrations[16]. Long-term exposure to
low-level CO; concentrations also has potential adverse effect on human health; for example, 20-
day exposure to CO> of 850ppm has been shown to correlate to increased lung dead space volume
of relative healthy young adults [17]. Therefore, CO> concentration has been employed as a key
indicator of air quality and adequate ventilation in buildings, with a recommended threshold value

of 800ppm [18]. Accurate CO> sensors are commonly integrated in heating, ventilation and air
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conditioning systems for the purpose of monitoring indoor air quality. Finally, we note that
accurate detection of CO» gas is important in health science research since CO2 plays an important
role in many biological activities.

One of the main objectives of this thesis is to develop compact, accurate and low-cost CO»
gas sensors for environmental monitoring applications. Toward this aim, we propose an integrated
optics refractometric sensor solution based on compact silicon microring resonators. A key
contribution of our research is to demonstrate a novel functional material based on a guanidine
polymer derivative for the specific detection of CO; gas. In particular, we demonstrate that
polyhexamethylene biguanide (PHMB) exhibits reversible refractive index change upon absorbing
and releasing of CO2 gas molecules. By functionalizing a silicon microring resonator with a thin
PHMB layer, we show that the resonance wavelength of the microring changes with the CO> gas
concentration, thus providing a mechanism for detecting and measuring CO> gas. Furthermore,
the device is capable of direct detection of CO2 gas at atmospheric concentration level, making it
suitable for environmental monitoring applications. Compared to other types of CO> sensors, our
refractometric microring sensor has the advantages of operating at room temperature and non-
humidified environment.

This chapter is organized as follows. In Section 2.2, we will give a review of existing CO;
gas sensing technologies and discuss the advantages of the proposed refractometric photonic
sensing platform. This is followed by a description of the principle of operation of refractometric
gas sensors based on microring resonators. Performance metrics of the sensor in terms of
sensitivity and limit of detection will also be discussed. In Section 2.4, we will propose a novel
functional material based on PHMB for our CO- sensor and investigate its optical properties in the
presence of CO> gas molecules. We will then describe the fabrication of the silicon photonic
sensor chips and the apparatus used for performing CO> gas sensing experiments. The
performance of the sensors will be investigated and discussed in Section 2.6. The chapter will be

concluded with a summary in Section 2.7.
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Figure 2.2 Schematic of a NDIR CO; sensor. Image adopted from [19].

2.2 CO2 Gas Sensing Technology

Currently the dominant commercial CO; sensing technology is Non-Dispersive Infrared
Spectroscopy (NDIR). Figure 2.2 shows a schematic of a basic NDIR CO: sensor. Broadband
infrared light from an IR lamp is transmitted through a gas chamber with a typical path length
ranging from several centimeters to decimeters. The bandpass filter transmits light around the
4.26um wavelength, which is the signature absorption band of CO;. The light intensity recorded
by the photodetector thus depends on the CO:> concentration and the optical path length.
Performance improvement of NDIR sensors has been achieved by biasing the output with a
reference signal created using a reference beam with a different optical path length [20], and/or a
reference wavelength in the non-absorbing band of CO» [21]. State-of-the-art NDIR sensors can
detect CO2 concentrations down to 10ppm but they tend to be bulky due to the large apparatus
required to achieve long optical path lengths for adequate signal absorption [22]. Furthermore, for
multi-gas sensing, the wide spread of gas molecular fingerprints over the IR spectrum means that
multiple wavelength sources are required, which increases cost and presents impediment to
miniaturization and integration.

An alternative CO> sensing technology that is widely used is electrochemical sensors, which
detect reversible resistance or capacitance changes in metal oxides and metal carbonates such as
CaO [23], BaCOs3 [24], La203 [25] when exposed to CO; gas. However, activation of the metal
oxides typically requires heating the functional material to high temperatures (200-500°C),
rendering these sensors unsuitable for room-temperature operation [26] and integration with other
sensing technologies for multi-gas detection. Another type of CO2 sensors employs fluorescent
dyes whose optical properties are sensitive to changes in the pH level caused by the formation of

HCO3/C03% upon CO; absorption. These fluorescence sensors are widely used in in-vivo blood
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gas sensing [27] and the food industry [21, 28], but are prone to photo bleaching which reduces
the sensor lifetime.

Recently, integrated photonic refractometric sensors have emerged as a promising
technology for the development of compact, high-throughput multi-analyte sensor systems.
Generally speaking, a refractometric gas sensor consists of an optical waveguide device whose
optical mode is perturbed due to the presence of an analyte in the surrounding medium. Such
perturbation may be detected as a change in the absorption/loss of a transmitted optical signal, or
a shift in the resonance frequency of an optical cavity. Microring resonators are one of the most
widely-used photonic structures for integrated optical sensors. They offer competitive resolution
and sensitivity even in undesirable working conditions by virtue of their extremely high quality
factor (Q-factor) and hence lengthened interaction path. The wavelength multiplexing capability
also makes microring resonators an ideal candidate for multi-analyte sensing, and their micron-
scale dimensions offer the advantages of compact sensor size, minimum sample volume, and easy
implementation of multiplexed or distributed sensing networks. Optical microring sensors can
also be easily integrated with other sensing mechanisms including absorption spectroscopy and
fluorescence spectroscopy.

A microring sensor translates the index change caused by an analyte into a shift in the
resonance frequency, or a variation in the transmitted light intensity. To achieve specificity, the
microring resonator is coated with a functional material, which exhibits a change in its optical
properties upon interaction with a specific target analyte. Refractometric gas sensors based on
microring resonators have been reported for chemically-active gas species such as volatile organic
compounds [29]. A group from Ghent University reported ammonia [30] and ethanol vapor sensors
[31] by coating microring resonators with thin films of target selective materials. Another group
in Cornell University exploited the enhanced electric field in slot waveguides to improve the
sensitivity of gas detection, demonstrating a large interaction factor of 64% and device sensitivity
of 490nm/RIU (refractive index unit) with a microring Q-factor of 5000 [32]. However, integrated
photonic refractometric sensors for CO; gas have not been reported to date, due to the lack of a

suitable functional material.
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Figure 2.3. Schematic of an optical gas sensor using a microring resonator.

2.3 Principle of Operation of a Microring Refractometric Gas Sensor

A basic microring sensor consists of a microring resonator, which is formed by bending an
integrated optical waveguide into a circular loop of radius R. A schematic of a microring resonator
is shown in Figure 2.3. Light is coupled into and out of the microring cavity by evanescent wave
coupling between the microring waveguide and a straight waveguide placed in close proximity.
The coupling gap we between the microring and the straight waveguide determines the coupling

strength. Resonances in the microring cavity occur at wavelengths A satisfying the condition

27R=mA/n (2.1)

eff ?

where ney and m are the effective index of the microring waveguide and the resonance mode
number, respectively. At each discrete resonance wavelength, light circulating in the ring
constructively interferes with itself, resulting in a buildup of light intensity in the resonator. The
transmitted signal in the straight waveguide exhibits a corresponding sharp transmission drop. The
wavelength separation between two adjacent resonances is called the Free Spectral Range (FSR)

of the microring and is given by

__ A
Mgy T 2.2)

where n, =n,, —A0n,, [0A is the group index.
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Figure 2.4 Microring resonance shift due to index perturbation caused by an analyte. The blue curve represents
the initial resonance spectrum of the microring sensor. Upon absorption of the target gas molecules, the resonance

is shifted by A\ and represented by the red curve.

Equation (2.1) indicates that the resonance wavelength depends on the effective index of the
microring waveguide, which can be modified by the presence of an analyte localized near the
waveguide surface. For gas sensing applications, the microring waveguide is covered with a layer
of a functional material that is sensitive to the target gas, as shown in Figure 2.3. The role of the
functional layer is similar to that of the ligand monolayer in biochemical sensors. It selectively
absorbs target gas molecules, which cause a change in the refractive index in the cladding layer
near the waveguide surface. This in turn causes a shift in the resonance spectrum of the microring
that is proportional to the analyte concentration. The translation from the analyte concentration
into a shift in the waveguide effective index is called sensor transduction. This index shift can be
detected by either tracking a particular resonance wavelength, or by measuring the change in the
output light intensity at a fixed wavelength Aop located near the resonance, as depicted in Figure
2.4. This measurement is called sensor interrogation.

Suppose an analyte of a certain concentration causes an index change Ang in the functional
layer, the resulting effective index change of the microring waveguide is given by An, ¢ = [Ang,
where I is the interaction factor. The interaction factor represents the fraction of light in the
functional layer and determines the strength of the interaction between the optical mode and the

functional material [32, 33]. We can determine the interaction factor from the formula

non, | [E[dA

F = L(EXH*).

N

(2.3)
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where E and H are the electric and magnetic field distributions of the waveguide mode, 7, is the
index of the functional layer, 1, is the free space admittance and Z in the unit vector in the
propagation direction. The integral in the numerator is calculated over the area of the functional
layer. Taking the total derivative of Equation (2.1) with respect to the wavelength and index

changes, we obtain

o A
0=0| 2L | Aa+o| 2L | any =(-2L 4+ Dypg 2 (2.4)
2“ A l n )“Ves aﬂ/ ﬂ}’es

e

From the above expression, we solve for the resonance wavelength shift due to the index

change An; in the functional material layer to get

A A
M=— T A =D AnT 2.5)
Ry — Oy / oA n,

In practice, the sensor is calibrated by determining the direct relationship between the analyte
concentration (C) and the resonance wavelength shift AL (at a fixed temperature). This
relationship is typically nonlinear, although over a small range of concentrations it may be
approximated by a linear curve in order to simplify measurement readout.

When a microring sensor is used to detect a target gas at a certain concentration, the
transmitted power measured at an operation wavelength iop will be changed by Al due to the
shift of the resonance spectrum, as indicated in Figure 2.4. The corresponding resonance

wavelength shift can be calculated by

oA,
A =—EAl (2.6)

where the slope OAop/Ol 1s calculated from the resonance curve at the operation wavelength.
Compared to the wavelength interrogation method, the intensity interrogation technique can
provide real-time readout of sensor measurements and is much simpler to implement since it does
not require the use of a spectrometer either on-chip or off-chip.

The performance of a sensor is usually evaluated by two metrics, sensitivity and limit of

detection. These metrics are described below for a microring sensor.
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Sensitivity

The sensitivity of a microring sensor is defined as S = d1/dn; = 4,5 /ng, which specifies
how much the resonance spectrum moves due to a change in the cladding index. The sensitivity
strongly depends on the interaction factor I' of the optical mode with the sample, as indicated in
Equation (2.5) by I',, and can thus be enhanced by increasing the fraction of the optical mode
interacting with the functional layer [34]. In the particular application of gas sensing, the
sensitivity also depends on the ability of the functional material to bind to gas molecules, which

determines the relationship between the refractive index change Ang to the gas concentration.

Limit of Detection

Another important performance metric of a sensor is the limit of detection (LOD), which
specifies the smallest change in the analyte concentration that can be measured above the noise
uncertainty of the system. The LOD is defined by the ratio of the sensor resolution o, to the
sensitivity S: LOD = o,/S, where the sensor resolution represents the smallest resonance
wavelength shift that can be accurately and repeatedly measured [34]. Various noise sources
affecting a sensor’s LOD include light source fluctuations, temperature fluctuations, and detector
noise. Interference and referencing techniques can be employed to reduce noise influence. For
microring sensors which rely on measurement of the magnitude of the wavelength shift, the LOD
is also limited by the spectral resolution of the wavelength measurement system, e.g., the
frequency resolution of the optical spectrum analyzer or the accuracy of the tunable wavelength
source. In general, high-Q resonators give low LOD since the resonance wavelength can be more

accurately determined.

2.4 A New Functional Material for Refractometric CO2 Sensing

As discussed in Section 2.1, the selection of a suitable functional material is an important step in
the design of integrated optics refractometric gas sensors. While a functional material provides
sensor selectivity to the target gas and determines the sensitivity of the device, it may also impose
constraints on the sensor operation conditions, for example, requiring high temperature or
humidified environment, which may render the sensor unsuitable for certain applications. For
example, electrochemical CO: sensors using metal oxides requires elevated operation temperatures

to activate the functional material. Refractometric CO> sensors using other functional materials
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have also been reported; however, they typically require a humidified gas environment to operate.
For example, a fiber Bragg grating sensor was reported in [35] which employs polyallylamine-
amino-carbon nanotubes for detecting CO; at fairly large concentrations, in the 1000 — 4000 ppm
range, under a constant relative humidity of 47%. A surface plasmon resonance sensor
functionalized with a polymer blend was also reported in [36] for detecting dissolved and
humidified gaseous CO,. Although a low detection limit of 10ppm was reported for the 150 — 1500
ppm range, the sensor showed no response to dry gas mixtures with CO», rendering it unsuitable
for environmental gas monitoring. The prerequisite of humidity also presents challenges to the
integration of these sensing technologies with other gas sensors with different functional materials
and operating conditions.

For environmental gas monitoring applications, it is desirable that the sensor can operate at
room temperature and in dry air condition. We have identified a guanidine-based polymer called
PHMB for CO> detection which satisfies the above requirements and also has the advantages of
ease of fabrication and integration with other functional materials. PHMB is commonly used as a
safe disinfectant and antiseptic and can also be found in contact lens solutions [37]. It belongs to
a class of guanidine derivatives which have been known to function in both solution and solid
states to reversibly bind with CO> gas molecules. Figure 2.5 shows the chemical structures of
PHMB and general guanidines. These compounds share the common chemical structure of
(R'R2N)(R’R*N)C=N-R?, which reacts readily with CO, molecules through a simple base-acid
interaction of two amine functional sites and one CO> molecule without requiring catalysis by heat

or humidity [38]

2R,NH + CO, &= ! +R,NCOO" . 2.7)

N NH

H
NJ\N
H H

H

Guanidine PHMB

Figure 2.5 Chemical structures of general Guanidine and PHMB.
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It is this reactivity with CO> which makes guanidine derivatives very useful for developing
CO; absorbent for carbon capture and storage technology [39]. Recently, PHMB was also used as
a transducer coating in a capacitive ultrasonic sensor [40], which detects the mass-load change of
the functional layer caused by CO» absorption. However, the use of PHMB for photonic
refractometric sensing has not been investigated before since the effect of CO, absorption on the
refractive index of the polymer has not been studied. One of the main objectives of our work is to
investigate the change in the optical property of PHMB when exposed to CO» gas, and evaluate its

suitability as a functional material for refractometric sensing of COx.
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Figure 2.6 (a) VASE data (ellipsometric angles y and A) of PHMB thin film coated on a test chip measured at
incidence angles of 65° and 75°. (b) Refractive index (red curve) and extinction coefficient (green curve) of PHMB

thin film vs. wavelength. The inset picture shows the test chip partially coated with PHMB thin film.
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We acquired the PHMB polymer from Canada Colors and Chemicals Ltd. as a water solution
of 20% (wt%). The polymer can be applied to a chip simply by spin-coating or ink-jet printing,
which greatly simplifies the functionalization process. We first characterized the refractive index
of PHMB thin films as a function of wavelength using Varying Angle Spectroscopic Ellipsometry
(VASE). We spin-coated a test chip with PHMB and removed the polymer layer from one side of
the chip for thickness measurement by washing it with DI-water. An optical image of the chip is
shown in Figure 2.6(b). Using an AlphaQ profilometer, we measured the polymer thickness to be
303nm. Next we performed VASE measurements of the PHMB film with an M-2000V
Ellipsometer (J. A. Woollam Inc.) over the 400-1000nm wavelength range at incidence angles of
65" and 75°. The wavelength scans of the ellipsometric angles ¥ and A are shown in Figure 2.6(a).
Using the CompleteEase software (J. A. Woollam Inc.) along with the measured polymer thickness
value, we computed the refractive index of the PHMB and fitted its wavelength dependence with

a Cauchy model [41]

B C
A)=A4+—=+—, 2.8

4

where A = 1.543, B =0.00532, and C = 0.00059. Figure 2.6(b) plots the refractive index of the
PHMB thin film vs. wavelength. We obtain n; = 1.56 at 632nm wavelength and by extrapolating
the data using the Cauchy model, determined ng = 1.54 at 1550nm. We also find that the polymer
has negligible optical absorption over the wavelength range of measurement.

The thickness of the PHMB layer can be controlled by varying the spin speed as well as the
solution concentration. For example, we obtained a thickness of 240nm with a 3000 RPM spin
speed using a 15% PHMB water solution. For thickness less than 150nm, Isopropyl Alcohol (IPA)
was added to the solution to obtain evenly coated polymer film. IPA is a more evaporative solvent

which results in thinner films with the same volume concentration using the spin-coating technique.

2.5 Silicon Photonic Microring CO2 Gas Sensor

In this section, we investigate the use of PHMB as a functional layer for a silicon microring CO2
gas sensor. We will first describe the microring device and the functionalization procedure for the
sensor in Section 2.5.1. The apparatus for performing CO> gas sensing experiments will be

described in Section 2.5.2, with the experimental results discussed in Section 2.6.
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2.5.1 Silicon microring device

We have designed the silicon microring device with on-chip grating couplers, and employed the
foundry service of the Washington Nanofabrication Facility to fabricate the bare sensor chip. The
sensor chip used a silicon-on-insulator substrate consisting of a 300nm-thick silicon layer on a
Ium-thick SiO» buffer layer. The silicon waveguides had a nominal width of 450nm and were
designed to operate in the fundamental TE mode around the 1550nm wavelength. The microring
resonators had a radius of 10um and a coupling gap of 170nm to the straight waveguide, as shown
in Figure 2.7(b). A schematic of the cross-section of the microring waveguide with a functional
layer is shown in Figure 2.7(a). Grating couplers etched on the silicon chip were used for coupling
light between the silicon waveguides and optical fibres. The focusing grating couplers were
designed for TE polarization with 600nm grating period, 50% duty cycle, 100nm etch depth and
12.5um focal length. The couplers were spaced a distance of 250um apart to match with the
channel spacing of the fiber array block (from Oz Optics). The resonance spectrum of the
microring resonator near the 1550nm wavelength was measured before functionalization and is
shown by the black curve in Figure 2.8. We observe a splitting of the resonance dip for the bare
microring resonator, which resulted from the coupling between the forward-propagating mode in
the microring and the backward-propagating mode caused by scattering from waveguide surface

roughness [42, 43].

(a) PHMB Functional Coating (b)
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Figure 2.7. (a) Cross-section view of silicon microring with a PHMB functional layer coating over the microring

waveguide. (b) SEM image of the silicon microring resonator
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Figure 2.8 Resonance spectrum of the fabricated microring device before and after functionalization.

Next, we functionalized the microring by spin-coating a 15% PHMB solution at 3000RPM
onto the silicon device chip. The chip was then baked for Sminutes at 120°C, which is below the
decomposition temperature of PHMB [44]. The thickness of the PHMB layer was measured using
a Filmetrics reflectometer to be 240nm. After the functionalization, we bonded the sensor chip
using a UV-curable epoxy to a pigtailed fiber array block. The fiber-to-grating coupler alignment
was done using the alignment stage shown in Figure 2.9. Optimum coupling was achieved by
maximizing the output power with the input laser light at a fixed wavelength. For the sensor chip
with a 240-nm thick PHMB coating, the alignment was performed at the 1550nm wavelength,
which is near the microring resonance used in the sensing experiments. After functionalization and
packaging, the resonance spectrum of the microring was measured again in the ambient lab
environment. The result is shown by the red curve in Figure 2.8. We observe that the resonance
spectrum of the microring has been slightly red-shifted due to the presence of the PHMB functional
layer. In addition, the microring exhibited a deeper extinction at resonance due to better matching
between the coupling and loss (critical coupling condition). The quality factor of the resonator is

determined to be about 19,000.
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Figure 2.9 A picture of the setup used to perform coupling alignment of the fiber array to the fiber grating couplers
on the sensor chip [courtesy of Applied Nanotools Inc.]. Also shown is the sensor chip bonded to a fiber block

array.

2.5.2 Sensing experimental setup

A schematic of the gas sensing experiment is shown Figure 2.10. The setup consisted of a gas
supply system, a gas testing chamber, and an optical measurement system. Each of these
components is described below.

For the gas supply, we acquired gas tanks containing 99.998% N gas (primary standard)
and COz gas of 1% balanced in N> (certified standard), respectively, from Praxair Canada Inc. Gas
flow from each tank is regulated by a separate mass flow controller (MFC, Alicat Scientific Inc.).
The MFC controlling N> carrier gas has a tuning capacity of up to 1SLPM (square litre per minute)
with 10sccm increment, while the MFC controlling the CO> gas has a tuning capacity of up to
500sccm with 1sccm increment. The gas sensing chamber shown in Figure 2.10 was manufactured
using Teflon by the machine shop at the University of Alberta. The chamber has a relatively large
volume of about 1dm?, with gas inlet and exhaust ports placed at the top of the chamber. A plastic
plate is placed between the O-rings embedded in the chamber body and the bottom lid to hold the

sensor chip and provide sealing of the gas chamber.

21



Gas Supply System

Inlet Exhaust

Optical Measurement System L

Figure 2.10 Schematic of the experimental setup for CO, gas sensing (MFC = mass flow controller). Inset pictures

show the Teflon gas chamber and the MFC flow connection.

The optical measurement system consists of a CW tunable laser source (SANTEC TSL-
210V), a fiber polarization controller to maximize light coupling to the sensor through the on-chip
grating coupler, photodetector and power meter to record the sensor output power, and a computer
with a LabView program to synchronize the laser and power meter. This experimental setup can
be used to perform both steady-state measurements under various gas conditions and transient

measurements of the sensor output power at a fixed wavelength during a series of gas flow events.

2.6 CO2 Gas Sensing Experiments

2.6.1 Demonstration of refractometric CO; sensing with PHMB

In this section, we report the results of CO> gas sensing experiments to demonstrate the feasibility
and investigate the performance of refractometric microring sensors based on PHMB. Most of the
experiments involved monitoring the transmitted power of the microring resonator at a fixed
wavelength to detect shifts in the resonance spectrum caused by the presence of CO> gas. A typical
sensing experiment consists of the following steps:

1) Precondition. Before each experiment, the sealed gas chamber with the packaged

sensor chip is preconditioned for 10 minutes by flooding it with the carrier gas (N>
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gas). The chamber seal is checked by closing the outlet valve briefly and observing
an increase in the chamber pressure as indicated by the MFC controlling N> gas.
With the input light set to TE polarization, an initial resonance spectrum of the
microring is collected as the reference spectrum, which will be later used to relate
the transmitted power changes to relative wavelength shifts. Next, the laser is tuned
to the operating wavelength, which is set at the point of half-maximum transmission
of the resonance curve, and left to be stabilized for several minutes.

2) Acquiring the baseline of sensor response. With the power meter recording the
microring transmitted power at the fixed operating wavelength, the gas sensing
experiment begins with a 3-minute flow of carrier N> gas into the chamber to obtain
the sensor baseline.

3) Gas sensing cycle. Subsequently, CO; gas at a certain concentration level is
introduced into the gas chamber for 3 minutes, followed by a 3-minute flow of the
carrier gas (N2) to regenerate the PHMB layer.

4) Multi-cycle experiment. Steps 2 and 3 are repeated for the same or different gas
concentrations if multiple sensing cycles are needed.  Various COz gas
concentrations are obtained by changing the flow rate ratio between CO2 gas (1% in
N> carrier gas) and N> gas. The total gas flow rate is maintained at 200sccm for all
the experiments, except those requiring small CO: concentrations. For example, the
smallest CO> concentration that can be obtained is 50ppm, where the flow rates are
set at 1sccm CO2 and 200sccm N2, which is limited by the tuning capability of the
MFCs.

