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Abstract

Long-range surface plasmon-polaritons are transverse-magnetic polarized optical surface
waves formed through the interaction of photons with free electrons at the surface of metal
slabs or stripes. They play important roles in a variety of field such as integrated optics,
amplifiers and lasers, optical sensing, modulation, etc. Due to their longer propagation length
and deeper penetration depth compared to those of single-interface surface plasmonpolaritons, they have become increasingly promising in optical sensing.
In sensing applications, it is necessary to reduce the noise level in order to obtain a lower
detection limit. One way to achieve this is to use dual- or triple-output Mach-Zehnder
interferometers so that the common perturbations among the outputs can be suppressed. The
objective of this thesis is to provide deeper insights on the performances of dual- and tripleoutput Mach-Zehnder interferometers in thermo-optic and optical bulk sensing applications,
theoretically and experimentally, and to demonstrate their ability to suppress common
perturbations and lower the detection limit.
On the theoretical side, the objective is approached by constructing a model for the transfer
characteristic. For dual-output Mach-Zehnder interferometers, the plane-wave model is used
to develop a general model for thermo-optic sensing and an unbalanced model for optical
bulk sensing. For triple-output ones, local normal mode theory is used with modal analysis
for the 3×3 coupler portion of the structure. Quantitative methods to analyze and compare
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different detection schemes are developed. The minimum detectable phase shift is
determined for the case of thermo-optic sensing while the detection limit is determined for
optical bulk sensing.
On the experimental side, the objective is approached by providing a direct experimental
demonstration of the transfer characteristics at an optimized operating wavelength for the
coupler portion of the device, then comparing to theory. Time traces are carried out and
various detection schemes are applied to suppress common perturbations among the outputs,
and to improve the minimum detectable phase shift or the detection limit.
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Chapter 1
Introduction

1.1 Surface plasmon-polaritons
Valence electrons in metals regarded as a high density electron gas can sustain longitudinal
electromagnetic charge density waves called plasma oscillations [1-3], which are energy
quantized as plasmons in the quasiparticle viewpoint. Plasmons exist in the volume of the
metal, namely the bulk plasmons, as well as on its surface, namely surface plasmons. Visible
and near infrared light can couple to plasma oscillations at a metal-dielectric interface,
creating a transverse-magnetic (TM) polarised optical surface wave quantized as
quasiparticles referred to as surface plasmon-polaritons (SPPs). The field of SPPs peak at the
metal-dielectric interface and decay exponentially into both media, with a typical penetration
depth of a few nanometers on the metal side, as shown in Fig. 1.1. The red curves represent
the profile of the main transverse electric field component (Ey) of an SPP mode propagating
along the z axis (directed out of the page). The single-interface SPP waveguide consists of an
optically semi-infinite dielectric with relative permittivity εr,1 and a metal with relative
permittivity εr,2. The single-interface SPP mode has useful properties such as good
confinement and high surface and bulk sensitivities, but also high attenuation preventing the
mode from travelling appreciable distances. The attenuation problem is significantly
improved by using long-range surface plasmon-polaritons (LRSPPs).
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Fig. 1.1 Mode field profile of a single-interface SPP supported by the interface
between a metal (εr,2) and a dielectric (εr,1) [4]

1.2 Long-range surface plasmon-polaritons
In order to reduce the attenuation, a thin metal slab or stripe bounded on all sides by the same
dielectric material is used as the waveguide, supporting modes with comparatively lower
attenuation and allowing propagation over a much longer distance, and thus named longrange SPPs. It has been demonstrated experimentally that attenuation reduction factors could
be greater than 100 with the LRSPP, though this comes at the expense of a lower surface
sensitivity which could be outweighed by the longer propagation length potentially enabling
better applications [4].
1.2.1 Metal slab
If the width of the metal layer is optically infinite, the waveguide is called a “metal slab”.
Figure 1.2 shows the metal slab structure. The red curves represent the profile of the main
transverse electric field component (Ey) of the supported modes propagating along the z axis
(directed out of the page). The structure consists of a thin metal film with thickness t and
relative permittivity εr,2 bounded on both sides by optically semi-infinite dielectric claddings
with relative permittivity εr,1 and εr,3, which are supposed to be symmetric (εr,1 = εr,3). When
the thickness t of the metal slab reduces to nanometer-scale, the two single-interface SPPs at
2

the top and bottom interfaces couple with each other and form two TM-polarised supermodes
[4], with their main transverse electric field component either symmetric or asymmetric, and
thus referred to as sb or ab, respectively. The subscript b signifies “purely bound”, meaning
non-radiative, in contrast with two radiative modes labeled sL and aL in which the subscript L
stand for “leaky”. Among these modes, the sb is identified as the LRSPP mode supported by
a metal slab. Suppose the claddings are symmetric and lossless, the attenuation of the sb
mode diminishes as the thickness t reduces, because the mode field is increasingly expelled
from the metal slab and penetrates deeper into the claddings [4]. Oppositely, the ab mode
shows more confinement in the metal as t reduces. Its attenuation increases, making the
mode short-ranged.

Fig. 1.2 Mode field profile of SPP supermodes (ab, sb) supported by a metal slab (εr,2) of
thickness t bounded by two dielectric claddings (εr,1, εr,1) [4]

1.2.2 Metal stripe
If the width of the metal layer is not optically infinite, the waveguide is called a “metal
stripe”, as exhibited in Figure 1.3. The structure consists of a thin metal stripe with thickness
t, width w, and relative permittivity εr,2 bounded by optically semi-infinite dielectric
3

claddings with relative permittivity εr,1 and εr,3. The direction of mode propagation is along
the z axis (directed out of the page). In a metal stripe structure the solutions to Maxwell’s
equations are not analytical, but have to be derived numerically. This difficulty is due to the
fact that all modes are created from the coupling of elemental corner or edge modes, which
varies with structure parameters and operating wavelength, making the coupled modes
unpredictable [4]. Despite the increasing analysis effort, the metal stripe can be handled by
well-established numerical techniques such as the method of lines (MoL) and the finite
element method (FEM).

Fig. 1.3 Cross-sectional view of a LRSPP waveguide consisting of a metal stripe (εr,2) of
thickness t and width w bounded by two dielectric claddings (εr,1, εr,1)

When symmetric claddings are assumed (εr,1 = εr,3), the metal stripe structure supports four
fundamental modes aab0, asb0, sab0, and ssb0, where s and a refer to symmetric and
asymmetric, respectively. The first position is associated with the horizontal dimension x and
the second with the vertical dimension y. The b here implies “purely bound” or non-radiative.
Higher order modes are also supported where the Ey field component dominates for all
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modes when t is small enough compared to w, hence the modes are essentially TM in
character [4]. As t approaches zero, they can eventually be categorized into two groups:
long-ranged modes (ssbm and asbm) acting like the sb mode in a metal slab, and short-ranged
modes (sabm and aabm) like the ab mode, depending on the symmetry of the Ey distribution
along y. Here m refers to the m~th order mode. The most commonly used mode among them
is the fundamental long-range mode ssb0, which has a field distribution well-matched to
Gaussian-like fields such as the output beam of a single mode fiber and thus is easily
amenable to end-fire excitation. In most cases, the ssb0 mode is regarded as the LRSPP mode
supported by a metal stripe. The higher order modes have attenuation low enough to be
considered as long-range only near cut-off, where modes with sabm and aabm symmetries
have increasing attenuation as t approaches zero and hence are not long-range. Thus a metal
stripe with symmetric claddings can become a single mode structure by choosing appropriate
stripe dimensions.
When the claddings are asymmetric, the ssb0 mode does not exist in a very thin asymmetric
metal stripe for it exhibits a cut-off thickness that is not present in the symmetric structures,
making it sensitive to asymmetry of refractive index in top and bottom claddings.
1.3 Thermo-optic sensing using LRSPPs
The thermo-optic effect is a phenomenon by which heat can influence the refractive index of
a material [5], which has been explored for potential applications such as thermo-optic
modulation, switching, and sensing using LRSPPs. Keeping the operating wavelength
constant, the refractive index of a material changes linearly with temperature over a small
temperature range (e.g. less than ~100 oC [6]), as given in the equation below.
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nT   nT0   T  T0 

dn
dT

(1.1)

