Thermo-Optic and Refractometric Performance of
Long-Range Surface Plasmon Multiple-Output

Mach-Zehnder Interferometers

by
Hui Fan

Thesis submitted to the Faculty of Graduate and Postdoctoral Studies
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in Electrical Engineering

Department of Electrical and Computer Engineering
Faculty of Engineering
University of Ottawa

© Hui Fan, Ottawa, Canada, 2016



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 plasmon-

polaritons, 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 triple-
output 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



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 1 and a metal with relative
permittivity er2. 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 (&r2) and a dielectric (&r1) [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 long-
range 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 &r> bounded on both sides by optically semi-infinite dielectric claddings
with relative permittivity er1 and &r3, which are supposed to be symmetric (er,1 = &r3). When

the thickness t of the metal slab reduces to nanometer-scale, the two single-interface SPPs at



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 sp or an, respectively. The subscript b signifies “purely bound”, meaning
non-radiative, in contrast with two radiative modes labeled s. and a. in which the subscript L
stand for “leaky”. Among these modes, the sy is identified as the LRSPP mode supported by
a metal slab. Suppose the claddings are symmetric and lossless, the attenuation of the sp
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 a, mode
shows more confinement in the metal as t reduces. Its attenuation increases, making the

mode short-ranged.
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Fig. 1.2 Mode field profile of SPP supermodes (an, Sp) supported by a metal slab (&2) of

ay, Sy

thickness t bounded by two dielectric claddings (&r1, &r1) [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 &> bounded by optically semi-infinite dielectric



claddings with relative permittivity er1 and &r3. 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).

Er3

Er2

e

ErA

Fig. 1.3 Cross-sectional view of a LRSPP waveguide consisting of a metal stripe (&r2) of

thickness t and width w bounded by two dielectric claddings (&r1, &r1)

When symmetric claddings are assumed (er1 = &r3), the metal stripe structure supports four
fundamental modes aan’, asy’, sa’, and ssy’, 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 E, field component dominates for all



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 (ssp™ and asp™) acting like the s, mode in a metal slab, and short-ranged
modes (sa,™ and aay™) like the an 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 ssy’, 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 ss,’ 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 sa,™ and aa,™ 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 ssp” 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 °C [6]), as given in the equation below.



n(T)=nlT,)+ (T =T,) 32 (L1)

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 Eg. (1.1) changes into the

following relation below.
o) =n(T,)+ X -7 (L2)

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 Egs. (1.1) and (1.2). The linear relationship between refractive index
and temperature in the thermo-optic effect is obtained by differentiating the Clausius-

Mossotti 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



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.

Heater

Top Cladding

Bottom Cladding

Heat Sink

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 thermally-
induced 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 triple-



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.

(a)
(b)
(c)

N

Fig. 1.6 Sketch of LRSPP MZlIs for thermo-optic modulation, including

(a) single-, (b) dual- and (c) triple-output MZls. 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



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.

Optical Fiber Tip Antibody
—0 -0
Fluorescent
o -0 Optical Label
—0

Antigens

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 6, 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. € 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 € to change

Flow in | f Flow out

Flow cell

accordingly.

Sensing Chip

Incident Light Reflected Light

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

12



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 um wide Au stripe

13



between 15 pum 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 um 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 LiNbOs 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 SiO» 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
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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 x 107 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. Springer et
al. [33] enhanced the sensitivity of SPR sensors using functionalized Au nanoparticles,
which can also be applied to different types of optical biosensors. Vaisocherovaet 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 single-

interface 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. Dostdek 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. Slav K 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 <102 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 um 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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® 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. Bdand 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 <107 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 MZlIs. The scope of this thesis comprises three important points:

e Experimental demonstration of transfer characteristics on single-, dual- and triple-
output 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 MZlIs, the latter two having the advantages of 2 xand
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3 x 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 plane-
wave 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 triple-
output 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
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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]:

P,y = Py AW %[1+V cos(¢ + ¢, )] (2.1)

where

A=A Ac A (2.2)
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Ay =P (-20L,) (2.3)

A =ex0(-2p8,) (2.4)
Ay =op(-27,) (2.5)
1
V= 2.6
cosh(Aal, + Apf, + A7) (26)
W =exp[—(AaL, + Ap6, + At)|cosh(Aal, + Apb, + At) (2.7)

in which Pin and Poyt are the input and output optical powers; A is the total loss factor of the
MZI, consisting of three separate factors Aarr for attenuation, Arc for radiation loss, and AL
for transition loss, where the latter two losses can be determined in dB as -10logi0ArL and -
10log10ATL (usually express as TL); a and Aa 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, p
and Ap are coefficients that characterise the radiation loss of the reference arm and the
difference in radiation loss between the two arms, 6; and 6s 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,
7t and At are coefficients that characterise the total transition loss of the MZI and the
difference in transition loss between the arms; ¢ and ¢o 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 Aa, Ap, and Az.

Under normal operation, the electrical current injected to heat the sensing arm is small
enough such that Aa, Ap, and Az should be negligible. In this case V and W are close to 1,

and Eq.(2.1) simplifies to
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Py = PmA%[1+ cos(¢+ ¢, )] (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

27l
A

where A is the working wavelength (1310 nm), and Anes is the thermally-induced change in

p=""=An,, (2.9)

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 °C [6]), the thermally-
induced 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 C, we have the following relation:

dn
Ang =C | — |AT 2.10
eff n|:d-|-:| ( )
where the TOC of Cytop which is used as the cladding material of our device is taken as

dn/dT = -5x10° °C [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=R,(1+0AT) (2.11)
where R and Ro 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 0= 1.3876x102 ("C?). 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 AT 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:

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

27| dn
¢ = T{E}CPE (2.13)

where the constant factor C is also determined by fitting. The slope of this relation

(27/1)(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 um thick silicon substrate on
which a 10 pm 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 um
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 m 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 pm separation between the arms, the other is 3 mm long with a 140 pm
separation between the arms. Both use Y-junctions with a 2 um 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 um 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 um
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 um 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 pum
between the arms. It is calculated from the layout that for this MZI we have Ls = 1.62 mm
and L+ = 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 o = 0.691 mm (6dB/mm), the total radiation coefficient p6: = 0.039 (0.34dB),
the total transition coefficient zx = 0.599 (5.2dB), and the nominal phase shift between the
arms as ¢o = -0.2m, all adjusted by optimizing the fit between the theoretical and
experimental responses, with a, pf: and z: close to the modeling results reported in Ref. [52].

The slope in Eq. (2.13) found in the fitting is (22/4)(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 Tq = 108°C [7] and a linear
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dependence of refractive index on temperature may no longer hold since permanent change

in the claddings near the Au stripe may occur.
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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 um 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, a = 0.576 mm*
(5dB/mm), p6: = 0.030 (0.26dB), z: = 0.599 (5.2dB), and ¢o = -0.837. The slope of Eq. (2.13)

is found as (2z/4)(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.
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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 thermo-
optic 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]. | designed and built the experimental setup; | 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 2X 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 X lower than obtained by monitoring a single output. The smallest

value of Agmin Obtained was ~ 3 mrad.

3.2 Contribution

The results provided in this chapter were published as an article in the Journal of Lightwave
Technology. | designed and built the experimental setup; | developed the theoretical model; |

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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Noise Cancellation in Long-Range Surface Plasmon
Dual-Output Mach-Zehnder Interferometers

Hui Fan and Pierre Berini

Abstract—The characterisation of dual-output Mach-Zehnder
interferometers operating with long-range surface plasmon-po-
laritons 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 interfer-
ometer 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 theoreti-
cally, thus demonstrating the switching abilities of the structure.
The advantages for sensing applications of a dual-output interfer-
ometer over a single-output one are a 2X 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 4X lower than obtained by moni-
toring a single output. The smallest value of A ¢,,;,, obtained was
~3 mrad. The structure is especially promising for (bio)chemical
sensing applications.

Index Terms—Dual-output Mach-Zehnder interferometer, long-

range surface plasmon-polariton, noise cancellation, thermo-optic
modulation.

[. INTRODUCTION

URFACE plasmon-polaritons (SPPs) are surface waves
S that propagate along the interface of a metal and a dielec-
tric as a transverse-magnetic (TM) polarised mode [1]-[3],
with fields peaking at the interface and decaying exponentially
mnto both media. A symmetrically-cladded thin metal slab
(infinite width) allows the SPPs at the two interfaces to bound,
forming two supermodes, with the symmetric one known as the
long-range SPP (LRSPP) for its comparably low attenuation
[4]. A thin metal stripe (finite width) with symmetric claddings
provides additional confinement in the lateral direction and sup-
ports several LRSPP modes [5]; the fundamental one exhibits
a Gaussian-like field distribution and is useful for integrated
optics elements [6]-[8].
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Thermo-optic modulation and switching of LRSPPs have
been explored as potential applications. Keeping the pressure
and operating wavelength constant, the refractive index of
a material changes linearly with temperature over a small
temperature range (e.g. less than ~ 100°C [9]), as [ollows:

dn
n(T) = n(Ty) + (T - To)
where n is the refractive index and 7" is the temperature.
The variation of refractive index as a function of temperature
dn/dT is called the thermo-optic coefficient (TOC). This
cffect has motivated the investigation of variable optical at-
tenuators (VOAs) based on thermally-induced anti-guiding in
embedded Au stripes in polymer such as benzocyclobutene
(BCB) [10], ZPU [11] and Cytop [12], on mode cut-ofl due
to thermally-induced index asymmetry [13], [14], and on
single-output Mach-Zcehnder interferometers (MZIs) where the
thermally-induced phase shift on one arm induces constructive
and destructive interference conditions [12], [15]. Thermo-optic
switches based on couplers have also been reported [15].

MZlIs are widely used for modulation and sensing applica-
tions, e.g., electro-optic modulation [16], [17] and biochemical
probing [18], [19]. MZIs providing two complementary outputs
[20], henceforth referred to as dual-output MZIs, are very inter-
esting. They can be used as switching structures or as sensing
structures. As sensing structures, they provide in differential
mode twice the signal swing (dynamic range) relative to using a
single output. Furthermore, the two outputs can be used to sup-
press common noise and power fluctuations due to, e.g., changes
in input laser power or coupling conditions.

In the past, fiber interferometers with 2 x 2 or 3 x 3 di-
rectional couplers were demonstrated [21], [22]. Research on
multiple output MZIs based on diclectric waveguides has been
conducted [23], [24]. Surface plasmon resonance schemes were
also applied to MZIs [25], [26], but mainly single-output. Dual-
output MZIs operating with surface plasmons of any kind (in-
cluding LRSPPs) have yet to be demonstrated. Given the ad-
vantages and potential applications of such structures, there is a
strong motivation to investigate them. Recent work has focused
on researching and fabricating metal stripe devices cladded with
Cytop [7]. [27] (an amorphous fluoropolymer with a refractive
index close to that of water [28], n ~ 1.334) for biosensing ap-
plications with LRSPPs [29].

We have fabricated thermo-optic dual-output MZIs as Au
stripes in Cytop supporting LRSPPs in order to investigate
their phase (switching) and noise suppression characteristics
for eventual application to biosensing. The paper is organized
as follows: Section II describes the device architecture and
the experimental setup and procedures. Section IIT discusses

(L.1)
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Fig. 1. Device and setup: Microscope image of (a) the whole dual-output MZI
device and (b) the coupling structure on the device. (¢) Block diagram of the
thermo-optic experimental setup.

theoretically the operation of the devices and compares the
measured transfer characteristics with theory. Section IV
demonstrates the noise cancellation abilities of the structure.
Section V concludes the paper.

[I. DEVICE ARCHITECTURE AND EXPERIMENTAL SETUP

Fig. 1(a) shows a microscope image of a fabricated device of
interest in this paper—a dual-output MZI consisting of a sym-
metric MZI in cascade with a 3 dB (50:50) coupler producing
outputs that are complementary. The structure was designed
for operation at a free-space wavelength of 1310 nm, is imple-
mented with Au waveguides 35 nm thick, 5 pm wide, and 1s
3.8 mm long. All curved sections have the same radius of cur-
vature of 5.5 mm. The MZI has a Y-junction splitter with a 2
pm inner waveguide separation at the split and a separation of
140 pom between its two arms at the widest point. The 3 dB cou-
pler has a coupled length of 100.25 pm, a coupled separation of
3.5 pm, and a separation of 46 ym between its two output ports.
A high-magnification microscope image of the coupler and its
outputs is given in Fig. 1(b). Details on the modelling and de-
sign of the constitutive components can be found in [7].

The devices were fabricated by first depositing a 10 gm thick
Cytop layer forming the bottom cladding on a 450 pm thick sil-
icon substrate, followed by a 35 nm thick Au layer patterned
through a lift-off lithography process, then another 10 pm thick
Cytop layer forming the upper cladding (such that the waveg-
uides are optically symmetric [S]). Fabrication details can be
found in [27], [30]. Additional features are added for thermo-
optic control as shown in IFigs. 1(a) and (b), including metal
pads and contact arms to connect to the electric probes, as well
as gaps to isolate the current to the active region of the Au stripe.
The pads are placed 20 pm away from the waveguides and the
gaps are 2 gum long in order to remain optically non-invasive.
The active region, consisting of one arm of the MZI, is heated
between two contact pads by the injected current, changing the
refractive index of the surrounding Cytop claddings, and in-
ducing a phase difference between the LRSPP modes travelling
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in the two arms of the MZI. All tested devices originate from
the same wafer (identified internally as ND II).