The microring sensor chip used in the experiments was designed and fabricated as described
in Section 2.3.1 and functionalized with a 240nm-thick layer of PHMB. The initial resonance
spectrum around the 1.55um wavelength after preconditioning of the sensing chamber is shown
by the black curve in Figure 2.11. From the measured spectrum we obtained a loaded Q factor of
1.92x10* (+2%) for the microring resonator. We then tuned the wavelength of the laser to the half-

max transmission point, introduced 0.5% CO; gas flow into the chamber and monitored the
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Figure 2.11. Measured resonance spectrum of the functionalized microring resonator. Black curve is the initial
spectrum in N; gas; red curve is the spectrum in the presence of 0.5% CO; gas concentration. The blue dashed

line is the resonance curve fit, which is used to relate the transmitted powers to relative wavelength shifts.

transmitted power for 2 minutes until it had stabilized. The new resonance spectrum in the
presence of CO; gas was recorded and is shown by the red curve in Figure 2.11. The loaded Q
factor was determined to be 1.87x10* (+2%), which is the same as the Q factor of the initial
spectrum within experimental uncertainty. Thus the two resonance spectra can be considered to
be identical except for a small blue shift in the resonance wavelength. This indicates that around
the 1.55um wavelength, CO; absorption causes a decrease in the refractive index of the PHMB
polymer while having negligible effect on the optical absorption. The exact physical mechanism
causing this change in the refractive index of PHMB still needs to be determined, but from the
behaviours of similar polymers upon CO; absorption, we can hypothesize that this index change
can be explained in terms of a redistribution of the electron density of the polymer’s repeating
units due to the binding of CO2 molecules, which results in a change in its polarizability and
therefore, its refractive index.

Having confirmed that the PHMB functional layer does respond optically to CO> gas, we
next investigated the sensor response to varying COz concentrations, ranging from 50ppm to
5000ppm. For this experiment, we fixed the wavelength of the input laser light at 1552.545nm,
which is near the point of steepest slope on the left shoulder of the resonance dip, as indicated in
Figure 2.11. Three-minute flows of CO> gas of varying concentrations were then introduced into
the gas chamber, each followed by a 3-minute purging period with N> gas. Figure 2.12 shows the
transmitted power of the microring as a function of time, which consists of a train of inverted

pulses in response to input pulses of varying CO> gas concentrations. We observe that upon
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Figure 2.12 Transmitted power of the microring sensor at a fixed wavelength, in response to 3-minute pulses of
CO; gas flow with various concentrations. The sensor is regenerated by purging the chamber with N, gas for 3

minutes after each CO; cycle. The transmitted power response was normalized to the baseline power (in N, gas).

exposure to CO: gas, the transmitted power abruptly decreases, which corresponds to a blue shift
of the microring resonance spectrum, and after some time reaches an equilibrium stage of stable
response. When the CO; gas flow is turned off and the chamber is purged with N, the power rises
back to the baseline as CO; is released from the PHMB layer and the functional layer is being
regenerated. The height of the output inverted pulse increases with increasing CO> concentration,
indicating a larger blue shift in the resonance wavelength of the microring. Also, since the
resonance spectrum is unchanged by the absorption of CO except for a wavelength shift, the return
of the transmitted power to the baseline during the regeneration period proves that the refractive
index change in the PHMB functional layer is reversible. This regenerability without requiring
heating is an advantage of PHMB over other functional materials such metal oxides [45]and metal
carbonate [24].

The fall time ¢,, of the inverted pulse, which characterizes the time required for the sensor
to reach 90% of the steady-state response, is around one minute. This fall time primarily depends
on the time required by the PHMB layer to reach equilibrium after absorbing or releasing gas
molecules under a constant CO; flow. It is also limited by the gas chamber volume and can be
decreased by using a smaller chamber. We also calculated the recovery time (the output power
returning from 90% of steady-state response to baseline) to be 2.45mins, 2.9mins, 3.5mins for
50ppm, 500ppm and 5000ppm respectively. These recovery times are about three times of that
required to refresh the chamber gas with N2 (~1min at flow rate of 200sccm and ~200cm? chamber

volume). The recovery time is dominated by the regeneration of the functional material from
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exposure to different CO, gas concentrations. The recovery time is longer at higher CO»
concentration since it takes longer to remove CO> molecules immobilized at binding sites

occurring deeper inside the PHMB film.

2.6.2 Performance of silicon microring CO; gas sensors

In this section, we evaluate the performance of silicon microring CO» gas sensors by determining
their sensitivity and limit of detection. These performance metrics will also be compared against

those reported for other CO> gas sensors in the literature.
Sensitivity

From the measured transmitted powers of the sensor at different CO» concentrations, we
calculated the corresponding shifts in the resonance wavelength of the microring resonator using
Equation (2.6) and plotted the results in Figure 2.13(a). We observe that the resonance shift has a
strong linear correlation to the CO> gas concentration up to 500ppm, which is the range of interest
for atmospheric CO2 monitoring. For higher CO2 concentrations, the sensor response has a
declining slope, as shown in Figure 2.13(b), which is likely due to saturation of CO absorption in
the functional layer.

The slope of the best-fit curve of the data in Figure 2.13(a) in the linear response range (50
- 500ppm) is Sy = dA/9Cyqs = 3.54X 10~ 3pm/ppm. This is the sensitivity of the sensor in terms
of the resonance wavelength change. Using Equation (2.5), we calculate the sensor sensitivity in

terms of the effective index change to be

on on oA n
Y./ ——— =295 ~12x10°RIU/ppm, 2.9
RIU = 35~ o4 oC,y 7 2 pp (2.9)

gas res

where n; = 5.4 for a silicon waveguide covered with a 240nm-thick PHMB layer.

The wavelength sensitivity value S; = 3.54X1073pm/ppm of the microring sensor is
comparable to that of a fiber optic CO» sensor using Carbon-Nanotube functional coating, which
has a reported sensitivity of approximately 1.5 X103 pm/ppm for CO, concentration range
between atmospheric level and 80% [46]. A long period grating fiber optic CO, sensor using
phenol and its derivative as the functional coating was reported to have a much lower wavelength
sensitivity of ~7.5x 10~ °pm/ppm for CO, concentrations in the range of 10% - 50%; however, the

device requires a saturated humidity environment [47] .
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Figure 2.13 (a) Plot of calculated resonance wavelength shifts vs. CO, gas concentrations. The black line is the
linear curve fit of the data up to 500ppm concentration. (b) Plot of resonance wavelength shifts over a wider CO»

concentration range of 0-5000ppm.

As discussed in Section 2.1, the sensitivity of a microring sensor strongly depends on the
interaction of the optical mode with the functional layer. To investigate the influence of the PHMB
layer thickness on the sensitivity of the CO> sensor, we functionalized microring resonators with
PHMB of different thicknesses and repeated the above experiments to determine their sensitivities.
The microring devices were fabricated using the same waveguide dimensions in the same
fabrication run at the U. of Washington Nanofabrication Facility, so they had similar optical mode
profiles and quality factors. Figure 2.14(a) plots the change in the effective index of the microring
waveguide versus the CO2 concentration for PHMB layer thicknesses of 80nm, 130nm, 180nm
and 240nm. The effective index change An, is calculated from the measured resonance
wavelength shift using Equation (2.5), assuming a group index of 5.4 for all the sensor chips.
Although the sensors exhibit a slightly nonlinear response over the wide range of gas
concentrations shown (0-5000ppm), we can approximate each response by a linear line (dashed
lines in the plot) and calculate the average sensitivity for each sensor over this range of
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Figure 2.14. (a) Change in effective index of the microring waveguide vs. CO> gas concentration for PHMB layer
thickness of 80nm, 130nm, 180nm and 240nm. (b) Dependence of the sensor sensitivity (averaged over 0-

5000ppm range) on the thickness of the PHMB functional layer.

concentrations. The result is plotted vs. the PHMB thickness in Figure 2.14(b), which shows that
the sensitivity increases with thicker PHMB. This trend is expected since the interaction factor Iy
in Equation (2.3) increases with increasing thickness of the functional layer. The dependence of
the sensitivity on the PHMB layer thickness also provides evidence that the CO> gas molecules
infiltrate into the PHMB polymer rather than adsorb to its surface. This infiltration occurs through
a number of mechanisms, including physical diffusion of gas molecules and permeation process,
which is caused by molecule transportation from CO;-binding functional groups near the polymer
surface to empty groups inside the polymer. The latter mechanism has, in particular, been used to
develop CO;-selective permeable polymeric membranes facilitated with functional groups [48].
Although the sensitivity of the microring sensor can be increased by increasing the PHMB
layer thickness, it also takes more time for CO> gas to infiltrate the functional material, which
increases the sensor response time. Also, it is more difficult to remove all the CO; molecules from

a thicker functional layer, so the sensor response may not completely return to the baseline upon
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purging the chamber with N> gas. Thus, depending on the application, the thickness of the PHMB
layer must be carefully optimized to achieve a balance between sensitivity, sensor response time
and precision.

In addition to increasing the functional layer thickness, the sensor sensitivity can also be
improved by optimizing the microring waveguide dimensions to increase the fraction of optical
mode interacting with the functional layer (i.e., maximizing the interaction factor I;). For example,
a slot waveguide structure has been employed in [32] to construct a microring resonator sensor

with enhanced sensitivity to refractive index change of the surrounding environment

Limit of Detection

To determine the LOD of the sensor, we first estimated the steady-state noise of the
experimental system in terms of the fluctuations in the resonance wavelength measurements. We
recorded the transmitted power of the sensor under 50ppm CO; gas flow for 2 minutes after the
sensor response had stabilized and collected a total of N = 100 data points. We calculated the
resonance wavelength shift A4 associated with each transmitted power data point 7. The standard

deviation in the measured resonance wavelength shifts was then determined using the formula

N N
D (A} -AR,) > (A4
i=1 i=1

O-Static = - ’ Aﬂ‘a =
N-1

(2.10)

where A4, = 0.46pm is the average wavelength shift. We obtained Gstatic = +0.016pm. This value
represents the total uncertainty in the measured resonance wavelength, which includes all relevant
sources of noise in the system such as laser wavelength precision, photodetector noise, and noises
due to scattering and thermal fluctuations. The sensor LOD specified in terms of the uncertainty
in the measured gas concentration, §Cszqtic, Ccan be calculated from the relation §Cgpqpic =
Ostatic/ Sa to be £4.5ppm

To determine the repeatability of the sensor system, we performed a sensing experiment with
50ppm CO; gas consisting of 10 repeated sensing cycles, where each cycle consisted of a 3-minute
sensing period and a 3-minute regeneration period. A 3-minute baseline acquisition procedure
was performed at the beginning of the experiment. From the wavelength shift data collected over
the 10 cycles of 50ppm CO> gas flows, we calculated the average resonance wavelength shift to

be 0.46pm, with a standard deviation of g; = +0.071pm. We note that the value o; is larger than
29



the steady-state noise (Gstatic = £0.016pm) measured above. This is due to the fact that the latter
measurements also included noise in the gas flows, fluctuations in the initial chamber condition,
as well as noise caused by the regeneration of the PHMB layer. Thus the value g; = +0.071pm
gives a more realistic estimate of the uncertainty in the wavelength shift during normal sensor
operation.

Since the detected gas concentration is related to the resonance wavelength shift through the
linear slope S;, we obtain the 1o-resolution of the sensor in terms of uncertainty in the CO> gas
concentration to be §Cyqs = 03/S3 = £20ppm. This value represents the LOD of our microring
gas sensor system, which is among the lowest reported for refractometric CO> gas sensors. For
example, a recently reported CO; sensor based on localized surface plasmons (LSP) for detecting
COz-induced refractive index change in a Carbon-Nanotube coating showed a much larger LOD
of 150ppm [46]. A surface plasmon resonance (SPR) sensor using a functional polymer blend in
[36] reported a LOD as low as 10ppm for gaseous COy; however, its operation is limited to a
humidified gas environment. Furthermore, the angle measurement setup required for SPR sensors
renders them unsuitable for the development of compact and low cost CO sensors. We also note
that the LOD performance of our silicon microring sensor is comparable to some commercial
NDIR CO; sensors, such as the dual beam NDIR sensor ZG1683R(U) from ZyAura [49], which
has a reported sensor repeatability of +20ppm.

For a refractometric microring sensor, the uncertainty o, in the measured resonance
wavelength shift is approximately inversely proportional to the Q factor of the resonator up to
around 10°, above which g; becomes constant [34, 50]. Since § Cgas = 03/5;, the detection limit
of the microring sensor is thus proportional to 1/QS,. Our current sensor has a Q factor of around
20,000, which is relatively low and can be further enhanced by at least a factor of five to achieve
a corresponding five-fold reduction in the detection limit. The SNR of the sensor system is also
shown to influence the uncertainty g, through an exponential relationship of o; o< 1/SNR%2° [34].
For our interrogation method of monitoring the transmitted power at a fixed operating wavelength,
the SNR can be improved by using a microring resonator with a deeper extinction, which can be
achieved at near critical coupling. The steeper transmission slope of such a resonator provides a
larger change in the transmitted power in response to the same resonance wavelength shift and
hence the same gas concentration. Since we define sensitivity as dA1/dC, the sensitivity doesn’t

change with extinction ratio, but with the same A\ shift, the change in transmitted power A/ is
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bigger as depicted in Equation (2.6), and suppose a stable noise in power measurement, thus
improved SNR. Our current sensor has an extinction ratio of ~10dB, which can be much further

improved by changing the width of the coupling gap to obtain near critical coupling condition.

2.6.3 Sensor selectivity against hydrogen gas

We also investigated the selectivity of PHMB as a functional layer for CO; gas against
hydrogen gas. Being the smallest gas molecule, hydrogen readily penetrates and diffuses into
many polymeric materials, so it is important to verify that H> gas does not induce unwanted
refractive index change in the PHMB layer and cause false detection of CO». In addition, with the
emergence of H» as an important fuel source for sustainable development and CO> being the major
by-product of H> generation [51, 52], the development of a low-cost and compact CO; gas sensor
with good selectivity against H is important for in-line monitoring of H2/CO; separation in
hydrogen generation processes.

Figure 2.15 shows the response of a PHMB-functionalized microring sensor to 3-minute
pulses of 0.5% CO; gas and 0.5% H> gas followed by N carrier gas chamber purge. The sensor
had a 180nm PHMB thickness. As shown by the red trace, the transmitted power remained near
the baseline level during two cycles of Hy gas flow, which are indicated by the blue dashed
rectangles. The transient fluctuations observed at the beginning of each cycle are attributable
mainly to gas flow transitions. It is evident that the sensor showed no response to Hz or Nz gas
and only reacted to the presence of CO2 gas. This experiment thus demonstrates that PHMB has
good selectivity against hydrogen gas.
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Figure 2.15. Transmitted power response of the microring sensor to 3-minute pulses of 0.5% (5000ppm) CO, gas

concentration (black trace) and 0.5% H, gas concentration (red trace). N gas was used as carrier for both tests.
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2.7 Summary

In this chapter, we reported a refractometric silicon photonic CO; gas sensor based on a microring
resonator. The sensor used a novel functional material, PHMB, which was shown to exhibit
reversible refractive index change in the presence of CO> gas molecules. Compared to other
functional materials for CO> gas, PHMB has the advantage that it does not require a humidified
environment for CO; detection and can operate at room temperature. A series of experiments were
performed to demonstrate the operation of the sensor and to evaluate its performance in terms of
sensitivity and limit of detection. The sensor was shown to exhibit linear response over the 0 -
500ppm range of CO> concentrations, with a detection limit of 20ppm, making it suitable for
monitoring COz gas levels in the atmosphere.

We also showed that PHMB has good selectivity against hydrogen, which makes it useful
for developing a dual-gas photonic sensor for the simultaneous detection of CO> and H». In the
next chapter, we will propose and demonstrate a wavelength-multiplexing scheme based on silicon

microring resonators functionalized with different materials for CO2 and H> gas monitoring.
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Chapter Three.

A Silicon Photonic Dual-Gas Sensing System

3.1 Integrated Photonic Multi-Analyte Sensing Systems

The development of multi-analyte sensor systems on a chip has attracted growing interest in recent
years since they provide low-cost sensing solutions along with rapid chemical analysis capability.
Such multi-analyte sensors have been realized on different sensing platforms, such as
electrochemical sensors, surface plasmon resonance sensors, fluorescence sensors, etc. For
example, a multi-analyte biosensor using four organic electrochemical transistors was
demonstrated in [53] for the detection of glucose and lactate solutions. A paper-based colorimetric
sensor was reported in [54] for multi-analyte diagnosis. The sensor uses 12 indicator pads to
analyze 12 biomarkers in urine for point-of-care diagnosis. The vast selection of available
chemical fluorescent and colorimetric probes also allows various combinations of analytes to be
detected in a multiplexing scheme, ranging from simple pH value [55] to complicated protein
molecules [56].

As we have demonstrated in the previous chapter, microring resonators have promising
potential for developing integrated photonic sensors with high sensitivities [57-61] and micron-
scale dimensions, making them particularly suitable for implementing large scale sensor arrays on
a chip. Unlike other integrated optics structures such as gratings and Mach-Zehnder
interferometers, the sensitivity and resolution of a microring sensor do not degrade with smaller
microring size, which is a crucial advantage for reducing sample consumption while enabling high-

density integration of multiple sensing channels on a chip. Multi-analyte detection based on arrays
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of microring resonators can be achieved either through a spatial multiplexing scheme or a
wavelength division multiplexing (WDM) scheme.

In a spatial multiplexing scheme, each microring is coupled to a different straight waveguide
so that the output signals of the microring array can be detected simultaneously by a photodiode
array. The microring channels can each have their own input light source [62], or they can be
coupled to a common light source through a multi-mode interference (MMI) splitter.[58].
Implementations of spatially-multiplexed photonic sensors based on microring resonators have
been reported mostly for biosensing applications. Carlborg et al.[58] developed a label-free assay
on a 7mmX3mm chip consisting of seven spatially-multiplexed microring sensing channels
sharing a common optical input port via an MMI splitter. The device used a slot waveguide
structure to enhance the sensor’s sensitivity to refractive index change, with a reported LOD of
5%X107¢ RIU. A group from the University of Washington [62] reported a bioassay chip with
distributed microring sensors, which are selectively functionalized with six different types of
biomarkers by inkjet technology for detecting two types of carbonhydrate-binding proteins. Inkjet
technology is increasingly becoming a popular method for functionalizing individual microring
sensors on a chip because it is fast, precise and uses only small volumes of functional materials,
although applicable materials should either be available in liquid phase or they can be dispersed
or dissolved in a certain solvent [63, 64].

In the WDM approach, microring sensors are coupled to a common straight waveguide with
a common light source and detector. The microring resonators are designed such that their
resonance frequencies are separated within one FSR. By tuning the input wavelength, different
microring channels can be addressed. Several multi-analyte photonic sensors exploiting the WDM
capability of microring resonators have been reported. Xu et al. [65] demonstrated a biosensor
array with five microring resonators coupled to a single bus waveguide and addressed by a WDM
scheme. The biosensor array was used for monitoring molecular binding activities of two different
antigen-antibody pairs simultaneously, and achieved a resolution of 0.3 pg/mm? and a selectivity
greater than 15:1 for complementary versus mismatched protein pairs. Researchers from Ghent
University [66] combined both WDM and spatial multiplexing schemes to obtain a sensor array
consisting of 12 microring resonators on an area of 4mmX750um, with three input waveguides
each connected to four microrings. They demonstrated multiplexed antibody detection using

different receptor molecules bound to different microrings in each of the four-ring channels.
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With respect to photonic gas sensors, most reported works have mainly focused on the
detection of a single gas. One of the few works on multi-gas sensing came from a group at Georgia
Institute of Technology [29], who reported the detection of four volatile organic compound (VOC)
vapours separately using an array of microring resonators functionalized with four different
polymers. However, not only did each functional polymer show significant response to all four
target VOCs, but different polymers also had similar responses when tested with the same VOC
vapour. Thus, the sensor selectivity for the different target gases was poor. This example again
illustrates the importance of selecting appropriate functional materials for label-free refractometric
sensors, especially when operated in a multi-analyte environment.

In this chapter we report our work on the development of a silicon photonic dual-gas sensor
for the simultaneous detection of CO; and H» gases. Both of these gases are closely monitored in
the oil and energy industry for environmental and safety compliance. In particular, hydrogen is
colorless and tasteless but is also highly explosive with a high diffusion coefficient in air. It is
present in the production of traditional fossil fuels as well as the generation of clean energy, such
as hydrogen fuel cells. The detection of H» gas is an integral part of any safety alarm system in an
industrial setting.

A commonly used functional material for H, detection is the palladium metal [67-70]. One
of the main objectives of this work is to demonstrate the possibility of integrating PHMB polymer
for CO; detection with other types of functional materials (in this case metal) on the same chip.
Another objective is to assess the performance of PHMB as a functional material for CO, detection
in a multi-gas sensing environment. The results of this study could enable the development of
silicon photonic multi-gas sensor arrays for environmental greenhouse gas and industrial emission
monitoring.

This chapter is organized as follows. In Section 3.2, we present the design of a dual-gas
sensor based on silicon microring resonators, and explain the choice of various design parameters.
Section 3.3 will describe the fabrication and functionalization of the dual-gas microring sensor. In
Section 3.4, we will describe the dual-gas sensing experiments and discuss the sensor performance
in terms of sensitivity, limit of detection and cross-talks. The chapter is summarized in Section
3.5.
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3.2 Design of a Silicon Photonic Dual-Gas Microring Sensor

One of the advantages of microring sensors is the wavelength multiplexing capability of the
resonators, which can be used for parallel detection of multiple analytes. For proof-of-concept
demonstration, we designed and realized a prototype sensor chip targeting the detection of two
gases, CO; and Ha. Figure 3.1(a) shows a schematic of the proposed microring sensor array design,
which consists of three microring resonators evanescently coupled to the same straight waveguide.
Microring 1 is left uncovered and serves as the reference device to track temperature and laser
power variations. Microrings 2 and 3 serve as sensing elements for Ho and CO; gases and are
functionalized with Pd and PHMB, respectively. The cross-section views of the two functionalized
microrings are shown in Figure 3.1(b) and (c). In order to keep track of the resonance wavelength
shift of each microring, their resonance wavelengths (A1, A2, A3) are designed to be slight different
by varying the individual ring’s waveguide width (i.e., tuning its n. s value) while keeping the
radius constant. The coupling gap between the common straight waveguide and each microring
resonator is adjusted depending on the optical absorbance of the functional coating on the
microring in order to achieve near critical coupling condition. As discussed in the previous chapter,
critical coupling results in microring resonance spectra with deep extinction, which helps to
improve the signal-to-noise ratio (SNR) and the limit of detection of the sensor. The straight
waveguide is connected to grating couplers at both ends for coupling light in and out of the chip

via fibres.
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Figure 3.1 The proposed optical microring resonator sensing array. (a) Schematic of the dual-gas sensor using
arrayed microrings. (b) Cross-section view of the microring waveguide functionalized with PHMB. (c) Cross-

section view along the diameter of the microring with Pd coating.

We implemented the sensor array on a Silicon-on-Insulator (SOI) platform for operation in
the telecommunication wavelength range (1.5um - 1.6um). The SOI chip consists of a 220nm
layer of crystalline silicon on a 3um-thick SiO, under-cladding layer. The straight waveguide
width is chosen to be 450nm, which supports a single TE mode with effective index nsr = 2.45
at 1.55um wavelength. The microring resonators are designed to have a radius of 10um, which
gives an FSR of about 9nm. The resonances of the 3 microrings are designed to be separated by
about 2nm within one FSR. This variation is achieved by tuning the width of the resonator
waveguide around the nominal value of 450nm. The coupling gap between the microring and the
straight waveguide is designed to be 170nm, except for the Pd-coated microring resonator (Pd-
MRR), whose gap is reduced to 140nm to compensate for the higher loss of the metal film. The
distance between the Pd-MRR and the reference microring resonator (Ref-MRR) is set to be
100um, which leaves enough space for a cladding window to be opened on the Pd-MRR ring for
Pd deposition. On the other hand, the microring resonator functionalized with PHMB (PHMB-
MRR) is placed ~2mm away from the other two microrings to facilitate the deposition of the
PHMB layer, as described later.
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The grating couplers for input/output light coupling were designed for TE polarization with
220nm etch depth, which matches the thickness of the silicon core layer so that the waveguide
structures and the grating couplers can be fabricated in a single electron beam lithography (EBL)
and etching process. Since conventional fully-etched grating couplers suffer from strong back
reflections due to the large index contrast of the gratings [71, 72], we designed the couplers with

sub-wavelength gratings to improve the coupling efficiency, as reported in [73].