Here n is the refractive index of the material and T is the temperature. dn/dT is called the
thermo-optic coefficient (TOC), which can be regarded as constant when the temperature
range is relatively small. If the temperature range is too large, the TOC should be
decomposed as a sum of smaller ranges of constant TOC and Eq. (1.1) changes into the
following relation below.
N 1
 dn 
nTN   nT0   i 0 Ti 1  Ti  
 dT  Ti

(1.2)

Here i and N are the i~th sub-range and the total number of sub-ranges, respectively. Thus,
given the temperature range of the thermo-optical device, the refractive index can be
determined by applying Eqs. (1.1) and (1.2). The linear relationship between refractive index
and temperature in the thermo-optic effect is obtained by differentiating the ClausiusMossotti relation [6].
To conduct thermo-optic modulation on LRSPP waveguides, a few mechanisms have been
designed and applied so that the change in temperature can affect the total insertion loss of
the devices. Typical schemes include thermally-induced antiguiding and inducing refractive
index asymmetry on straight waveguides, and phase-sensitive schemes using single- and
multiple-output Mach-Zehnder interferometers (MZIs).
1.3.1 Thermally-induced antiguide
In this scheme, a straight LRSPP waveguide serves as both the optical path and the heat
source, in which electric current generates heat when injected into the metal stripe forming
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the waveguide, as shown in Fig. 1.4. Features added for thermo-optic control includes metal
pads to connect to the current source and gaps to isolate the current to the active region of the
metal stripe. The heat generated along the waveguide increases the temperature around the
metal, forming a temperature gradient in the nearby dielectric claddings as the heat dissipates
outwards, changing the refractive index accordingly. Polymers such as Cytop have a
negative TOC [7], and thus as the cladding is made of polymer, its refractive index close to
the metal stripe (heat source) is lower than regions further away, forming an antiguide (lower
refractive index in the center than elsewhere), inducing radiation loss in the propagation of
the LRSPP mode due to reduced confinement. When the current density of the injected
current increases, the antiguide becomes stronger and eventually cuts off the LRSPP mode.

Fig. 1.4 Sketch of an LRSPP straight waveguide for thermo-optic modulation.
The active region is highlighted in red.

1.3.2 Thermally-induced refractive index asymmetry
In this scheme, the same modulation structure is used as in Fig. 1.3 but a different cut off
mechanism is applied. An asymmetry in refractive indices of the top and bottom claddings is
induced, motivated by the fact that the LRSPP mode is sensitive to such an asymmetry. One
method to realize this mechanism is to use different dielectrics for the top and bottom
claddings. The two materials are refractive-index matched at room temperature but have
different TOCs, so that heating the structure mismatches the refractive indices of the
claddings, inducing an asymmetry that increases the loss of the LRSPP mode propagating
7

along the waveguide, and eventually cuts off the mode. Another method is to generate a
temperature gradient in the waveguide region from top to bottom by adding a heater on the
top and a heat sink at the bottom (or the opposite), as illustrated in Fig. 1.5.

Fig. 1.5 Cross-sectional view of a waveguide structure generating a temperature gradient
from top to bottom to create refractive index asymmetry.

1.3.3 Thermally-induced phase shift
In this scheme, an MZI is used as the modulator and electric current is injected along one of
the arms, as shown in Fig. 1.6(a). Again, additional features for thermo-optic control such as
metal pads and gaps are added to the active region of the metal stripe. The change in
refractive index with temperature in the heated arm leads to the change in optical path length,
and therefore a phase shift relative to the other arm. As the current varies, the thermallyinduced phase shift changes between constructive and destructive interference conditions,
and the output optical power oscillates between maximum and minimum. Care must be taken
not to drive (thermally) the waveguide into cut-off via anti-guiding. The Y-junction on the
output side can be replaced by a 3-dB (50:50) or a 3×3 coupler, constituting a dual- or triple8

output MZI, as shown in Fig. 1.6 (b) and (c). Compared to their single-output counterpart,
multiple output MZIs have the advantages of larger dynamic range and the ability to
suppress common perturbations, and therefore are more promising in optical sensing
applications.

Fig. 1.6 Sketch of LRSPP MZIs for thermo-optic modulation, including
(a) single-, (b) dual- and (c) triple-output MZIs. The active regions are highlighted in red.

1.4 Optical biosensing
Many fields including medical diagnosis, pharmaceuticals, food processing, environmental
monitoring, etc, require the detection of certain drugs or pathogens, making biomedical
sensing more and more important in a variety of applications. The analysis of certain
9

biomolecules can be realized optically, for instance, by detecting fluorescence,
chemiluminescence, or the change of absorbance and/or reflectivity.
1.4.1 Fluorescence-based methods
One method to conduct optical biosensing is to tag the target biomolecules with fluorescent
dye [8], as shown in Fig. 1.7. For instance, when detecting an antigen, its fluorescein-labeled
antibody is prepared. The sample containing the antigen of interest is then immobilized to a
surface of a substrate and the antibody is added in. A certain amount of time is given for the
binding, and then any unbound antibody is rinsed off. By detecting the fluorescence the
concentration of the antigen in the sample can be determined. This method is commonly used
but it induces problems such as photo-bleaching and signal bias, and in most cases the
immobilization process is not easy but rather complicated and time consuming.

Fig. 1.7 Construction of a fluorescence-based antibody optical fiber biosensor.

Except for antibody-antigen detection, fluorescence is also used for enzyme detection, in
which a fluorescent dye is used in the reaction system to indirectly monitor the formation of
a product or the consumption of the analyte. For instance, such optical biosensing can be
conducted if a certain fluorescent dye is found for which the product of the reaction serves as
a fluorescent quencher [9].
10

1.4.2 Chemiluminescence-based methods
Label-free optical biosensing allows for detection without labeling biomolecules as well as
real-time monitoring [10]. One method for label-free optical biosensing is to utilize
chemiluminescence, which is the emission of light as the result of a chemical reaction. A
distinct advantage of this method is that no excitation light source is required since light can
be generated during the reaction, and thus no additional apparatus is necessary to remove the
scattered excitation light. The chemiluminescence-based methods usually have more
simplified optical instrumentation as well as better selectivity and sensitivity than the
fluorescence-based methods.
1.4.3 Surface Plasmon Resonance
Another method for label-free optical biosensing is to detect the change of absorption and/or
reflection, as in the popular surface plasmon resonance (SPR) technique, which has been
well-developed, with early commercialization, miniaturized devices, and considerable
amount of publications related to the topic. Conventional SPR biosensing is based on the
Kretschmann-Raether configuration, consisting of a prism with a thin layer of Au integrated
with fluidics and a CCD detector, interrogated with a transverse magnetic (TM) polarized
beam, as shown in Fig. 1.8.
The prism is used to excite surface plasmons at a certain angle known as the SPR angle θ, at
which plasmon excitation occurs with the energy of the incident light partially coupled into
the surface plasmons and the optical power of the reflected light decreasing. θ is dependent
on the refractive index of the sample solution as well as the presence of an adlayer at the
metal-solution interface. In the sensing process, the refractive index of the bulk part of the
11

sample solution in the flow cell or the thickness of the adlayer changes, causing θ to change
accordingly.