Fig. 1(c) illustrates the block diagram of the experimental
setup. Light at ~1310 nm in [ree-space wavelength from a
tunable laser is input into the device through a butt-coupled
polarisation maintaining fiber (PMF), and the LRSPP modes
emerging from both outputs are captured by a single micro-
scope objective and a CCD camera, constituting the optical
path. An electrical circuit is formed by contacting an arm of
the MZI to two metal probes which are connected to a power
supply and a multi-meter. so as to inject an electrical current
into the waveguide to generate heat for the thermo-optic mod-
ulation. The power supply, the multi-meter, and the camera
are controlled by LabVIEW programs to apply voltages, read
currents, and measure the optical powers within two pre-set
apertures on the output mode image using frame grabber and
laser beam analysis software (LBA-710PC, Ophir Spiricon).
Output images are captured in real time but are post-processed
using Matlab, where the magnitude proportional to the intensity
of each pixel within each aperture 1s summed (integrated) as
a measure of the total power within each. Calibration is then
achieved by carrying out the same procedure for an incident
beam of known power. In this method the powers of both
outputs are captured simultaneously so common noise can be
cancelled out.

III. TRANSFER CHARACTERISTIC

Theoretically, the optical powers emerging from the two
output ports are sinusoidal and complimentary. Following
Appendix A, the two output optical powers can be determined
and expressed as:

1

1
_Epin.ZAaut
X

Py
[(As+4)4,+4,)

+2y/ALA_(A, — A,)cos(2|k|L.)

+2(4+ —A,) vV A,;A,‘ (Z()b((/)D + (/)0)
+4\/A+A_\/.ASA,.sin(2|n,[Lc)sin((/)D+(/)0)] G.1)

and

PzI%Pin%Aam
X [(A++/1_)(A3+A,,)

—2\/144.7(/15 — A,) cos(2|k| L)

+2(A4— A_) VA A, codpp + o)

—4\/‘4+A_\/ASA,<sin(2|ﬁ|Lc)sin(</)D+¢0)] (3.2)

Using the above, the difference and sum of the two powers are
determined as:

1
Pi— Py = 3PinAoury/ A4 A [(Ag — A,)cos (2]5|Le)
+2v/A, A, sin (2|x|L.) sin(¢p + </>0)] (3.3)
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and

i
P+ Py = P Aous

(Ay+A))
T (L 2SR

+(As — AL)WAA, cos(dp + do)| G4

Thus the normalized power difference between the two outputs
is expressed as

P -P

P+ P
VAL A [co.s (2|K|Le) (As—Ar H2V A A, sin(2| k| Le) sin( ¢ p+o )]
SR (At A H A=A ) VAL, cos(6p+o0)

(3.5)
In these equations, we have:

0*2(0[41+AusL+p9“+A/)59+T¢)+475) (36)

3.7)
(3.8)
(3.9)

(3.10)

A =
A, = o~ 2(aLit+pbo+T)

Ay

A_ = (:‘2(”‘—[/('*/’—9('*7'0)

C—Z((” Lo—pybc—74)

Apur = e~ 2(aLout+plout+Tout)

Ly. L, L. and L,,; are the total and active path length of the
MZI, the coupled length of the coupler, and the path length after
the coupler.  is the coupling coefficient and |\|L, is the cou-
pling angle. o and A« are the mode field attenuation of the ref-
erence arm and the difference in the attenuation of the heated
arm relative to the reference arm of the MZI, and o4 and v are
those of the symmetric and asymmetric supermodes of the cou-
pler [20]. Ay, # and 6. are the total bending angle of the curved
sections of the MZI, the bending angle of the active region, the
total bending angle of the coupler, and the total bending angle
after the coupler. p and Ap, are coetficients that characterise the
radiation loss of the reference arm and the difference in the radi-
ation loss between the arms, and p and p_ are those of the sym-
metric and asymmetric supermodes of the coupler. A radiation
coefficient p at a curved section f is defined (for convenience)
as e 2*? = R where the radiation loss of the section is deter-
mined in dB as —10log;y R. 7y and A7, are coefficients that
characterise the total transition loss of the MZI and the differ-
ence in transition loss between the arms, 7 , and 7_ are those of
the symmetric and asymmetric supermodes of the coupler, and
Tout 18 that of the section after the coupler. Transition losses in-
clude butt-coupling losses at the input and output facets of the
die, the transition losses at the taper of the Y-junction splitter,
and transition losses at the intersections between curved sec-
tions bending in opposite directions [7]. A transition coeflicient
T at a junction is defined (for convenience) as e ~2” = 7T}, where
T, is the transmittance of the junction and TL = —10log,, 7.
1s the transition loss in dB. ¢p and ¢ are the phase difference
introduced by the thermo-optic modulation, and the initial phase
difference between the arms. A, and A, are loss factors applied
to the modes coming out of the MZI part and entering the cou-
pler from the sensing and reference arms, A4 and A_ are those
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of the symmetric and asymmetric supermodes of the coupler,
and A, 1s that of the section after the coupler.

Forour 3-dB coupler design, A and A _ are similar, in which
case (3.5) simplifies to:

P-P, A;—-A,
= cos (2|k| L.
P+ P As+ A, (JOS( |H| L)

+2/ A A |Ag + A, sin (2|k|Lesin(¢pp + ¢o))

(3.11)

Under small dissipated electrical power, Aoy, Aps and ATy
are negligible causing A and A, to be generally the same, and
(3.11) can be simplified to:

P,-P,

P e sin (2|k|Le) sin(ép + ¢o)

(3.12)
For the case of a 3 dB coupler (50:50 split), sin(2|x|L.) = 1
and the above simplifies further, such that the normalized optical
power difference is a sinusoidal function of the phase difference
only.

Experiments were performed to verify the operation and com-
plimentary of the two outputs by applying an increasing voltage
m steps o£ 0.01 V every 0.5 s on one arm, and recording the cur-
rent passing through and the optical powers emerging from the
two ports. Figs. 2(a) and (b) show the optical output powers and
the normalized powers measured at the wavelength of 1373 nm
versus dissipated electrical power. The theoretical normalised
power difference given by (3.12), in which the coupling angle
was |k|L. = 0.1757 for L. = 100.25 pm and the nominal
phase shift between the arms was ¢y = 0.037 (both adjusted
by optimising the fit between theory and measurements) is also
plotted in Fig. 2(b). The wavelength of the input light was tuned
to 1373 nm so that the coupler would operate near its 3 dB point
(the coupler was designed to provide this coupling at 1310 nm
but due to fabrication imperfections it occurred at longer wave-
length).

Since the measured data consist of optical power versus dis-
sipated electrical power, while the theory is versus phase shift,
it 1s convenient to relate the dissipated electrical power to the
heat-induced phase difference as:

27 dn

T ﬁcstp(,

¢p = (3.13)

which is obtained by combining (1.1) (using —5 x 10~2 °C~*
[31] as the TOC of Cytop) with the following relations:

2w L
¢p = 7; np (3.14)
L(T - Ty) "
e eh) 31
Cn ke

Eq. (3.14) gives the phase difference ¢p in terms of the ther-
mally-induced effective refractive index difference between the
active and reference arms np, where A is the operating wave-
length (1373 nm). Eq. (3.15) relates the dissipated electrical
power P, to the temperature 7" at a specific location in the
claddings close to the heated waveguide, and CY; is a constant
independent of L and only dependant on the cross-section of the
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Fig. 2. (a) Output optical powers and (b) normalized optical powers versus
dissipated electrical power for the dual-output MZIs.

waveguide. Eq. (3.15) was derived from the thermal equation
[13]:

% =— f KVT - i#dC (3.16)
C

where K = 0.12 W/(m - K) [28] is the thermal conductivity
of Cytop, C is a contour passing through the said location
and enclosing the cross-section of the waveguide, and 7dC is
an clement of contour pointing outward. Eq. (3.13) is linecar
with a slope of m = (27 /A)(dn/dT)Cy; which depends only
on the cross-sectional dimensions of the waveguide. m is
extracted from the measurements by fitting and found to be
m = 1 rad/mW.

Itis observed in Fig. 2(b) that the measured normalized power
difference (P, — P») /(P + P») coincides very well with theory
with only a slight discrepancy at the largest dissipated powers (4
~ 4.5 mW). This discrepancy occurs because of slight changes
in Aag, Ap, and A7, so A, and A, are no longer equal, and
according to (3.11), induce a decrease in the magnitude of the
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sccond term without changing appreciably the first term. An-
other set of curves also plotted in Figs. 2(a) and 2(b) are the op-
tical powers of the two individual outputs which are sinusoidal
and complimentary as observed, verifying the prediction of a 7
phase difference between the outputs, and the sum of the powers
which remains essentially constant. It can be observed as well
that the power difference of the two outputs provides a dynamic
range that is twice as large as the individual power outputs,
which emphasises an advantage of the dual-output MZI over
its single-output counterpart for a sensing application. A mo-
saic showing the outputs for three dissipated electrical powers
1s given as the inset of Fig. 2(a) from which switching is clearly
identified.

IV. NoISE CANCELLATION

An advantage of dual-output MZlIs is their ability to cancel
out common noise from the two outputs. The noise comes
mainly from the input and the background light. The causes
of the common noise include fluctuations of the input optical
power, fluctuations in the fiber-waveguide alignment in the
vertical direction, and the evenly distributed background light.
In other experiments, there may be additional noises coming
from common phase, pressure, and thermal fluctuations, which
can also be cancelled when exist. Consider the measured time
traces shown in Fig. 3(a), obtained at the operating wave-
length of 1373 nm. This experiment was conducted on an
identical dual-output MZI as in the previous section, from
which the measured output optical powers are plotted versus
time. The MZI was biased at a constant voltage of 0.38 V
(P. =~ 0.21 mW) near maximum phase sensitivity, where the
output powers are approximately equal and near the mid-point
of their full swings (this is where a sensor would be operated).
Some common noise 1s observed on P; and P, and much
of this noise is cancelled by subtracting the two powers, as
noted from the traces and the values of standard deviation o
noted on the figure. The common noise can also be reduced by
normalisation to the sum of powers, as observed in Fig. 3(b).
There are therefore six detection schemes to be assessed and
compared statistically.

The average (denoted P) and standard deviation (denoted o)
of P, P, and P, — P», and of their normalized counterparts,
Pl/(Pl + Pz), PQ/(Pl + PQ) and (Pl = PQ)/(Pl + Pg) were
obtained over the time interval of the measurements. The min-
imum detectable change in P (denoted AP,,,;,,) is given by the
corresponding ¢ times a factor k, which is taken as £ = 2 in
this paper. In order to compare the performance of the six de-
tection schemes, we introduce the minimum detectable phase
shift A¢nin, defined as:

A(f) i A])mi,n _ ko (4 1)
min — 9P ~Tar .
dop ddp

Assuming that the device operates over a small range of dissi-
pated power such that A, = A, = A,, (subscript m stands for
MZI) and assuming that Ay = A_ = A, (subscript ¢ stands for
coupler) then P; of the dual-output MZI, (3.1), simplifies to:

P %P,—,,,A,,,,A(.A,,,,,, sin (2|6|Le) sin(ép + ¢o)  (4.2)
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TABLE 1

STANDARD DEVIATIONS o AND MINIMUM DETECTABLE PHASE SHIFTS
A@mmin FOR P, Po, Py — Ps, P, [(Py + P»), P,/(Py, + P>) AND
(P, — P;)/(Py + P») oF FIG. 3 (MEASUREMENT 1) AND FOR ANOTHER
SET OF MEASUREMENTS TAKEN WITH DIFFERENT INPUT POWERS

Output Optical Measurement | Measurement 2
Dower PinAmAcAou =0.976uW PinAmAcAour = 1.404uW
a A @min (mrad) o A @in (mrad)

Py 9.819 nW 40.24 2223 nW 6.333
Py 10.957 nW 4491 2.590 nW 7.377
P-P2 5.412 nW 11.09 2.180 nW 3.105
Pil(P1t+P) 2.757e-3 11.03 7.74e-4 3.096
Pol(P1+P3) 2.757e-3 11.03 7.74e-4 3.096
(P1=P)/(P1+P2) | 5.513e-3 11.03 1.548e-3 3.096

Substituting these equations into (4.1), yields the corresponding
minimum detectable phase shifts:

2
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N
o
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Zo o[(P1-P2)/(P1+P2)] = 0.005513
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Time (s)
(b)

Fig. 3. (a) Output optical power and (b) Normalized optical power from a dual-

output MZI versus time.

from which 9P, /0¢p is obtained as:

aPy 1
— = =P, A, 3
6(/5D 2PznAmAcAoutS (4 )
where:
S = sin (2|x|L.) cos(ép + ¢o) (4.4)
Similarly, we obtain
P, 1
— = — P, : 4.5
0¢D 2P“1A"1A( Aout ( )
(P — Py)
— = =P AL A A S 4.6
C ¢ (4.6)
B(Pll:-le) ES 47
dpp 2 )
O(Plizpz) L 48)
dpp 2 )
9 P —P
(755) =4 4.9)
9¢p

k
- olporp (410
P'inA-mAr.'Aout S”|P1 - ( )

1

A¢'71Lirz|P1 or P, =

A¢m1’,n|Pl—P3=mE'U|P1—Pg (4.11)
Aqsmirn | Pling S Pl?Pz =2 g(Tl Pli‘Pz S Pl?Pg (4 12)
—’ 4.13)

A¢’min|ﬁ;’fx = Ulﬂ.—_&

FiFP: S FiFh

S =1 for the case of a 3 dB coupler (sin(2|x|L.) = 1) and for

operation near maximum sensitivity (where cos(¢pp + o) =

1), as 1s the case for the results plotted in Fig. 3. Substituting

S =1, k = 2. the standard deviations obtained from Fig. 3, and

P AnAcApur = 0.976 uW for the dual-output MZI under

consideration, the values of A¢,,;, are determined and listed
as Measurement 1 in Table I.