3.3 Fabrication and Functionalization of Sensor Chip

The implementation of the dual-gas sensor chip can be divided into three main steps: fabrication
of the silicon photonic chip, selective functionalization of MRR sensing elements, and bonding of

the chip to a pigtailed fibre array. We will describe each of these steps in detail below.

3.3.1 Fabrication of SOI microring sensor chip

The sensor device was fabricated on a 1cm? SOI chip at the University of Alberta's NanoFab using
Electron Beam Lithography (EBL) and silicon dry etching. We used hydrogen silsequioxane
negative photoresist (HSQ, Dow Corning XR-1541 E-Beam resist 6%) because of its shorter EBL
write time and better etching resistance compared to the positive-tone PMMA photoresist. Dry
etching is performed using an Oxford Estrelas Inductively Coupled Plasma Reactive Ion Etching
(ICP-RIE) system to transfer the HSQ pattern onto the silicon layer. The HSQ residue is removed
from the chip after etching, leaving the silicon waveguides exposed to air. A detailed description
of the fabrication process can be found in Appendix 1.

Figure 3.2 shows SEM images of a typical fabricated sensor chip. Figure 3.2(a) shows the
image of a grating coupler, which uses elliptical focusing grating lines to achieve better coupling
ratio than conventional straight grating lines [74, 75]. Figure 3.2(b) shows a typical fabricated
microring resonator, with a radius of 10um, waveguide width of 420nm, and coupling gap of
145nm. Figure 3.2(c) shows a magnified image of the side wall of a silicon waveguide patterned

by EBL and ICP-RIE dry-etching.
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Figure 3.2. SEM images of key components of a typical fabricated sensor chip. (a) A grating coupler, inset shows
a zoomed-in view of the grating lines. (b) A microring resonator, inset shows a zoomed-in view of the coupling

region. (c) The side wall of a fabricated silicon waveguide.

3.3.2 Functionalization of the microring sensors

Since the detection of CO2 and H» gases requires two different types of functional materials,
namely, a polymer and a metal, a special procedure for incorporating both of these materials on
the same microring sensor chip must be developed. We describe below the functional materials

used and the procedure for functionalizing the microring sensors.

Functional material for CO; gas sensing

In Chapter 2 we showed that a PHMB polymer thin film exhibits reversible refractive index
change upon absorbing and releasing CO» gas molecules, and this optical response is correlated to
the CO» gas concentration in a sealed chamber. In addition, the PHMB thin film shows no response
to H» gas, making it suitable as a functional material for CO» detection in the dual-gas sensing

environment.
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Functional material for H> gas sensing

Palladium is a commonly used functional material for H> detection due to the strong
hydrogen-palladium interaction and the high diffusion coefficient of hydrogen in the Pd lattice
[76]. When adsorbed onto a Pd surface, a hydrogen molecule dissociates into two ions, which
diffuse into the metal lattice and reside in the interstitial site, forming hydrides (PdHx). This
reaction increases the lattice constant of Pd, causes volume expansion and alters the electrical and
optical properties of the macroscopic medium. The ratio x of Pd to H atoms in a hydride depends
on the hydrogen partial pressure and temperature. At low ratios (x < 1.5%) the deformation of Pd
lattice from hydride reaction is reversible when the hydrogen is removed. This is achieved by
purging the material with N2 gas flow. At high ratios (x > 60%) the lattice change is permanent,
which is undesirable for sensor applications. Heating the device to above 300°C can reverse the
reaction but may not be suitable for some applications. Several different Pd metal alloys have
been synthesized with the aim of reducing the reaction temperature to room temperature by adding
catalysts to the reaction [76, 77].

Integrated optical sensors with Pd coatings have been developed in the past with various
constructions. A group from the University of Toronto reported a photonic H» sensor based on a
Pd-coated ridge silicon waveguide by monitoring the change in the transmitted power of the
functionalized waveguide upon exposure to various H> gas concentrations [78]. The same group
further investigated the influence of Pd thin film thickness to sensitivity and hysteresis behaviour
of the sensor in [69]. A whispering gallery mode (WGM) H; sensor based on a Pd-coated SU-8
microdisk was reported in [70] for detecting H> gas in the 3000 — 10,000 ppm range. When
exposed to H» gas, the Pd coating undergoes expansion and induces strain on the polymer
microdisk, which causes a red shift in the resonance wavelength of the microdisk. For our dual-
gas sensor, we chose Pd as the functional material for H> sensing in order to provide a basis for
comparison between the performance of our dual-gas sensor to that of stand-alone H> sensors

reported in the literature.

Functionalization procedure

To incorporate the two different types of functional materials for detecting CO> and H> on
the same chip, we have developed a functionalization procedure according to the property and

deposition techniques of the two materials. Specifically, the PHMB polymer can be deposited by
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spin-coating and removed using DI water, whereas Pd metal thin films are commonly deposited
using a Physical Vapor Deposition (PVD) technique such as magnetron sputtering and electron
beam evaporation, and patterned with a lithography-based lift-off method. Since PHMB is water
soluble, we functionalize the chip first with a Pd thin film, followed by spin-coating of the PHMB

polymer. The functionalization procedure of the sensor chip consists of the following steps:
a) Cleaning. The fabricated SOI chip is first cleaned in a Piranha bath to remove potential

organic contamination on the microring surface.

b) Dielectric cladding. Palladium is a highly-absorbing noble metal with a complex
refractive index of npq = 3.16 — 8.12j at 1550nm wavelength [79]. To isolate the optical
mode of the Si MRR from the lossy metal film, we need to deposit a dielectric cladding
layer on top of the MRR waveguide and place the Pd layer on this cladding layer in order
to minimize the optical loss while ensuring that the MRR can sense the refractive index
change in the Pd layer upon exposure to H> gas. In addition, we will also need to selectively
remove this cladding layer from the PHMB-MRR for CO: sensing.

We initially used PECVD SiO; as the dielectric cladding layer since it has a
refractive index matching that of the underlying oxide layer of the SOI substrate. Optical
lithography and wet etching in BOE (buffered oxide etch) were used to selectively remove
the cladding layer on top of the PHMB-MRR and the reference microring. However, the
BOE also etched the oxide laterally underneath the Si waveguides, causing the microrings
and waveguides to become loosely attached to the surface of the oxide layer and prone to
destruction when washed with DI water and blow-dried with N>. Figure 3.3 shows an
example of a destroyed microring using this method. To avoid this issue, we decided to
use HSQ photoresist instead as the cladding layer. HSQ thin films can be deposited by
spin-coating and patterned using EBL. After electron beam exposure or thermal curing,
the HSQ resist becomes amorphous silica with a refractive index of 1.38~1.41 depending

on the exposure dosage or the curing temperature [80, 81].
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Figure 3.3 An SEM image of a destroyed microrings after wet etching of PECVD SiO; cladding.

To determine the thickness of the HSQ cladding layer and the lateral position of the
Pd layer, we used the COMSOL Multiphysics software to study the influence of a 13nm-
thick Pd thin film on the TE mode of a 450nmXx220nm Si waveguide. Figure 3.4 shows
the simulation result when the Pd thin film is placed on a 320nm-thick HSQ cladding with
a refractive index of 1.4, at a lateral distance of d = 275nm from the edge of the Si
waveguide core. The presence of the Pd film causes the real part of the effective index of
the waveguide to increase by 1 X 10*. The imaginary part of the effective index also
increases to 1.8 x 107/, which corresponds to 1.6dB/cm waveguide loss. This magnitude
of change in the real part of the effective index can be detected by the silicon microring
while the extra waveguide loss is kept low enough so as not to significantly degrade the

resonator’s Q factor.

Pd, =13nm

[ = 275nm

Dielectric cladding

n=1.4, =320nm

6-54-3-2-1012345¢672829
Figure 3.4 TE mode of the Si waveguide with Pd thin film.
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c)

d)

Functionalizing the Pd-MRR

Figure 3.5 summarizes the metal lift-off procedure for depositing a Pd thin film on
top of the microring for H» sensing. The pictures illustrate the cross-section view along
the diameter of the microring after each processing step. We first spin-coated a 320nm-
thick HSQ cladding layer on the chip, as shown in Figure 3.5(a), and used EBL to pattern
the layer so that only a square region of HSQ is left to cover the Pd-MRR. Next, we spin-
coated the chip with a 90nm-thick layer of PMMA (950 A2) and used EBL to expose an
18.5um-diameter disk concentric to the microring, as illustrated in Figure 3.5(b). The
exposed PMMA disk was then removed with a methyl isobutyl ketone (MIBK) : IPA
developer. A ~13nm-thick Pd thin film was then deposited on the chip, as shown in Figure
3.5(c), using a planar magnetron sputter system. Metal lift-off was performed by
immersing the chip in an Acetone bath, which left only a Pd disk on the microring as
illustrated in Figure 3.5(d). Figure 3.5(e) shows an SEM image of the Pd-MRR. The Pd
microdisk is concentric to the microring with a diameter of 18.45um, so that the microring
waveguide is not covered with Pd and can be seen in the image.

Functionalizing the PHMB-MRR

To functionalize the PHMB-MRR, we spin-coated a layer of PHMB on the entire
chip. The chip was baked at 110°C for 5 minutes, then dipped partly in DI water to dissolve
the PHMB only from the region where the Pd-MRR and Ref-MRR were located.

In Section 2.4.1 we found that the sensitivity of the CO, microring sensor had a
positive correlation to the thickness of the PHMB layer in the range of 80 - 240nm. For
the dual-gas sensor chip, we chose a thick PHMB layer of 620 nm thickness with the aim
of investigating the sensor performance in terms of sensitivity and resolution for very thick

PHMB films.
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Figure 3.5 Functionalization of the Pd-MRR using EBL and metal lift-off method. (a) — (d) Cross-section views
along the microring diameter after each step of the functionalization process. (¢) An SEM image of the microring

with the Pd functional layer.
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Figure 3.6 Resonance spectrum of the packaged multi-gas sensor chip measured under N> gas flow.
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Pd-MRR PHMB-MRR Ref-MRR

Width 452nm 511nm 455nm
Dimensions

Coupling Gap 155nm 190nm 180nm
Extracted Roundtrip loss 59dB/cm 40dB/cm 35dB/cm
parameters

Coupling 0.95 0.98 0.98

Pd thickness: ~13nm

Functional layer thickness HSQ buffer: 321nm PHMB: 620nm N/A

Lateral distance: ~290nm*

*: Estimated from the result of a test chip fabricated using the same recipe but with no HSQ buffer window, which
defocuses the waveguide profile in SEM image thus affects dimension measurement. The actual device chip is not
measured with SEM after functionalization to minimize possible contamination and deactivation to the Pd thin film

Table 3.1 Parameters of each microring resonator on the fabricated sensor chip.

3.3.3 Device packaging and characterization

After functionalization, the chip was bonded to a fibre array using the method described in Section
2.5.1. Following the procedure described in the preconditioning step in section 2.5.2, we obtained
the initial spectrum of the dual-gas sensor as shown in Figure 3.6. We observe that within a 9nm
FSR of the microrings, there are three distinct resonances corresponding to each of the three
microrings. From subsequent gas sensing experiments, we could identify which resonance belongs
to which microring, as labeled in Figure 3.6. We also performed curve-fitting of each resonance
spectrum to obtain the relationship between the transmitted power and the wavelength shift, which
will be used in subsequent sensing experiments. The coupling coefficient and roundtrip loss values
extracted from the curve fit of each microring are summarized in Table 3.1, along with the device

dimensions and functional layer thickness.

3.4 Sensing Experiments and Results

The experimental setup used to perform sensing experiments with CO; and H> gases is shown in
Figure 3.7. The analyte gases were supplied to the test chamber from two separate gas tanks
containing 1% H> and 1% COz. The flow of each gas was controlled and regulated by a small-
volume MFC. Before setting a target gas flow, the gas supply system was purged successively

with N> and the target gas at 100 sccm flow rate for 5 minutes to remove residue gases in the hoses.
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Figure 3.7 Schematic of experimental setup employed to measure the response of the Pd-MRR and PHMB-MRR

to separate H, and CO; gas flows.

Following the procedure described in Section 2.6.1, we performed sensing experiments by
flowing various concentrations of either CO> or H» gas into the test chamber and monitoring the
transmitted power response of each microring sensor at a fixed wavelength located on the shoulder
of the microring resonance spectrum. From the transmitted power, we computed the
corresponding resonant wavelength shift to determine the sensor response to the analyte gas.

In the experiments below, we first studied the response of a standalone Pd-MRR sensor to H> and
CO; gases to understand its behaviours and determine the sensitivity and selectivity of the Pd-
MRR to each of these gases (the response of a standalone PHMB-MRR sensor to both of these
gases was already investigated in Chapter 2). Next, we performed a series of experiments to
evaluate the performance of the dual-gas sensor chip. We will first report the response of each
microring on the chip (Ref-MRR, Pd-MRR, PHMB-MRR) to individual H, and CO> gas flows.

We will then report the response of the sensor chip to a mixture of Hz and CO> gases.

3.4.1 Response of a standalone Pd-MRR

To study the response of a standalone Pd-MRR to H, and CO» gases, we prepared a separate sensor

chip containing a single microring functionalized with only Pd. The SOI chip was taken from the

same batch of devices used in Chapter 2, which were fabricated at the U. of Washington

Nanofabrication Facility. To simplify the functionalization process, we deposited the chip with a

315nm layer of PECVD SiO; and used the metal lift-off process described in Section 3.3.2 to
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pattern a Pd disk on the microring. The Pd layer had a thickness of ~13nm and lateral separation
distance of d ~275nm from the microring waveguide. The functionalized microring had a Q-factor
of ~6800.

We next performed H> and CO» gas sensing experiments on the standalone Pd-MRR sensor.
Figure 3.8(a) and (b) show the plot of the resonance wavelength shift vs. gas concentration for H
and CO; gas, respectively. In Figure 3.8(a) we observe that the microring exhibits a blue shift in
the resonance wavelength upon exposure to H», with the magnitude of wavelength shift increasing
linearly with the gas concentration. The blue shift in the resonance spectrum indicates a decrease
in the effective index of the microring waveguide, which results from a decrease in the refractive
index of Pd upon exposure to H> gas. As discussed previously, this change in the refractive index
of Pd can be explained in terms of the lattice expansion of the metal upon absorption of hydrogen,
which reduces the hydride conductivity and decreases its refractive index [67]. From the slope of
the linear curve fit of the data in Figure 3.8(a), we calculate the wavelength sensitivity of the Pd-
MRR to H» gas to be S; = 1.90x10pm/ppm, which is among the highest reported for Pd-based
optical hydrogen sensors. For example, a Pd hydrogen sensor based on fibre Bragg grating was
reported in [67] showing a highest sensitivity of 0.75pm/ppm at 19°C. This fibre optic sensor also
showed a decrease in its sensitivity with increasing temperature. Eryiirek et al. reported a hydrogen
sensor using Pd-coated SU-8 micro-resonator with a sensitivity of 3.2x10pm/ppm[70]. However,
their Pd sensor had a lower detection threshold of 3000ppm, while our standalone sensor has shown
H; detection of 1000ppm. The error bars in (a) represent the standard deviation of three repeated
measurements at each gas concentration, from which we calculated the uncertainty in the
wavelength shift measurements to be o, = £5.8%. This uncertainty represents the detection
resolution of the Pd-MRR sensor for H> gas in terms of wavelength shift. Together with the
sensitivity value S, this wavelength uncertainty determines the sensor LOD through the relation
LOD = a;/S;.
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Figure 3.8 Response of a standalone Pd-MRR to H, and CO, gases. (a) Plot of the resonance wavelength shift vs.
H, gas concentration. The black line is the linear curve fit of the data up to 5000ppm concentration. (b) Plot of

resonance wavelength shift vs. CO, gas concentration.

From Figure 3.8(b), we observe that Pd-MRR exhibits a red shift in the resonance
wavelength upon exposure to CO2 gas. More importantly, the magnitude of the wavelength shift
is comparable to the response to H> gas in Figure 3.8(a), and also shows an increasing trend with
increasing gas concentration. These wavelength shifts are too large to be caused by temperature
differences in the CO> gas flows. These results indicate that there seems to be a significant response
of Pd to CO; gas, which to our knowledge, has not been reported before. One possible explanation
may be the adsorption of CO: to the sensor surface by Palladium Oxide at room temperature [82],
which might have been formed by partial oxidation of Pd thin film during transportation and
storage of the senor chip. This adsorption will form a monolayer of CO» gas molecules on the Pd-
MRR surface, which could increase the effective index of the waveguide mode. Knowledge of the
response to Pd to CO; gas will enable us to more accurate analyze the sensing results of the dual-

gas sensor.

3.4.2 Response of reference microring on the dual-gas sensor chip

We next study the response of the dual-gas sensor chip. We will first report the response of the
reference microring (Ref-MRR) to H> and CO: gas flows of various concentrations to determine
the noise floor and thermal stability of the test system. Figure 3.9 plots the resonant wavelength
shifts of the Ref-MRR versus Hz and CO; gas concentrations. We observe that the microring has
a similar response to both CO> and H> gases, showing a small red shift in the resonant wavelength.

Over the large concentration range of 500 — 5000 ppm of each gas, the resonant wavelength shift
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is 0.41+0.02pm for CO; gas and 0.45+0.1pm for H> gas and appears to be nearly independent of
the gas concentration. Using Equation (2.4) and a group index of ~5 for the silicon waveguide, we
calculate the corresponding effective index change in the microring to be 1.3%X1076 and 1.4x1076
for CO, gas and H» gas respectively. Possible sources of this effective index change include
pressure-induced index change of the gas environment, the refractive index difference between the
gas mixture and N, and the thermo-optic response of the Si waveguide due to temperature
differences in the gas flows. Since we kept a constant gas flow rate of 200sccm in the experiment
and maintained the chamber pressure to be the same as the ambient atmosphere, we can eliminate
the pressure-induced index change as a contributing source. The refractive index of a gas mixture
is determined by the refractive index of each gas component, with a linear relation to the gas
concentrations. The refractive index difference between pure gases is very small, e.g. at 1550nm
wavelength, N> and CO; has refractive indices of 1.00044 and 1.00028. The refractive index
difference of an analyte gas mixture (5000ppm CO; in N2) and N> can be estimated to be +8x10°
RIU by neo,Cco, + nu,Cy,. Suchadifference is too small to cause the wavelength shift observed,
and thus, this effect can also be disregarded, leaving temperature variation as the only possible
cause.

To estimate the temperature variation that would cause the measured wavelength shift of the
Ref-MRR, we assume that the resonance shift is solely due to the index change of the Si waveguide
core caused by the difference in the temperatures of the target gas line (H2 or CO;) and N> gas.
Given that the thermo-optic coefficient of silicon at 1550nm is 1.86x107*K"![83], we estimate that
the change in temperature between the target gases and N> to be approximately (8+1)x1073°C.
This level of temperature variations is reasonable for our sensing system and represents the thermal

noise source in our measurements.

49



g 0.9

&

S 0.6 j

[aust

= *

% 03 ¥

S 0

(3 - H,

=2 - CO,
-0.3 : ‘

0 1000 2000 3000 4000 5000
Gas concentration (ppm)

Figure 3.9. Resonance wavelength shifts of the reference microring on the dual-gas sensor chip vs various CO;

(red) and H; (black) gas concentrations.

3.4.3 Response of PHMB-MRR to separate CO; and H; gases

Figure 3.10(a) and (b) show the plots of the resonant wavelength shift of the PHMB-MRR versus
CO: gas and H> gas concentration, respectively. From Figure 3.10(a) we observe that the response
of the PHMB-MRR to CO> gas is similar to the response of the standalone CO> microring sensor
in Chapter 2. More specifically, the resonant wavelength of the microring is blue shifted upon
exposure to CO2, with the amount of wavelength shift linearly correlated to the CO> concentration.
The sensitivity of the PHMB-MRR is 7.62x10*pm/ppm, which is smaller than that of the
standalone sensor reported in Chapter 2 (2.4x10pm/ppm in the range of 0 — 2500ppm). Since the
PHMB polymer layer used in the dual-gas sensor is fairly thick (620nm compared to 240nm in the
single-microring sensor), CO2 molecules may not penetrate deep enough into the functional layer,
leading to weaker perturbation of the waveguide mode and hence lower sensitivity. It is expected
that the sensitivity of the PHMB-MRR can be improved by using a thinner PHMB layer.

The error bars in Figure 3.10(a) represent the standard deviations of three repeated
measurements of the wavelength shift. The uncertainty of the sensor in terms of wavelength is
calculated to be +5.3%. This value represents the resolution of the PHMB-MRR for detecting
CO2 gas in the concentration range of 0 - 1250ppm. Together with the sensitivity value S;, this

wavelength uncertainty represents a LOD of £39pm, which has a bigger value than that of

50



(2)

~ 0.1 - - ' ' ®) ~ 03

= =

N N

5 -0.3 S O0f

& &

% & -03 —* x

g -0.6 g

= £ -0.6

o o

-0.9 : ' : : -0.9 : :

0 250 500 750 1000 1250 500 1500 2500 3500
CO, gas concentration (ppm) H, gas concentration (ppm)

Figure 3.10 Response of the PHMB-MRR on the dual-gas sensor chip: (a) Plot of calculated resonance wavelength
shifts vs. CO; gas concentrations. The red line is the linear curve fit of the data up to 5000ppm concentration. (b)

Plot of resonance wavelength shifts vs. H, concentrations.

the standalone sensor in chapter 2 (£20pm). This higher LOD value is expected because the LOD
depends on the sensitivity, for which the standalone sensor in Chapter 2 has better performance.

From Figure 3.10(b) we observe that the PHMB-MRR exhibits a small blue shift in the
resonant wavelength upon exposure to H> gas, although this response is nearly independent of the
H> gas concentration over the range tested. The average wavelength shift is 0.28+0.03pm. This
blue resonance shift is most likely due to the thermo-optic response of the PHMB film to a slight
temperature change caused by the gas flow. We recall from Figure 3.9 that the Ref-MRR
experiences small red shifts in the resonant wavelength upon exposure to H»/N> and CO2/N> gas
mixtures, which correspond to temperature increases of about 0.01°C. Since polymeric materials
commonly have negative thermo-optic coefficients, it is likely that the index of the PHMB layer
decreases with increasing temperature, thereby offsetting the effect of the index increase in the
silicon core. The net result is a slight blue shift in the resonant wavelength of the PHMB-MRR
observed in Figure 3.10(b).

We previously showed in Chapter 2 that PHMB has excellent selectivity against Hz, even at
a high concentration of 5000 ppm. The average wavelength shift of 0.28pm of the PHMB-MRR
in the presence of H» gas can be regarded as the noise floor of measurements of CO» concentration
by the PHMB-MRR. Since the sensitivity of the PHMB-MRR to CO; is 7.62x10™*pm/ppm, this
noise floor means that our dual-gas sensor cannot measure CO> gas concentrations more accurately

than about 370ppm.
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3.4.4 Response of Pd-MRR to separate CO; and H: gases

In Figure 3.11(a), we plot the resonance wavelength shift of the Pd-MRR versus H» gas
concentration over the 0 — 5000ppm range. The Pd-MRR exhibited a blue shift in the resonance
wavelength which is linearly correlated to the H, gas concentration. The sensitivity is calculated
to be 9.14x10™*pm/ppm, which is slightly smaller than the value of 1.90x10~pm/ppm obtained for
the standalone Pd-MRR in Section 3.4.1. The difference is mainly due to the fact that the Pd
microdisk in the standalone sensor was closer to the resonator waveguide due to fabrication offset,
resulting in higher sensitivity. The error bars in Figure 3.11(a) represent the standard deviations of
three measurements of the resonance shifts, from which we calculated the uncertainty in the
wavelength measurements to be +7.8%. This value represents the resolution of the Pd-MRR for
detection of H» in the concentration range of 0 - 5000ppm. We also note that H> gas has a Lower
Explosive Limit (LEL) of 4% (40,000ppm). Our dual-gas sensor is thus capable of detecting H»
concentrations well below the LEL, making it suitable for providing early detection of harmful H»
gas levels.