Fig. 1.8 Schematic view of an SPR sensor.

As mentioned above, there are two different mechanisms that can be used for SPR sensing.
One is to change the refractive index of the sample solution in the flow cell, which is referred
to as “bulk sensing”. The other is to form an adlayer on the top surface of the metal stripe,
which is referred to as “surface sensing” and is more commonly used in biosensing
applications.
1.4.4 LRSPP bulk sensing and biosensing
In recent years, LRSPPs have been increasingly investigated in optical sensing due to their
longer propagation length and deeper penetration depth. Their surface sensitivity is relatively
lower than in conventional SPR, but that is compensated by the longer sensing surface that
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can be used, and therefore the total sensitivity is better and the detection limit lower than in
conventional SPR sensors [11].
The layout of the LRSPP structures used in biosensing is the same as in the thermo-optic
structures (straight waveguide, single- and multiple-output MZIs) shown in Fig. 1.4 and 1.6
except for the additional features for thermal control. The metal pads and gaps added to the
active region for thermo-optic actuation are replaced by etched fluidic channels defining the
region for biosensing. The channels expose the top surface of the metal stripe to the
surrounding medium, where sample solutions are injected and sensing occurs. Similar to
SPR, there are two mechanisms of sensing when applying LRSPPs. The bulk (refractometric)
sensing is conducted when the bulk refractive index in the fluidic channel changes as one
sample solution replaces another, while surface sensing is carried out when an adlayer is
formed on the top surface of the metal waveguide during biochemical interaction, for
example, the binding between antigens and antibodies. The work related to this thesis
focuses the discussion on bulk sensing, because the motivation of this work is to use
multiple-output MZIs to improve the detection limit, and bulk sensing is easier to handle
than surface sensing. However, the ideas for detection limit improvement in bulk sensing
discussed in this thesis can also be applied to surface sensing.
1.5 Literature review
1.5.1 Thermo-optic modulation and sensing
As mentioned above, thermo-optic devices can be basically divided into three types. The first
type uses a straight waveguide based on thermally-induced antiguide. Nikolajsen et al. [12]
demonstrated variable optical attenuators (VOAs) with 15 nm thick and 8 μm wide Au stripe
13

between 15 μm thick benzocyclobutene (BCB) claddings, and investigated its wavelength
dependence within the main telecom interval of 1470-1610 nm. Fan et al. [13] demonstrated
a similar VOA with 35 nm thick and 5 μm wide Au stripe cladded by Cytop operating at
~1310 nm. Park et al. [14] demonstrated a VOA with a separate heater on top of the metal
stripe, utilizing both thermally-induced anti-guiding and an asymmetric mode cut-off due to
the temperature gradient of the claddings caused by the heater. Leosson et al. [15] conducted
experiments on a similar VOA based on a nanowire hundreds of nanometers thick and wide
instead of metal stripes. Leosson et al. [16] observed a >20 dB extinction ratio, <3V driving
voltage and >1 kHz modulation bandwidth on a nanowire-based VOA operating at free space
wavelengths 1525-1625 nm. Rosenzveig et al. [17] demonstrated the feasibility of
fabricating nanowire-based VOA devices, and observed a thermo-optic memory effect in
polymer in the experiments.
The second type also uses straight waveguides and is based on thermally-induced
asymmetric mode cut-off. Gagnon et al. [5] demonstrated a VOA operating at a free space
wavelength of ~ 1550 nm consisting of a Au stripe cladded with SiO2 and index-matched
polymer on top. Breukelaar et al. [18] investigated a VOA using SiO2 and LiNbO3 as
claddings, and obtained a change in insertion loss of better than 20 dB. Breukelaar et al. [19]
performed theoretical analysis on a VOA based on Au slab and SiO2 claddings with
asymmetric refractive indices, and the cut-off points of lossless and lossy waveguides were
compared.
The third type uses MZIs based on thermally-induced phase shift between the sensing and
the reference arms. Nikolajsen et al. [20] demonstrated single-output MZI modulators and
directional-coupler switches consisting of Au stripes in BCB claddings operating at 1550 nm,
14

featuring low driving powers, high extinction ratios, and moderate response times. Fan et al.
[13] investigated single-output MZIs with Au stripes and Cytop claddings operating at 1310
nm.
Additionally to LRSPPs, dielectric-loaded SPPs (DLSPPs) [21-24] have also been developed
for thermo-optic sensing in recent years.
1.5.2 Optical bulk sensing and biosensing
A popular and sensitive technique for optical biosensing is to label specific targets with
fluorescent dyes in which a primary antibody or antigen is immobilized to the surface of a
substrate. One typical example is the experiments carried out by Marks et al. [25] to detect
cholera antitoxin antibodies. The researchers coated polypyrrole-biotin on the end-facet of an
optical fiber and then sequentially attached a few chemical reagents (avidins, biotin labeled
cholera toxin B subunits, anti-cholera toxin B subunits, and HRP-labeled goat anti-rabbit
LgG peroxidase) by steps for immobilization, and finally hydrogen peroxide and luminol are
added to the reaction mixture to emit light. Another scheme of fluorescence-based biosensing
is to use fluorescent dyes in the reaction system to monitor the formation of a product or the
consumption of an analyte. Research using this scheme consists of a sensor designed by
Ignatov et al. [9] for lactate detection. The principle is that the fluorescent dye ruthenium is
quenched by oxygen. When lactate is catalyzed by lactate oxidase, it consumes oxygen, and
the decrease in oxygen concentration leads to an increase in ruthenium fluorescence.
Chemiluminescence and Electrochemiluminescence is the emission of light as the result of a
chemical or electro-generated chemical reaction. Biosensing methods based on them have
the advantages that no excitation light source is needed or an apparatus to remove scattered
15