Though the standard deviations of the power signals and
those of the normalized powers cannot be directly compared,
their corresponding minimum detectable phase shifts A¢y,in
((4.10) to (4.13)) can be directly compared. Table I, Mea-
surement 1, shows that subtraction of the two power outputs
(Py — P») decreased A¢y,i, by a factor of ~4 relative to
that obtained from a single output (P or P,), implying that
significant common noise has been cancelled. The factor of
~4 originates approximately equally from an increase in the
dynamic range when taking the difference (i.c., the factor of
2 is absent in (4.11) relative to (4.10)), and a decrease in the
standard deviation due to cancellation of common noise (i.e.,
(T|p1_p2 o O.5[J’|p1 or P2- Table I)

Comparing Ay, of Py — P» with those of the three normal-
ized powers (Pl/(Pl +P2), P2/(P1+P2) and (Pl —Pz)/(Pl 4
P,)) suggests that slightly better noise cancellation is possible
with the latter, although the improvement is in this case very
modest. The normalized powers yield the same A¢,,i,, ((4.12))
because Py /(Py+ P,) and P, /(P1+ P») have the same standard
deviation since they are complementary and the former is ex-
pressed as 1 — [Py /( Py + P»)] (the sum of the two output powers
is approximately unchanged). The difference in the normalized
powers (P; — P»)/(Py + P») also yields the same Ay, be-
cause the former can be expressed as 1 — 2[P /(P + P»)] and
thus has a standard deviation twice as large as the individual
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Fig. 4. Notations of the modes travelling from the coupler to the end of the
device.

ones (see also Table I), but A¢,,;, remains the same because
the factor of 2 1s absent in (4.13) relative to (4.12).

A second set of time traces were obtained on a similar de-
vice but under less environmentally perturbative conditions and
at slightly higher input power. The results are summarised in
Table 2 as Measurement 2. Compared to Measurement 1, lower
values of & and A¢,,;,, are obtained. The standard deviation of
the difference P, — P» 1s only slightly smaller than those of the
individual powers, implying less common noise in this experi-
ment. A¢,,in decreases by a factor of ~2 in this case because
of the increased dynamic range ((4.11) relative to (4.10)). The
three normalised powers produce a comparable (slightly lower)
A¢min. The smallest value of A¢,,;, obtained in these exper-
iments was 3.1 mrad.

V. CONCLUSIONS

Dual-output MZIs operating in LRSPPs, constructed by cas-
cading a symmetric MZI with a 50:50 coupler, were charac-
terized thermo-optically at a free-space wavelength of ~1370
nm. The waveguides consisted of 5 pm wide and 35 nm thick
gold stripes cladded with Cytop, and were heated by injecting
clectrical current through metal probes into the active region.
Expressions for the output powers were determined, and dif-
ferences and normalisations formed, yielding six possible mea-
surands. The output optical powers were measured simultane-
ously versus the thermally-induced phase difference between
the MZI arms and were observed to be complimentary as ex-
pected. The larger dynamic range (2x) of the (un)normalised
power difference, compared to a single (un)normalised power
output, serves as an advantage. The complimentary outputs also
enable noise cancellation by removing common noise from the
output powers. The larger dynamic range and noise cancellation
abilities produced a minimum detectable phase shift (Agy,in)
that was 4 x lower than obtained by monitoring a single output.
The smallest value of A¢,y,in, obtained was ~3 mrad. Dealing
with the two output powers P; and P, by calculating (P — P)
or (P, — P,)/(Py + P») provides not only a 2x larger dy-
namic range but also a lower noise level such that a smaller
minimum detectable phase shift can be achieved. The structure
is promising for sensing applications, including (bio)chemical
sensing.

APPENDIX A

In this appendix the P; and P, in Section III are derived. The
clectric fields on the input side of the coupler are noted Ey( in
the modulated arm and Eg in the reference arm, as shown in
Fig. 4. Omitting the common phase change during the travelling
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of the mode (which will be cancelled off since the output powers
are calculated as P = |E|2), Ejp and Es are related to the input
optical power P;,, and the loss factors A and A, mentioned in
Section III as:

Eq = g /P /Ase—j(¢n+d>n) A
2
EZ() = \/7_ V Py, V Ar (Az)

The electrical field in the reference arm has a loss factor while
that in the sensing arm has a loss factor and a phase shift factor.
In the coupler, F1p and Eyq are decomposed as the sum of two
supermodes denoted F (0) and E_(0), expressed as [20]:

E10 =Q[E+(0) + E_(0)]
Ey =Q[E4+(0) — E_(0)]

(A3)
(A4)
where Q is a constant. The supermodes E.(0) and E_(0)

travel along the coupler. On the output side of the coupler, they
become:

Ei(L.) = E(0)\/A e I8 Le (A.35)
E_(L.) = E_(0)y/A_e JIxlLe (A6)

Again, the common phase change 1s omitted. The £ mode
receives a negative phase shift while the £_ mode receives a
positive one [20]. The electric fields on the output side of the
coupler are related to £ (L..) and F_(L.) as:

Ei. =Q[E+(Le) + E_(Lc)]
Ey. = [E4(Lc) — E_(L.)]

A
(A.8)
The modes coming out of the coupler continue travelling along

the waveguide. When they reach the output end of the device,
they become:

El = Elc V Aou.t (A9)
E? = E?('V Aout (AIO)

Substituting (A.1)to (A.8) into (A.9) and (A.10), and calculating
the output powers as Py = |E1|? and Py = |E»|?, yields the
expressions in (3.1) and (3.2).
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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 long-
range 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 ~2n/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. |
designed and built the experimental setup; | developed the theoretical model and

implemented the numerical methods used for the theoretical analysis; | 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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Abstract: A triple-output Mach-Zehnder interferometer (MZI) operating
with long-range 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
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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
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output was obtained from a power difference scheme and a normalization
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1. Introduction

Surface plasmon-polaritons (SPPs) are transverse magnetic (TM) polarised optical surface
waves that propagate typically along the interface of a metal and a dielectric [1,2]. Long-
range surface plasmon-polaritons (LRSPPs) are SPP supermodes having significantly lower
attenuation supported by a thin metal slab or stripe waveguide [3]., formed as single-interface
SPPs at each metal-diclectric interface couple with each other. Amongst the LRSPPs
supported by the stripe, the fundamental mode exhibits a Gaussian-like field distribution [4]
and thus is amenable to end-fire excitation, while the others are high-order modes exhibiting
field extrema along the width of the stripe and can be cut-off by choosing appropriate stripe
dimensions [5].

One application of LRSPPs is thermo-optic modulation, of which the basic mechanism is
that the refractive index of a material changes with temperature. A simple model for the
thermo-optic effect is the linear model given as follows:

dn
n(T)=n(l)+(T-T) -~ (1.1)
where n is the refractive index, 7 is the temperature, and dn/dT is the thermo-optic coefficient
(TOC) - the ratio of the change of the refractive index of a material over that of the
temperature. The linear model for the thermo-optic effect is assumed to hold over a small
temperature range for constant pressure and operating wavelength. Thermo-optic modulation
devices that have been designed and investigated includes straight variable optical attenuators
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(VOAs) based on thermally-induced anti-guiding [6] and asymmetric mode cut-off [7.8], and
Mach-Zehnder interferometers (MZIs) based on thermally-induced phase shift between the
sensing and the reference arms [9,10]. Except for LRSPP, there are also researches on
thermo-optic modulation using dielectric-loaded SPP (DLSPP) waveguides [11,12].

MZIs are widely used for thermo-optic modulation [13,14] and other applications, e.g.,
electro-optic modulation [15], and biochemical sensing [16—18]. Multi-output MZIs consist of
a MZI in cascade with a dual or triple coupler. Dual-output MZIs provide two complementary
outputs [19] that can be used to suppress time-varying common perturbation and to obtain
twice the dynamic range compared to a single-output MZI, whereas triple-output MZIs have
three outputs with ~27/3 rad phase separation [17], so at least one output is always available
in the linear region (where the sensitivity is maximum). In the past, multi-output MZIs based
on fibers [20,21], dielectric waveguides [22], and surface plasmon waveguides [23] were
demonstrated. Theoretical research has also been conducted to apply weakly coupled theory
[18.24] and strongly coupled theory [25.26] to multiple-output MZIs.

In this paper, we demonstrate thermo-optically activated triple-output MZIs based on
LRSPPs, we propose a general theoretical approach based on modal analysis to model and
design triple-output MZIs, and we give simple equations that model the operation of an
idealised design from which perturbation cancellation and dynamic range can be easily
assessed. We compare our theoretical transfer characteristics with those obtained from
coupled-mode theory and with the measurements. We also investigate the suppression of
common mode perturbations in the transfer characteristics and in outputs over time. In
principle, thermo-optic activation can be replaced with bio-chemical interactions, so the
device is relevant to biosensing.

The paper is organized as follows: Section 2 introduces the structure of interest and the
general theoretical model applied, and validates the results of the model via comparison with
coupled-mode theory; the design of triple-output MZIs based on LRSPPs is also discussed.
Section 3 compares the measured transfer characteristics with theory, and gives a brief
description of the experimental devices and setup. Section 4 investigates the dynamic range.
the ability to suppress time-varying common perturbations, and the recurring availability of
an output in the linear region. Section 5 concludes the paper.

2. Theoretical
2.1 Structure

Figure 1 shows a sketch of the structure of interest in this paper. The triple-output MZI
consists of a symmetric MZI in cascade with a triple coupler.

Our fabricated structure is comprised of waveguides consisting of Au stripes cladded with
Cytop, all stripes designed to be 35 nm thick and 5 pm wide, and operating in a single LRSPP
mode (ss,” [5]) at the operating free-space wavelength of interest (As~1310 nm). The MZI has
a Y-junction splitter with a 1 pm inner waveguide separation at the split and a separation of
140 pm between its two arms at the widest point. All curved sections have the same radius of
curvature of 5.5 mm. The dimensions for these elements were selected based on the
modelling and design results summarised in [4,27]. The triple coupler, shown in expanded
view in Fig. 1(b), has a coupling length of 828.57 um, a separation of 2 um between the
waveguides, and a flared-out separation of 46 um between its three outputs at the end of the
structure. This coupler was modelled and designed as described in the subsequent sub-
sections. The linear length of the full structure (MZI and coupler) is 4.8 mm; the optical path
length is slightly longer.

Additional features for thermo-optic control includes 2 pm long gaps as well as 40 pm x
40 pm metal pads that are placed 20 pm away from the waveguides and connected to them
with contact arms of the same width and thickness as the waveguides. The dimensions are
chosen such that the features remain optically non-invasive. The pads are used to attach metal
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probes to inject electrical current generating heat in the active region of the device, and the
gaps isolate the current to that region. As the active region is heated, the refractive index of
the surrounding Cytop claddings change, introducing a phase shift between the LRSPP modes
travelling in the two arms of the MZI, and so the optical powers of the three outputs of the
coupler change as well. The designed operating wavelength of the device is 1310 nm (free-

space).
(a)
Gap
\ Outputs
Y-junction
Input
. . Triple
Active Region Coupler
Pad
(b) | Ey111(x,y,0), Ey11:(x,y,L), |
| Ey-101(x,y,0), Ey-ror(x.y,L), | Ey1(x,y,L)
Eys(x+s,y,0) | and and |
| Ey 1-11(x,y,0) Ey +-11(x,y,L) |

| == | E,Axy.L)

1z=0 z=L
Eys(x,y,L)

Fig. 1. Sketch of the structure of interest: (a) triple-output MZI, and (b) triple coupler structure
with notation identifying the modes travelling thereon.