The Pd-MRR has a lower H; detection threshold of 1000ppm. Below this concentration level,
the change in the transmitted power is at the noise level and cannot be used to accurately determine
the resonance wavelength shift. This lower detection threshold may be improved by increasing
the thickness of the Pd layer as well as the radius of the Pd microdisk to obtain stronger interaction

between the optical mode and the functional layer.
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Figure 3.11 Response of the Pd-MRR on the dual-gas sensor chip: (a) Plot of calculated resonance wavelength
shifts vs. H, gas concentrations. The black line is the linear curve fit of the data up to 5000ppm concentration. (b)

Plot of resonance wavelength shifts vs. CO, concentrations.
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From Figure 3.11(b), we observe that upon exposure to CO; gas, the Pd-MRR exhibits a red
shift in the resonance wavelength which is correlated to the CO> gas concentration. This behaviour
is consistent with the response obtained with the standalone Pd-MRR in Section 3.4.1. However,
for the dual-gas sensor, the response of the Pd-MRR to CO; gas concentration is fairly linear,
which allows us to determine the cross-sensitivity of the Pd-MRR sensor to CO> to be Sj co, =
1.21x103pm/ppm. Given a H2/CO» gas mixture with a known COx concentration (Cco,), we can

use the Pd-MRR response to determine the H» concentration (Cy, ) according to the formula:

CH2 = (AA - SA,COZCCOZ)/SA,HZ (3.1

where AM is the measured wavelength shift of the Pd-MRR and S, y, is the sensitivity of the Pd-
MRR to Hz and §; o, is its cross-sensitivity to CO2. In the operation of the dual-gas sensor, the
CO: concentration in the gas mixture is measured by the PHMB-MRR. In Table 3.2, we
summarise the performance of the dual-gas sensor and the standalone sensors for CO; and H> gas
detection. The Ref-MRR showed constant redshift response to both gases at various
concentrations, which could be used to establish the noise floor of the sensing system. The two
sensing channels (PHMB-MRR and Pd-MRR) of the dual-gas sensor have consistent performance
in terms of sensitivity to CO> and H, gases when compared to the responses of the respective

standalone sensors.

Sensitivity Cross-Sensitivity Uncertainty
Target Gas Interfering Gas
Ref- CO; Constant 0.41pm N/A +0.2 pm
MRR H> Constant 0.45pm N/A +0.1 pm
-3
Standalone 2.4x10” pm/ppm Not Measurable +20 ppm
PHMB (240nm) (0-2500ppm) (@50ppm)
(For CO2) PHMB-MRR 7.62x10™* pm/ppm Constant -0.3pm +39 ppm
(610nm) (0-1250ppm) (500-3500ppm) (0-1250 ppm)
1.90x10° pm/ppm Red shift with oy =17.8%
Pd Standalone (0-5000ppm) correlation to Cco (0-5000ppm)
For H .
( ) Pd-MRR 9.14x10"* pm/ppm Red shift 03 =£9.8%
(0-5000ppm) 1.21x10*(pm/ppm) ~ (0-5000ppm)

Table 3.2 Performance summary of the standalone sensors and the dual-gas sensor for CO, and H, gas
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Figure 3.12 (a) Time response of the transmitted power of the Pd-MRR at a fixed wavelength (indicated by point
A in the spectrum), in response to a 4-minute H» gas pulse at 3000ppm. The gas flow sequence is indicated by the
red trace, with 2 minutes of N>, 4 minutes of 3000ppm H, and finally 6 minutes of N, to regenerate the Pd thin
film. (b) The spectrum of the Pd-MRR measured prior to the gas sensing experiment. The operation wavelength

is chosen to be 1561.01nm indicated by point A, locating on the rising edge of the resonance spectrum.

Figure 3.12(a) shows the time-domain response of the transmitted power of the Pd-MRR
subject to a 4min pulse of Hz gas at 3000ppm. The operation wavelength was tuned to 1561.01nm,
which is located on the right shoulder of the resonance arm as indicated by point A in Figure
3.12(b). Initially there is a small drop in the transmitted power at the beginning of H2/N> gas
mixture flow, which corresponds to a small red shift of the resonance spectrum. This transient
power drop is attributed to the thermos-optic response of the Pd-MRR due to a small temperature
difference of the two gas lines. After the initial drop, the transmitted power begins to increase,
which corresponds to a blue shift of the resonance spectrum. When the H> gas is turned off and
N2 is flowed into the chamber, the transmitted power falls back to the baseline. The rise time tq

of the response of Pd-MRR to H: gas is determined to be about 2.3mins
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Figure 3.13 Measured resonance spectra of the Pd-MRR and PHMB-MRR on the dual-gas sensor chip. Red curve
is the initial spectrum in N, gas; blue curve is the spectrum in the presence of a mixture of 2% H, and 0.5% CO,

gases.

3.4.5 Response of the dual-gas sensor to a mixture of H; and CO: gases

In this section we demonstrate the simultaneous detection of H, and CO» gases using the dual-gas
sensor. We employed the experimental setup in Figure 3.7 to measure the spectral response of the
PHMB-MRR and Pd-MRR in the presence of a mixture of 2% H> and 0.5% CO; in N2. The
mixture was supplied from a certified standard gas tank containing both H> and CO; at the afore-
specified concentrations. After preconditioning the sealed gas chamber with 200sccm-flow of N>
for 10 minutes, the baseline spectra of the Pd-MRR and PHMB-MRR were measured. The result
is shown by the red curve in Figure 3.13. Next we introduced 200sccm flow of the gas mixture
into the chamber and monitored the output response of Pd-MRR for 10 minutes. After the sensor
response had stabilized, we measured the transmission spectra of the Pd-MRR and PHMB-MRR
again. The result is shown by the blue curve in Figure 3.13. We observe that the resonance spectra
of the Pd-MRR and the PHMB-MRR are blue-shifted by different amounts, 9pm and 3pm,

respectively, upon exposure to the gas mixture. The shapes of the resonance spectra, however,
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Figure 3.14 Schematic of the experimental setup using two laser sources and an OSA for monitoring the time

response of the dual-gas sensor to a mixture of H, and CO, gases.

remain unchanged before and after exposure to the gas mixture, indicating that the gases induced
negligible extra loss.

The red and black curves in Figure 3.15 show the transmitted power of the Pd-MRR and
PHMB-MRR, respectively, as a function of time. We observe that the transmitted powers of both
microrings decrease upon the introduction of the gas mixture, then rise back again during the
regeneration period when CO2 and H: are released from the PHMB and Pd functional coatings.
Since the operating wavelengths are located on the left shoulders of the resonance spectra, the
drops in the transmitted powers upon exposure to the gas mixture correspond to blue shifts in the
resonance wavelengths, in agreement with the results in Figure 3.13. The corresponding resonance
shifts are 11pm for the Pd-MRR and 2.35pm for the PHMB-MRR. The resonance shift due to H
alone can be estimated to be ~16pm using the sensitivity S, y, obtained from Figure 3.11(a). Then,
according to Equation (3.1), the wavelength shift of Pd-MRR for 2% H> in the presence of 0.5%
CO; will be 12pm, which is in agreement with what we have observed in the experiment.

We also note that the time trace of the Pd-MRR does not fully return to the initial baseline
after the gas mixture is turned off, indicating that the Pd thin film did not return to its initial state.
This irreversible change of Pd lattice typically occurs at H> concentrations over 1% due to the

irreversible phase transition of the Pd-H system and has been reported for other Pd-based optical

56



,_.
<
-

x 107

wa
(V)]

p—
W
Z
¥
N
X
o
)
&
=)
)
X
Q
©
)
-
Z
)
bt
o N

p—
p—
|98
p—
N

(98]
—

Transmitted power
Pd-Microring
SuLIOIOTN-INHd
Iomod paprwsuel],

0 3 6 9 12 15 18
Time (min)

Figure 3.15 Time response of the transmitted power of the dual-gas sensor to 6-minute pulse of mixed gas

consisting of 0.5% CO; and 2% H; gas balanced in N,. The black trace shows the response of the Pd-MRR while

the red trace shows the response of the PHMB-MRR. The operation wavelengths of the two microring sensors are

as indicated by points A and B in Figure 3.13. The gas flow sequence is indicated by the blue dashed trace.

hydrogen sensors in terms of hysteresis phenomenon [67, 69]. Heating Pd to above 300°C could
reverse this lattice phase transition but may not be suitable for some applications. Another
approach to supress such irreversible change is by employing Ni to form Pd-Ni alloy as the

functional material, but at the cost of reduced sensitivity [84].

3.5 Summary

In this chapter, we designed, implemented and experimentally demonstrated the operation of a
silicon photonic dual-gas sensor using arrayed microring resonators functionalized with PHMB
and Pd for CO, and H» gas sensing. A functionalization process was developed to selectively
deposit the two different types of functional materials on the microring resonators. Gas sensing
experiments were performed to evaluate the response of each microring sensor to separate CO>
and H> gases. While PHMB was shown to provide good selectivity of CO> against H> gas, a
significant level of cross-sensitivity to CO> gas was observed for Pd for both the standalone Pd-
MRR and the dual-gas sensor. We discussed how this cross-sensitivity can be taken account in
the measurement of H> gas concentration by the Pd-MRR on the dual-gas sensor. Finally, we also
investigated the response of the dual-gas sensor to a gas mixture to demonstrate its ability to

simultaneously detect CO; and H> gases.
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Chapter Four.

A Differential Ellipsometric Method for Chiral Sensing

4.1 Introduction

Chirality influences the behaviours of living organisms in many ways. Chiral compounds are what
give rise to the specific smells and tastes that an organism experiences. Chirality also dictates the
functionalities of the enzymes which it relies on for metabolism. Amino acids, a most import
building block that keeps life propagating, have the same left-handed sense of chirality [85]. In
general, the physical and chemical properties of a compound are determined not only by its
chemical formula but also by how the atoms are structurally arranged, i.e., by the stereochemistry

of the molecule.

Chirality refers to the stereochemical property of molecules that have non-superimposable
mirror images, like the left and right hands. Two molecules that are mirror images of each other
are referred to as left-handed and right-handed enantiomers. These molecules have the same
chemical formula and atom constitution but differ in their three-dimensional (3D) structures, or
conformations. It is these 3D structures which determine the different behaviours of the
enantiomers. Many natural chiral compounds exist in both left- and right-handed conformations.
Enantiomers have the same physical properties but may exhibit significant differences in their
chemical interactions with other molecules, which lead to their different biochemical
characteristics in terms of pharmacology, toxicology, pharmacokinetics, and metabolism. For

example, L-carvone smells like mint while its mirror image R-carvone smells like caraway [86].
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Chirality is also directly related to the secondary structure of large organic molecules such as
proteins.

Given the influence of chirality on the functionalities of biochemical molecules, the
detection and analysis of chiral compounds have drawn significant interest in biochemistry
research, pharmacology and drug discovery. For example, in the production of drugs and food
additives, it is often important to determine the enantiomeric purity of chiral compounds. More
than half of the drugs currently in use consist of chiral compounds, among which 90% contain
both enantiomers in equal concentrations [87, 88]. Due to the different biological activities of
enantiomers, enantiopure drugs (i.e., drugs that contain only one type of enantiomer) can offer the
advantages of more efficient treatment and less toxic side effects [87].

Optically, chirality manifests itself in the different ways left and right circularly polarized
light interact with a chiral medium. One of the most common ways for analyzing chirality is by
measuring the optical activity of the material. For example, polarimetry and circular dichroism
spectroscopy are two popular optical methods for measuring the chiral parameter of a chiral
material. These methods will be discussed in more detail in Section 4.2. Recently, methods based
on measurement of optical rotation from light reflection at a chiral surface [89, 90] or from light
interaction with surface plasmons [91] have also been developed.

The objective of this chapter is to modify the standard ellipsometric method so that it can be
used to characterize the chirality of a material over a broad wavelength range. The method exploits
the enhanced chiral signature of light reflection near the critical angle to obtain accurate
measurement of the optical rotation of the chiral material. One of our main contributions is to
develop a differential technique for determining the chiral parameter which reduces the effect of
system noise and thus improves measurement precision. In particular, the enhanced signal-to-
noise ratio (SNR) of the differential method eliminates the need for high-power tunable laser
sources so that lamp light sources can be used for broadband characterization of chiral materials.
This enables the method to be implemented in a standard commercial spectroscopic ellipsometer,
which typically uses a lamp source. To demonstrate the technique, we use a commercial
ellipsometer with a QTH lamp to measure the optical rotatory dispersion (ORD) of sucrose
solution over the 500-1000nm wavelength range. The measured ORD spectrum can also be used
to calculate the circular dichroism (CD) spectrum of the medium using the Kramers-Kronig (KK)

relation [18, 92]. The proposed differential ellipsometric method thus potentially provides a robust
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and versatile tool for characterizing chiral compounds for biochemistry research, drug discovery
and other applications in the health sciences.

This chapter is organized as follows. We first give a review of existing technologies for
chiral sensing in Section 4.2. This is followed by a review of the theory of electromagnetic wave
propagation in a chiral medium in Section 4.3, laying the foundation for the analysis of optical
structures with embedded chiral materials. In Section 4.4, we will derive a general transfer matrix
formalism for analyzing light reflection and transmission at the interface between an achiral and a
chiral medium. The transfer matrix is used in Section 4.5 to develop a differential ellipsometric
method for chiral sensing based on reflection from an achiral-chiral interface near the critical angle
of incidence. In Section 4.6, the method is implemented in a commercial ellipsometry system and
validated with the measurement of the optical rotation spectrum of a sucrose solution. A summary

of the work is given in Section 4.7.

4.2 Review of Chiral Sensing Technologies

There are in general three main methods for chiral sensing, namely, polarimetry, circular dichroism

spectroscopy and enantio-selective sensors. Each of these methods is reviewed below.

Polarimetry

Polarimeters commonly find application in quality control laboratories and process areas in
food and fragrance industries. Polarimetric detectors are also often integrated with High
Performance Liquid Chromatography, which is the most widely used technique in analytic
chemistry. A polarimeter detects the rotation angle of a linearly polarized (LP) light passing
through a chiral sample. Any LP light can be decomposed into a combination of left circularly
polarized (LCP) and right circularly polarized (RCP) light components. When propagating in a
chiral medium, the two components experience different phase changes due to their different
refractive indices. This phase difference subsequently rotates the linear polarization of the output
light relative to the input polarization.

Since the chirality of naturally-occurring chiral substances is typically small, polarimeters
require a long sample cell in order to obtain a detectable polarization rotation angle. Researchers
have also reported polarimetry constructions with optical fibers. For example, a hollow-core

photonic crystal fiber (HC-PCF) filled with liquid analyte was used to sense the chirality of (-)-
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fructose [12]. Vollmer and Fisher reported in [93] a chiral detection scheme based on a fiber-loop
ring resonator. The circular birefringence of the chiral sample causes a difference in the resonant
frequencies of the LCP and RCP light modes. In contrast to conventional polarimeters, fiber ring
sensors eliminate the dependence of sensitivity and limit of detection on the sample size, allowing

for device miniaturization and the use of small sample volumes.

Circular dichroism spectroscopy

Circular dichroism (CD) refers to the differential absorption of LCP and RCP light waves in
a chiral medium. The difference in the absorbance Ar and 4r of LCP and RCP waves can be

expressed using the Beer-Lambert’s law as [4]
AA(A) = A, (A) = Ax(A) = (6, (D)-&x (D)) x cL=A&(A)cL (4.1)

where ¢, ; (1) is the molar absorption coefficient of LCP/RCP light, L is the path length of the
sample cell, and ¢ is the sample molar concentration. CD spectroscopy is well recognized for its
sensitivity to the structure of organic chiral molecules, especially proteins. It is now a standard
analytical method for studying the secondary structure of proteins, and for monitoring protein
conformation changes under different conditions such as temperature and pH, solvent composition
variation, and ligand binding. Initially CD was studied in the ultra-violet (UV) and visible
wavelength ranges, where electronic transitions caused by photon absorption are the underlying
mechanism for the differential polarization absorption [4]. Investigation of CD has since been
extended to the infrared region, where vibrational transitions give rise to Vibrational CD (VCD)
[94]. However, VCD signals in the mid-infrared wavelength range are generally three orders of
magnitude smaller than those in the UV and visible CD spectra.

Recently localized surface plasmon resonances (SPRs) in metal nanoparticles were exploited
to excite a new type of CD peaks caused by chiral molecules immobilized on the nanoparticle
surface [91]. It was shown that the interaction between the chiral molecules and the SPRs can
enhance the chiroptical activity of the molecules, giving rise to amplified CD spectral response.
Furthermore, this SPR-CD spectrum exhibits a new peak at longer wavelengths, close to the
intrinsic plasma frequency of the metal. The authors in [91] argued that this new peak originates
from the real part of the chiral parameter while conventional CD comes from its imaginary part.
Therefore, it was suggested that information about the complex chirality parameter can be obtained

with a single SPR-CD measurement.
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Enantioselective sensors

Enantioselective sensors are one of the major types of sensors for detecting concentrations
of chiral compounds and the enantiomeric excess, which measures the extent to which one
particular enantiomer dominates in the mixture. These sensors employ chiral selectors as
functional materials that preferentially recognize one enantiomer over its mirror-image molecule.
They exhibit a change in physical properties such as dielectric constant [95], mass [96] and
fluorescence [97], which can be detected using appropriate interrogation techniques. For example,
a potentiometric sensor with synthesized chiral polyaniline was reported in [98] for sensing one
isomer in racemic phenylalanine (Phe) by measuring the different potential responses to the L- and
D-(Phe) enantiomers. A chiral fluorescent metal-organic framework was synthesised in [97] for
enantioselective sensing of four pairs of chiral amino alcohols, showing different relations of the
fluorescent signal intensity to the enantiomer concentration. In general, enantioselective sensors
can only provide information about the concentration of the chiral molecules but not the strength
of their chirality, which may also be important for structural analysis and for understanding their

biochemical functionalities.

4.3 Light Propagation in a Chiral Medium

As previously discussed, chirality manifests itself in the optical activity of a material, which causes
LCP and RCP light waves to interact differently with the chiral medium. This optical property of
enantiomers can be exploited for the detection of chirality. In order to see how this can be achieved,
we must first understand the behaviour of light in a chiral medium. Toward this aim, we discuss
below the electromagnetic formalism used to describe light propagation in a chiral medium.

From a macroscopic point of view, optical activity arises from the coupling of electric and
magnetic fields of light as it propagates through a chiral medium. Thus, in a chiral medium the
electric and magnetic induction fields (D and B) can no longer be simply related to the electric and
magnetic fields (E and H) by the permittivity & and permeability g. Instead researchers have
proposed new constitutive relations to express the coupling of electric and magnetic fields induced
by the chirality of the medium. Condon introduced a chirality factor g to describe this coupling

phenomenon and rewrote the constitutive relations as [2]

D=¢E-goH/ot, 4.2)
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B=uH+gOE/ot. 4.3)

Silverman [1] later expressed the constitutive relations for monochromatic waves with time

dependence exp(jwt) as
D=¢E—-jx/c;H, B=jkx/c,E+uH, (4.4)

where x = wg/c, and ¢, is the speed of light in vacuum. This set of constitutive relations is now
widely adopted in metamaterial research. The formalism we follow in this thesis was introduced

by S. Bassiri ef al. in their extensive work on light propagation in chiral media [99],
D:ch_jéBs H:_j§E+B/ﬂca (45)

which are commonly used in optics. The chiral admittance &, which is in general complex, is
related to the parameter x in Equation (4.4) by x = &ueco. In this thesis we assume non-magnetic
media so .= .

By substituting the chiral constitutive relations in Equation (4.5) into Maxwell’s equations,

we obtain the following coupled wave equations for wave propagation in a bulk chiral medium:
E E —2jéky I g H
Vi A2kl | Jeks , 7702 , =0, (4.6)
H H 276+ y )ik E

where n, =+[e. / & is the refractive index of the chiral material, 77, = \/m is the admittance
of free space, and y =& /7. is the normalized chirality admittance (7 = ncno). In this thesis, we
will refer to y simply as the chiral parameter, which can take on complex values.

Consider now a plane wave propagating in the z direction with field dependence
E (z,x)~ . The solution for the longitudinal field component E, may be expressed as a

superposition of two modes Ui(x) and Uz(x) [99],
E =U (x)+U,(x). 4.7)
Using Maxwell’s equations, we obtain the corresponding magnetic field H; as

H_ = jn A1+ 2’ [U,(x) = Uy(x)]. (4.8)

Substituting the above expressions for £, and H, into Equation (4.6), we get the equations for Ui(x)
and Ux(x),
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U,
a’xlz(z) +(k( ) = ﬁ2)U1(2) =0, (4.9)

where k: =n.ko =n.(£y++1+ ¥*)ko . The solutions to the above wave equations are

Ul = Cle_k“x al’ld U2 = Cze—kxzx , (410)

Wlth kxl(xz) = ﬂﬂz —kf(_) .

From the solutions for U; and U, and using Maxwell’s equations, we can determine the

transverse electric field components (Ex, Ey) to be
E =-(jB/ kxl)cle#(“x -(UB/k, )Czeikxzx . (4.11)
E, =k, [ k)Ce ™ (k[ ky)Cre (4.12)

The above solutions contain two sets of waves, one with transverse wave vector k,; and transverse
field amplitude [Ex, E y] =[B/ka,—jk:/ka]Ci, and the other with transverse wave vector k., and
transverse field amplitude [Ex,Ey] =[B/k:2, jk-/k:2]C> . We identify the first wave as an LCP
wave with propagation constant £+ and the second wave as an RCP wave with propagation constant
k.. We can define the index of refraction seen by the LCP and RCP waves as n. =k, /k, and
n- =k_/ko , respectively. For y < 1, we have n. ~n.(1+ y).

An LP wave can be considered to be the superposition of two RCP and LPC waves with
equal amplitudes. After propagating a distance L in a transparent chiral medium with real-valued
X , the two circularly polarized components acquire a phase difference of exp(2 jn. Re{ ;(} koL),
resulting in a rotation of n. Re{ ;(} ko L in the polarization plane of the incident LP wave. Thus
the real part of the chiral parameter y is responsible for the optical rotation (OR) effect. On the
other hand, the imaginary part of y is responsible for the circular dichroism effect. If the chiral
medium is absorbing with complex refractive index n. and an imaginary-valued y, then after
propagating a distance L, the LCP and RCP components will experience an absorption difference
of exp(—4n, Im{ ;(} koL) , which changes the incident LP wave into an elliptically polarized wave.
Its ellipticity € in CD unit is given by

0 =4n.Im{ y} koL x32.982log(e). (4.13)
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4.4 Transfer Matrix Analysis of an Achiral-Chiral Interface

In this section, we derive a general transfer matrix for light reflection from the interface between
an achiral (dielectric) medium and a chiral medium. Using the transfer matrix, the reflection
coefficients of an achiral-chiral interface are then determined and analyzed to identify the effects
of chirality on the reflection spectrum. These effects will be later employed for ellipsometric

measurement of the chiral parameter.

4.4.1 General transfer matrix of an achiral-chiral interface

The reflection and refraction of light at a chiral interface have been extensively investigated in the
past. Silverman was the first to derive the Fresnel reflection coefficients of light incident on an
achiral-chiral interface [1]. The transfer matrix method has also been employed to investigate the
reflection and transmission of circularly polarized light at a chiral-chiral interface [100] and of
linearly polarized light incident on an achiral-chiral interface [101]. In our work, we are interested
in light transmission through a multi-layer structure which consists of interfaces between a
dielectric and a chiral medium (this chapter), as well as between a metal and a chiral medium
(Chapter 5). To facilitate the analysis of these structures, we derive below a general transfer matrix
for an achiral-chiral interface which can relate two different states of polarizations in the two media,
namely, linearly polarized (LP) light in the achiral medium and circularly polarized (CP) light in
the chiral medium.