excitation light, yielding better selectivity and sensitivity. They are commonly used for
detecting hydrogen peroxide formed by enzymatic reactions. Zhu et al. [26] constructed an
electrogenerated chemical reaction flow system to detect glucose. Ramos et al. [27] design a
sensor for p-iodophenol, 2-naphthol, and p-coumaric acid using horseradish peroxidase
immobilized in sol-gel on the end of an optical fiber.
Although there have been many successful label-free approaches in recent years, for instance,
long period fiber gratings demonstrated by Garg et al. [28], SPR has dominated the field of
optical biosensing for its high sensitivity. Feltis et al. [29] demonstrated a self-contained
hand-held biosensor based on SPR, capable of detecting trace levels of the bio-toxin ricin.
Relevant biologicals can be detected and validated in a 20 min timeframe. Wu et al. [30]
presented a phase-sensitive SPR biosensor based on the MZI design using a Wollaston prism
to interrogate the phase of two polarizations simultaneously, and obtained results from
experiments on glycerin–water mixtures showing a sensitivity limit of 5.5 × 10-8 refractive
index unit (RIU) per 0.01° phase change. Hadjar et al. [31] proposed a monolithic
interferometric configuration based on Fabry-Perot interferometers for phase shift detection
using SPR sensors. Nguyen et al. [32] demonstrated an optical fiber refractometric sensor
based on SPR, integrating a periodic array of resonant nano-apertures in a gold film onto the
end-facet of an optical fiber, and they achieved a sensitivity of 755 ± 12 nm/RIU. Špringer et
al. [33] enhanced the sensitivity of SPR sensors using functionalized Au nanoparticles,
which can also be applied to different types of optical biosensors. Vaisocherováet al. [34]
recently demonstrated the commercialization potential of an ultra-low fouling SPR imaging
biosensor for the rapid parallel detection of miRNA for clinical use, combining the
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advantages of high sensitivity and the parallelized detection ability of two conventional
miRNA detection methods.
Apart from conventional SPR sensors, biosensing using single-interface SPP waveguides
have been demonstrated. Gao et al. [35] proposed a vertical MZI biosensor constructed by
two nanoslits on a flat metal film serving as the waveguides of SPPs. Zeng et al. [36]
proposed a sensitive multiplexed MZI sensor array based on the interference between singleinterface SPP and Metal-Insulator-Metal SPP modes supported in a multi-layered structure.
Benefiting from longer propagation lengths and deeper penetration depths, LRSPPs exploited
in prism-coupled sensors have been demonstrated to have better performance than
conventional SPR. Dostálek et al. [37] implemented a layer structure consisting of a
fluoropolymer buffer layer, a thin gold film, and an aqueous sample in an SPR sensor to
excite LRSPPs. Slavík et al. [38] modified conventional SPR by depositing a low refractive
index fluoropolymer Teflon at the interface between the glass prism and Au film, and
demonstrated a detection limit of 2.5 × 10-8 RIU. Vala et al. [39] reported that LRSPP-based
sensors were ~8 times more sensitive to sample refractive index changes than conventional
SPR sensors, and their responses were 2.5 to 5.5 times greater. Chabot et al. [40] reported
that LRSPP-based sensors exhibit a 50% greater sensitivity compared to conventional SPR
sensors for toxicity measurements based on living cells.
LRSPPs excited in end-fire coupled sensors based on a straight waveguide have been
demonstrated. Krupin et al. [41] proposed a sensor consisting of 5 μm wide and 22 nm thick
Au stripes embedded in Cytop with microfluidic channels etched into the top cladding. The
biosensor demonstrated a good capability for bulk sensing (with a detection limit of 2.3 × 10-
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6

RIU) and for sensing analyte over a wide range of mass (from cells to proteins). They used

the same device for the detection of blood group antigen A on whole erythrocytes [42] and
leukemia markers in patient serum using a functionalization strategy based on Protein G [43].
Wong et al. [44] used a similar device for the detection of dengue-specific immunoglobulin
M antibody in actual patient blood plasma samples. Béland et al. [45] demonstrated the
potential of a similar device to be used in diagnosis of urinary tract infection.
LRSPP sensors based on single-output MZIs have also been demonstrated for bulk sensing.
Khan et al. [46] proposed refractometric sensing experiments using a compact integrated
single-output MZI formed from thin Au stripes in Cytop with an etched microfluidic channel
defining the sensing arm, and achieved a detection limit of 9 × 10-7 RIU. Vernon et al. [47]
theoretically demonstrated a similar single-output MZI sensor, with the two Y-junctions on
the input and output sides replaced by two 3×3 couplers.
1.6 Thesis scope and outline
The motivation for this work is to develop new structures based on LRSPP multiple-output
MZIs for thermo-optic operation, bulk refractometric, and biochemical sensing. The thesis
aims to provide deeper insights on the performances of single- and multiple-output MZIs
both theoretically and experimentally, and on the ability of common perturbation suppression
for dual- and triple-output MZIs. The scope of this thesis comprises three important points:


Experimental demonstration of transfer characteristics on single-, dual- and tripleoutput MZIs: In the context of LRSPP thermo-optic and optical bulk sensing the
demonstrated devices are polymer-cladded straight metal stripes, nanowires, or
single-, dual- and triple-output MZIs, the latter two having the advantages of 2 × and
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3 × larger dynamic range respectively, compared to their single output counterpart
and the ability to suppress common perturbations.


Theoretical analysis of dual- and triple-output MZIs: In order to compare
experimental transfer characteristics with theory, analyses of multiple-output MZI
models, especially their coupler portion, are necessary. As for the dual couplers, the
thesis presents a theoretical expectation of the transfer characteristic based on planewave model. As for the triple couplers, the thesis presents a theoretical model for
three-waveguide coupling based on modal analysis so that simple equations that
model the operation of an idealised design can be given.



Study of detection schemes to improve the detection limit using dual- and tripleoutput MZIs: It would be beneficial to take advantage of the multiple outputs to
cancel off or at least suppress some of the common perturbations, such as a drift in
the input optical power or input coupling conditions, or the background light. The
thesis analyzes different detection schemes to obtain the best common perturbation
suppression and the best detection limit of the devices for use in thermo-optic
applications and optical bulk sensing.

This thesis consists of a collection of scientific articles, each of them presented as a chapter.
The remainder of this thesis is organized as follows. Chapter 2 demonstrates the transfer
characterisation of single-output MZIs in thermo-optic sensing theoretically and
experimentally. Chapter 3 reports the theoretical performance of a dual-output MZI, the
experimental transfer characteristics in thermo-optic modulation, and the detection schemes
to improve the minimum detectable phase shift. Chapter 4 reports the theoretical
performance of a triple-output MZI based on the modeling results of a 3 × 3 coupler, the
19

experimental transfer characteristics in thermo-optic modulation, and the detection schemes.
Chapter 5 reports the theoretical performance of an unbalanced dual-output MZI, the
experimental transfer characteristics in optical bulk sensing, and the schemes to improve the
detection limit of the device. Chapter 6 reports the experimental transfer characteristics of a
triple-output MZI in optical bulk sensing compared with theoretical expectation by fitting,
and the detection schemes. Chapter 7 concludes this work and presents suggestions for future
work.
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Chapter 2
Thermo-optic characterisation of LRSPP single-output MZIs