2.2 Coupling model

We model the performance of the triple coupler using modal analysis and overlap integrals,
following [4.8], as illustrated in Fig. 1(b), despite the existing strongly coupled theory
discussed in [17.25], because the modal approach is direct, straight forward, and only requires
an accurate mode solver. The inputs to the triple coupler are connected to the MZI, as shown
in Fig. 1(b), and excited by the fundamental LRSPP mode emerging from the arms of the
MZI. Thus, at the inputs of the triple coupler (z = 0), the input field distribution is taken as the
fundamental LRSPP mode supported by a single waveguide (ss»”) centered on one of the
outside waveguides of the coupler, superimposing the same mode field distribution centered
on the other outside waveguide of the coupler multiplied by a factor ¢* representing the
thermally induced phase shift. as expressed as follows:
E, . (xy,0)=E, (x+5,0)+E, (x—s,y,0)e” 2.1

here s is the coupler separation and FE,; is the mode field of the ss;” mode supported by a
single waveguide, as shown in Fig. 2(a). As the input field enters the triple coupler, it
redistributes among the three supermodes supported by the coupler, namely mode (1 1 1),
mode (—1 0 1), and mode (1 —1 1), for which the field distributions are shown in Figs. 2(b)—
2(d), respectively, and forward propagating radiative modes. The latter are neglected (but
could be included by discretizing the continuum of radiative modes into a finite set of box
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modes, following [8]). The input overlap factors C; into each supermode at the input of the
coupler are given as follows [8,28]:

[[E,,(x.5.0)E,, (x..0)dA
C = &= 2.2)

\/[J‘J‘E)‘.m (x,y,O)-E:’m (x,y,O)dA][HEW (x,y_O)-EjJ. (x,y,O)cM

here A.. is the area of the entire computational domain at the transverse plane where the
modes meet, and E,; is the field of one of the three super modes supported by the coupler

(withi=(111), (=10 1), or (1 =1 1)). It was checked that Z|C,]2 ~1, showing that most of

i

the forward propagating power is coupled into the supermodes of the coupler and justifying
the neglect of the forward propagating radiative modes. After travelling along the coupler and
reaching its end (z = L), the super modes superimpose to yield the output field distribution as:

v,out

E. . (B0L) =Y CE (5 90)e ¥ aE 23)
here the factor e* )" represents the attenuation and propagation along the coupler and L is
the coupler length. The a, and f; of each supermode must be used as they are different. The
output field redistributes again among the single modes centered on the individual
waveguides connected to the output of the coupler, and the output overlap factors C,, are
calculated similarly as in Eq.(2.2):

[[Z.. (ey.L)-E (x+s.y.L)d4
C = - (2.4.a)

\/[J’j E, (xy»l)E., (x.y.L)dAj[” E (x+syL)E (x+ s,y.L)dAJ

J‘J’Ev\xuur (x>y’l") E:: (x’y’L)dA
.= = (2.4b)

\/[” E,(xyL)E,, (x,y,L)dA] (”EH (z.L)-E;, (x,y,L)dA]

[[E,.. (ey.L)E (x-s.y.L)d
= 240

c, =
\/[IIE, (% y,L)~E_:W (x,y,L)d‘l][”Ew (x- s,y,L)-E_": (x- s,y,L)dA}

here C; relates to the middle waveguide while C; and C; to the outside two. The normalized
optical powers in the individual output waveguides are then calculated as P,, = |C,,|* with m =
1, 2, or 3. We neglect the effects of the s-bends before and after the coupler on the mode field
distribution of a single waveguide £, ; as the radii of curvature are large [27].
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Fig. 2. Calculated normalized E, field distribution of (a) the long-range ss,” mode supported by
a single waveguide, (b) the long-range supermode (1 1 1), (¢) the long-range supermode (=1 0
1), and (d) the long-range supermode (1 —1 1), supported by a triple coupler.

2.3 Validation

To validate the theoretical model, Fig. 4(a) of Ref [17] was reproduced and the calculated
results were compared to the original ones obtained by applying the strongly coupled theory.
The structure considered consisted of a slab dielectric waveguide symmetric triple coupler
having a coupler separation s = 1 um and coupler length 2 = 0.75L.. L. is defined as the
coupling length where maximum power is transferred from a single input at one outside
waveguide to the other outside waveguide. The dielectric coupler has claddings of refractive
index of 1.6 and cores of refractive index 1.646, operating at a free-space wavelength of 786
nm, and the core width was 1 pm. The modeling work was conducted using the Finite
Element Method (FEM) and COMSOL. As shown in Fig. 3, the results coincide very well,
providing verification of our theoretical model.

T T T T T T
O ///L‘ R R
1 Y > & il - = |
D % i
/ \ /
08t |
< A\ /
VA T
/ o
/ : +
sosf / i
a / \/
s & \
e 5 ko)
= /
o ~_
0.4 ; o 1
0.2 \ / Recalculated  Original -
‘ =B, o P
—iP oP,
P, P,
o
0 1 1 . — 1 1 1
0 1 2 5 6 7

3 4
Phase (rad)

Fig. 3. Calculated output powers compared to results of [17] for a dielectric slab triple coupler
of core index 1.646 and cladding index 1.6, operating at 786 nm. The core width was 1 pm, the
coupler separation was s = 1 um and coupler length L = 0.75L..
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2.4 Design

The model was implemented to the structure of interest in this paper, at the operation
wavelength 1, = 1310 nm, for which the refractive index of Cytop is » = 1.3348 [29] and the
relative permittivity of Au is &, = —86.08 - j8.322 [30] (¢ time harmonic form implied). The
/By and the mode power attenuation (MPA) of the three supermodes of interest in the triple
coupler (Figs. 2(b)-2(d)) were computed for various stripe separations and plotted in Figs.
4(a) and 4(b), respectively. It is observed that as the separation increases, both the 5/, and
the MPA of the three supermodes merge to those of the ss,’ mode, becoming approximately
equal at s ~16 um. Herein /5, is the real part of the effective index and is denoted 7.5 and
the MPA is related to the attenuation constant o in m™', as:

20
MPA =a——Ilog, e (2.5)
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Fig. 4. Calculated /3, and MPA versus stripe separation s for the triple coupler.

From these calculations, the transfer characteristic of the triple-output MZI was computed
and its dimensions optimized. Figures 5(a), 5(b), and 5(c) plot the normalized optical power
of the three outputs as a function of the phase shift applied between the two arms of the MZI
(@) for coupler separations s = 1, 2 and 3um, respectively. All three normalized powers are
sinusoidal with the phase shift. The corresponding coupler lengths L were chosen as 457 pum,
828.57 um and 1530 pum in order that the individual sinusoidal responses separate to ~27/3
rad from each other. The wider the separation the longer the required coupler length. The total
output power is also plotted and is observed to be approximately constant with ¢ in all cases,
justifying our neglect of the forward propagating radiative modes. Comparing Figs. 5(a), 5(b)
and 5(c), the total output power becomes increasingly constant as the separation increases, but
at the expense of a decrease in the dynamic range, so there is a trade-off between these two
quantities. Another consideration is that a shorter device is more compact and profits
integration. The devices used in the experiments are designed to have a coupler separation of
s =2 pm and coupler length L = 828.57 um, providing a flatter total output power response,
with good dynamic range, and an adequate device length.
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Fig. 5. Calculated normalized optical power output versus phase shift ¢ for triple-output MZIs
for triple couplers designed with (a) s =1 pm, L = 457 pum, (b) s = 2 pm, L = 828.57 um, and

(¢)s=3 um, L = 1530 pm.
3. Experimental

3.1 Device and setup

Figure 6(a) shows a microscope image of the triple-output MZI device used in the
experiments and Fig. 6(b) shows a higher magnification image of the triple coupler portion of
the device. The devices were fabricated on a 450 pm thick silicon substrate by sequentially
depositing a 10 pm thick Cytop layer as the bottom cladding, a 35 nm thick Au layer
patterned using lift-off lithography, and another 10 pm thick Cytop layer as the top cladding
that maintains the optical symmetry of the device [31.32]. All devices originate from the same
wafer (identified internally as ND II). Due to fabrication most of the waveguides suffer some
extent of deformation and the operation wavelength of the devices changes from the designed
wavelength of 1310 nm to ~1370 nm (according to the experimental results). Other possible
defects may include slightly thicker and wider waveguides, unbalanced Y-junction splitters
and MZI arms [27], a wider coupler separation, and a slightly decentralized triple coupler.
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Fig. 6. Microscope images of (a) the whole triple-output MZI device and (b) the triple coupler
portion of the device under higher magnification.

Figure 7 illustrates the block diagram of the experimental setup. Light from a tunable laser
is butt-coupled into the triple-output MZI device through a polarisation maintaining fiber
(PMF) and the three outputs are collimated by a microscope objective and captured by a CCD
camera simultaneously, constituting the optical path. Electrical current from a power supply is
injected into the active region of one arm of the MZI through metal probes, heating the
waveguide to apply the thermo-optic phase modulation, and measured by a multi-meter,
forming the eclectrical circuit. The power supply, the multi-meter, and the camera arc
controlled by LabVIEW programs to change the applied voltages, to read the currents, and to
take pictures of output mode images every time step (0.5 s), respectively. The mode images
are captured in real time using frame grabber software (LBA-710PC, Ophir Spiricon), and
post-processed using Matlab to determine the power (in arbitrary units) within three pre-set
software apertures that cover the three outputs of the coupler. The power is computed by
numerical integration of the pixel values within each aperture (as a diamond sum) and is
related to the absolute power via a constant that can be determined via calibration. In this
method the powers of all three outputs are captured simultaneously so that the suppression of
time-varying common perturbations can be carried out.

cE:I_ectf{cal
ircui
Polarisation Probes P
Maintaining Fiber j{ -~ ﬂ g, @
le— - -:
Optical Path \“\Uf’f
N Microscope
Waveguides  Objective

Fig. 7. Block diagram of the thermo-optic experimental setup.
3.2 Results

With the above-mentioned device and setup. experiments were conducted by increasing the
applied voltage in a step of 0.01 V every 0.5 s. The dissipated electrical powers corresponding
to the voltages were calculated. The operating wavelength of the laser was tuned to 1364 nm,
selected to optimize the performance of the devices. The output optical power versus
dissipated electrical power of the individual outputs and the sum of the optical powers are
plotted in Fig. 8(a), revealing the transfer characteristic of the device. The measured optical
powers are given in arbitrary units (A.U.). A mosaic showing the outputs for three dissipated
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electrical powers that clearly shows the power switching among the three outputs is given as
the inset.

As observed from Fig. 8(a). the curves of the individual outputs are sinusoidal and with
~2n/3 rad phase separation, but the two curves of the outside outputs are not as symmetric as
in the ideal case of Fig. 5. This could be caused by asymmetry in the coupling structure
induced by fabrication imperfections. In order to compare the measurements with theory,
computations were conducted where the middle stripe of the triple coupler was decentralized
(but maintained parallel) causing asymmetry relative to the two outside stripes. By optimising
the fit between theory and the measurements, the left and right coupler separations increased
from the designed 2 pm, to 2.2 um and 2.5 pm, respectively. Also, the waveguide thickness
decreases from the designed 35 nm to 31 nm (which is consistent with the results in [27]).
Both the measured and the simulated results are normalized by dividing each by the sum of
the optical powers, to exclude possible errors caused by the drifting of the powers in the
experiments and to make them comparable. The measured results are re-plotted as a function
of thermally induced phase shift in the same way that the computed results are plotted. The
conversion from dissipated clectrical power to thermally induced phase shift is discussed in
[9] and [23]. Figure 8(b) shows the comparison of the measured and computed results, from
which the generally good fit shows that decentralizing the middle waveguide of the triple
coupler is a reasonable explanation for the difference in dynamic range between the two
outside output powers.
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Fig. 8. Transfer characteristic measurements for a triple-output MZI: (a) output optical power
versus dissipated electrical power, and (b) normalized optical power versus thermally induced
phase shift. The theoretical results are superimposed on the measurements in Part (b). The inset
is a mosaic of normalized mode images showing the power switching among the three outputs.

4. Discussion
4.1 Operation with maximum sensitivity

There are three main advantages for the triple-output MZI device compared to a single-output
MZI. The first one is that an output near maximum sensitivity is always available. It is
observed from Figs. 5 and 8 that as the three output curves are separated by ~2n/3 rad in
phase. at any given point there is at least one output in the linear region of a sinusoidal curve,
providing the fastest change in optical power in response to a phase shift, and thus maximum
MZI sensitivity.