We consider an interface at x = 0 which separates an achiral medium on the left and a
chiral medium on the right, as illustrated in Figure 4.1. The achiral medium has refractive index
nq while the chiral medium is characterized by refractive index n. and chiral parameter y. In the
achiral medium, we assume an incident LP field E{“ and a reflected LP field E{* represented by

the Jones vectors

E©

E© = ol (4.14)
_EI,P
E2%

E@ =] |, (4.15)
_Eéf;?}
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Figure 4.1 Reflection and refraction at an achiral-chiral interface

where E'%) and E{¢ (i = 1,2) represent the electric field amplitude of the p- and s-polarized
component, respectively. In the chiral medium, we assume an incident CP field E{ and a

reflected CP field E{ represented by

_El(?_

EC = (’C) , (4.16)
_El’i_
_E“i_

EY = i) , (4.17)
_Ez’i_

where E¢ and E!© (i=1,2) represent the electric field amplitude of the LCP and RCP component,
respectively. The LCP and RCP waves in the chiral medium experience different refractive indices
given by n+ and n-, respectively. The angles of reflection 0+ and 0- shown in Figure 4.1 are also
different. Specifically, the incident LCP wave E[9 is reflected into two CP waves E{) at the

angles 0- satisfying the relation
n,sin(6,) = n. sin(6:) . (4.18)

A similar expression applies to the incident RCP wave E{?. The incident LP wave E{* from the
achiral medium will be refracted into the pair of LCP and RCP waves E{? and E{ at the

refraction angles 0+ governed by the Snell’s law

na sin(6,) = n. sin(6s) . (4.19)
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The above Snell’s law also applies to the refraction angle €, of the refracted LP field E{ due to
the incident CP field E{* from the chiral medium.
Next we apply the continuity boundary condition to the tangential electric and magnetic

fields at the interface. In the achiral medium, the tangential E and H fields are

El(";) kxa

(@) (@ _| e E{
E% = k., @ | H)t = kq (4.20)
ka Lp N El(j;)
EW® K o
(@) ) (@ _| " — By
E); = _km F@ |’ Hy'; = ka , 4.21)
k, 7 1.E5)

where 7, =n.n,k, =n.ko,and k., =k, cos6, . Using Maxwell’s equations and the chiral
constitutive relation in Equation (4.5), we also obtain the tangential fields of the CP waves in the

chiral medium (for a detailed derivation the reader is referred to Appendix II):

1 ks
B =] ke |9 HZ=| kB, 4.22)
_] k+ ijﬂce
1 W e
EQ.=| - 79 B9, =| kB, (4.23)
+ .
ny | ijrlce

where 7ee = netlo =1oncAJ1+ ¥° and k.. = ko/n? —n2sin® 6, . Applying the continuity boundary
condition to the tangential fields in Equations (4.20) - (4.23), we obtain

E® +EY) =E+E° +ES) +EY (4.24)

k k k k. k k..
xa E(a) _ Nxa E(a) — X+ E(c+) 2 E(c_) o X+ E(L2+ S E(c_) 425
_ka 1p 5 2.p = J k. 1, J_k_ 1, ]_k+ 2, ]_k_ 2, ( )

k k k k. k k..

e "L ED 4, LW = B g B+ 2 p B+ 2 B (4.26
Ui 3 Ls T71] I 2,4 I HeelLiy, O Hee Ly, I Heelis O Heells ( )
MBS +1.EY) = jNe BN = j1e B + jne ES) — jne. E) (4.27)

We can rewrite the above boundary conditions in terms of two matrix equations
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MlE}a) +M2E(2a) = M3E§c) +M4E(zc) , (428)

ME[” + MGES” = M/E(? + MES, (4.29)
where
k., 0 ke 0
Ml = ka M2 = ka
0 1 0 1
i . kx+ . kx— __ . kx+ kx_
1Y P M=l Tk T
i 1 1 | 1 1
- i . (4.30)
Mg 0 Na 0
M; = M; =
Tlo —n, Fa 1o uZi
L ka ktl
jnc _jnc I jnce _jnce
M7 = kx+ kx_ M3 = kx+ kx—
—— Nee —— HNee — Nee — Hee
k+ k- L k+ k-

For an interface between two achiral media, the relationship between the incident LP field E{” in
the left medium and the incident and reflected LP fields E{” and E{” in the right medium can be

written as
EY) — T(/r)EY‘) + R(IF)E(ZF) (4.31)

where the matrices T"?and R are given by

ik o
T" =|" | and R" =| 7 ) (4.32)
0 — 0o =
ts ls
in which the Fresnel coefficients are [102]
27 2
_ n;kxz n,zer ’ L= 221’117’1,](;1 (433)
n, kx] + nj er n, kxl + n; kxi‘
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7 = kxl _er , ts — 2kx1 ) (434)
kxl + er kxl + er

For an achiral-chiral interface, we solve Equation (4.25) for the fields E{” and E{” in the achiral

medium to get
E{a) — T(QC)E{C) + R(HC)E(ZC) , (4_35)
E(za) — R(“C>E§C) + T(ac)E(ZC) , (4.36)

where the matrices T“”and R are given by

MNaks + Mok 1 _j Naks— +N_Neeka [N
T = 2n.k, 2n_ky, ’ (437)
NiKoq + ek N-Kq + Neck
2n+kxa 2n—kxa
. _nakx+ + n+ncekxa/na _] _nakx— + n—ncekxa /na
R = 21k, 2n_ky, . (438)
n+kxa - ncekx+ nkaa - ncekx—
2n+kxa 2n—kxa

Comparing Equations (4.31) - (4.34) and Equations (4.35) — (4.38), we can define the elementary

coefficients r;; and #; (i = p, s, and j = +, -) in analogy to the Fresnel coefficients as

Niky, — ek 2n.k

Fop = tMNxa celVxt , tsi — N xa ) (439)
nikxa + ncekxi nikxa + ncekxi
nincekxa - ngkx+ 2nincekxa

(4.40)

rpiz tpiz

5 .
nincekxa + ngkX‘F nincekxa + ngkar

With the above expressions, the matrices T and R"“” in Equations (4.35) and (4.36) can be

written as
1 1 7 7y
j— -j— = it
T(ac) — tp"‘ tP_ , R(ac) tp‘*‘ tP_ (441)
1 1 " Fs-
ts+ ts— t&‘+ tﬁ‘*
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The matrix expressions in Equation (4.41) will be useful for analyzing reflection from a multi-
layer structure containing both achiral (dielectric and metal) and chiral materials. We can identify
the elementary coefficients #; in Equation (4.39) and (4.40) as the fraction of light in linear
polarization i that is transmitted to circular polarization j at the achiral-chiral interface. The

coefficients 7;;, however, do not readily lend themselves to any simple physical interpretation.

4.4.2 Effect of chirality on the reflection spectrum of an achiral-chiral interface

To investigate the effects of the chiral parameter on the reflection spectrum of a dielectric-chiral
interface, we consider the example of a single interface of BK-7 glass as the dielectric material
and an aqueous solution of sucrose as the chiral medium (this structure will also be experimentally
investigated later). At the 589 nm wavelength (Sodium D-line), sucrose has a specific rotation of

[a]j)o =+66.5 deg-ml/ (g-dm) [103]. Its chiral parameter can be calculated from

B [a]j)o Ac

4.42
36n, ( )

where 4 is the wavelength and c is the solution volume concentration in g/m/. Using the values for
the specific rotation [a]zo =+66.5 deg-ml/ (g-dm) and the refractive index n. = 1.4201[104], we
obtain y = 4.7x1077 for sucrose at 589 nm wavelength. The refractive index of BK-7 glass
around this wavelength is n, = 1.517.

We consider LP light with field components E;= [E; ,, E;]" incident from the BK-7 glass
medium onto the interface at incidence angle &, as illustrated in Figure 4.2. This results in
reflected LP light E,= [E, ,,E.;]" in the glass medium and transmitted CP light £, and E_ in
the chiral solution at the refraction angles 6. and - respectively. Setting the incident light ES’

in the chiral medium to 0 in Equations (4.35) - (4.36), we solve for the LP reflected light to get
- Top T
E, =R®(T®)E, = { " ‘”}Ei : (4.43)

The elements r,, and r, are the reflection coefficients of the p and s-polarizations, while
7y = —Fy, denote the cross-polarization reflection coefficients. If the chiral parameter y is 0 (i.e.,
the medium on the right is achiral), the reflection matrix reduces to a diagonal matrix (7,, = —r, =

0) with conventional Fresnel reflection coefficients 7, and 7; as given in Equations (4.33) - (4.34).
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Figure 4.2 Reflection at an achiral-chiral interface

In Figure 4.3(a) and (b), we plot the magnitude and phase of the reflection coefficients at the
interface of BK-7 glass and sucrose solution as a function of the incidence angle at the 589nm
wavelength. Since y «1, the magnitudes of the cross-polarization reflection coefficients in Figure
43(a) are close to =zero except near the critical incidence angle 6. (given by
sin@. = n./ny =sin 6. ~sin 6., ), where the effect of chirality is strongly enhanced as seen from
peak amplitudes of r,s and 7y, [105]. Silverman et. al. employed this enhanced chiral effect near
the critical angle to measure the differential linear reflectance (DLR) [106] and differential circular
reflectance (DCR) [107, 108] of the chiral medium, which are defined as

2 2 2 2

DLR = (Rs—R),) _ (|75 . +|7yp . —|Top . —|Pps 2) (4.44)
(Rs +Ry) (| +lr +|rpp| + (7| )
2 2 2 2

DCR = B —R) _ (re] | =l =) (4.45)

" (R.+R) (|r++|2 +|r+_|2 +|r__|2 +|r_+|2) .

Recently, a cavity ringdown polarimeter (CRDP) was reported in which an optical resonator
was used to further enhance the chiral signal near the critical angle by a factor equal to the number

of cavity passes [90].
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Figure 4.3 Plots of the reflection coefficients as functions of the incidence angle at the interface between BK-7

glass with index n, =1.5167 and a non-absorbing chiral medium with index n. =1.4201 and chiral parameter

¥ =4.7x107 at the 589nm wavelength.

From Figure 4.3(b), we also observe that when the incidence angle is smaller than the critical
angle, r,; =—ry,, are imaginary numbers while r,, and 7 are real numbers. This leads to a phase
difference between the p- and s-polarization components of the reflected light upon reflection from
an achiral-chiral interface. This phase difference is strongly enhanced near the critical angle and
depends on the chiral parameter, thus providing an alternative approach for chiral detection by
interrogating the change in the phase difference between the p- and s- polarization components of
light reflected from an achiral-chiral interface. Note that for an achiral-achiral interface, the phase
change reduces to zero. This method of chiral detection has the advantage of reduced sample
volume compared to conventional transmission polarimetry, which typically requires very thick
samples (~1cm) to achieve good signal-to-noise ratio. A heterodyne interferometric method based
on detecting the phase difference between the two LP components has been developed in [89],
which offers good accuracy and does not require large sample volumes. However, the method
requires complex and delicate experimental setup, and uses a single-wavelength laser source so

that measurement of chiral parameter can only be made at a single wavelength.
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4.5 A Differential Ellipsometric Method for Broadband Chiral Measurement

In this section we develop a differential ellipsometric method for chirality measurement by
exploiting the enhanced cross-polarization phase difference of light reflection from an achiral-
chiral interface near the critical angle of incidence. The differential approach suppresses the system
noise and enhances the SNR of the measurements, allowing the technique to be implemented with
a broadband lamp instead of high-power tunable lasers. This is an important advantage since it
allows broadband measurements of chiral samples to be made with a commercial variable angle
spectroscopic ellipsometer (VASE). Ellipsometry is a powerful technique for characterizing the
change in the polarization state of light upon reflection from a sample surface and is widely used
for characterizing optical properties of materials. Commercial ellipsometry systems provide
wavelength scanning capability spanning from the UV to IR range, variable incidence angle with
increment as small as 0.001°, as well as good ellipsometric angle resolution [109, 110]. The
development of a chiral measurement method that can take advantage of the capabilities of
commercial ellipsometers can thus provide a potentially valuable tool for the study and

characterization of chiral compounds.

4.5.1 Theoretical development

In conventional ellipsometry, linearly polarized light at wavelength A is shone on a sample surface
at incident angle 09 and the amplitudes and phases of the reflected s- and p-polarized light waves

are measured. From the measured reflection coefficients, the ellipsometric ratio p is calculated
from [111]

p=r,lr,=tanye", (4.46)

where v and A are the ellipsometric amplitude angle and phase angle, respectively. For linearly
polarized light reflected from an isotropic achiral sample, the off-diagonal elements of the
reflection matrix in Equation (4.43) are zero. However, for a chiral sample, the off-diagonal
components of the reflection matrix are no longer zero, so that the ellipsometric ratio p also
depends on r,, and r,, as we will show below. Thus by measuring the cross-polarization

reflection coefficients, we can determine the chiral parameter y of the sample.
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Figure 4.4 Schematic diagram of a standard ellipsometry setup for chirality measurement.

Figure 4.4 shows the setup for an ellipsometry measurement of reflection from an achiral-
chiral interface. The achiral medium is a prism of refractive index ny. The chiral medium is
characterized by an average refractive index 7. and chiral parameter y. Light from a light source
passes through a polarizer set at angle P relative to the p-polarization, so that the transmitted light
is a linearly-polarized plane wave described by the Jones vector [cosP, sinP]". The reflected light
passes through an analyzer set at angle A4 relative to the p-polarization. Using the reflection matrix
at an achiral-chiral interface in Equation (4.43), we can calculate the reflected field amplitude after

the analyzer from

_ to 017, 7,|t, O | cosP
E, =[cos4 s1nA]{’(’) t}{:p r”}{g |
s0 ps S8 50
2

_ 2 . . . .
=11, COSPCcos A+t it 1, sSinPcos A+t ,r, cos Psin A+1,r, sin Psin 4 (4.47)

=cos Pcos 4 (tiorpp +1 087, tan P) +sin Psin 4 (tpotsorps cot P+t.r, )

=cos Pcos 4 (t;orpp 10t tanA) +sin Psin 4 (tpotsorsp cotA+1] 7, )

The expressions for the elements of the reflection matrix are given in Equation (4.43).
Transmission coefficients 7, and 7, account the transmission at the air-prism interfaces. If the

sample 1s achiral, then r,, =7, =0 and the reflected field amplitude reduces to

E = ;Orp cos Pcos A+t sin Psin 4. (4.48)

4

In conventional ellipsometry, the reflected light intensity |E,* is measured for various values of
the polarizer angle P and analyzer angle 4. From this set of measurement data, the ellipsometric
ratio p defined in Equation (4.46) can be obtained as a function of wavelength using a data fitting

technique[112].
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If the sample is chiral, the reflected field amplitude also depends on the cross-polarization
reflection coefficients as shown in Equation (4.47). By comparing Equation (4.47) to (4.48), we

can define the equivalent ellipsometric ratios p, and p, for the chiral sample as

Pp= (t r, +t Lot tanP)/(t Voo TLoolaol s cot P) = tany ™

p0" pp p0~s0”sp s0” ss p0s

o ot T COLP)) (4.49)

cot P)

pO° pp r0 v0 sp tanPV
tan P) — Arg(t.,r.

W —arctan(‘t r,+t 050 ps

A Arg(tpo pp pO sO sp pO SO ps

Pa= (o1, +1 ot or, tan A) [(ehr, +1t ot 7, cot A) = tany, e
cot A|) (4.50)
cot A)

7R —arctan(‘t oFop T polsol s t

PO 5‘0 ps tOr' pO 30 sp

A, =Arg(tl,r, +t .7, tan A)— Arg(t2r, +t

0" pp pO0 S‘O ps pOtVO sp

Note that p, depends on the polarization angle P but not the analyzer angle 4, while the
converse is true for p, . However, both ellipsometric angles (or more specifically the amplitude
angle y and phase angle A) carry information about the cross-polarization reflection coefficients.
For our work, we will use measurements of the phase angle Aa to extract the chiral parameter of
the sample.

Since chirality introduces only small perturbations to the ellipsometric measurements, it is
very difficult to accurately extract the chiral parameter from the absolute ellipsometric phase angle
values, which would require accurate prior knowledge of the refractive indices, incidence angles
and the system baseline. A common solution which is widely employed in CD spectroscopy is to
subtract the measurement data with the reference data of a known achiral sample. The reference
sample should ideally have the same refractive index as the chiral sample and be measured under
identical condition, both of which can introduce systematic errors to the chiral parameter
measurements.

We propose a differential approach in which ellipsometry measurements are performed at
two different analyzer angles 41 and 42, and the phase angle difference, SA = Aaz — Aa1, of the two
ellipsometric ratios is used to determine the chiral parameter y of the sample. If the sample is an
achiral medium, the ellipsometric ratio reduces to Equation (4.46), so that SA = 0. The differential
approach allows the rejection of common noise sources from the multiple optical components in
the ellipsometry system, thereby significantly improving the measurement SNR. The method does

not require a reference sample, which also helps reduce systematic error.
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OR CD

Wavelength 589nm 400nm
BK-7 Glass 1.517 1.530
Refractive Index
Chiral medium 1.420 1.506 — 1.22x107%
Chiral parameter 4.7x107 5.08%107j

Table 4.1 Optical parameters used in the simulations of the differential ellipsometry method for measurements of

OR and CD chirality.
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Figure 4.5 (a) Simulated phase angle difference dA vs. the incidence angle for a transparent chiral sample with
OR chirality at 589nm wavelength, for various values of the analyzer angle 4.
(b) Phase angle difference 8A vs. analyzer angle 4 in the range of 5°~85°, at a fixed incidence angle of 69.48°
(indicated by the red dashed line in (a)).

4.5.2 Simulation results

To demonstrate the differential ellipsometric method and evaluate its performance for chirality
measurement, we performed numerical simulations of the ellipsometry system in Figure 4.4 using
a BK-7 glass prism and a transparent chiral sample with real chiral parameter y, i.e., a material
with optical rotation property. The optical constants of the materials used in the simulations are
summarized in Table 4.1 under the OR column. In the simulations, we fixed the reference analyzer
angle A1 = Arer = 45° while the angle 4> = 4 is varied from 5° to 45° with 10° increments. Figure
4.5(a) plots the phase angle difference 0A as a function of the incidence angle for different settings

of the analyzer angle 4. We observe that the phase angle difference increases in magnitude abruptly
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near the critical angle of incidence O.. In Figure 4.5(b) we plot the phase angle difference oA vs.
the analyzer angle 4 for a fixed incidence angle 6; = 69.48°, which is near the critical angle. We
observe that 0A becomes larger in magnitude as the analyzer angle approaches 0° and 90°. Thus,
for maximum SNR, it is better to perform ellipsometric measurements of the chiral sample with
the analyzer angle A4 set close to 0° or 90°. We also observe in Figure 4.5(b) that for the weak
chiral parameter assumed in the simulations (y = 4.7x107), the magnitude of dA is in the range 0
—0.25° for analyzer angles close to 5° and 85°. This range of phase angles can readily be measured
by commercial ellipsometry systems, which typically can resolve the ellipsometric phase angle A
with a resolution as small as 0.005°.

We also performed simulations for the case where the chiral sample is absorbing with a
complex refractive index and an imaginary chiral parameter y, i.e., the medium exhibits circular
dichroism. The optical parameters used in the simulations are listed in Table 4.1 under the CD
column. Figure 4.6(a) shows the plot of dA vs. the incidence angle for analyzer angle settings from
5° to 45°. We observe that the phase angle difference also exhibits enhanced response near the
critical angle of incidence. However, the response is more broadened around the critical angle
than that of the OR chiral medium in Figure 4.5(a), which is attributed to material absorption.
Figure 4.6(b) shows the variation of A with the analyzer angle A4 at the critical angle of incidence.
Again, the phase angle difference increases as the analyzer angle approaches 0° and 90°, although
its magnitude is much smaller than those obtained for the OR chiral medium in Figure 4.5(b). The
small phase angle difference makes it more difficult to measure the chiral parameter of a CD
medium with this technique. In Chapter 5, we will propose a method based on surface plasmon
resonance which can potentially provide stronger enhancement of the phase angle difference for

measurement of CD chirality.
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Figure 4.6 (a) Simulated phase angle difference 8A vs. the incidence angle for an absorbing chiral medium with
CD chirality at 400nm wavelength, for various values of the analyzer angle 4. (b) Phase angle difference 5A vs.

analyzer angle in the range of 5°~85°, at incidence angle of 79.75° (indicated by the red dashed line in (a)).

We also examined the variation of the ellipsometric phase angle difference with the chiral
parameter at the critical angle of incidence. The results are shown in Figure 4.7(a) and (b) for OR
chiral medium and CD chiral medium, respectively. In both plots the reference analyzer angle Arer
is set at 45° and the other angle is set at 4 = 5°. It can be seen that for both types of chirality, the
phase angle difference varies linearly with the magnitude of the chiral parameter, dA o |y|. For
OR medium, the angle dA is negative if Re{y} is positive and vice versa. The linear relationship
in Figure 4.7(a) can thus be used to determine both the strength of the real part of the chiral
parameter as well as the handedness of the enantiomer. For a chiral solution, the chiral strength
depends on the concentration of the chiral solute. Thus, if the chiral parameter of an enantiomer
is known, we can use the technique to determine the concentration of the chiral molecules in an
enantio-pure solution, or to characterize the enantiomeric excess (also referred to as the optical
purity) of a chiral sample composed of a mixture of mirrored enantiomers. Both of these

measurements are of important interest in drug development and manufacturing [113].

78



0.25 0.05
o0 o)
3 0 S 0
2 3
-0.25 t Analyzer 5° -0.05 Analyzer 5° 1

6, =69.48 6, =179.75
-0.5 -0.1
-1 05 0 0.5 1 -1 05 0 0.5 1
x107° x107° j
Chiral parameter Re{y} Chiral parameter Im{y}

Figure 4.7 Simulated phase angle difference A vs. the chiral parameter y for (a) sample with OR chirality and (b)
sample with CD chirality. The analyzer angle is set at 4 = 5°. The incidence angles for the OR and CD samples
are 69.48° and 79.75° respectively.

Finally we note that modern ellipsometry systems employ more advanced optics
configuration than shown in Figure 4.4 to improve the SNR, resolution and sensitivity [110, 114,
115], as well as to allow more advanced measurements such as those based on the Muller Matrix
[109, 110]. Examples of advanced ellipsometry systems include the Polarizer-Sample-Rotating
Analyzer (PSRA) system [110], the Polarizer-Compensator-Sample-Analyzer (PCSA) system
[109] and the Polarizer-Sample-Compensator-Analyzer (PSCA) system [116]. Equation (4.49)
and (4.50) holds for these advanced systems under standard ellipsometry operation mode, while
the choice of p, or p, depends on the type of optics configuration employed in the system.

Detailed derivations of p, or p, for these system can be found in [6, 110, 116].

4.6 Optical Rotation Measurement Using the Differential Ellipsometric Method

Materials and experimental setup

In the experiment, we chose sucrose aqueous solution as the chiral sample to be measured,
since its physical and optical properties are well documented [104, 117], including density, molar
concentration, and refractive index as functions of the solution mass concentration. Reference
data of the chiral parameter can be obtained from the specific rotation at 589nm wavelength
provided in the specification data sheet of sucrose [103] and the optical rotatory dispersion data
reported in [118]. Sucrose solution is also commonly used as a calibration standard for

polarimeters.
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We added sucrose (Sigma Aldrich) to DI-water with a 1:1 weight ratio to obtain a 50% wt%
solution. The mixture is stirred by a magnetic stir bar for 24 hours at room temperature to form a
uniform solution. The solution obtained is transparent with a faint yellow colour, resulting from a
weak absorption near 270nm [103]. We confirmed this by measuring the absorption spectrum of
the solution over the wavelength range 200 — 450nm, as shown in Figure 4.8, using a Hitachi UH-
3000 UV-Vis Spectrophotometer and DI-water as the reference sample. The chirality of sucrose
solution is commonly reported by the specific rotation [a]? , which is related to the chiral
parameter by Equation (4.42). Using the reference values of [a]zo = +66.5° [103] and n, =1.4201
[18], we calculated y = 4.7x107 for the 50% wt% sucrose solution at 589nm wavelength.

A dove prism (BK7, Thorlabs Inc., n, = 1.517 at 589nm) is employed as the dielectric
(achiral) medium with a higher refractive index than the chiral solution sample. The Polypropylene
cap (O.D.xHeight: 28mmx10mm) of a Wheaton glass scintillation Vial (Fisher Scientific Inc.) is
used as the container for the liquid. The liquid surface is in direct contact with the prism to establish
the achiral-sample interface. For the control experiment, we used DI water as the achiral sample.