2.1 Theoretical
2.1.1 Mechanism of modulation
The mechanism of thermo-optic modulation of single-output MZIs is to inject an electrical
current into one arm of the MZI, namely the sensing arm, while the other arm, namely the
reference arm, remains isolated. When the current passes through the metal stripe along the
waveguide, heat is generated therein and diffuses into the dielectric claddings, thus
modulating the output optical power thermo-optically. Due to the thermo-optic effect, the
rise in temperature along the sensing arm changes the refractive index of the claddings
nearby as well as the effective index of the mode travelling along the waveguide, resulting in
a change in optical path length and creating a phase shift relative to the reference arm. As the
injected current varies, the phase shift changes between constructive and destructive
interference conditions.
If the TOC of the dielectric material that forms the claddings is negative (e.g. Cytop), an
interesting effect will occur when the metal stripe is heated. As heat diffuses from the metal
stripe into the surrounding claddings, a temperature gradient higher in the center and lower in
the nearby region is formed. The negative TOC of the claddings will convert this temperature
gradient to a negative gradient of refractive index, lower in the center and higher in the
nearby region, in other words, an antiguide. This will inhibit the propagation of the LRSPP
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mode due to radiation leakage of optical power. When the density of injected electrical
current is strong enough, the attenuation becomes so high that the LRSPP mode is cut off
entirely.
Another effect is the burning out of the metal stripe when the injected electrical current is too
large. This is due to electromigration which happens when the heavy positive ions
constituting the metal are displaced due to the strong electron-wind colliding on them [48,49].
A third effect that may be taken into consideration is glass transition, depending on the
material used for the claddings. Some materials have a glass transition temperature Tg
beyond which it changes from glassy to rubbery which causes permanent damage to the
waveguide.
Therefore, it is important to properly control the density of the electrical current in
conducting thermo-optic experiments in order to prevent the antiguide effect from cutting off
the LRSPP mode and the electromigration effect and glass transition effect from damaging
the waveguide.
2.1.2 Theoretical expectation
Assuming that the two Y-junctions of the single-output MZI are designed for equal power
split and combine, the expression for the output power of the MZI is given below following
Ref.[11]:

Pout  Pin AW

1
1  V cos  0 
2

(2.1)

where
A  AATT ARL ATL
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(2.2)

V

AATT  exp  2Lt 

(2.3)

ARL  exp  2t 

(2.4)

ATL  exp  2 t 

(2.5)

1
coshLs  s   

W  exp  Ls  s   coshLs  s   

(2.6)
(2.7)

in which Pin and Pout are the input and output optical powers; A is the total loss factor of the
MZI, consisting of three separate factors AATT for attenuation, ARL for radiation loss, and ATL
for transition loss, where the latter two losses can be determined in dB as -10log10ARL and 10log10ATL (usually express as TL); α and Δα are the mode field attenuation of the reference
arm and the difference in mode field attenuation of the sensing arm relative to the reference
arm, Lt and Ls are the total path length and length of the active region on the sensing arm, ρ
and Δρ are coefficients that characterise the radiation loss of the reference arm and the
difference in radiation loss between the two arms, θt and θs are the total bending angle of all
the curved sections of the MZI and the bending angle of the active region on the sensing arm,
τt and Δτ are coefficients that characterise the total transition loss of the MZI and the
difference in transition loss between the arms; ϕ and ϕ0 are the phase shift introduced by
thermo-optic modulation, and the initial phase difference between the arms; V is the visibility
factor of the MZI representing the peak-to-valley difference of the output power, and W is
the unbalance factor representing the power penalty due to Δα, Δρ, and Δτ.
Under normal operation, the electrical current injected to heat the sensing arm is small
enough such that Δα, Δρ, and Δτ should be negligible. In this case V and W are close to 1,
and Eq.(2.1) simplifies to
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1
Pout  Pin A 1  cos  0 
2

(2.8)

which shows that the output optical power is a sinusoidal function of the phase.
2.1.3 Phase shift versus dissipated electrical power
The measurements are data points of output optical power versus dissipated electrical power
instead of thermally induced phase shift. In order to compare them directly, it is necessary to
derive a general relation between the dissipated electrical power and the phase shift.
Firstly, the relation between the phase shift and the thermally induced change in effective
index of the LRSPP mode is known to be linear, given as



2Ls



neff

(2.9)

where λ is the working wavelength (1310 nm), and Δneff is the thermally-induced change in
effective index of the LRSPP mode propagating along the arms.
Secondly, it is known from the linear modal of the thermo-optic effect that when the
temperature is changed in a range that is not too large (e.g. up to ~100 oC [6]), the thermallyinduced index change of the cladding material is linearly related to the change of temperature.
Assuming that the effective index of the mode changes linearly with the refractive index of
the cladding material by a constant factor of Cn, we have the following relation:

 dn 
neff  Cn   T
 dT 

(2.10)

where the TOC of Cytop which is used as the cladding material of our device is taken as
dn/dT = -5×10-5 ˚C-1 [50]. The change in temperature during the experiments is estimated by
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measuring the change in resistance of the metal stripe in the active region, based on the
relation in Ref.[5]:
R  R0 1  T 

(2.11)

where R and R0 are the resistance of the metal stripe measured in and before the experiment,
respectively. The temperature coefficient of resistivity of Au used for the metal stripe is
taken as  = 1.3876×10-3 (˚C-1). The estimated temperature range in the experiments is ~70˚C,
satisfying the precondition to apply the linear model of thermo-optic effect.
Finally, we need to relate ΔT to the dissipated electrical power Pe. Here an assumption is
made that the rise in temperature is linear with the electrical power dissipated along a unit
length of the metal stripe Pe/Ls by a constant factor CT, which gives us the following relation:
Pe  CT Ls T

(2.12)

the validity of which is verified by fitting the measurements to theoretical expectation. Now,
the relation between Pe and ϕ can be derived from Eqs. (2.9), (2.10), and (2.12). By
combining the constant factors as C = Cn/CT, we obtain



2  dn 
CPe
  dT 

(2.13)

where the constant factor C is also determined by fitting. The slope of this relation
(2π/λ)(dn/dT)C depends only on the cross-sectional dimensions of the waveguide.
2.2 Experimental
2.2.1 Device of interest
Fig. 2.1 illustrates a front cross-sectional sketch of a chip on which the device of interest is
fabricated, comprising several waveguides each formed as a thin narrow Au stripe embedded
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in Cytop claddings. The whole device was supported by a 450 μm thick silicon substrate on
which a 10 μm bottom cladding layer made of Cytop was spin-coated. A gold layer of 35 nm
was then deposited on the bottom cladding and patterned in a lift-off lithography process by
removing the gold in predetermined regions according to the layout. Then another 10 μm
thick Cytop layer was coated as the top cladding to fully embed the Au structures in a
symmetric Cytop environment. Fabrication details can be found in Ref.[51].

Fig.2.1. Front cross-sectional view of a chip.

The device of interest is a single-output MZI with a designed operating wavelength of 1310
nm, which consists of two straight sections at the input and output ends and a few curved
sections in between them, as shown in Fig. 2.2 (a). All the Au stripes along the waveguides
have dimensions of 5 µm in width, 35 nm in thickness. All the curved sections have the same
radius of curvature of 5.5 mm. There are two designs of the single-output MZIs, one is 3.8
mm long with a 240 µm separation between the arms, the other is 3 mm long with a 140 µm
separation between the arms. Both use Y-junctions with a 2 µm inner waveguide separation
at the split/combine point. All the chips on which the single-output MZIs are fabricated
originate from the same wafer (identified internally as CWS 19).
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Fig.2.2. (a) Sketch of a single-output MZI showing dimensions, and
(b) microscope images showing the features required for thermo-optic control.