4.2 Dynamic range

Secondly, the triple-output MZI has another advantage: In the ideal case (e.g., Fig. 5(c)). the
three outputs can be combined appropriately to obtain a response having a dynamic range
three times larger than that of a single output, without significantly increasing the time-
varying perturbations. Ideally, the dynamic range of the three individual outputs are nearly
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equal, the phase separation between them is very close to ~27/3, and the total power can be
taken as constant. Thus the three sinusoidal outputs P;, P, and P; can be modeled
mathematically using the following equations in terms of the induced phase shift ¢ and the
input optical power P,,, with time-varying common pertutbation terms (p;, p,) included:

Pl=[acos[¢—27”)+bl}(13m+p,)+p0 (4.1.)
P, =(acosg+b,)(B,+p,)+p, (4.1b)
P3={acos(¢+2§]+b3}(l’m+p,)+po (4.1.0

here a is the amplitude and b;, b, and b; are the constant offscts of the sinusoidal curves. p;
represents a perturbation on the input side, such as a drift in the input optical power or input
coupling conditions, and p, represents a perturbation received on the output side, for instance,
due to background light. We define three power difference terms based on the individual
powers: D; = 2P~ P; -P;, where i is one of 1, 2, 3 while j and k are the other two. In the case
of D, for example, by multiplying Eq. (4.1.b) by 2 and subtracting Eqs. (4.1.a) and (4.1.b), the
following expression is obtained:
D, =(3acos¢+2b,—b —b,)(P,+p,) 4.2)

Compared to P, the input common perturbation p, of D, remains the same whereas the
output common perturbation p, is cancelled and the amplitude of the sinusoidal term triples. It
is easy to calculate D; and D; and observe that they behave the same way as D,. Thus the
difference terms provide a signal with 3 times larger dynamic range compared to the
individual ones without increasing the level of any time-varying perturbations. Figure 9
shows D;, D, and D; obtained from the measurements of Fig. 8(a). It is observed that they
have 3 times larger dynamic ranges, in agreement with Eq. (4.2).
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Fig. 9. Output optical power difference versus dissipated electrical power obtained from the
measurements of Fig. 8(a).

4.3 Suppression of common perturbations

The third advantage is the ability to suppress common input perturbations. Suppose there is
no output perturbation p,, then the input perturbation p; can be removed by normalization.
Take the normalized P, for instance: it has the following expression as obtained from Eqs.
(4.1.a)-(4.1.0):
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P)'_v - (acos¢+b2)(])in+pi)+po

= 4.3)
P1+P2+P3 (bl+b’_’+b3)(})m+pl)+3po
with no output perturbation (p, = 0) the above simplifies to:
P» b'»
4 cosg (4.4)

B4+ B+P. b +b+b, ¢ +b, +b, +b,

As observed from Eq. (4.4) the input pertutbation p, is removed. If the output perturbation
P, exists, the term P;, + p; cannot be completely cancelled but normalization can at least
suppress to some extent the time-varying perturbation.

The perturbation suppression obtained by normalization was observed in experiments.
Figure 10(a) shows the unnormalized output optical powers and power differences versus
dissipated electrical power. It is obvious that strong perturbations prevail in the curves. The
amplitudes of the perturbations are proportional to the power of the signal and so the power
differences cannot suppress them, therefore they are assumed to be input perturbations p;.
Figure 10(b) shows the same measurements but normalised, revealing significant suppression
of the time-varying perturbations.
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Fig. 10. Experiment illustrating time-varying perturbation suppression by normalization: (a)
unnormalized output optical power and power difference and (b) normalized optical power
versus dissipated electrical power.

Normalization can also be applied to the power difference terms. From Eqs. (4.1.a)-(4.1.c)
the normalized D is calculated as:
D, _(3acos¢+2b2 _bl_b3)(Pm+pi)
B+B+B (B +8)(B+p)+3p,

This produces a similar effect as normalizing individual powers, as is easily observed
setting p, = 0 into the above, yielding:

4.5)

D, 3a 2b, —b, —b,

= cosg+
B+P+P b +b,+b, b +b,+b,
Thus there are four possible detection schemes: an individual power (i.e. P,), a power
difference (i.e. D), a normalized individual power (i.e. P»/(P; + P, + P3)), and a normalized
power difference (i.e. D,/(P; + P, + P3)). A statistical comparison between the four detection
schemes is necessary. One way of doing this is to conduct a time tracing experiment where
the applied voltage (dissipated electrical power, phase difference between arms) is kept
constant and the output optical power is recorded over time. The standard deviation ¢ of each
scheme is then calculated, however, those of the normalized group cannot be directly
compared to those of the unnormalized group (the units are different). Therefore the

(4.6)
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minimum detectable phase shift Ag,,;, is introduced and used to compare all schemes directly:
it is defined as [23]:

AP ko
A min = — = (4’7)
P = Tar| ~Jop
dg| |d¢
where the minimum detectable change in power AP, is taken as the corresponding o times a
factor £, say k= 2. Rewriting Eq. (4.1.b) by removing all the perturbation terms, we obtain:

P, =(acos¢+b,)P, (4.8)
from which 0P.,/d¢ is obtained as:
a31;?—=(arsin¢)Pm 4.9)

substituting Eq. (4.9) into Eq. (4.7) yields the minimum detectable phase shift based on P»:

k
A | =——
¢mm|p: (asin¢)P O-|P:

n

(4.10)

Similarly, the Ag,,;, for the other individual powers P; and P; are obtained, and so are
those for the power differences, the normalized individual powers and the normalized power
differences:

k
Ap | =—— 0 4.11
¢m|lllD: (3aSin¢)Pm ID: ( )
A¢min |P—- = +0| P (4 12)
R+P+P, sing AR
b, +b, +b,
A¢min| D, = ;O‘l D, (4 13)
[Erey 33 Gng TR
b, +b, +b,

For maximum sensitivity, the device operates in the linear region where the cos¢ term in
Eq. (4.8) is very close to 0, so sing~1. Substituting this and & = 2 into Eqs. (4.10)-(4.13), with
our experimental value for P, and the standard deviations obtained from a time-tracing
experiment, the minimum detectable phase shifts of the four schemes can be calculated and
compared directly to determine which scheme provides the best performance. Table 1 gives
the o and the Ag,,;, for three time-tracing experiments (nominally M 1, M 2 and M 3 in Table
1), each taken on the same triple-output MZI device with P, = 0.7 mW (the absolute power
was determined by calibration), and each with a different voltage applied so that a different
output operates in the linear region (i.e., M 1 has P; in the linear region, M 2 has P, in the
linear region and M3 has P; in the linear region). The parameters a = 0.22 and b, + b, + bz =
1.01 are chosen by best fitting with the transfer characteristic.
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Table 1. Standard deviations ¢ and minimum detectable phase shifts A @, for P; D;,
P{(P;+ P, + P;3), and D;/(P; + P; + P;) of three time tracing measurements taken on the
same device.

Scheme [ P; D; Py/(P; + P, + P;) Dy(P; + P> + P3)
M1 o 1.1 pW 2.6 pW 0.0013 0.0039
A@uin (mrad) 14 12 12 12
M2 o 1.1 pyW 23 uW 0.0011 0.0033
A @uin (mrad) 14 9.8 10 10
M3 G 1 pW 1.7 pW 0.0008 0.0024
A @in (mrad) 13 7.4 7.3 73

Comparing the standard deviations of P; and D; for all three measurements in Table 1,
suggests that there was very little time-varying output perturbation (p,, see Eqs. (4.1.a)-
(4.1.c)) in the experiments to be cancelled using the power difference scheme, because all
power differences have ~2 times larger standard deviation than the individual powers.
However, comparing their corresponding Ag,., it is observed that the power difference
scheme provides an reduction of ~3/2 which originates from the 3 times larger dynamic range
and the 2 times worse standard deviation (compare Eq. (4.10) with Eq. (4.11)). If the standard
deviation of the power difference scheme remains comparable to that of a single power then
A@,.., would be reduced by a factor of 3.

Although the cases seem to be similar considering Eqs. (4.12) and (4.13), the normalized
power difference scheme does not benefit from the larger dynamic range. because there is a
fixed relation between the standard deviations of both. According to the definition of D,
D/(P; + P, + P3) can be expressed as 3[P/(P; + P, + P3)]-1 and thus always has a 3 times
larger standard deviation than P;/(P; + P, + P3). Substituting this relation into Eqs. (4.12) and
(4.13) it is observed that the 3 times larger dynamic range of D/(P; + P, + P;) is cancelled
and the Ag@,; remains the same. Therefore the normalized individual power and the
normalized power difference can actually be regarded as the same scheme. This is verified
experimentally by comparing A@,,;, of P/(P; + P, + P3) and D;/(P; + P, + P3) in Table 1.

A comparison of Ad,;, of the power difference scheme and the normalized schemes
reveals very similar values though not exactly equal, However, both are smaller compared to
the individual power scheme, thus both are good schemes. The smallest value of Ag,,
obtained in these experiments was 7.3 mrad compared to 3.1 mrad in the dual-output case
[23]. The length of the active region of both MZIs is similar so this is not the cause of the
larger A@,;, in the triple-output case. Considering that the two cases were tested under
different experimental conditions, and the perturbation levels were neither controllable nor
comparable, the larger detection limit in the triple-output case is attributed to larger
perturbations that were not as easily suppressed. Relative to the dual-output, the triple-output
eliminates the sensitivity fading and directional ambiguity in the former (there is always one
output in a linear region).

5. Conclusions

In the interest of both thermal-optic and bio-chemical sensing applications, LRSPP triple-
output MZIs were thermo-optically characterized at a free-space operating wavelength of
~1370 nm. The device consists of a MZI and a triple coupler in cascade. implemented with
Au stripe waveguides 5 pm wide and 35 nm thick cladded with Cytop. The thermo-optic
phase modulation was applied to one arm of the MZI, heated by injecting electrical currents
thercon through metal probes. A theoretical model for three-waveguide coupling was
proposed, implemented and validated by comparisons to literature results and to the
measurements. The approach is based on modal analysis and overlap integrals, and is easy to
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implement. Dimensions for the triple coupler were chosen by optimizing the performance. As
expected, the three output optical powers were sinusoidally related to the thermally induced
phase shift and separated ~27n/3 rad. Four detection schemes were proposed and analyzed, and
applied to improve the detection limit. Improvements are obtained from a 3 times larger
dynamic range as well as the suppression of time-varying common perturbations, relative to a
single output. The power difference scheme and the normalization schemes were found to be
equally effective. A minimum detectable phase shift (Ag,,) ~2/3 that of a single output was
obtained. The smallest value of Ag,., obtained was 7.3 mrad. The device is of interest for
sensing applications.
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Chapter 5

Optical bulk sensing using LRSPP dual-output MZlIs

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 plasmon-
polariton 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 ~4x10° RIU is demonstrated

which can be further improved by lengthening the sensing channel.
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Bulk Sensing Using a Long-Range Surface-Plasmon
Dual-Output Mach—Zehnder Interferometer

Hui Fan and Pierre Berini, Fellow, IEEE, Fellow, OSA

Abstract—Optical bulk (refractometric) sensing of sample solu-
tions is demonstrated using dual-output Mach-Zehnder interfer-
ometers built from long-range surface-plasmon polariton waveg-
uides operating at a free-space wavelength of 1375 nm. The de-
vice of interest was constructed by embedding Au stripes inCytop-
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 2X larger dynamic range, and has the
ability to suppress common perturbations, relative to a single out-
put. A detection limit of ~4 X 10~¢ RIU is demonstrated, which
can be further improved by lengthening the sensing channel. The
device is promising for application as a biosensor.

Index Terms—Dual-Output, mach-zehnder interferometer,
long-Range, optical sensing, surface plasmon-polariton.

1. INTRODUCTION

IOCHEMICAL sensing plays an important part in medi-
B cal diagnosis and in the detection of drugs and pathogens.
A common method to conduct biosensing is to label the target
biomolecules with fluorescent dyes [1], but this method induces
problems such as photo-bleaching and signal bias, and it is
also time consuming to perform detection. Label-free optical
biosensing allows for detection without labelling biomolecules
as well as real-time monitoring [2]. Initially, optical biosensing
was dominated by surface plasmon resonance (SPR) based on
the Kretschmann-Raether configuration consisting of a prism
with a thin layer of Au integrated with fluidics and a charge-
coupled device (CCD) detector, interrogated with a trans-
verse magnetic (TM) polarized beam [3]-[5]. Phase-sensitive
SPR sensing schemes based on Mach-Zehnder interferometers
(MZIs) [6], Fabry—Perot interferometers [7], and optical fibers
[8] were also developed.
Long-range surface plasmon-polaritons (LRSPPs) are TM
polarised optical surface waves that propagate typically along
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a thin metal slab or stripe bounded by dielectrics of simi-
lar refractive index (RI), formed by the coupling of single-
interface surface plasmon-polaritons (SPPs) at each metal-
dielectric interface, and having significantly lower attenu-
ation and thus longer propagation length than the latter
[9]. Among the LRSPP modes supported by the stripe, the
fundamental mode exhibits a Gaussian-like field distribu-
tion enabling end-fire excitation, while higher-order modes
can be cut-off by properly designing the dimensions of
the stripe. LRSPPs are useful for applications such as
integrated optics [9], amplifiers and lasers [10], [11], thermo-
optic modulation [12]-[15], and biochemical sensing [16]-[24].

In recent years, LRSPPs have demonstrated advantages in
biosensing. Their longer propagation length allows for a longer
sensing surface to be used, leading to better sensitivity and lower
detection limits [16]. LRSPPs exploited in prism-coupled sen-
sors have been reported to perform better than conventional SPR
[17]-[20]. LRSPPs excited in end-fire coupled sensors based on
a straight waveguide with a microfluidic channel etched into
the top cladding have been successfully tested by monitoring
changes in the loss of LRSPPs during sensing [21]-[23]. LRSPP
single-output MZIs with a microfluidic channel etched into the
top cladding of one arm have been used as a refractometric sen-
sor for bulk sensing [24], [25]. Biosensors using single-interface
SPPs [26] and metal-insulator—metal SPPs [27], also based on
MZIs, have been demonstrated.