We employed the M-2000v Spectroscopic Ellipsometer with a Quartz Tungsten Halogen
lamp light source and WVASE32 software from J. A. Woollam Inc. to perform ellipsometry
measurements of the sample over the wavelength range of 500-1000nm. Figure 4.9 shows a

photograph image of the setup. The ellipsometer is first calibrated using a standard wafer provided

~ 1
=
=
§0.5
5
o
<
S 0
2
O
<
05 N
200 250 300 350 400 450

Wavelength (nm)

Figure 4.8 Absorption spectrum of a 50% wt% sucrose solution.
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Figure 4.9 A photograph image of the ellipsometry setup for chiral measurement.

by J.A. Woollam Inc. (250nm SiO> on Si wafer) using the calibration procedure as described in
the manual [110]. After mounting the sample on the stage, an alignment procedure is performed
to ensure that the prism-sample surface is perpendicular to the plane of incidence, and that the
reflected beam enters the center of the detector unit for maximum intensity. As depicted in Figure
4.4(a), the input angle &g of the ellipsometer is calculated from the incidence angle 6, at the
prism-sample interface using the relation 6; =45°+ arcsin((@o —45)n0) , where 45° is the
inclination angle of the dove prism. We used an input angle & sweeping range of ~2° with
increments of 0.2°. For each angle setting, the alignment procedure is first performed to obtain
fine adjustments to the sample stage tilt and height. Ellipsometry measurements are then
performed at a reference analyzer angle of Arrr = 45° and angle 4 = 5°. The incidence angle is

swept at a step size of 0.005°.

Experimental results

We first report the measurement results for the DI water control sample at 589nm
wavelength. Figure 4.10(a) plots the phase angle difference 0A and the ellipsometric amplitude
angle w versus the incidence angle. It can be seen that SA remains close to zero for all incidence
angles since the water sample is achiral. The critical incidence angle 6. can be estimated by
examining the amplitude angle y, which becomes constant for & > 6. due to total internal
reflection of both s and p polarizations.

Figure 4.10(b) shows the measurement results for the sucrose solution at 589nm. Also
shown by the black line is the theoretical response of the phase angle difference, which is
calculated using Equation (4.41). We observe that |[0A| increases rapidly as the incidence angle 6,
approaches 6, then returns to zero when 6,> .. This behaviour is qualitatively in agreement with
the theoretical curve, although the measured response is more broadened. One possible
contributing factor is ‘the absorption in the prism and fhe sucrose solution, which result in
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broadening of the sharp phase transition at critical angle, similar to the case of a lossy chiral sample
shown in Figure 4.6. To determine the chiral parameter, we computed the curve of dA vs. y at the
critical angle of incidence 0. (similar to Figure 4.7(a)) and used the measured maximum value of
|0A| to obtain the corresponding value for the chiral parameter to within a tolerance of 0.005°. In
this way we obtained a chiral value of y = 4.4x107 for the 50% sucrose solution sample at 589nm,
which is in close agreement with the value of y = 4.7x107 calculated from reference data.

Figure 4.11(a) shows the measured data for the phase angle difference of the sucrose solution
vs. the incidence angle at various wavelengths. We observe that the maximum value of |0A| at the
critical incidence angle decreases at longer wavelengths. We computed the chiral parameter for
each wavelength and plotted the data in terms of the specific rotation (using Equation (4.34)) vs.
wavelength in Figure 4.11(b). Also shown are the reference ORD (optical rotation dispersion)
data for the sucrose solution, which is given by the formula [a] L= A/ (/12 —/102) with parameters
A=2.17x10" deg'mL-g '-dm ''nm? and Ap = 131nm [118, 119]. It can be seen that the measured
specific rotation values are in good agreement with the reference ORD curve over the measured

wavelength range.
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Figure 4.10 Plots of the measured (red line) and theoretical (black line) phase angle difference dA vs. the incidence
angle for (a) DI water and (b) sucrose solution (50% wt%) at 589nm wavelength. The blue curves show the

ellipsometric amplitude angle y vs. the incidence angle with the analyzer angle set at 45°.
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Figure 4.11 (a) Plots of the phase angle difference vs. the incidence angle for the 50% wt.% sucrose solution at
various wavelengths. (b) Measured specific rotation (red crosses) and reference ORD data (black curve) of the

sucrose sample at various wavelengths.

Finally we note that from the measured spectrum of Re{y} (the OR spectrum), it is possible

to obtain the spectrum of Im{y} (the CD spectrum) of the sample using the KK relations [99]

Re{ (o)} :%Pjomwdv (4.51)
m{y (o)} = —%Pf%dv (4.52)

where P is the principle value of the integrals and w is the angular frequency. Note that the above
integrals extend over the entire spectral range from DC to infinity, whereas measurement data for
the OR spectrum are limited to a finite wavelength range. One approach to overcome this difficulty
is to fit the OR data with a model such as a modified Gaussian and Lorentzian curve and use this

function to evaluate the indefinite integral in the KK transform to obtain the CD spectrum.

4.7 Summary

In this chapter we developed a differential ellipsometric method for measuring the OR spectrum
of transparent chiral materials. The method exploits the enhanced chiral effect on the reflection
spectrum of an achiral-chiral interface near the critical incidence angle. By using a differential

approach to extract the chiral parameter from ellipsometry measurement data, we showed that the
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system noise could be sufficiently suppressed so that the method is sensitive enough to detect the
weak chirality of naturally-occurring substances using a standard ellipsometry setup. We
implemented the method in a commercial ellipsometer and demonstrated its application for
measuring the OR spectrum of a sucrose solution, with the results found to be in good agreement
with reference data.

We also theoretically investigated the performance of the method for measuring the CD
spectra of lossy chiral samples and found that the chiral effect is too weak to be detected in a
standard ellipsometry system. In the next chapter, we will explore the possibility of using surface
plasmon resonance to enhance the OR and CD chiral signatures at a metal-chiral surface, which

can potentially provide an alternative, more sensitive method for chiral measurement.
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Chapter Five.

Chiral Sensing Based on Surface Plasmon Resonance

In Chapter 4, we developed a differential ellipsometric method for chiral measurement based on
reflection from an achiral-chiral interface near the critical incidence angle. The method was shown
to be a robust technique for measuring the OR spectrum of a transparent chiral sample, but suffers
from the issue of weak SNR when used to measure the CD spectrum of a lossy chiral material. In
recent years, surface plasmon resonance (SPR) has been employed to develop highly-sensitive
refractometric sensors for both transparent [120] and absorbing samples [9]. The SPR phenomenon
is also widely exploited to enhance the sensitivity of other sensing technologies that interrogate
the absorption and scattering of light in matter, such as fluorescence spectroscopy [121], optical
absorption spectroscopy [122], and Raman spectroscopy [123]. Recently, localized surface
plasmon polaritons have also been exploited to enhance and detect the CD signatures of chiral
molecules assembled on metal nano-particles [91, 92, 124].

The objective of this chapter is to investigate the behaviour of light propagating or reflecting
at a metal-chiral interface and exploit phenomena that are sensitive to chirality for measurement
of OR and CD. We will first investigate the propagation of surface waves at a metal-chiral interface
and show that chiral surface plasmon polaritons (SPPs) have unique characteristics different from
those of conventional SPPs at a dielectric-metal interface. In particular, chiral SPPs have a cut-
off condition which strongly depends on the strength of the chirality, which can potentially be
exploited for chiral sensing. We also investigate the excitation of chiral SPPs by light incident on
a metal-chiral interface, considering both commonly-used configurations for SPP excitation,

namely, the Kretschmann and Otto configurations. Through simulation studies, we will show that
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the reflection spectra of both SPR systems exhibit enhanced chiral signatures which can be
exploited for ellipsometric measurement of OR and CD chiralities. In particular, the ellipsometric
response of the Otto configuration is found to be more sensitive to the chiral strength of the sample
than that of the Kretschmann system. We also investigate the feasibility of implementing the SPR-
enhanced ellipsometric method based on the Otto configuration in a commercial ellipsometer.
This chapter is organized as follows. We will first investigate the propagation characteristics
of chiral SPPs at a metal-chiral interface in Section 5.1. In Section 5.2 we will derive a general
reflection matrix for light incident on a multi-layer system with an embedded chiral material. The
reflection matrix will be applied to the two common configurations for exciting SPPs, namely, the
Kretschmann SPR system and the Otto SPR system. In Section 5.3, we will present simulation
results to investigate the performance of SPR-enhanced ellipsometric methods for measuring OR
and CD chiralities based on the two SPR systems. In Section5.4, we will present preliminary
experimental results of our attempt to implement the ellipsometric method based on the Otto

configuration in a commercial spectroscopic ellipsometer. The chapter is summarized in Section

5.5.

5.1 Chiral Surface Plasmon Polaritons

SPPs are electromagnetic surface waves propagating along the interface of a dielectric and a metal
as a result of the coupling between the electromagnetic fields and the electron plasma oscillations
in the metal. Only TM waves (defined as having an electric field component perpendicular to the
interface) can excite SPPs, which are evanescently bound to both sides of the interface. When
chirality is introduced into the dielectric material, the surface plasmon wave exhibits unique
properties that distinguish them from conventional SPPs. In this section we derive the dispersion
relation of chiral SPPs supported by a chiral-metal interface and investigate the propagation

characteristics of chiral SP waves.

(809 Mo, E.>)

(Sm, “O)

Figure 5.1. Interface between a metal and a chiral medium
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Figure 5.1 shows a planar interface between a metal with complex dielectric constant &, and
a chiral medium with dielectric constant &, and chiral admittance & . Both media have vacuum
magnetic permeability £, . We assume a plane wave propagating along the positive z axis with
the z dependence e, and denote the direction normal to the interface as the x axis. For this 1-
D structure, the wave equations for the electric and magnetic fields in the chiral medium, which

are given by Equation (4.6), reduce to

2 (E E. 2k | n*H.
N e T ey o\ Rl M ]‘502/’7022’ -0, (5.1)
ox* | H, H,) \2jE(+ xnkE,

i i

with i = x, y, z. The general solutions for the longitudinal field components (£,, H;) can be

expressed using Equations (4.7) and (4.8) as

Ez = Cleik”x + CZeikxzx > Hz = .]770 \l 1 + Iz (Cleikﬂx - Czeikﬂx) . (52)

From the above solutions for (£, H,), we can obtain the transverse field components (Ex, Hx, Ey,

Hy) in the chiral medium as [125]:

E = —(j,b’/kxl)Cle_k“" -(jp/ kxz)Cze_k'*z", (5.3)
H =n 1+ [kﬁ Ce ™™ —kﬁCzek”x] , (5.4)
x1 x2
E = —(k, /kxl)Cle_k"x +(k_ /kxz)Cze_k“x , (5.5)
. 2 k —k . x k_ —k ,x
H, =—jn.J1+x k—+Cle ! +k—Cze R (5.6)
x1 x2
In the metal, the fields are given by
E. = A, H_.=Beé"", (5.7
Ex :(]ﬂ/kxm)Ez’ Hx :(jﬂ/kxm)Hz’ (58)
E, =(—jou, 'k, )H., H =(—jowe, 'k, )E, , (5.9)
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where k., =/ B* — @’ e, is the transverse decay constant of the SP mode in the metal. By
requiring the tangential field components to be continuous at the interface x = 0, we obtain the

following dispersion relation for the chiral SP mode,

e
(a)ﬂom 1+ szxl + k+kxm)[—mkx2 + kkme
nAl+ 2

e
+(a)lu0770 1+ ZZkXZ + kkxm)[—mkxl + k+kxm] = 0
nAl+ 2

Equation (5.5) degenerates to that of SPPs at a normal dielectric-metal interface when the chiral

(5.10)

parameter y vanishes (in which case the Ex field also vanishes). We also note that chiral SPPs are
hybrid in nature, since they support both TE (E£y) and TM (£x) components, in contrast to normal
SPPs which support only the TM polarization. In general, chiral SPPs are elliptically polarized,
with the direction of polarization rotation depending on the sign of the chiral admittance &.

We numerically solved Equation (5.10) for the propagation constant fof SPPs at the
interface between gold and a chiral medium with refractive index n. = 1.5 and chiral admittance
&. The permittivity of gold is assumed to be given by the Drude model, with plasma frequency
wy = 1.30x10'rad/s and damping constant y = 2.80x10"rad/s [126]. Figure 5.2(a) compares the
dispersion curves of chiral SPP with & =10"Q"" (solid black curve) and conventional SPP (green
dashed curve) at the interface of Au and a dielectric with index nc (& =0). The dispersion curve
of the chiral SPP is seen to follow closely that of the conventional SPP, with both curves
asymptotically approaching the surface plasmon resonance frequency w,, = @, /m at large
values of . The difference between the two dispersion curves becomes more pronounced at low
frequencies, as illustrated by Figure 5.2(b), which shows the frequency dependence of the real part
of the effective index, n,, =Re { itk ko} , for various chiral admittance values. It is seen that as the
frequency decreases, the effective index of the chiral SPP begins to deviate from that of
conventional SPP (green dashed line) and approaches the value 7+ shown by the black dashed line.
We also observe that a larger value of the chiral admittance causes the dispersion curve to deviate
more from that of conventional SPP.

Due to loss in the metal layer, SPPs decay as they propagate along the metal surface, with
the propagation (or decay) length defined as L, = 1/2Im { p } , which is the distance where the SPP
power decays to 1/e of the initial value. Figure 5.2(c) shows a plot of the propagation length of
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chiral SPP versus frequency for various values of the chiral admittance. We observe that the L,
dispersion curves follow that of conventional SPP (green dashed line) fairly closely except at low
frequencies, where the propagation length increases rapidly and the curves begin to level off at
different frequency limits for different chiral admittance values. These low-frequency limits
signify a cut-off condition of the chiral SPP modes, where the SPP field is no longer bounded to
the metal and thus experiences no loss (Im{f} =0, L, — ). The existence of a cut-off frequency

is unique to chiral SPPs and is not observed for normal SPPs at a dielectric-metal interface.
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Figure 5.2. a) Dispersion relation of chiral SPP (solid black curve) at the interface of Au and a chiral medium with
£=10"Q". The frequency and propagation constant are normalized by the SP resonance frequency wsp and kg,

= wgp/c, respectively. The red lines plot the light lines for k.. b) Frequency dependence of the real part of the
effective index and c) of the propagation length of chiral SPPs for various values of the chiral admittance. Green

dashed lines in all the plots are results for normal SPPs at a Au-dielectric interface.
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Figure 5.2(b) shows that at the cut-off frequency, the effective index of the chiral SPP
approaches the index value n+ (for our example, which assumes n, >n_or & > 0). Thus the cut-
off condition Im{A} = 0 may be replaced by the condition B = k., which results in k,; =0 and
k. =(k?—k?)"* for the transverse decay constants in the chiral medium. Substituting these
values into the dispersion relation in Equation (5.5), we obtain the equation for the cut-off

condition

& +2¢6 (142701417 12 +&2 [(1+;(2)2 —1/1+1/;/}=0. (5.11)

For a chiral medium with parameters & and y, the above equation can be used to solve for the
metal permittivity value &, from which the cut-off frequency can be determined using the Drude
model for the metal. More interestingly, the above equation also predicts that at a given frequency
(&n value), there exists a cut-off value for the chiral parameter y above which the chiral SPP is no
longer supported.

In Figure 5.3, we plot the propagation loss (exp(—Im {3} x107)) of chiral SPP as a function
of the chiral admittance ¢ at different wavelengths of light. It is seen that the propagation loss of
chiral SPP is always smaller than that of conventional SPPs (with £= 0) and exhibits a steep drop-
off near the cut-off value & , which can be computed using Equation (5.6). The strong dependence
of the propagation loss of chiral SPP on the parameter ¢ near cut-off can be exploited for chiral
sensing application. For example, by measuring the transmission loss of chiral SPP along a chiral-
metal interface, we can determine the chirality value. This method has the advantage that it can be
implemented on an integrated optics platform, where the metal film can be patterned into a
plasmonic waveguide structure and coated with the chiral medium to be measured. For maximum
sensitivity, the chiral plasmonic waveguide should be operated near the cut-off frequency. In a
different application, the much longer decay length of chiral SPPs compared to conventional SP
modes suggests that chirality can provide a potential route toward mitigating loss in plasmonic

devices.
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Figure 5.3. Propagation loss of Au-chiral SPPs as functions of the chiral admittance & at various wavelengths.

To further shed light on the physical origin of the cut-off condition of chiral SPPs, we
examined the field distributions of the chiral SP mode near cut-off. Figure 5.4(a)-(d) plot the
amplitude distributions of the E-, E\ and E, fields of chiral SP modes at the interface between gold
and a chiral medium at A = 600nm. The index of the chiral medium is n. = 1.5 and two chirality
values are considered: £ = 1x10~% Q! and & = 6.68x10~* !, the latter being close to the cut-
off value &, at this wavelength. The presence of both E; and E), fields (Figure 5.4(c), (d)) indicates
that the mode is a hybrid combination of both TM (E,) and TE (E)) components. For small values
of &, the mode is SPP-like with a dominant TM component, as seen in Figure 5.4(c). As &
approaches the cut off value & , the amplitude of E), grows indicating that more power is
transferred to the TE component (Figure 5.4(d)). Since the TE wave is not bound to the metal
surface, less ohmic loss occurs in the metal resulting in a decrease of the propagation loss with
increasing & as seen in Figure 5.3. Near the metal surface, electromagnetic boundary conditions
force the tangential field Ey close to zero while the E field is strongly enhanced. Far from the
metal surface, the two fields are equal to each other. For & ~ & , the transverse field decay constant
k., in the chiral medium approaches zero, indicating that the mode is no longer bounded, as can
be seen in Figure 5.4 (d). Thus the cut off condition occurs when enough power is transferred
from the TM polarization to the TE polarization so that the mode is no longer bounded to the metal

surface.
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It 1s also instructive to examine the polarization characteristics of the chiral SP mode. In
Figure 5.4(e)-(h) we plot the ratio of the transverse field amplitudes |[Ex/Ey| and the phase angle
difference between E. and Ey, ¢, —¢,. Figure 5.4(g) shows that for & > 0, the phase angle
difference between the two fields is identically —m/2 inside the metal and +m/2 in the chiral
medium, indicating that the wave is elliptically polarized with opposite senses of rotation in the
metal and the chiral medium. Since |Ev/E,| > 1, the major axis of the polarization ellipse is oriented
along the direction transverse to the metal surface, although far from the metal surface the field
becomes circularly polarized since |EvE,| = 1. The opposite directions of polarization rotation in
the metal and chiral medium are a consequence of the fact that the dielectric constants of the metal

and chiral material have opposite signs, which causes a m-phase change in the E, field at the
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interface. Inside the metal the elliptically polarized light causes the electrons to execute a spiral
motion as the charge density wave propagates forward. Changing the sign of the chirality
parameter does not affect the magnitudes of the field components but reverses the senses of

polarization rotation in the metal and chiral medium, as seen by the plots for £ <0 in Figure 5.4
(g) and (h).

5.2 Transfer Matrix Analysis of SPR Multi-layer Systems with Chiral Material

In the previous section, we investigated the propagation of chiral SPPs at a metal-chiral interface
and found that the propagation length of a chiral SP mode near cut-off is very sensitive to the chiral
parameter. This unique property can potentially be exploited for developing chiral sensors on an
integrated platform. In this section, we analyze the reflection of light from a metal-chiral interface
to investigate the influence of chirality on the cross-polarization reflection coefficient. In
particular, we are interested in the role of SPPs in enhancing the chiral response, which can
potentially be exploited for ellipsometric measurement of chirality.

In conventional plasmonic structures (with no chiral materials), there are two alternative
configurations that can be used to excite SPPs, namely, the Kretschmann and Otto configurations.
In this section we will investigate both configurations for exciting chiral SPPs. We will describe
each of these systems below and derive the reflection matrix of the structure to analyze its response

in the presence of chirality.

5.2.1 The Kretschmann configuration

1 1I
a) b) .
: . Pri Metal Chiral
Prism E r’;jm - sample
E e, ¥
: E¢ E; E?
d
E{ E" E"| E§
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Figure 5.5 Schematic of the Kretschmann configuration for SP wave excitation: (a) cross-section view of the multi-
layer SPR system along the plane of incidence; (b) electric fields in the various layers of the structure for transfer

matrix analysis.
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We first consider the Kretschmann configuration shown in Figure 5.5(a), which is the most
common configuration for exciting SP waves. A metal thin film with refractive index »,, and
thickness d is sandwiched between a dielectric prism of refractive index n, and a chiral sample.
The chiral material has refractive index n, and chiral parameter y. To enable excitation of SP
waves at the chiral-metal interface, the refractive index ny of the prism must be larger than Re {nc} .
Light incident from the prism at an incidence angle 6, greater than the critical angle 6, =
asin(n./ny) will experience total internal reflection, causing an evanescent wave to appear in the
chiral sample. If the momentum of this evanescent wave matches that of the chiral SPP, then a
chiral SP wave will be excited at the metal-chiral interface.

We employ the transfer matrix method to analyze light reflection from the metal-chiral interface
in the Kretschmann SPR system. We use Jones vectors to represent the forward and backward
propagating electromagnetic waves in the different layers of the SPR system, as shown in Figure
5.5(b). A linearly polarized (LP) plane wave E\* = [E () El(f:)]T incident from the prism is

Lp>

T
reflected at the metal surface to give E{" = [Ez(d;,Eé"s)] , where E{) and EJ (i =1, 2) are the

electric field amplitudes of p- and s- polarization components, respectively. The light transmitted
through the metal layer into the chiral sample is denoted by E!” = [E (© El(f_)]T , Where E,(,i) and

L+

El(f;) are the electric field amplitudes of the LCP and RCP waves, respectively. Using the transfer

E(d) E(c)
Ll=MpPpM, | |, (5.12)
E(" 0

where M; (i = 1, II) are the transfer matrices of the prism-metal interface (I) and the metal-chiral

matrix method, we can write

interface (II), and P™ is the propagation matrix of the metal thin film. The transfer matrix of the

prism-metal interface (I) has the form [127],

T(dm) R(dm)
MI:[R(M T | (5.13)

where T and R are given by

Iyt 0 t 0
T — / P and R“" = rp/ p , (5.14)
0 11, 0/t
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with », ¢, r, and 7, being the Fresnel coefficients of the prism-metal interface. The transfer

matrix of the metal-chiral interface (II) is

T(mC) R(mC)
M, = {R o g | (5.15)

where T and R" can be calculated by substituting the optical parameters (n,.n.,x) into

Equations (4.32) - (4.35). The propagation matrix P in the metal is defined as

P(m) = dlag(w;;l b q’;] b gDm b gom )9 ¢m = exp(_jkxmd) > (5 16)

where k= \/ n’ke —n>sin’ @, is the transverse propagation constant in the metal. By
substituting the above matrices into Equation (5.12), we solve for the field E” of the reflected

light to get
Egd) — (R(a’m)T(mc) + (D,%,T(dm)R(mc) )(T(dm)T(mc) + wiR(dm)R(mc) )_1 E}C) . (5 17)

The above equation will be used to calculate the reflection coefficients and the ellipsometric angles

of the Kretschmann SPR system.

5.2.2 The Otto configuration

An alternative configuration for exciting SPPs is the Otto configuration, which is shown in Figure
5.6(a). In this SPR system, a thin spacer layer (shown as a chiral medium in the figure) with a
lower refractive index than the coupling prism is placed between the prism and the metal. Light
incident at an angle larger than the critical angle is totally reflected at the prism-spacer interface,
causing an evanescent wave to appear in the spacer layer. This evanescent wave can excite an SP
wave at the spacer-metal interface if its momentum is matched with that of the SP mode. If the
metal slab has a finite thickness, two SP modes can be excited, namely, a symmetric mode and an
asymmetric mode [128]. The symmetric mode is also known as the Long-Range Surface Plasmon
Resonance (LR-SPR) mode, which is characterized by much lower propagation loss and narrower
bandwidth compared to conventional SPPs at a single dielectric-metal interface. LR-SPR has been
exploited to enhance the sensitivity and resolution of SPR biosensors [129, 130] as well as thin
film characterization systems [131]. In our research, we are also interested in exploring the
possibility of using the LR-SPR mode in the Otto configuration to achieve enhanced detection of

chiral substances. Toward this aim, we will first develop a transfer matrix formalism for analyzing
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Figure 5.6 Schematic of the Otto configuration for SP wave excitation: (a) cross-section view of the multi-layer
SPR system along the plane of incidence; (b) electric fields in the various layers of the structure for transfer

matrix analysis.

light reflection from the Otto SPR system shown in Figure 5.6(a), where the spacer layer is
replaced by a chiral sample whose chiral parameter is to be measured.