Additional features are added in order to apply thermo-optic modulation to the device,
including metal pads, contact arms and gaps, as shown in Fig. 2.2 (b). The pads are used to
accommodate the electrical probes used to inject an electrical current into the active region
of the waveguide, the Au stripe highlighted in red in Fig. 2.2 (a). In the active region, the Au
stripe is used as both an element of the optical waveguide and the electrical wire for the
current to pass through. The top cladding of the pads are etched to expose the metal contacts
for electrical probes. The pads are kept at least 20 μm away from the waveguides to prevent
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optical interference, as most of the power of the LRSPP mode is contained within a 3 μm
distance from the waveguide. Contact arms with the same thickness and width as the
waveguides are used to connect the pads to the waveguides. 2 μm gaps are used to isolate the
electric current from the rest of the device while introducing no significant optical loss along
the waveguide.
2.2.2 Experimental setup
Fig. 2.3 illustrates the setup used in the thermo-optic experiments. Light at a free-space
wavelength of 1310 nm from a laser is put into the chip under test though a polarisation
maintaining fiber (PMF). The output light is first collected by a microscope objective and
received by a CCD camera to find the LRSPP mode by adjusting the fiber-waveguide
alignment, and then is coupled into a single mode fiber (SMF) connected to a power meter to
measure the output optical power. Two electrical probes are attached to the pads of the
waveguide connecting the active region with a power supply and a multi-meter, forming a
closed electrical circuit. The power supply injects electrical current into the active region to
generate heat that enables thermo-optic modulation. The power meter, multi-meter and
power supply are connected to a computer with GPIB cables, allowing LabVIEW programs
to control the voltage applied to the chip, and record the current passing through the Au
stripe in the active region on the sensing arm, and the output optical power on the power
meter. In our experiments, the thermo-optic control was conducted by applying an increasing
voltage in steps of 0.01 V every 0.5 s.
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Fig.2.3. Block diagram of the experimental setup for the thermo-optic measurements.

2.2.3 Experiments on 3.8 mm long MZIs
Fig. 2.4 shows the results obtained from a 3.8 mm long MZI with a separation of 240 μm
between the arms. It is calculated from the layout that for this MZI we have Ls = 1.62 mm
and Lt = 3.81 mm. The output optical power versus dissipated electric power is plotted in
Fig.2.4 and compared with theory for which the input power was taken as Pin = 1.83 mW, the
attenuation α = 0.691 mm-1 (6dB/mm), the total radiation coefficient ρθt = 0.039 (0.34dB),
the total transition coefficient τt = 0.599 (5.2dB), and the nominal phase shift between the
arms as ϕ0 = -0.2π, all adjusted by optimizing the fit between the theoretical and
experimental responses, with α, ρθt and τt close to the modeling results reported in Ref. [52].
The slope in Eq. (2.13) found in the fitting is (2π/λ)(dn/dT)C = 1.25 rad/mW.
It is observed that the measurements generally follow the model except at the largest
dissipated powers. They start to deviate from theory when the dissipated power is 13 mW,
corresponding to an injected current of 4.6 mA. This is possibly because the temperature
therein is so high that the antiguide effect in the sensing arm becomes strong, weakening the
interference between the arms. Another possible cause is that the temperature is approaching
the glass transition temperature of the Cytop claddings at Tg = 108˚C [7] and a linear

29

dependence of refractive index on temperature may no longer hold since permanent change
in the claddings near the Au stripe may occur.

Fig. 2.4. Output optical power versus dissipated electrical power for a 3.8 mm long MZI [13].

2.2.4 Experiments on 3.0 mm long MZIs
A MZI with a length of 3 mm, a separation of 140 μm between the arms was also tested. It is
calculated from the layout that for this MZI we have Ls = 1.28 mm and Lt = 3.01 mm. The
comparison of theory to the measured output optical power versus dissipated electric power
is shown in Fig.2.5. The parameters used for the fitting were Pin = 1.78 mW, α = 0.576 mm-1
(5dB/mm), ρθt = 0.030 (0.26dB), τt = 0.599 (5.2dB), and ϕ0 = -0.83π. The slope of Eq. (2.13)
is found as (2π/λ)(dn/dT)C = 1.35 rad/mW, which is close to that of the longer MZI case
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(1.25 rad/mW). Fabrication inconsistencies among structures and waveguide deformation
could be the causes for the difference [51,52]. Again, we observe a deviation from sinusoidal
at the largest dissipated powers possibly due to the same reasons as in the longer MZI case.

Fig. 2.5. Output optical power versus dissipated electrical power for a 3.0 mm long MZI [13].

2.3 Summary
This chapter shows the switching ability of the single-output MZIs, indicating that thermooptic functions can be enabled in Cytop and providing a basis for thermo-optic sensing on
multiple output MZIs. Thermo-optic characterisation was conducted on single-output MZIs
of two different dimensions operating at 1310 nm by heating the active region on the sensing
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arm with electrical current injected through metal probes. The measured output power versus
dissipated electrical power agreed well with fitted theory except at high dissipated powers.
The deviations from a sinusoidal response may be due to the beginning of mode cut off in the
heated arm with high temperature. Proximity to the glass transition temperature of Cytop
may also be a cause. The results show that as long as the driving currents are low enough to
avoid memory effects and deformation due to changes in the polymer, Cytop-cladded LRSPP
devices based on MZI structures can be used in thermo-optic sensing.
2.4 Contribution
The results provided in this chapter contributed to part of an article published in Applied
Optics as Ref.[13]. I designed and built the experimental setup; I generated and interpreted
the theoretical and experimental results, and wrote the manuscript. Prof. Berini contributed to
the design of the experiments and experimental setup, the interpretation of the results, and
revised the manuscript. Charles Chiu fabricated the devices used in the experiments.
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Chapter 3
Thermo-optic sensing using LRSPP dual-output MZIs

3.1 Summary
In this chapter, the characterization of dual-output Mach-Zehnder interferometers operating
with long-range surface plasmon-polaritons at a free-space wavelength of ~1370 nm is
reported. The devices were constructed by embedding Au stripes in Cytop claddings, and
consist of a symmetric Mach-Zehnder interferometer in cascade with a 50:50 coupler. By
injecting electric current via probes to generate heat in the active region in one arm of the
interferometer, a phase difference between the arms was thermo-optically induced,
modulating the optical power of the two outputs. The outputs were complementary as
expected theoretically, thus demonstrating the switching abilities of the structure. The
advantages for sensing applications of a dual-output interferometer over a single-output one
are a 2 larger dynamic range and the ability to cancel common noise and source
fluctuations. The larger dynamic range and noise cancellation produced a minimum
detectable phase shift 4 lower than obtained by monitoring a single output. The smallest
value of Δϕmin obtained was ~ 3 mrad.
3.2 Contribution
The results provided in this chapter were published as an article in the Journal of Lightwave
Technology. I designed and built the experimental setup; I developed the theoretical model; I
generated and interpreted the theoretical and experimental results, and wrote the manuscript.
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Prof. Berini contributed to the design of the experiments and experimental setup, the
interpretation of the results, and revised the manuscript. Hamoudi Asiri fabricated the
devices used in the experiments.
3.3 Errata
The discussion from Eq.(3.13) to (3.16) in the published article should be replaced by the
discussion in Section 2.1.3. Also, the term S is missing at the end of Eq.(4.5). These errors do
not change any of the results nor the conclusions reached.
3.4 Article
The published article follows verbatim.
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Chapter 4
Thermo-optic sensing using LRSPP triple-output MZIs