MZIs based on dielectric waveguides can also be used for
sensing applications (e.g., [28]). Compared to sensors based
on dielectric waveguides, there are many advantages using Au
LRSPP waveguides: Surface chemistries for Au are well-known
and easy to apply. Also, the fabrication of Au stripe structures,
using standard photolithography with metal evaporation and
lift-off, is straightforward. The Au waveguides can also be used
for other purposes in addition to biosensing, such as enabling
thermo-optic phase modulation, to improve the signal-to-noise
ratio.

Previously, dual-output MZIs based on LRSPPs have been
shown to provide a 2x larger dynamic range relative to single-
output MZIs, along with the ability to suppress common per-
turbations, within the context of thermo-optic actuation [14].
However, such structures have yet to be applied to sensing,
thus motivating the present investigation. To enable sensing, a
microfluidic channel is required on chip, along with a fluidic
fixture and new experimental protocols. Additionally, existing
theoretical models (such as proposed in [14]) must be altered
to take into account extra losses introduced by the microfluidic
channel (i.e., the MZI is unbalanced). In Section II, we develop
a theoretical model for unbalanced dual-output MZIs sensors.
In Section III, we determine experimentally the optimal sensing
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Fig. 1. Sketch of the structure. The dimensions labeled on the parts are: w
=5um R=55mm,a=2pum, L, =100.25 yum, s = 3 um, and Ly =
1.1985 mm.

wavelength, we analyze the noise level, and discuss the detection
limit. We provide a brief conclusion in Section IV.

II. THEORETICAL STUDY
A. Dimensions of the Structure

Fig. 1 shows a sketch of the structure of interest in this pa-
per. A dual-output MZI is composed of a MZI in cascade with
a 3-dB (50:50) coupler. The important dimensions are labeled in
the figure. All Au stripes forming the waveguides are designed
to be of the same width w = 5 pum and thickness 1 = 35 nm. All
curved sections follow the same radius of curvature R = 5.5 mm.
The Y-junction at the split has an inner waveguide separation
of a = 2 pm. The coupler section has a coupling length L. =
100.25 pm and a coupling separation s = 3 pm. A microfluidic
channel of path length Ly = 1.1985 mm is etched into the top
cladding of the sensing arm to expose the Au stripe for sens-
ing. When the RI of the solution filling the channel changes,
the effective index of the LRSPP mode passing though this
waveguide section will change accordingly, producing a phase
shift between the two arms of the MZI and thus modulating the
optical powers emerging from the two outputs.

B. Modal Analysis

In addition to producing a phase shift, changing the RI of the
sensing solution causes a mismatch between the bottom cladding
and the solution in the channel which produces a change in the
attenuation along the sensing arm (o in Fig. 1) compared to
the reference arm (v in Fig. 1). As the attenuation in the channel
changes and transition losses are induced at the input and output
of the channel, the optical powers emerging from the two arms
of the MZI become unequal and the MZI unbalanced. Following
Ref. [14] but introducing terms relevant in the unbalanced case,
we obtain expressions for the two output optical powers P; and
Py emerging from the MZI:

1 e
P = §R|10A [T+ + v/Bsin (q’)-l—on)] (1.1
B %pch [? e Bsin(q‘)+d>u)]. (12)

From the above, the difference and sum of the two output
powers are expressed as:

P — Py = P,y AVBsin (¢ + o) (1.3)
Pi+ Py = PacAD i, (14)
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Thus, the normalized power difference between the two out-
puts is expressed as:

2 ;iz - ;‘iﬁlsm(méo). (1.5)
In these equations, we have:
A= g 2al+7) (1.6)
B = e2lar—a)lp ITF|2 — ¢—2l(ar—a)Lp+27r] (1.7)
o= QWfF (Mer,F — Ner.c) = QT(fF ()g;ﬂFr (np —nc)
. # (i —igs (1.8)

Here P,,. is the power incident on the input facet, A is the loss
factor of the whole structure (including input transmittance), B
is the unbalance factor which depends on the fluid RI, ¢ and ¢,
are the phase shift induced by the solution in the fluidic channel
and the initial phase difference between the two arms, cvand ap
are the mode field attenuation coefficients of the cladded and
fluidic waveguides, L is the total path length of the device, L is
the path length of the waveguide in the channel, 7 and 7, model
the total transition loss of a fully-cladded device and the ex-
tra transition loss per interface between the cladded and fluidic
sections, 7 is the transmittance at a junction of the cladded to
fluidic waveguide (relates to 7 as T = exp(—27r)), A is the
operating wavelength, n.g ¢ and nes p are the effective indices
of the cladded and fluidic waveguides, and n and np are the
RIs of the claddings and the solution in the fluidic channel, re-
spectively. In deriving these equations we made the assumptions
that the coupler operates at its 3-dB wavelength, the radiation
losses along the curved sections are negligible, and the RIs
satisfy the relation ngp — ne = 2(neg p — negr.c ), as the bulk
sensitivity of the LRSPP is Oneg 1 /Onp ~ 0.5 [16].

The unbalance factor B varies with the RI of the solution
filling the channel. When the RI of the solution matches that of
the claddings we have B = 1. B approaches 0 when the index
mismatch increases and the loss of the sensing arm increases
accordingly. From Egs. (1.1) and (1.2) we find that unbalanced
arms reduce the sensitivity of the sinusoidal P-¢ signal by B'/>
as the peak power decreases and the valley power increases.
The performance is ideal when the MZI is balanced, but the two
outputs always remain complementary irrespective of changes
in B. Similar observations apply to the power difference and the
normalized power difference given by Eqs. (1.3) and (1.5).

Fig. 2 shows computational results for this structure (obtained
using COMSOL) of ax and the total transition loss factor due
to the channel given by |7 |* = exp[—2(27r)] as a function of
np at an operating free-space wavelength of 1310 nm. The B
factor calculated over this range of np (1.333 to 1.3366) varies
between 0.84 and 0.91 using Eq. (1.7), showing that the change
of the optical power passing through the sensing arm is small
and the B factor can be regarded as constant within this range
of n F.
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Fig. 2. Mode field attenuation coefficient and total transition loss factor due
to the channel as a function of the solution RI in the microfluidic channel.

(b)

Fig. 3. Microscope images of (a) the dual-output MZI used for bulk sensing
and (b) the coupler portion of the device under a higher magnification.

III. EXPERIMENTAL STUDY
A. Device, Setup and Test Solutions

Fig. 3(a) gives a microscope image of the device tested in the
experiments. Fig. 3(b) shows a high-magnification microscope
image of the 2 x 2 coupler of the device. All devices originate
from the same wafer (internally identified as ND II). The wafer
was fabricated by first spin-coating a 10 zm thick Cytop layer
on a 450 pm thick silicon substrate as the bottom cladding, fol-
lowed by a 35 nm thick Au layer patterned into the designed
structures via a lift-off lithography process. Then another 10 zm
thick Cytop layer was spin-coated as the top cladding and subse-
quently etched to expose part of the Au stripe forming one arm
of the MZI in order to apply the sensing solutions. Fabrication
details can be found in Refs. [29] and [30].

Fig. 4(a)illustrates the block diagram of the setup. Light tuned
to the designed or optimized operating wavelength was guided
in from a tunable laser via a polarisation maintaining fiber, and
the output light from the device was received by a microscope
objective and a CCD camera. An attenuation system producing
~30 dB of insertion loss was placed in front of the camera to
prevent it from saturating. Liquid flow was driven by a syringe
pump through a microfluidic fixture holding the MZI under
test at an adjustable flow rate. Fig. 4(b) shows a sketch of the
microfluidic fixture with a device under test. After mounting the
device on a metal holder (not shown), a transparent plastic cover
was fixed to the top using plastic screws. The gap between the
cover and the device was sealed using a rubber O-ring to form
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Fig.4. Sketch of (a) the setup for bulk sensing and (b) the microfluidic fixture.
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Fig. 5. Calibration of camera power in a.u. to power in nanowatt and the
relative error.

an airtight flow cell above the etched channel of the device.
Sample solutions were pulled into the flow cell from sample
vials via fluidic tubes connected to a syringe pump (pulling),
thus changing the bulk RI in the channel, leading to a phase
shift between the arms and modulation of the outputs.

The setup was covered by an opaque tent and in most cases
the experiments were conducted with the tent fully closed and
all illumination in the lab turned off, aiming at excluding as
much background light as possible. The laser and camera were
controlled by LabView programs to change the input power
and operating wavelength, and to take output mode images at
every time step (0.5 s). The mode images were recorded in
spreadsheets by frame-grabber software (LBA-710PC, Ophir
Spiricon) and were post-processed to measure the powers inside
two preset software apertures overlapping the two output mode
spots using MATLAB. In this way the two output optical powers
were obtained in arbitrary units (a.u.) then converted to nW via
calibration to a known power.

Fig. 5 shows the measurements on which the calibration is
based. The same set of output powers were measured using the
camera with image post-processing, and in nW using a power
meter. As observed in the figure, the relationship is not linear so
it is necessary to fit an analytical model to the measurements.
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The fitting equation was then used to convert the camera mea-
surements to powers in nanowatt. Except for powers that are too
small to be used in the experiments, the relative error is less than
5%, indicating that the fit is good. The fitting equation is:

PPower}\[ctcr (nW) = [005 X (PCamcra (a.u.)

+1792)]7 —7.5. (1.9)

In optical sensing, it is important to properly clean and protect
the bare Au surface in the channel from possible contamination.
A cleaning protocol must be followed when new devices are
picked from a wafer. First the device is cleaned in heptane in an
ultrasonic bath (37 kHz, 50% power) for 5 min to remove parti-
cles from the facets. Then dicing resist is removed from the top
surface by placing the device in acetone for 5 min, then flushing
with clean acetone and placing in clean acetone for an additional
30 min, then flushing with isopropyl alcohol (IPA), and drying
with N, gas. Next, in order to remove residual organics, we
placed the device in a UV/Ozone chamber for 15 min with the
ultraviolet lamp on, and another 15 min with the Ozone only.
Finally we incubate the device in 1% 16-mercaptohexadecanoic
acid (16-MHA) in IPA overnight to stabilize and make the Au
surface hydrophilic. It is important to flush the device with
plenty of distilled/deionized (DDI) H,O before experiments,
because any residual IPA in the channel may react with glycerol
used in the sample solutions, perturbing sensing.

After the experiments, surface cleaning was conducted before
re-use to remove any possible residue on the sensing arm. Prior
to removal of the device from the setup, we flowed a 5% (weight
to weight) solution of sodium dodecyl sulfate in HoO at a flow
rate of 20 pL/min for 15 min and DDI H,O at 20 pL/min for
20 min to clean the microfluidic system and remove any possible
(loosely bound) contaminants. After dismounting the device, we
flushed it with DDI H, O and IPA in succession, dried with N,
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(a) Waterfall plot of transfer characteristics from 1310 to 1378 nm, and typical transfer characteristics at (b) 1326, (c) 1350, and (d) 1375 nm.

and placed in the UV/Ozone chamber in the same way as in the
cleaning protocol.

The sample solutions used in the experiments are HyO-
glycerol mixtures prepared in a series of 21 solutions with a
constant RI step between them and the RI of the middle ones
close to that of the Cytop claddings (~1.3348 near 1310 nm).
H»O and glycerol were mixed by measuring a volume of DDI
H> O and a mass of glycerol, but the cup and the scale are neither
precise enough nor convenient to prepare every solution in the
series because the RI step is small. Instead, only the two with the
lowest and highest RIs (targeted as 1.333 and 1.336) in the series
were prepared using this method, yielding two “stock solutions™
that were then mixed using precision pipetting to generate the
rest of the series. A Metricon prism coupler was used to verify
the RI of the two stock solutions to an accuracy of 1 x 10~*
refractive index unit (RIU), which is the absolute accuracy on
all of our solutions. A more accurate value for the index step
is determined by fitting theory to the measurements (below).
Metricon measurements on pure glycerol and DDI H,O were
also obtained to provide Rls, the former being 1.4699 and the
latter 1.3196 respectively.

B. Wavelength Sweeps

The devices were originally designed to operate at 1310 nm.
However, due to fabrication imperfections the operating wave-
length is shifted because the coupling section in the device
does not work as a 3-dB (50:50) coupler at 1310 nm. To
find the new operating wavelength, sweeping experiments from
1310 to 1378 nm were conducted for each solution and the
corresponding output optical powers from the two outputs of
the device were recorded. The input optical power was kept
constant and the initial alignment was unchanged so as to
make the curves at different wavelengths comparable to each
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Fig. 7. Time tracing experiment showing one solution replacing another in
the flow cell.

other. The results obtained from the whole set of solutions are
shown in Fig. 6(a) as a waterfall plot of transfer characteristics at
each wavelength and in Media 1 as a short movie for clearer ob-
servation. It is obvious that the longer the wavelength, the higher
the peak powers, which is reasonable since the attenuation at
longer wavelength is comparatively lower. Fig. 6(b)—(d) gives
three typical transfer characteristics selected from the waterfall
plot, at wavelengths of 1326, 1350 and 1375 nm, respectively.
At 1350 nm, the outputs have different offsets such that the val-
ley of one output nearly reaches the peak of the other, because
the coupler is not 3-dB (50:50) at this wavelength. At 1375 nm,
no obvious offset is observed and the two outputs are close to
ideal. At 1326 nm there is no obvious offset either but the powers
are lower due to higher attenuation. By comparing the transfer
characteristics at all wavelengths, 1375 nm was chosen as the
operating wavelength.