We assume the chiral layer has thickness d., refractive index n. and chiral parameter y. The prism
index is ng4, which is assumed to be larger than Re{n }. A metal thin film with thickness d» and
index n,, is deposited on a glass substrate with refractive index n,. Figure 5.6(b) shows the electric
fields in the various layers of the structure. Using transfer matrix analysis, we obtain the following

E! ]T , the reflected field E{" = [E‘d) E;? ]T

relationship between the incident field E{ = [E @) 2p

Lp?
T
and the transmitted field E{*’ = [E (2) El(,f)] :

Lp>

E@ E©
{ zd)J - MIP(C)MHP(m)Mm (01 > (5-18)
E2

where M; (i = [, II, III) are the transfer matrices of interfaces I, II and III as indicated in Figure 5.6,
and P') and P are the propagation matrices of the chiral layer and the metal thin film,

respectively. The transfer matrix M of the prism-chiral interface (1) is

T R
MI=|:R(dc) T |’ (5.19)

where T and R can be calculated by substituting the optical parameters (nd,nc, ;() into
Equations (4.32) - (4.34). The transfer matrix My of the chiral-metal interface (II) can be obtained
from Equations (4.28) and (4.29) to be
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T(Cm) R(CM)
MH:{R(M) o | (5.20)

where
1 1 o r
| |
e L g Ren 2L e ] (5.21)
20 1 1 2l r, r.
+5 l—s t+.¥ t—s

The elementary coefficients 7;; and #; (i =+, -, and j = p, s) in the above equations are given by

celVxt = £l xm 2 ceflx+
ek —tiken o ke (5.22)

Vig +g = .
ncekxi + nikxm

s
ncekxir + nirkxm

2
_ nmkxi _nincekxm _ 2nmncekxi 5 23
Fip = =— . (5.23)
nmkxi + nincekxm

P s
ng kxi + nincekxm

The transfer matrix M of the metal-glass interface (III) is

T R
MIII:|:R(mg) e |’ (5.24)

where T and R" can be obtained from Equations (5.13) and (5.14) using refractive indices
n, and n,. The propagation matrix P'" of the metal layer is given by Equation (5.16), while the

matrix P for the chiral layer is

P =diag(p”,0.,0.,0,), ¢, =exp(-jk.d.), (5.25)

where k_, =\/nik02 —n,sin’ @, are the transverse propagation constants of the LCP and RCP
waves in the chiral medium. Substituting the above matrices into Equation (5.18), we solve for

the reflected field to obtain the result
_ _ -1
EY = (RW (@) A+ T(dc)(I)(C)B)(T‘dC) (@) A+R“0¢B| E (5.26)
where

A=, T T 1 g (@) RR™), (5.27)
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We have thus derived above the reflection matrices for both the Kretschmann and Otto SPR
systems embedded with a chiral layer. In the next section, we will simulate the reflection spectra
for each system and analyze the results to evaluate the performance of each configuration for

ellipsometric measurement of OR and CD chirality.

5.3 Surface Plasmon Resonance Enhanced Ellipsometry for Chiral Measurement

In Chapter 4, we demonstrated a differential ellipsometric method for chiral sensing based on
reflection from a dielectric-chiral interface near the critical incidence angle. The method
interrogates the change in the ellipsometric phase angle of the reflected beam, which has a strong
dependence on the chirality of the sample. In this section, we perform simulations of light
reflection from a chiral SPR system in the Kretschmann and Otto configurations to investigate the
dependence of the ellipsometric angles on the OR and CD chirality of the sample. The results will
be used to study the role of chiral SPPs in enhancing the ellipsometric response in each
configuration, and to compare the performance of SPR-enhanced ellipsometry methods to the
previously demonstrated method based on critical angle incidence at a dielectric-chiral interface.

We will first describe the materials and optical parameters employed in the simulations.

Materials and parameters

The optical parameters used in the simulations are summarized in Table 5.1. The chiral sample is
prepared as a PMMA host polymer (n. = 1.49 — 1.51) with chiral molecules dissolved in it. The
prism material is assumed to be N-BAF10 glass, which is chosen to have a higher refractive index
(na = 1.67) than the index of the chiral sample [132]. The substrate material is assumed to be
Borofloat glass [133], which has a refractive index (ny = 1.46 — 1.48) close to that of the host
polymer of the chiral sample for efficient excitation of the LR-SPR mode in the Otto configuration.

Two metals commonly used in SP structures are Al and Ag. For measurement of OR
chirality at 589nm wavelength, we will use Ag, which is one of the most widely-used noble metals
in SPR sensors operating in the visible wavelengths around 600nm [120, 134]. On the other hand,
Al is preferred over noble metals such as Au and Ag for plasmonic applications in the UV and
blue wavelengths due to its lower loss in this wavelength range [135, 136]. Examples of Al-based

plasmonic applications include SP-enhanced Raman spectroscopy [137] and SP-enhanced
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fluorescence spectroscopy [138]. In our simulations, we will use Al to study SP-enhanced
ellipsometry for measuring CD chirality at 400nm.

Two types of chiral samples are considered in our simulation studies: a transparent chiral
sample with OR chirality, and an absorbing chiral sample with CD chirality. For realistic
simulation results, we extracted the values of the index n. and chiral parameter y from actual chiral
samples. The chiral samples are prepared by blending chiral molecules in a host polymer, which
can be deposited by spin-coating technology. The OR sample consists of a PMMA host doped
with (+)-griseofulvin. The refractive index n. and chiral parameter y of the sample are calculated
from the wavelength dispersion relations given in [139]. Their values are shown in Table 5.1.

The CD chiral sample is a PMMA host doped with (-)-Riboflavin. We prepared this sample
by dissolving ~0.5mM (-)-Riboflavin in PMMA 950 A2 solution and casting a thin film of ~10um
thickness on a spectroscopic glass slide. Figure 5.7 shows the absorbance spectrum (blue) and the
CD spectrum (red) measured using a Hitachi UH-3000 UV-Vis Spectrophotometer and Olis DSM

17 Circular Dichroism. The absorbance A4 is defined as
A=—log(exp(—2xkoL)), (5.29)

where ky is the vacuum wave number, ¥ = Im{n.} is the extinction coefficient and L the optical

path length. From the absorbance spectrum, we determine the extinction coefficient of the sample

by

K(ﬂ):A(/l)*ln(lO)*/l' (5.30)
4rL
OR CD

Wavelength 589nm 400nm
Refractive Index | N-BAF10 prism, ng 1.670 1.696

Chiral medium, n. 1.491 1.51 - 6.08x10%

Metal, n, 0.046838- 3.9485j (Ag) | 0.46555-4.7121j (Al)

Glass substrate, 7y 1.458 1.482
Chiral parameter y 2.1127%x107 5.0822x107;

Table 5.1 Parameters used in the simulation studies of SPR-enhanced ellipsometric measurement of OR and CD

chirality using the Kretschmann and Otto configurations.
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Figure 5.7 Measured absorbance spectrum (blue curve) and CD spectrum (red curve) of the CD sample

consisting of PMMA host doped with (-)-Riboflavin.

The CD chiral parameter (Im{y }) was extracted from the CD spectrum as follows. The ellipticity
6 can be transformed to the differential absorbance of LCP and RCP light A4 by A4 = 6/32.982
(AA= AL — Ar as described in section 4.2) [132]. Thus the imaginary chiral parameter y

characterizing CD chirality can be calculated from

O(1)*In(10)* 1

Im{ 7(4)} = .
m{x(4)] 32.982%87* L*n.(A)

(5.31)

The CD spectrum of the measured sample has a peak value at 400nm wavelength. Therefore, to
achieve maximum SNR, we choose to perform SPR ellipsometry simulations at this wavelength

for the CD sample.

5.3.1 SPR-enhanced ellipsometric measurement of an OR chiral sample

We first investigate the performance of SPR-enhanced ellipsometry for measuring a transparent
chiral medium with OR chirality. Using the transfer matrix method described in Section 5.2, we
performed simulations of light reflection at 589nm wavelength from a chiral SPR multi-layer in
both the Kretschman and Otto configurations. The chiral sample is transparent with index n. and
chiral parameter ¢ values given in Table 5.1.

For the Kretschmann system we used Ag film with a thickness of 54nm. The p-polarization
reflection coefficient amplitude |R,,| as a function of the incidence angle is plotted in Figure 5.8(a),
showing a SPR resonance dip around 74.4°. Recall that in the differential ellipsometric method,

we calculate
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Figure 5.8 Plots of the magnitude of the p-polarization reflection |R,,| vs. the incidence angle for (a) the
Kretschmann SPR system and (b) the Otto SPR system. The chiral sample is a transparent medium with OR
chirality and the wavelength is fixed at 589nm.
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Figure 5.9 Simulation results for the phase angle difference A of a transparent chiral sample with OR chirality
at various analyzer angle settings: (a) the Kretschmann SPR system and (b) the Otto SPR system. The

wavelength is fixed at 589 nm.

the ellipsometric phase angle A at two different analyzer angles, Arer and 4, and use the response
of the phase angle difference, A = Aa — Aarer, to extract the chiral parameter y of the sample. In
the simulations, we fixed the reference analyzer angle Argrat 45° with respect to the p-polarization,
and varied the analyzer angle 4 from 5° to 85°. Figure 5.9(a) shows the plot of the ellipsometric
phase angle difference dA vs. the incidence angle at different settings of analyzer angle A. The
phase angle difference is seen to peak at the incidence angle 74.435°, which coincides with the

angle at which the SP wave is excited at the chiral-metal surface. The peak value of |0A| depends
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on the analyzer angle as predicted by Equation (4.21), becoming larger as the analyzer angle 4
approaches 90°.

For the Otto system, we used Ag thin film with 27 nm thickness, while the thickness of the
chiral sample was fixed at 850nm. The thickness of the Ag film was chosen such that the Otto
configuration gave a similar extinction ratio for the angular SPR resonance dip (as indicated by
|Ryp| plotted in Figure 5.8(b)) as in the Kretschmann system. Figure 5.9 (b) shows the plot of the
phase angle difference vs. the incidence angle for the Otto structure at different settings of the
analyzer angle 4. The phase angle difference |0A| is also seen to peak at the surface plasmon
resonance angle, which is 64.598° for the Otto system. The peak value of |0A| is also largest for
analyzer angles close to 90°. Note, however, that the phase angle difference for the Otto system is
over 20 times larger than that achieved in the Kretschmann system.

Figure 5.9 indicate that the ellipsometric phase angle response is strongly enhanced by the
excitation of chiral SPPs in both the Kretschmann and Otto systems. To further shed light on the
mechanism for this enhancement, we examine in Figure 5.10(a) and (b) the magnitude of the cross-
polarization reflection coefficient Ry, and the reference ellipsometric phase angle Arer near the
SPR angle for both systems. The magnitude of Ry, characterizes the degree of chiral-induced
rotation in the polarization of the reflected beam, while the reference ellipsometric phase angle
A=Arg(R, +R, tan45°)—Arg(R + R cot45°) can provide information about the sensitivity
of the SPR system to perturbations, such as changes in the chiral parameter. Both plots in Figure
5.10 show that the magnitude of R, reaches a peak value at the resonance angle of the
corresponding SPR system, while the phase angle A undergoes a sharp transition. These results
verify that chiral effects on the ellipsometric response are enhanced as a result of the SPP excitation.
We also observe that compared to the Kretschmann system, the Otto system based on LR-SPR
excitation provides a much stronger cross-polarization reflection and a steeper phase transition
slope at the resonance angle. Both of these features can be exploited to achieve enhanced

ellipsometric detection of OR chirality using the Otto configuration.
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Figure 5.10 Plots of the magnitude of the cross-polarization reflection |R,,| and the reference ellipsometric phase
angle Argr vs. the incidence angle for (a) the Kretschmann SPR system and (b) the Otto SPR system. The chiral

sample is a transparent medium with OR chirality and the wavelength is fixed at 589nm.
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Figure 5.11. Distribution of the normal field component (Ey) in (a) the Kretschmann multi-layer structure and (b)
the Otto multi-layer structure. The chiral sample is a transparent medium with OR chirality. The SP mode is excited

at the incidence angle corresponding to the maximum phase angle difference response.
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Figure 5.12 Plot of the phase angle difference 8A vs. incidence angle for (a) ellipsometry based on reflection from
a dielectric-chiral interface and (b) SPR-enhanced ellipsometry based on the Otto configuration. The chiral sample

is a transparent medium with OR chirality. The analyzer angle A is set at 85° for both cases.

It is also instructive to compare the distributions of the normal field component Ey in the two
SPR multi-layer structures. The SP field distributions normalized with respect to the incident field
are plotted in Figure 5.11(a) for the Kretschmann system and (b) for the Otto system. It can be
seen that a much stronger electric field exists at the chiral-metal interface in the Otto system than
in the Kretschmann system. This amplified electric field leads to stronger interaction with the
chiral medium, resulting in the strong cross-polarization reflection observed in Figure 5.11(b).

Surface plasmon enhanced chiral effects have been observed previously in metal
nanoparticles (NPs) coated with chiral molecules. For example, a strong SPP enhancement in the
CD signal of bimane chromophore is observed when the CD band of the attached chiral molecule
overlaps with the resonance spectrum of the plasmonic NPs [124, 133]. In the case where there is
no overlap between the CD band of the chiral molecule and the plasmon resonance of the NPs, a
new CD band can appear at the SP frequency, as observed for NPs dressed with various molecules
[91, 133]. However, enhanced chiral effects due to SP waves at a chiral-metal planar interface
embedded in SPR systems have not been reported before.

Finally, we compare the ellipsometric phase angle response of reflection from a dielectric-
chiral interface at critical incidence angle with that of reflection from a metal-chiral interface at
the SP resonance angle. The dielectric medium in the former structure is assumed to be the prism
(ng = 1.670). The ellipsometric phase angle difference is shown in Figure 5.12(a) for the
dielectric-chiral interface and in Figure 5.12(b) for the Otto SPR system. We observe that the peak
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value of |0A| obtained at the metal-chiral interface is three times larger than that at the dielectric-
chiral interface. These results illustrate the superior performance of SP-enhanced ellipsometry
compared to conventional ellipsometry based on reflection from a dielectric interface for chiral

detection.

5.3.2 SPR-enhanced ellipsometric measurement of a CD chiral sample

Next we examine the performance of SPR-enhanced ellipsometry for measuring an absorbing
chiral sample with CD chirality. The chiral sample is assumed to have complex refractive index
n. =1.51 - 6.08x10™% and imaginary chiral parameter y = 5.0822x 107 around 400nm wavelength.
For the Kretschmann system, we chose Al as the metal layer with a thickness of 19nm for
optimized SPR response at this wavelength. We used the same N-BAF10 prism as in the previous
simulation study. The p-polarization reflection coefficient amplitude |R,,| as a function of the
incidence angle is plotted in Figure 5.13(a), showing a SPR resonance dip around 70.2°. Figure
5.15(a) shows the plot of the ellipsometric phase angle difference vs. the incidence angle for
various values of analyzer angle 4. The reference analyzer angle Argr is fixed at 45°. We observe
that as in the case of a transparent OR medium, the angle |0A| also peaks at the SP resonance angle
of 70.22° for this structure, indicating that CD chiral effect is also enhanced by the excitation of
SPPs.

65 70 75 80 62 63 64 65
Incidence angle (deg) Incidence angle (deg)

Figure 5.13 Plots of the magnitude of the p-polarization reflection |R,,| vs. the incidence angle for (a) the
Kretschmann SPR system and (b) the Otto SPR system. The chiral sample is an absorbing chiral medium with
CD chirality and the wavelength is fixed at 400nm.
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Figure 5.14 Simulation results for the phase angle difference dA of an absorbing chiral sample with CD chirality
at various analyzer angle settings: (a) the Kretschmann SPR system and (b) the Otto SPR system. The

wavelength is fixed at 400 nm.

For the Otto system, we employed a multi-layer structure consisting of an N-BAF10 prism,
an Al film of 12nm thickness, and Borofloat glass as the support substrate. The chiral sample layer
had a thickness of 495 nm, with the same index and chiral parameter as in the Kretschmann system.
|R,p| of this Otto system is plotted in Figure 5.13(b) vs. the incidence angle, showing a SPR
resonance dip with similar extinction ratio to that of the Kretschmann configuration (Figure
5.13(a)). The plots of [dA| vs. the incidence angle at different analyzer angles are given in Figure
5.15(b). We observe that the angle |0A| also peaks at the corresponding resonance angle of 62.933°
for this SPR system; however, the magnitudes of the peak |0A| angle are almost an order of
magnitude larger than those obtained in the Kretschmann system.

Figure 5.15(a) and (b) compare the magnitude of the cross-polarization reflection coefficient
|Rsp| and the reference ellipsometric phase angle Argr near the resonance angle for the Kretschmann
and Otto systems, respectively. Again, we observe that the Otto configuration provides over an
order of magnitude enhancement in |R;,| and a larger jump in the phase angle near the SP resonance
compared to the Kretschmann configuration. Figure 5.16(a) and (b) show the normal electric field
distributions of the SP modes in the Kretschmann and Otto multi-layer structures. These field
distributions are similar to those shown in Figures 5.10(a) and (b) for a transparent OR sample,
indicating that the presence of loss in the chiral medium does not significantly alter the field

distributions in these SPR structures.
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Figure 5.15 Plots of the magnitude of the cross-polarization reflection |R,,| and the reference ellipsometric phase

angle Argr vs. the incidence angle for (a) the Kretschmann SPR system and (b) the Otto SPR system. The chiral

sample is a lossy medium with CD chirality and the wavelength is fixed at 400 nm.
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Figure 5.16 Distribution of the normal field component (Ey) in (a) the Kretschmann multi-layer structure and (b)

the Otto multi-layer structure. The chiral sample is a lossy medium with CD chirality. The SP mode is excited at
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the incidence angle corresponding to the maximum phase angle difference response.
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Figure 5.17 Plot of the phase angle difference 6A vs. incidence angle for (a) ellipsometry based on reflection from
a dielectric-chiral interface and (b) SPR-enhanced ellipsometry based on the Otto configuration. The chiral sample

is a lossy medium with CD chirality. The analyzer angle A is set at 85° for both cases.

We also compare the ellipsometric phase angle response of the Otto structure with that of a
dielectric-chiral interface for a CD chiral sample. The response of the latter is shown in Figure
5.17(a) while that of the former is shown in Figure 5.17(b). In both structures we used the same
refractive index n. and chiral parameter y for the CD sample as those in Table 5.1. We observe
that the peak |0A| angle is enhanced by nearly two orders of magnitude in the Otto system compared
to the dielectric-chiral structure, indicating SPR-enhanced ellipsometry should have much better
SNR and hence detection resolution than conventional ellipsometry for chiral measurement of CD
sample.

Finally, we investigate the dependence of the phase angle difference 6A of SPR-enhanced
ellipsometry on the OR and CD chiral parameters. Figure 5.18(a) and (b) show the plot of dA vs
the real and imaginary part of the chiral parameter, respectively, for the Kretschmann (black curve)
and Otto (red curve) configurations. In both systems, the analyzer angles are Arer =45° and 4 =
85°, and the incidence angle is set at the angle for SPR excitation, which corresponds to the peak
OA response. We see from the plots that for both SPR systems, the phase angle difference has a
strong correlation to the chiral parameter, with its sign depending on the sign of the chiral
parameter and hence the handedness of the enantiomer. We also note that the Otto system has a
higher sensitivity to the chiral strength for both OR and CD samples, making it the preferred

configuration for SPR-enhanced ellipsometric measurement of chirality.
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Figure 5.18 Simulated phase angle difference dA vs. the chiral parameter for (a) OR chirality and (b) CD chirality.
The red lines are the responses of the Otto system; the black curves are the responses of the Kretschmann system.

The incidence angle is set to provide the maximum response in each case and the analyzer angle A is fixed at 85°.

To summarize the results of this section, we have shown that the excitation of chiral SPPs at
a chiral-metal surface leads to enhancement in the ellipsometric response of both the Kretschmann
and Otto multi-layer structures. In particular, thanks to the excitation of LR-SPP waves, the
differential ellipsometry method based on the Otto configuration provides better SNR and hence
better chiral detection resolution than both ellipsometry based on the Kretschmann structure and
conventional ellipsometry based on reflection from a dielectric-chiral interface. We also note that
the differential ellipsometric method can also be used to measure the refractive index of the sample,
similar to refractometric sensors based on SPR [120] and SPR-enhanced ellipsometry [9]. Thus,
the proposed SPR-enhanced ellipsometry method can provide a universal tool for complete
characterization of a chiral medium in terms of its refractive index, OR and CD chiralities, which
are traditionally profiled using different sensing techniques such as SPR sensor, refractometer,
polarimetry, and CD spectroscopy. Furthermore, the Otto configuration uses a chiral sample with
sub-micron thickness, thus significantly reducing the required sample volume. Combined with
nanofluidics technology, the proposed chiral sensing method can potentially provide an important

tool for pharmacokinetic studies of chiral drugs and other biochemical substances.
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5.4 Preliminary Experiment of SPR-Enhanced Measurement in a Commercial

Ellipsometer

We have done some preliminary work to study the feasibility of implementing the LR-SPR
enhanced differential ellipsometric method in a commercial ellipsometer. However, it was found
that due to the weak broadband light source of the commercial ellipsometer used, the ellipsometric
phase angle difference signal could not be accurately measured. We briefly summarize the results
of our experiment below and suggest solutions for overcoming the technical challenges in future

implementations of SPR-enhanced ellipsometry.

Sample preparation

We prepared a LR-SPR multi-layer chip in the Otto configuration with PMMA as the
measurement sample. A 20X20mm? chip was diced from a 1.1mm-thick Borofloat glass wafer and
cleaned in a 20-minute Piranha bath, followed by a rinse in DI water and blow-dry with N>. The
glass chip was coated with a 12nm-thick Al film using an Electron Beam Evaporation system
under 1.6x10"Torr vacuum and at deposition speed of ~0.12nm/sec. The chip was then spin-
coated with a ~520nm-thick PMMA layer at a spin speed of 1500RPM. The thicknesses of the Al
and PMMA layer were chosen to achieve LR-SPR excitation by light incidence through a BK-7
dove prism. The chip was mounted in contact with the prism via a BK-7 index matching liquid

from Cargille Labs.

Measurement results

We performed spectroscopic measurements of the ellipsometric amplitude angle y and phase
angle A using an M-2000v ellipsometer. Before the measurements, the chip was mounted and
aligned in the ellipsometer following the alignment procedure specified in the system software.
The incidence angle was set at 69°. Measurements over the wavelength range 400 nm — 900 nm
were performed at various analyzer angle settings.