4.1 Summary
In this chapter, a triple-output Mach-Zehnder interferometer (MZI) operating with longrange surface plasmon-polariton waves, consisting of a MZI in cascade with a triple coupler,
is demonstrated at a wavelength of ~1370 nm, using the thermo-optic effect to produce phase
shifting. A theoretical model for three-waveguide coupling is also proposed and was applied
to compute the transfer characteristic of various designs. Dimensions for the device were
selected to optimize performance, experiments were performed, and the results were
compared to theory. The outputs were sinusoidally related to the thermally-induced phase
shift and separated by ~2π/3 rad, as expected theoretically. Four detection schemes that take
advantage of the 3 times larger dynamic range and suppress time-varying common
perturbations are proposed and analyzed in order to improve the detection limit of the device.
A minimum detectable phase shift ~2/3 that of an individual output was obtained from a
power difference scheme and a normalization scheme. The smallest minimum detectable
phase shift was 7.3 mrad.
4.2 Contribution
The results provided in this chapter were published as an article in Optics Express. I
designed and built the experimental setup; I developed the theoretical model and
implemented the numerical methods used for the theoretical analysis; I generated and
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interpreted the theoretical and experimental results, and wrote the manuscript. Prof. Berini
contributed to the design of the experiments and experimental setup, the development of the
theoretical model, the interpretation of the results, and revised the manuscript. Hamoudi
Asiri fabricated the devices used in the experiments.
4.3 Article
The published article follows verbatim.
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Chapter 5
Optical bulk sensing using LRSPP dual-output MZIs

5.1 Summary
In this chapter, optical bulk (refractometric) sensing of sample solutions is demonstrated
using dual-output Mach-Zehnder interferometers built from long-range surface plasmonpolariton waveguides operating at a free-space wavelength of 1375 nm. The device of
interest was constructed by embedding Au stripes in Cytop claddings and etching a fluidic
channel through the top cladding of one arm of the interferometer to expose the Au stripe.
Bulk sensing was carried out by flowing sequentially a series of solutions of different
refractive index through the microfluidic channel. The optical powers of the two outputs
responded sinusoidally and were complimentary as expected in theory. Three detection
schemes aiming at improving the detection limit are analyzed, showing that the device
benefits from a 2× larger dynamic range, and has the ability to suppress common
perturbations, relative to a single output. A detection limit of ~4×10-6 RIU is demonstrated
which can be further improved by lengthening the sensing channel.
5.2 Contribution
The results provided in this chapter were published as an article in the Journal of Lightwave
Technology. I designed and built the experimental setup, I developed the theoretical model, I
generated and interpreted the theoretical and experimental results, and wrote the manuscript.
Prof. Berini contributed to the design of the experiments and experimental setup, the
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interpretation of the results, and revised the manuscript. Wei Ru Wong contributed to the
design and construction of the experimental setup. Hamoudi Asiri fabricated the devices used
in the experiments.
5.3 Article
The published article follows verbatim.
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5.4 Supplementary
It is also observed that the curves of the two output powers are somewhat different from
those obtained via the wavelength sweeping experiments at the same operating wavelength.
A possible cause is the accumulation of dust on the facets of the device, which may explain
the decrease of the power ranges. Another possible cause is that evaporation changed the RIs
of the solutions when taking them from the vials they were stored and when flowing them
through the microfluidic system from the syringes, which may explain the slight change in
the period. A third cause may be that between the time tracing and the wavelength sweeping
experiments, the device had been dismounted from the microfluidic system for cleaning, and
reassembled to proceed. In the design of these devices, the O-ring of the microfluidic system
presses on the top cladding of the coupler section and thus may affect its performance. Since
the pressure may vary every time the system was reassembled, depending on how tight the
cover was fixed on the jig, it is possible that the performance of the coupler could change.
However, it is found in Eqs.(3.1) and (3.2) in Chapter 3 that the deviation of the coupling
performance from the ideal case would not only decrease the power ranges but also add
offsets to the outputs, the latter of which is not observed in our case, and so this cause
probably does not contribute to the changes.
Compared to a LOD of ~1×10-6 RIU in Ref.[46], the LODs reported in this paper are larger,
which may be caused by the measurement method. In Ref.[46] the powers were read by a
power meter, while here they were measured by post-processing calibrated camera images.
An experiment using the same measurement method as in this paper was conducted on a
single-output MZI for verification. The LOD is 6×10-6 RIU, a little better than those of the
individual outputs of a dual-output MZI as shown in Table 2 perhaps due to that the length of
69

the sensing surface of a single-output MZI (in which case LF = 1.612 mm) is longer than that
of a dual-output one and the sensitivity is higher accordingly, but still not as low as the
improved LODs via either the Pd scheme or the Pn scheme. Supposing that the noise level of
the individual output powers of the dual-output MZIs could be improved to match that in the
single-output case in Ref.[46], the Pd and Pn schemes would have helped renew the best
record of detection limit.
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Chapter 6
Optical bulk sensing using LRSPP triple-output MZIs

6.1 Summary
In this chapter, a triple-output Mach-Zehnder interferometric sensor operating with longrange surface plasmon-polaritons at free-space wavelengths near 1310 nm was constructed
by etching a microfluidic channel through the Cytop upper cladding of one arm of the
interferometer to expose the Au stripe embedded therein. Optical bulk (refractometric)
sensing was conducted by sequentially flowing sample solutions with different refractive
indices through the microfluidic channel and measuring the optical powers of the three
outputs, which responded sinusoidally and were separated by ~2π/3 rad as expected in theory.
Three detection schemes are analyzed and compared, demonstrating that the device benefits
from a 3× larger dynamic range and the ability to suppress common perturbations relative to
its single-output counterpart, thus improving the detection limit.
6.2 Contribution
The results provided in this chapter were published as an article in the Journal of the Optical
Society of America B. I designed and built the experimental setup, I developed the theoretical
model and implemented the numerical methods used for the theoretical analysis, I generated
and interpreted the theoretical and experimental results, and wrote the manuscript. Prof.
Berini contributed to the design of the experiments and experimental setup, the development
of the theoretical model, the interpretation of the results, and revised the manuscript. Wei Ru
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Wong contributed to the design and construction of the experimental setup. Hamoudi Asiri
fabricated the devices used in the experiments.
6.3 Article
The published article follows verbatim.
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Chapter 7
Conclusions