C. Transfer Characteristics and Time Traces

Fig. 7 give a time trace obtained as one solution replaces
another in the fluidic fixture. The powers oscillate as the fluids
exchange due to mixing within the fluidic fixture. About 20 s
are required for the fluids to completely exchange at a flow rate
of 20 pL/min. We henceforth wait for ~3 min after injecting
a new solution into the system before recording the outputs to
allow for replacement of the solution and for the output powers
to stabilize. Media 2 shows a movie of the changes in the two
output mode spots recorded during this process.

We then obtained a time-dependent transfer characteristic by
recording the two output powers over ~60 s for each solution
injected in sequence, while keeping the input power, wavelength
and initial alignment unchanged. The output powers were aver-
aged over 60 s for each solution and used to produce the transfer
characteristic. Thus, each data point in the transfer characteristic
is associated with a time trace from which noise statistics can
be extracted.

Fig. 8(a) shows the transfer characteristic measured in this
manner. As expected, the two outputs are sinusoidal with so-
lution number which is linearly related to the solution RI.
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TABLEI
RIS CORRESPONDING TO SOLUTION NUMBER

Solution # RI Solution # RI Solution # RI

01 1.33340 08 1.33431 15 1.33522
02 1.33353 09 1.33444 16 1.33535
03 1.33366 10 1.33457 17, 1.33548
04 1.33379 11 1.33470 18 1.33561
05 1.33392 12 1.33483 19 1.33574
06 1.33405 13 1.33496 20 1.33587
07 1.33418 14 1.33509 21 1.33600

The power difference between the outputs is also plotted and
shows a larger dynamic range of ~2x relative to the individual
outputs as the two are complementary. A mosaic clearly identi-
fying power switching between the outputs is given as the inset.
The total output power remains generally constant but increases
with RI over the last several solutions.

65



2636

]
i

o
u?

B

Output Optical Power (1W)
Output Optical Power (W)

0
0 10 20 30 4 50 60 0 0 20 30 40 50 60

time (s) time (s)

(a) (b)

Fig. 9. Time traces associated with Solution 11 at 1375 nm with (a) natural
noise and (b) artificial noise.

The measurements were compared to theory by adjusting the
terms in Egs. (1.1) and (1.2) over reasonable ranges to optimize
the fit; Fig. 8(b) shows that the fit achieved is generally good. We
chose o = 0.5756 mm~! (5 dB/mm, consistent with Ref. [31]),
ap = 0.9210 mm~! (8 dB/mm, consistent with Ref. [24]), e=%"
= (.7144 (1.4606 dB, determined by fitting), |T% |2 = (.8264
(0.8281 dB, by fitting) and ¢y = 3.2812 rad (by fitting), using
L =3.8053 mm and Ly = 1.1985 mm from the device layout,
and P,. =7 dBm and » = 1375 nm from the experimental
conditions. From Eq. (1.8), ¢ depends on Ly and A which are
known, so the period of the theoretical transfer characteristic
can be used to extract the step in the RI of the solutions by fit-
ting, which works out to Ang = 1.3 x 10~ The RIs assigned
to the solutions used in the measurements are given in Table L.
It is observed that no solution lies exactly at a crossing point
where maximum sensitivity occurs. The two curves cross be-
tween Solutions 11 and 12 with corresponding Rls of 1.33470
and 1.33483 (see Table I), which are close to the RI of Cytop
(~1.3348). This is reasonable because the device is designed to
produce equal power output when the RI of the solution matches
that of the cladding and when the coupler is operating at its 3-dB
(50:50) wavelength.

D. Noise Analysis and Detection Limit

Fig. 9(a) shows a time trace associated with Solution 11 re-
vealing the baseline noise in the system. Although solution 11
is not exactly at the 3-dB point, the two output powers are
quite close to each other. A second experiment was carried out
where the illumination on the alignment microscope in our test
set-up was turned ON and OFF a few times. In this way a man-
made noise source was added in a controllable manner aiming
at demonstrating the ability of the device to suppress common
perturbations. Fig. 9(b) shows a time trace with such artificial
noise, also associated with Solution 11. It is observed that both
outputs are affected similarly by the artificial noise, and that tak-
ing the power difference effectively suppresses these common
perturbations as the spikes observed on the individual outputs
are removed.

It is necessary to perform quantitative analysis in order to
compare three detection schemes: an individual power (i.e., P,
or Py), a power difference (i.e., P; = P, — P,), and a normal-
ized power difference (i.e., P, = (P, — B)/(P1 + P,)). Ithas
been clarified in Ref. [14] that a normalized individual power
(i.e., P;/(P, + B,), i =1 or 2) and the normalized power dif-
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Fig. 10.  Time tracing experiment showing drift.

ference produce (mathematically) the same detection limit, so
the former is not discussed in this paper. The first step of the
analysis is to use the transfer characteristic at 1375 nm (see
Fig. 8(b)) to calculate the change in power AP, (i = 1, 2, d,
or n) between Solutions 11 and 12 for all schemes. Then, since
we know from Table I that the RI difference between Solu-
tions 11 and 12 is Anp = 1.3 x 10~ RIU, the sensitivity near
the crossing point (between Solutions 11 and 12) can be es-
timated as 0P, /Onp =2 AP, /Anp. We use the noises o(P;)
obtained for Solution 11 as the standard deviation over time
of the powers P; and calculate the limit of detection (LOD) for
all detection schemes as LOD(P;) = o(P;) - SNR/(OP; /onp)
assuming the minimum signal-to-noise ratio required for reli-
able detection as SNR = 2 (following Ref. [24]). The noises,
sensitivities and detection limits for all schemes are listed in
Table II.

In Table II we observe for the case of artificial noise that
o(P;) is smaller than the o’s of the individual powers, o(P;)
and o(P;), meaning that some common perturbations are can-
celed (as observed in Fig. 9(b)). Consequently, the LODs of the
P, and P, schemes are 2-3 times smaller than those of the indi-
vidual powers, which is a significant improvement. For the case
of natural noise o (F;) is slightly larger than the o”s of the indi-
vidual powers, showing that little common perturbation exists
here. However, the LOD in this case is still improved, specifi-
cally, by a factor of ~1.6 due to the 2x larger dynamic range.
Comparing all of the LODs, it is observed that although those
of the individual power schemes are much worse in the case
of artificial noise, the P; and P, schemes bring the detection
limits to generally the same level as in the case of natural noise,
showing the effectiveness of common perturbation suppression.

Drift is also a common problem observed in optical sensing.
It is thus worth investigating the ability of the device to suppress
perturbations due to drift. Natural drift happened to be recorded
during one of the time tracing experiments, as shown in Fig. 10.
As shown in Fig. 10, o(P;) is smaller than o of the individual
powers, indicating an improvement in the noise level. It is found
that the two outputs do not drift at the same rate, nor is the
drifting proportional to power level as the output with smaller
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TABLE 11
STANDARD DEVIATIONS ¢S, SENSITIVITIES O P; /Onp 'S, AND DETECTION LIMITS LODS OF ALL
DETECTION SCHEMES

Detection scheme Individual power

Individual power

Power difference Normalized power difference

Expression Py Py Py =P — Py P, =Py /(P + Py)
P at Solution 11 18.09883 uW 13.0841 W 5.01473 uW 0.1608
P at Solution 12 12.79298 uW 18.1963 uW ~5.40332 uW ~0.1744
AP Solution 11-12 5.30585 uW 5.1122 uW 10.41805 pW 0.3352
Anp by fitting 1.3 x 10* RIU
aP/dnp 4.081 x 10* uW /RIU 3.932 x 10* uW /RIU 8.014 x 10* pW /RIU 0.2578 x 10* RIU™!
Case of natural noise o 0.1536 uW 0.1454 pW 0.1953 uW 0.0063

LOD 7.53 x 10~® RIU 7.40 x 1078 RIU 4.87 x 106 RIU 4.89 x 1075 RIU
Case of artificial noise o 0.4079 uW 0.4672 uW 0.3256 W 0.0116

LOD 10.03 x 1076 RIU 12.15 x 1078 RIU 4.12 x 106 RIU 461 x 1076 RIU

power has a larger drift. As a result, the drift is not fully removed
by power subtraction—there is still a slight drift on the power
difference. Calibration error may contribute to the difference in
the drifts, but the two output powers are too close for calibration
error alone to cause such a difference. Instead, it could be caused
by misalignment at the input side, where vertical misalignment
causes common perturbations whereas horizontal misalignment
causes a difference in the drifts. Nevertheless, the device is still
capable of removing the common portion due to drift.

IV. CONCLUSION

In summary, we have demonstrated bulk refractometric sens-
ing on LRSPP dual-output MZIs formed of Au stripes cladded
with Cytop and composed of a MZI followed by a 2 x 2 coupler
in cascade, with a microfluidic channel etched on top of the
sensing arm. A theoretical model for unbalanced dual-output
MZIs was proposed. Wavelength sweeping experiments were
conducted in order to select the operating wavelength for the
device by choosing the most ideal transfer characteristic. Time
tracing experiments were conducted to obtain the crossing point
of the transfer characteristic, and to analyze the natural and ar-
tificial noise associated with a crossing point. A detection limit
of about 4 x 107® RIU was achieved by applying and com-
paring three detection schemes. The device shows an ability to
suppress common perturbation and drift, and benefits from a
2x larger dynamic range relative to its single-output counter-
part. The possibility of achieving a better detection limit, for
instance by increasing the sensing length, makes the structure a
promising candidate for biosensing.
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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 Rls
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 Egs.(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 ~1x10° 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 610 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
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the sensing surface of a single-output MZI (in which case Lr = 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 P4 scheme or the P, 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 P4 and Pn schemes would have helped renew the best

record of detection limit.

70



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 long-
range 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 ~27/3 rad as expected in theory.
Three detection schemes are analyzed and compared, demonstrating that the device benefits
from a 3xlarger 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. | designed and built the experimental setup, | developed the theoretical
model and implemented the numerical methods used for the theoretical analysis, | 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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1. INTRODUCTION

Nonlabeled biosensors have the advantages of reduced labor
and real-time detection [1]. Surface plasmon resonance (SPR)
biosensors 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 [2,3] are the most common op-
tical biosensors. Bloch surface wave (BSW) biosensors applying
the same experimental configuration were also developed,
showing increased resolution with respect to surface refractive
index changes and high fluorescence collection efficiency [4]. In
recent years, long-range surface plasmon—polariton (LRSPP)
biosensors have been demonstrated to be advantageous due
to their longer propagation length which leads to a longer sens-
ing surface and thus compelling sensitivity and detection limits
[5]. LRSPPs are TM-polarized optical surface waves, propagat-
ing typically along a nanometer thin metal stripe cladded with
dielectrics and having significantly lower attenuation relative to
single-interface SPPs [5]. Prism-coupled biosensors using
LRSPPs have been demonstrated with better performance than
conventional SPR [6-9]. End-fire-coupled LRSPP biosensors
based on straight waveguides (Au stripes) with a microfluidic
channel etched through the top cladding have been demon-
strated by monitoring changes in the loss as biomaterial binds
to the waveguide [10-13]. LRSPP single-output [14,15] and
dual-output [16] Mach—Zehnder interferometers (MZIs) with
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a microfluidic channel etched through the top cladding of
one arm have been used as refractometric sensors for bulk
sensing.

MZIs are useful for biochemical sensing applications
[17,18]. In the past, MZI sensors based on fibers [19], dielectric
waveguides [20,21], and surface plasmon waveguides [22,23]
have been demonstrated. Compared to a single-output MZI,
multiple-output (e.g., dual- and triple-output) MZIs have been
demonstrated to improve the detection limit due to their larger
dynamic ranges and their ability to suppress common perturba-
tions [24,25]. Specifically for the case of triple-output MZIs,
a further advantage consists of always having one output oper-
ating with near-maximum sensitivity [25]. In this paper we
discuss and demonstrate the ability of triple-output MZIs
operating with LRSPPs to carry out optical bulk sensing. In
Section 2, we introduce the device, the setup, the sample sol-
utions, and the sensing mechanism. In Section 3, we present
and discuss the sensing results, we analyze the noise levels, and
discuss the detection limit. In Section 4, we summarize and
present some concluding remarks.