Figure 5.19(a) shows the wavelength variations of the measured phase angle A at analyzer
angles of 45°, 60°, 75° and 85°. The black curve is the signals collected at the 45° analyzer angle
setting, which is also the default setting of conventional standard ellipsometry for measuring the
refractive index and thickness of thin films. The amplitude angle y measured at analyzer angle
45° is plotted by the red curve in Figure 5.19(b), showing a sharp dip around 470nm wavelength

which corresponds to the excitation of the LR-SPR mode. As shown in the inset in Figure 5.19(a),
110



~
o
~
e
S

AA— AREF(ng)

60} | 1
] N
< 40 / 0 1
<
o 20 T
"ab 2 . D
é 0r © 2%00 500 600 700 800 900 ]
dv'; -20 1 Analyzer A
g — 45
A 40| - 9
-60 ‘ - = &
400 500 600 700 800 900
Wavelength (nm)
®) 100 : : : ‘ 55
=
. S
X 145 =
=) (=
S £
K ®
N 135
E =
2 &
R 207 — V@ Ag=45° 12 s
—  Depolarization Otto SPR chip o
Depolarization Prism (I%
-60 : : : : 15 €
400 500 600 700 800 900

Wavelength (nm)

Figure 5.19 Measurement data showing the wavelength dependence of (a) the phase angle A of an Otto SPR multi-
layer structure obtained at various analyzer angle settings (b) the amplitude angle y and Depolarization factor.
The black dashed line in (b) shows the Depolarization factor measured with the prism only. The inset in (a) shows

the phase angle difference dA relative to measurements at the reference analyzer angle of 45°.

the phase angle A measured at different analyzer angles deviates from that measured at 4=45"
around the SPR wavelength, and the difference dA becomes larger as the analyzer angle is
increased. It is interesting to note that the phase angle difference dA remains close to zero at
frequencies far from the resonance. We recall that for an ideal Otto SPR chip using an achiral
sample (PMMA), the phase angle difference 6A should remain zero for all frequencies. To
determine the origin of this non-zero response of the phase angle difference, we plotted the
Depolarization factor vs. wavelength in Figure 5.19(b) for the Otto SPR system (solid black line)
and the prism alone (dashed black line). Depolarization characterizes the depolarization effect of

the sample system, and is defined by [140]

Depolarization =1-P, (5.32)
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where P is the degree of polarization. For an ideal isotropic sample, P can be written as [140]
P =cos’*(2y) +sin’(2w) cos” A +sin’(2y)sin” A, (5.33)

thus its Depolarization is zero. For a depolarizing sample, P becomes less than unity, and
Depolarization becomes non-zero. Common sources of depolarization effect include sample
surface roughness, non-uniformity of thin film thickness, and incoherent backside reflection from
transparent substrates [140, 141]. Since the observed depolarization effect of the SPR chip shows
a strong correlation to SPR excitation, we can draw the conclusion that one major cause of this
non-ideal phenomenon is the non-ideality defects of the metal thin film such as grain size and
surface roughness. For Al thin films prepared using E-beam Evaporation technology, typical grain
size is 20-50nm and the surface roughness is commonly >1nm [142]. Another contributing source
to the depolarization effect is the thickness non-uniformity in the PMMA thin film and the
Refractive Index Matching Liquid layer.

Besides the depolarization effect at the SPR excitation, the p-polarization reflection from the
SPR system is significantly reduced so that measurement of the reflected p-polarization is less
accurate, which also contributes to the large deviations in the phase angle difference as the analyzer
angle approaches the s-polarization (or 90°). On the other hand, at the off-resonance frequencies,
both p- and s- polarization components are strongly reflected from the SPR multi-layer so that
there is a considerable amount of light intensity from both polarizations reaching the detector,
which ensures accurate determination of the ellipsometric angles (y, A) at these off-resonance

frequencies.

Suggested solution for future implementations

Since the observed phase angle difference dA of the SPR chip appears to be closely related
to the depolarization effect at SP resonance excitation, we may minimize this non-ideal behaviour
by suppressing the depolarization effect. One solution is to employ smoother metal thin films to
provide near ideal planar surface, which can be obtained by deposition technologies such as
Atomic Layer Deposition [143] and co-sputtering [144]. On the other hand, we also note this
strong depolarization effect observed at SPR condition may have applications in characterizing the
quality of metal thin films. Though depolarization effect has been employed in conventional
ellipsometry data fitting to reduce unwanted cross-polarization reflection [140, 141], the use of

SPR-induced depolarization effect for metal thin film quality check has not been reported.
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It may also be possible to develop an analysis algorithm that can take into account the
depolarization effect, where phase angle difference A is assumed to consist of an off-set response
due to depolarization and a chiral-induced response. By subtracting the depolarization response
from the measured phase angle difference, we could then extract the chiral parameter of the
sample.

Also since commercial ellipsometers typically employ broadband lamps with low spectral
power density, we suggest that using a tunable laser light source along with a precision phase angle
interrogation setup may help improve the SNR of the measurements, especially near the SPR
excitation frequency. Ellipsometer systems equipped with laser sources and specialize angle
interrogation setups have been developed by other groups for specific applications with different
configurations [145-147]. These systems commonly use an electro-optic modulator to vary the
phase or amplitude of the incident LP light, a high-precision angle rotation stage to sweep the
incidence angle, and a phase-sensitive amplifier to resolve the output signal. However, the use of

such an SPR-enhanced ellipsometry system for chiral measurement has not been reported.

5.5 Summary

In this chapter we investigated the possibility of using surface plasmons to enhance the sensitivity
of the differential ellipsometric method for measurement of both OR and CD chirality. We first
studied the excitation and propagation of chiral SPPs at the interface between a metal and a chiral
medium, and found that unlike conventional SPPs, chiral SP waves are hybrid in nature, meaning
that they consist of both s- and p-polarizations. This hybrid nature gives rise to a cut-off condition
which is highly dependent on the chiral strength of the chiral medium. In particular, we showed
that the propagation length of chiral SPP is very sensitive to the chiral parameter near cut-off,
which could potentially be exploited to perform chiral sensing on an integrated platform.

We also analyzed two multi-layer systems for exciting chiral SPPs, namely the Kretschmann
and Otto systems, and investigated the sensitivity of the ellipsometric response of each system to
both OR and CD chirality. We found that the LR-SPR (Otto) system provides better sensitivity to
both types of chirality than the conventional Kretschmann SPR system, due to the higher quality
factor of the LR-SPR mode and the stronger electric field existing at the chiral-metal interface.
For a lossy chiral medium exhibiting CD chirality, simulation results showed that the LR-SPR
system can provide one to two orders of magnitude enhancement in the ellipsometric angle
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response when compared to ellipsometry based on reflection from a dielectric-chiral interface. We
also performed preliminary experiments to study the feasibility of implementing the LR-SPR
enhanced ellipsometric method in a commercial spectroscopic ellipsometer, and proposed

potential solutions to overcome the SNR issue in future implementations of the method.
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Chapter Six.

Conclusion

6.1 Summary and Contributions of Research

Optical sensing and measurement technology provides one of the most accurate tools for detecting
and characterizing materials. Compared to other sensing technologies, they also offer the
advantages of providing information more than the simple existence of the sample, such as optical
properties, chemical composition and biological activities. In this thesis, we investigated novel
optical sensing and measurement methods for two important applications, namely environmental
greenhouse gas monitoring and chiral compound analysis for pharmaceutical and biochemical
research.

With the alarming rate of increase in the atmospheric CO2 concentration level, the world is
facing a growing threat of irreversible climate change. Along with urgent actions to reduce
greenhouse gas emission, there is a need for developing compact, accurate and low-cost solutions
for greenhouse gas sensors that can be deployed in large-area sensor networks for environmental
monitoring. Motivated by this, we have taken important steps in the first part of the thesis towards
realizing an integrated silicon photonic gas sensing system on a chip that can perform parallel
detection of greenhouse gases.

The second part of the thesis also aims to develop novel optical sensing technology, but
focusing on a different type of applications. Here we explore the use of ellipsometry as a robust
tool for measuring the optical rotation and circular dichroism of chiral compounds, exploiting
especially the unique properties of chiral surface plasmon polaritons for enhancing the detection

sensitivity of these methods. This research is motivated by the important role of chirality in
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governing the biological functionalities of biochemical compounds. Measurement of chirality
provides information about molecule conformation, enantiomeric purity or excess, and chiral
compound concentrations, which are important in pharmaceutical research and other biomedical
fields. The ellipsometric methods developed in this thesis could offer crucial advantages over
existing techniques in terms of accuracy, small sample size and the ability to measure multiple
optical quantities in the same setup.

Below we describe the key contributions in each part of the research.

Development of silicon photonic multi-gas sensor system

Although integrated photonic sensors have been widely employed for developing biosensors
and are well known for their high sensitivity and compact size, their application to multi-gas
sensing has rarely been reported, especially for CO, and other greenhouse gas detection. The
challenge mainly resides in searching for a suitable functional material that can provide reversible
optical response to the target gas without requiring special operating conditions such as high
temperature and humidified environment. Our contributions to the development of a multi-gas
sensor include the followings:

e We proposed and demonstrated the use of the polyhexamethylene biguanide
(PHMB) polymer as a novel functional material for refractometric CO; gas sensing.
PHMB has the advantage of reacting readily with CO2 molecules without requiring
catalysis by heat or humidity. We also showed that the polymer exhibits reversible
refractive index change upon absorbing and releasing of CO2 molecules. In addition,
it can be easily deposited onto a silicon waveguide or other type optical waveguides
simply by spin-coating. These features make PHMB an attractive functional material
for developing refractometric CO; sensors.

e We demonstrated a compact silicon refractometric CO> sensor based on a microring
resonator functionalized with the PHMB polymer. The sensor exhibited a linear
response in terms of the resonance wavelength shift to the CO» gas concentration,
with a sensitivity of 3.54x1073 pm/ppm over the 0 - 500ppm range of gas
concentrations. It was also shown to have a detection limit of 20ppm, which is among

the lowest LOD values reported for COz sensors. To our knowledge, this is the first
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integrated optics refractometric sensor that is capable of detecting CO> gas
concentrations at the atmospheric level.

We designed and implemented a silicon photonic dual-gas sensor for parallel
detection of CO» and H» gases using a wavelength multiplexed microring array. One
of the main contributions here is to develop a procedure for functionalizing the
microring sensors with different types of functional materials, namely metal (Pd) and
polymer (PHMB). We performed sensing experiments to evaluate the performance
of the dual-gas sensor in the presence of multiple gases. In particular, we found that
Pd, which is a commonly used functional material for H> sensing, has significant
cross-sensitivity to COz gas, a behaviour which has not been reported before.
Nevertheless, by taking into account this cross-sensitivity, we showed that the dual-
gas sensor could still be used to obtain accurate measurements of both CO» and H»
gas concentrations. The dual-gas sensor system developed can be extended to include

sensor elements for other greenhouse gases on the same chip.

We have published part of this work in the following journals and conferences:

[148] Guangcan Mi, Cameron Horvath, Mirwais Aktary, and Vien Van, "Silicon
microring refractometric sensor for atmospheric CO> gas monitoring," Optics Express,
Vol. 24, No. 2, pp. 1773-80, 2016.

[149] Guangcan Mi, Cameron Horvath, Mirwais Aktary, and Vien Van. "Compact
silicon photonic refractometric sensor for atmospheric CO2 gas monitoring," IEEE
Photonics Conference 2015, pp. 619-620, 2015.

Development of ellipsometric methods for chirality measurement

Ellipsometry is a widely-used tool in both research and industry for measuring the refractive

index, extinction coefficient and thickness of thin film materials. However, the use of the method
for characterizing chiral compounds is much less reported. Our work contributed to the
development of new ellipsometric techniques that could potentially provide a robust tool for
chirality measurement in drug analysis and related biomedical research. The key contributions in

this part of the research include the followings:

We proposed and demonstrated a differential ellipsometric method for chirality

measurement based on reflection from a dielectric-chiral interface at the critical angle
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of incidence. By suppressing common noise sources and eliminating systematic
errors related to the use of a reference sample, the method was shown to be robust
enough that it could be implemented in a commercial ellipsometer, allowing
broadband measurements of the chiral parameter without requiring expensive tunable
laser sources and delicate setup.

We showed that chiral SPPs supported by a chiral-metal interface have unique
properties not found in conventional SPPs at an achiral-metal interface. In particular,
chiral SPPs have a cut-off condition due to the coupling of TM and TE waves. As a
result, it was found that the transmission loss of chiral SPPs near the cut-off is very
sensitive to the chiral parameter, an effect which can potentially be exploited to
realize integrated chiral sensors based on chiral plasmonic waveguides.

We investigated the ellipsometric response of light reflected from chiral SPR multi-
layer structures based on the Kretschmann and Otto configurations. We found that
the excitation of chiral SPPs strongly enhances the ellipsometric signals in both
cases, although the Otto SPR system provides a much stronger enhancement due to
the large field at the chiral surface and the high quality factor of the excited LR-SPR
mode. These results show that SPR-enhanced ellipsometry based on the Otto
configuration can be used for accurate measurement of both the optical rotation and

circular dichroism of chiral compounds.

We have published part of this work in the following journals and conferences:

[150] Guangcan Mi and Vien Van, "Characteristics of surface plasmon polaritons at a
chiral-metal interface," Optics Letters, Vol. 39, No. 7, pp. 2028-2031, 2014.

[151] Guangcan Mi and Vien Van, “Chiral surface plasmon polaritons and their
application for chirality detection,” in Photonics North 2014, SPIE: Montreal, Quebec,
2014.

[152] Guangcan Mi and Vien Van, “A differential ellipsometric method for accurate
chirality measurement” in IEEE Photonics Conference 2016, IEEE: Waikoloa, HI,
2016.

[153] Guangcan Mi and Vien Van, "Surface plasmon resonance enhanced ellipsometric

method for chirality detection," [in preparation].
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6.2 Recommendation for Future Research Directions

6.2.1 Photonic multi-gas sensing system based on microring resonator arrays

A research direction for the immediate future is to integrate more sensing channels for other target
gases that are of interest for environmental monitoring. For example, methane is also a greenhouse
gas that contributes to global warming. It is also an important source of clean [154] and has been
employed in the industrial production of H>. Another greenhouse gas is carbon monoxide, which
is known to be toxic and dangerous and can be produced by many industrial processes as well as
incomplete combustion of carbon-containing fuels. One of the key challenges in the incorporation
of these gas sensors is to identify suitable functional materials that are compatible with each other
and can provide sufficient selectivity to the target analytes. Considering these requirements, Metal
Organic Frameworks (MOFs) could provide an array of promising functional materials for
developing photonic multi-gas sensing systems. MOFs are highly porous materials synthesized
by a wide selection of metal ions and organic ligands, providing advantages of structural diversity
and configurable physical and chemical properties [155]. MOFs have been widely explored in
recent years for gas separation and chemical sensing applications, exploiting the physical and
chemical selectivity for various gases such as CO2 [156], CO [157], H2S [158], Hz [155], etc.
Selective gas-permeable polymer membranes [159], could also be employed as an additional
coating to enhance the selectivity of the sensing channel for the target gas.

From the system point of view, future work should also focus on increasing the degree of
system integration in order to accommodate larger number of sensing channels, as well as provide
signal conditioning, light source and detector on the same chip. To include more signal channels,
multiple wavelength-multiplex sensor arrays could be built on a single chip that are spatially
separated as shown in Figure 6.1. The arrays share the same input so that only one light source is
required, while each array has a designated output and detector. This spatial division design is
also convenient for employing various sensing mechanisms on the same chip, for example, by
assigning a separate microring array to each sensing mechanism, since different sensing
mechanisms can result in different types of output signal that may require separate operation and
signal processing procedures. For example, in refractometric sensing and absorption spectroscopy,

the dominant responses of a microring resonator are the shift of resonance wavelength and the
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change in the spectrum shape respectively. These output signals require different fitting

algorithms to extract the desired measurement results.
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Figure 6.1. Schematic of multiplexed optical gas sensing system

To address the wavelength-multiplexed channels in each microring array, a tunable
microring resonator filter could be integrated into each array for switching among signal channels
in the array, with the output signal from the filter sent to the functionalized microrings. In this
way the sensing system could employ a broadband light source such as superluminescent LEDs
[160] and thin film photodiodes [161], both of which can be directly bonded and packaged onto

the silicon photonic chip. This will further reduce the dimension and cost of the sensing system.

6.2.2 Surface plasmon enhanced ellipsometry for chiral measurement

An extension of the work on SP-enhanced ellipsometric method for chirality detection is to
construct an ellipsometry system using a laser source and high-resolution angle measurement
capability, since a more intense light source could overcome the issue of weak SNR encountered
in our attempt to implement the method in a commercial ellipsometer with a lamp source.
Examples of such ellipsometric systems have been reported by some groups [145-147] for other
applications such as metal thin film characterization.

An important direction in chiral measurement technology is to develop chirality detection
techniques based on chiral SPPs on an integrated platform. We have shown that chirality
influences the propagation loss of chiral SPPs, which can be determined by measuring the intensity
of the transmitted light from a chiral plasmonic waveguide. Since the propagation loss is most
sensitive to chirality when the chiral parameter approaches the cut-off value, the challenge is to

construct a chiral plasmonic structure so that the cut-off chirality value occurs in the range of the
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chiral strengths to be measured. We have also shown that enhanced chiral effect can be achieved
from the strong electric field of LR-SPP in the Otto multi-layer structure. Such a structure can be
realized on an integrated optic platform using the hybrid plasmonic waveguide structure described
in [162], where the low-index buffer layer sandwiched between the metal and high-index core is
replaced by the chiral layer. It will be interesting to investigate the influence of chirality to the
hybrid plasmonic mode, which may be employed for chirality detection. Furthermore, owing to
the small footprint of integrated photonic structures, plasmonic waveguides can be easily
integrated with photonic sensors based on microring resonators on the same chip. This presents
an attractive solution toward realizing a portable “optical characterization lab on a chip”, which
can provide multi-parameter analysis of micro-sized biochemical samples including refractometry,

absorption spectroscopy, optical rotation and circular dichroism spectroscopy.
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Appendix L.

The fabrication of the SOI sensor chip was done at the U. of Alberta's NanoFAB fabrication and
characterization center. Due to the sub-micron dimensions of the silicon waveguides, the chips
were fabricated using Electron Beam Lithography (EBL). The fabrication process flow is as

shown in Figure 1.1 and is described below.

(a) Piranha cleaned SOI chip (d) Photoresist development
' 160nm
HSQ
(b) Spin-coat HSQ photoresist (e) ICP-RIE dry Si etching
(c) E-Beam Lithography Exposure (f) HF-BOE removing HSQ

Figure 1.1 SOI fabrication process for microring resonator sensor chip.
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a)

b)

d)

Piranha clean. A Icm? SOI chip was first immersed in a piranha bath (H,S0,:H,0, =
3:1) for 20mins to remove organic residues from the surface of the chip. The chip is
subsequently rinsed in De-lonized (DI) water and blow-dried with N». The actual Si device
layer is then measured using Filmetrics Reflectometer to be 210nm, as shown in Figure I.1.
Photoresist coating. We used hydrogen silsequioxane e-beam photoresist (HSQ, Dow
Corning XR-1541 E-Beam resist 6%), which is a negative-toned photoresist widely used
for high-resolution EBL fabrication of sub-100nm features. This negative photoresist
offers the advantages of shorter EBL write time and better etching resistance compared to
the conventionally used positive-toned photoresist PMMA. The resist was let sit in ambient
temperature for 30minutes after taken from the storage fridge. The cleaned SOI chip was
first prebaked 10minutes at 180°C on a contact hot plate for surface dehydration. Spin-
coating of HSQ was performed at 3000RPM for 35seconds, and followed by a soft-bake
procedure (4mins @ 150°C) The resist layer thickness was measured to be approximately
160nm as shown in Figure I.1 (b).

EBL exposure. After coating of HSQ resist, the chip is immediately exposed using the
Raith-150 Two EBL system at 20kV and 20um aperture, because HSQ resist is known to
be very sensitive to pre-exposure delay in air that changes the exposure dose and contrast
[163, 164]. The device pattern was drawn up using the Raith-150 Two mask software. The
chip after exposure is as depicted in Figure 1.1(c).

Photoresist development. After exposure, the resist was developed in tetramethyl-
ammonium hydroxide (TMAH) 25% solution for 4 minutes at room temperature. This step
is followed by rinsing in DI-water with flowing water running into the beaker for 1 minute.
The flowing water is important in this step to reduce residue from unexposed HSQ and
developer solution [165]. The chip is then rinsed in [PA and dried by gently blowing N>
through the surface. Using this negative-tone resist, the exposed resist remains on the
surface for pattern transfer to the Si layer, as shown in Figure 1.1(d).

Dry Si etching. The SOI chip is submitted to dry etching process to transfer the HSQ
pattern unto the silicon layer, i.e. the E-beam exposed HSQ serves as a mask protecting the
underneath silicon from etching. Dry silicon etching is performed using an Oxford Estrelas
Inductively Coupled Plasma Reactive lon Etching (ICP-RIE) system, which provides

anisotropic etch by using both chemical and ion-induced (physical) etching. For dry silicon
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etching, a mixture of SF¢ and CF4 gases are used as etching precursors. The chip is bonded
to a 6” Si02/Si carrier wafer and loaded on to a helium-cooled chuck table to help prevent
heating of the chip surface due to ion bombardment. The etching speed and profile can be
controlled by tuning various parameters, including chamber pressure, flow rate and ratio
of etchant gases, RF forward and ICP power, and substrate temperature. Using an etch of
~5.8nm/sec, we performed dry etching for 38second to etch through the 210nm-thick Si
layer. At this point, the Si photonic structures have been patterned on the chip, but are
covered by the exposed HSQ photoresist, as shown in Figure I.1(e).

Photoresist removing. After E-beam exposure, HSQ becomes similar to SiO> [80], thus
the remaining resist on the etched device can be removed by wet etching using hydrofluoric
(HF) acid solutions. Though HF wet etching is isotropic and will etch SiO; laterally
underneath the Si structure from the exposed areas, we have tested a SiOzetch rate of the
used HF acid solutions to be ~55nm/min, while a 160nm-thick HSQ residue can be fully
removed by BOE in 25 seconds. Therefore, it is still safe to remove the residue resist by a
quick-dip in the etchant, because HSQ has a much higher etch rate in HF than SiO» [165].
After this step, the SOI microring chip is ready for functionalization process and is as

depicted in Figure L 1(f).
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Appendix II.

In this appendix, we present the mathematical derivation for the tangential field expression in a
chiral medium described in section 4.4.1, with refractive index n. and chiral parameter y . Recall

that the constitutive relation of a chiral medium is
D=cE- B, H=—;CE+B/y,, (11-34)

where &, is the permittivity of the chiral medium (¢, =n.¢,), &= yn, is the chiral admittance (7.
= ncNo), and 4, is the free space permeability. Consider forward (+x direction) LCP and RCP
planewaves propagating in the x-y plane, with electric E, (x,y) and magnetic field Hi(x, y)
dependence of exp[—j(Sy+k,x)], where i=x,y,z, k. =+ki -/ and k, =n,k,. n, and n_
are the refractive indices seen by the LCP and RCP plane waves respectively. Substitute Equation

(I-1) into the Maxwell curl equations

vsz—aa—lj, WH:—%—?, (I1-35)
We can get
—jBE. =—jou, (H, + jEE,), (11-36)
—jBH. =—jos(1+ y*)E, + ouéH, (11-37)
JkiE: =—jou (H, + jEE,), (I1-38)
jkH. = joe(1+ y*)E, + oucH,, (I1-39)
—jkwEy + jPE. =—jou (H: + jEE. ), (11-40)
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—jkH, + jBH, = joc(+ y*)E. + ouéH., (I1-41)

where @ is the frequency, E, and H, (i =Xx,y,z ) are the amplitudes of the electric and magnetic
field components. Next, we use the above equations to solve for the amplitudes of field

components in terms of £, . from Equations (II-3) and (II-4), we can get

E. = L( JPEE.—BH.), (11-42)
we .
H, o= [,B(1+;(2)Ez+jﬂﬁész}. (11-43)
()N Ee

From Equations (II-5) — (II-6), we have
- xin + ]kxié:Ez = —a)&‘Ey . (11-44)

together with Equation (II-7), we can get the expression of /. and E,

. k2 + ki
H.=-jxn. PRy E., (11-45)
kxi . 2 .
Ey ===t jneT+ 27 = j e ) E- (11-46)
&

By substituting H. and E, into Equation (II-8), we have the expression of H,,

AL S (11-47)
m (~/1+;(2 J_r;()

Now if we denote 77./1+ ¥° as 7., and let E. = E for forward electric field amplitude, we

arrive at the tangential fields of forward CP waves shown in Equation (4.22)
! _kw
Bl =| | ke B, = K T \E©, (11-48)
& + jMce

For backward CP waves propagating in the -x direction, the field dependence becomes
E (x,y)~ By—k.x)] and H,(x,y)~ By—k_x)] . By following the math
described above and let E. = EX9) for backward electric field amplitude, we will arrive at the

tangential fields of backward CP waves shown in Equation (4.23)
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