7.1 Summary and contributions
In recent years, researchers have studied LRSPPs for various applications such as thermooptic, optical bulk and biochemical sensing, using straight waveguide and single-output MZI.
In sensing applications, it is necessary to reduce the noise level in order to obtain better
detection limits. An important method to realize this is to use multiple-output MZIs so that
the common portion of the perturbations among the outputs can be canceled. Despite some
theoretical analysis on the performances of 2×2 and 3×3 couplers, little investigation on the
transfer characteristics of dual- and triple-output MZIs had been reported. Chapter 2
presented the experimental results of the transfer characteristics of single-output MZIs
compared to theoretical expectation based on the plane-wave model, serving as a basis to
analyze the performance of multiple-output MZIs theoretically and experimentally, as
multiple-output MZIs are constituted of a single-output MZI in cascade with a multipleoutput directional coupler. It also provides a safe current density 70 GA/m2 for thermo-optic
modulation, in order to prevent the waveguide from temporary interruptions such as
antiguide effect and permanent damage such as electromigration in the Au stripe and glass
transition in the Cytop claddings.
The theory applied and examined in Chapter 2 was combined with the analysis of a 3-dB
(50:50) coupler also based on the plane-wave model to obtain a theoretical model for dual-
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output MZIs in Chapter 3. Thermo-optic experiments were conducted and compared to
theory. The results verify the sinusoidal response of an individual output and the
complementary relation between the two outputs. The experiments also show that the
operating wavelength of the coupler has been shifted from the designed wavelength 1310 nm
to ~1370 nm due to fabrication imperfections, and the exact new operating wavelength is
waveguide dependent. In order to realize the suppression of common perturbation, 4
detection schemes - an individual power scheme, a power difference scheme, a normalized
individual power scheme, and a normalized power difference scheme were analyzed and
compared. It was demonstrated mathematically that the latter two schemes produce identical
performance. It is found that subtracting the two output powers and normalizing them
provides generally the same level of minimum detectable phase shift of ~ 3 mrad, 4 × lower
than obtained from the individual power scheme.
As for a triple-output MZI, the plane-wave model is no longer applicable. Instead, local
normal mode theory is used in which modal analysis of the 3×3 coupler is conducted and
overlap integrals on the input and output of the coupler are calculated to determine the
theoretical output powers of the whole device, as presented in Chapter 4. Thermo-optic
experimental results obtained at an operating wavelength of ~1370 nm verify the ~2π/3 rad
phase separation between the outputs. Similar noise analyses are applied as in Chapter 3,
except that the power difference scheme is redefined so as to have a 3× larger dynamic range,
and it is shown specifically that the power difference scheme is better at dealing with
perturbations on the output side such as the background light, while the normalization
scheme is better at dealing with perturbations on the input side such as drifting and end-fire
coupling misalignment. A minimum detectable phase shift ~2/3 that of an individual output
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is obtained. The smallest minimum detectable phase shift obtained is 7.3 mrad. The
advantage of a triple-output MZI over a dual-output one is that an output operating in the
linear region of the corresponding curve is always available; therefore there is no restriction
that a data point with the maximum sensitivity in the curves must be selected.
By etching the top cladding to produce a fluidic channel, the dual- and triple- output MZIs
can be applied to optical bulk sensing. Chapter 5 uses a dual-output MZI in bulk
(refractometric) sensing experiments in a similar way as in Chapter 3. However, the change
in effective index of the LRSPP mode due to the injection of a sample solution may
unbalance the two arms of the MZI, and therefore a plane-wave model for unbalanced dualoutput MZIs was constructed in the theoretical part. In the experimental part, a wavelength
sweep experiment was designed and carried out, enabling the determination of the shifted
operating wavelength due to fabrication imperfections. The accurate refractive indices of the
sample solutions used in the experiments were determined by fitting theoretical transfer
characteristics to the measurements. A detection limit of ~4×10-6 RIU was achieved by
applying three detection schemes to the time traces in a similar way as in Chapter 3. Time
traces with artificial noise were obtained to show the effectiveness of the device to suppress
common perturbations.
Chapter 6 applies the bulk sensing experimental technique developed in Chapter 5 to tripleoutput MZIs, producing a comparable detection limit of ~5×10-6 RIU, not as good as that of
the dual-output MZIs but this does not necessarily mean that the triple-output MZIs are less
competitive. They are more susceptible to imperfections in input alignment, setup, and
fabrication, which lead to deviations from the ideal performance of a triple-output MZI, but
all can be improved. There can be a few improvements on the design of the waveguides, the
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details of the structures, and the device layout. With enough potential improvements, it is
possible to obtain the ideal performances of a triple-output MZI, in which the detection
ability is expected to be even better than that of a dual-output MZI. Besides, the triple-output
MZIs show the same advantages compared to their single- and dual-output counterparts, in a
similar way as demonstrated in Chapter 4. Therefore, the triple-output MZIs could be more
promising than the dual-output ones. Key points summarizing the performance of the MZIs
are listed in Table 7.1, where LF is the length of the microfluidic channel for bulk sensing
experiments. The multiple-output MZIs show their superiority in detection limit even with
shorter microfluidic channels (sensing surfaces). The improvement would be more
significant if they had the same channel length.

Single-output
MZI

Dual-output
MZI

Triple-output
MZI

Dynamic Range

1×

2×

3×

Ability of Common
Perturbation Suppression

No

Yes

Yes

Availability of
Maximum Sensitivity

Tunable

Tunable

Always

Detection Limit in
Bulk Sensing (RIU)

6 × 10
(LF = 1.6 mm)

4 × 10
(LF = 1.2 mm)

5 × 10
(LF = 1.2 mm)

Potential for Improvements

Limited

Fair

High

-6

-6

-6

Table 7.1 Summary of the performance of the single-, dual-, and triple-output MZIs.

7.2 Future Work
One suggestion for future work is to redesign the layout of the devices. As reported in
Supplementary in Chapter 5, the pressure the O-ring of the microfluidic fixture exerts on the
top cladding of the coupler portion may affect its performance. As the pressure changes
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every time we assemble the microfluidic fixture, so does the coupler performance change
depending on the tightness the cover was fixed on the device holder. This problem can be
resolved by changing the layout so that the O-ring is removed from the top of the coupler
portion. There can be other improvements on the device layout; for instance, the Y-junction
at the input side of the MZIs can be improved by accessing better resolution lithography, or
by replacing with a coupler or a multi-mode interferometer, which could possibly decrease
the transition loss at the Y-junction.
Another suggestion is to further investigate the dependence of the measured performance of
the multiple-output MZIs on the input alignment conditions, as noted in the Supplementary
section of Chapter 5 as well as in Chapter 6, where a different initial misalignment at the
input changes the transfer characteristics. A possible cause is the background light
originating from imperfect input coupling and fabrication defects in the structure, which can
be excluded by changing the input coupling from end-fire excitation to grating excitation in a
perpendicular direction.
A third suggestion is to change the measurement method of the output optical power. As
discussed in the Supplementary section of Chapter 5, despite the ability to suppress common
perturbations and the larger dynamic range, the LODs reported in this thesis is significantly
larger than that in Ref. [46] (~4×10-6 RIU compared to ~1×10-6 RIU), which cannot be fully
attributed to the difference in the sensing length on the MZIs (~1.2 mm compared to ~1.6
mm). Changing to a better camera or replacing it with a fiber array and a power meter may
be worth trying, but as for the latter option, an efficient alignment method must be developed.
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Besides, the waveguide itself can be further improved with new fabrication processes that are
potentially applicable. In the past, researchers have demonstrated the reverse-symmetry
waveguide technique to enhance the surface sensitivity of dielectric waveguides [53]. It may
be possible to develop a similar method for the fabrication of LRSPP waveguides.
Finally, the devices of interest and the whole experimental technique developed in optical
bulk sensing can be applied to biosensing and to the detection of diseases in complex fluids
in a similar way as in Ref. [43-45]. The advantages of the multiple-output MZIs, especially
the triple-output MZIs, render the devices promising for biosensing applications.
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