2. EXPERIMENTAL PREPARATIONS
A. Device

A tiple-output MZI consists of a MZI in cascade with a
triple coupler. Figure 1(a) shows a sketch of the structure with
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Fig. 1. (a) Sketch of the device with important dimensions labeled:
w=5pm, R=55mm, =1 pm, L, = 828.57 pm, s = 2 pum,
and Ly = 1.1902 mm. (b) Microscope images of the device, and
() high-magnification microscope image of the coupler portion.

important dimensions labeled thereon. All Au stripes are de-
signed to be of the same width w =5 pm and thickness
t =35 nm, and all curved sections have the same radius of
curvature R = 5.5 mm. The Y-junction at the split has an in-
ner waveguide separation of # = 1 pm. The coupler section
has a coupling length L, = 828.57 pm and a coupling separa-
tion s = 2 pm. A microfluidic channel is etched through the
top cladding of the sensing arm to expose the Au stripe for sens-
ing. The path length of the waveguide in the sensing channel
is designed to be Ly = 1.1902 mm. The device is designed to
operate at 1310 nm, with a mode power attenuation MPA =
7.1776 dB/mm and a total insertion loss ~34 dB.

When the refractive index (RI) of the sample solution that
fills the channel changes, the effective index of the LRSPP
passing though this waveguide section will change accord-
ingly, producing a phase shift ¢ between the two arms, thus
modulating the optical powers emerging from the three out-
puts due to interference in the coupler [25]. The sensing
channel also causes the MZI to become unbalanced because
the losses thereon are different from those along the reference
arm. This is due to the change in attenuation from a to ar
and the transition losses at the input and output facets of the
fluidic section, each modeled by the transmittance 7.
Figure 1(b) shows a microscope image of the device tested
in the experiments. (The Au rectangular pads shown here are
unrelated to the experiments of this paper; they were used for
thermal tuning [25].) Figure 1(c) shows a high-magnification
microscope image of the 3 x 3 coupler portion of the device.
All devices originate from the same wafer (identified inter-
nally as ND II) fabricated by spin-coating a 10 pm thick
Cytop layer on a 450 pm thick silicon substrate as the bottom
cladding, followed by a 35 nm thick Au layer patterned into
the designed structures via a metal evaporation and lift-off
lithography process, and then another 10 pm thick Cytop
layer as the top cladding [26,27].
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B. Setup

Figure 2(a) illustrates the block diagram of the setup. Light
from a tunable laser, tuned to an operating wavelength opti-
mized for the device, was guided to the device via a polarization
maintaining fiber, and the output light from the device was
received by a microscope objective and a CCD camera. In front
of the camera there was an attenuation system which induced
a loss of ~30 dB to prevent the camera from saturating. The
camera was connected to a monitor and to a computer via co-
axial cable. The laser was also connected to the computer using
GPIB cable for automated control. LabView programs were
used to change the input power and operating wavelength and
to record output mode images at every time step (set to 0.5 s) in
files by frame-grabber software (LBA-710PC, Ophir Spiricon).
The files were postprocessed using MATLAB to determine the
powers inside three preset software apertures overlapping the
three output mode spots. The powers were then calibrated
in the same way as in Ref. [16] for linear response.

Sample solutions were driven through a microfluidic fixture
by a syringe pump at an adjustable flow rate. Figure 2(b) shows
a sketch of the microfluidic fixture holding a device under test.
After mounting the device on a metal holder (not shown), a
transparent plastic cover was fixed by plastic screws upon a
metal holder on which the device was mounted (not shown)
to cover the top of the device, forming an airtight flow cell
above the etched channels with the gap between the cover
and the device sealed by a rubber O-ring. A series of solutions
was sequentially pulled into the flow cell from sample vials via
fluidic tubes connected to the syringe pump, thus changing the
bulk RI inside the channel. The whole setup was covered by an
opaque tent in order to exclude as much background light as

possible.

C. Sample Solutions

The sample solutions are H,O-glycerol mixtures prepared in a
series of 21 solutions with a constant RI step, with the RI of the
middle one close to that of the Cytop claddings (~1.3348 near
1310 nm). In order to prepare the mixtures, a certain volume of
DDI H,O and a certain mass of glycerol were measured using a
measuring cup and a scale, respectively, but neither is precise
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Microscope Coaxial
GPIB Objective Attenuation Cable
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Fig. 2. Sketch of (a) the experimental setup and (b) the microfluidic
fixture.
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enough because the RI step is small. Therefore, only the first
and the last solutions (with the lowest and highest Rls, targeted
as 1.333 and 1.3306, respectively) in the series were prepared in
this way, yielding two “stock solutions” that were then mixed
using precision pipetting to generate the rest of the series. A
Metricon prism coupler was used to verify the Rls of the two
stock solutions as well as pure glycerol (1.4699) and DDI H,O
(1.3196) to an accuracy of 1 x 1074 RIU (refractive index unit),
which is the absolute accuracy on all solutions. A more accurate
value for the index step is determined by fitting theory to the
measurements.

D. Cleaning Protocol

A cleaning protocol was followed when new devices were se-
lected from a wafer in order to protect the bare Au surface
in the channel section from contamination. The device was first
placed in heptane and cleaned in an ultrasonic bath (37 kHz,
50% power) for 5 min to remove particles from the facets.
Next, the dicing resist was removed from the top surface by
placing the device in acetone for 5 min, then flushing with
clean acetone, and placing in clean acetone for an additional
30 min, then flushing with isopropyl alcohol (IPA), and drying
with N, gas. Next, in order to remove residual organics, the
device was placed in a UV/ozone chamber for 15 min with
the ultraviolet lamp on and another 15 min with the ozone
only. Finally, the device was incubated in 1% 16-mercaptohex-
adecanoic acid (16-MHA) in IPA overnight to stabilize and
make the Au surface hydrophilic. It is important to flush
the device with plenty of distilled/deionized (DDI) H,O before
experiments, for the residual IPA in the channel may react with
glycerol in the sample solutions forming a residual adlayer on
the Au surface.

After the experiments, surface cleaning was conducted to
remove any possible residue on the sensing arm. Prior to re-
moval of the device from the setup, a 5% (weight-to-weight)

(a) waterfall

Output Optical Power, Pout ( pW)

Operating Wavelength (nm)

Fig. 3.
(c) 1360 nm (Visualization 1).
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Solution #

solution of sodium dodecyl sulfate in H,O was flowed at a
20 pl/min flow rate for 15 min and then DDI H,O at
20 pl/min for 20 min to clean the microfluidic system and
to remove any possible (loosely bound) contaminants. After
dismounting the device, it was flushed with DDI H,O and
IPA in succession, dried with N3, and placed in the UV/ozone
chamber in the same way as in the cleaning protocol.

3. EXPERIMENTS AND ANALYSIS
A. Wavelength Sweeps

Due to fabrication imperfections, the operating wavelength of
the coupler portion shifted from the originally designed wave-
length of 1310 nm. To find a good operating wavelength,
sweeping experiments from 1310 to 1378 nm were conducted
for each solution with the input optical power kept constant
and the initial alignment unchanged. The optical powers of
the three outputs were measured and are shown in Fig. 3(a)
as a waterfall plot of transfer characteristics at each wavelength
and in Visualization 1 as a movie. It is observed that all three
outputs have very small dynamic ranges around 1310 nm and
that the dynamic ranges increase at longer wavelengths, which
is reasonable because the LRSPP mode has lower attenuation at
longer wavelength. Figures 3(b) and 3(c) show two typical
transfer characteristics selected at 1346 and 1360 nm, illustrat-
ing the basic criteria for judging whether a transfer character-
istic is considered “good” or “bad.” At 1346 nm, the dynamic
ranges of the output powers are relatively smaller, especially for
P, and P,, showing that the coupling at this wavelength is
weak. The small dynamic ranges also make it difficult to appre-
ciate the phase separation among the three transfer character-
istics. In the ideal case, we expect that the three sinusoidal
output curves should have similar dynamic ranges and should
be separated by 27/3 rad [25]. Therefore, transfer character-
istics like this one are considered “bad.” At 1360 nm, the three

—P, (b) » =1346 nm
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(a) Waterfall plot of transfer characteristics from 1310 to 1378 nm, and typical transfer characteristics selected at (b) 1346 nm and
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outputs have a good dynamic range and their power levels are
generally comparable. Also, it is observed that the three curves
are separated by ~27/3 rad. Therefore, transfer characteristics
such as these are closer to ideal and the corresponding wave-
length can be used to carry out sensing experiments.

B. Time Traces

Once the optimized wavelength is determined, a time-
dependent transfer characteristic is obtained by recording the
three output powers over ~60 s for each of the 21 solutions
injected in sequence, while keeping the input power, wave-
length, and initial alignment unchanged. For each solution,
the output powers were averaged over 60 s and used to produce
the transfer characteristic. Thus, each data point in the transfer
characteristic is associated with a time trace from which noise
statistics can be extracted.

Figure 4 represents a time trace obtained as Solution 21
replaces DDI H,O in the fluidic fixture. The output powers
fluctuate due to mixing of the fluids as they exchange.
Visualization 2 shows a movie of the changes in the three out-
put mode spots recorded during this process. It took ~30 s to
complete the exchange of fluid at a flow rate of 20 pl/min.
Normally, we wait for ~3 min after injecting a new solution
into the system before recording the output powers in order to
allow for replacement of the solution and for the output powers
to stabilize.

Figure 5(a) shows the transfer characteristics measured on
another triple-output MZI at 1318 nm (this operating wave-
length deviates slightly from the design wavelength of
1310 nm). As expected, the three outputs are sinusoidal and
separated by ~27/3 rad However, it is observed that P; has
a lower dynamic range compared to the other two outputs.
Therefore, the performance deviates from ideal and rather re-
sembles a case where P; and P, form complimentary output
pairs (as in a dual-output MZI). Nevertheless, the total power
(sum of Py, P,, and P5) is generally constant over all solutions.
Following Ref. [25], the power differences P,; = 2P; - P; - P,
(7, j, k=1, 2, 3) are also plotted, and they show ~3x larger
dynamic ranges relative to the individual outputs, which is one
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Fig. 4. Time tracing experiment showing one solution replacing an-

other in the flow cell (Visualization 2).
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Fig. 5. (a) Transfer characteristics measured at 1375 nm.

(b) Normalized measured transfer characteristics compared with theo-

retical curves obtained when s = 2.1 pm and the offset of the central
waveguide is 1.0 pm and (c) when s = 3.5 pm without offset.

1.3355 1.336

of the advantages of using a triple-output MZI. A mode mosaic
identifying power switching between the three outputs is given
as the inset.

The normalized measurements were compared to theory, as
shown in Fig. 5(b). We applied the theoretical model described
extensively in [25]. The only change made was to adjust the
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field’s input into the triple-coupler section to take into account
the unbalanced nature of the MZI by introducing the loss term
Ty exp[-(ar - a)L;] to the field emanating from the sensing
channel [see Fig. 1(a)]. The same fitting of Rls for the sample
solutions as given in Ref. [16] was used because the two sets
of experiments were conducted over the same timeframe.
These Rls are plotted as the abscissa in Fig. 5(b), and the step
between neighboring solutions in the series is 1.3 x 10™% RIU.
Comparing measurements and theory, it is observed that the
fitting of power levels is good for P, and P, and fair for P;,
while the locations of peaks, valleys, and crossing points are
generally aligned. The theoretical curves were obtained by
increasing the coupling separation s from 2 to 2.1 pm and
offsetting the central waveguide of the coupler portion to
one side by 1.0 pm. The increase in coupling separation could
be caused by the pressure that the O-ring exerts on the coupler
portion when assembling the device in the fluidic fixture.
The offset of the central waveguide is not supported by micro-
scope observations of the device but effectively models the
measured performance. Another set of theoretical curves ob-
tained when s = 3.5 pm without offset is given in Fig. 5(c),
showing an example that if the central waveguide is not offset,
it is not the dynamic range of the side output (blue) but that
of the middle one (green) that changes, and the abscissa of the
theoretical peaks and valleys do not match the measurements
either.

One problem noted during the experiments is that the mea-
sured performance depends on the input alignment conditions
even though the waveguides support a single mode. It has been
observed that even if the microfluidic fixture is untouched, a
different initial misalignment at the input causes the transfer
characteristics to change. It is thought that background light
originating from imperfect input coupling and fabrication
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defects in the structure may be responsible for this behavior,
which could in part explain the deviation between theory and
experiment in Fig. 5(b). A possible method to solve the prob-
lem is to use gratings for input coupling [28], where the input
light is incident perpendicularly instead of on a facet and along
the device. Thus, the uncoupled light at the input does not
interfere with the triple-coupler portion and will not affect the
output powers.

C. Noise Analysis

Following Ref. [25], there are three independent detection
schemes in a triple-output MZI: measuring an individual
power P;, a power difference Py; = 2P; - P; - P;, and a nor-
malized individual power P,; = P;/(P; + P; + P;), where
i, j, k=1, 2, 3. A normalized power difference [i.c.,
(2P; - P; - Py)/(P; + P; + P;)] has been shown to produce
mathematically the same detection limit as the corresponding
normalized individual power, so the former is not discussed in
this paper. We also know that in the ideal case, the three out-
puts are separated by ~27/3 rad, so there is always one output
available that operates in the linear-response region which has
sensitivity close to maximum. However, in Fig. 5, the device
has one output of lower dynamic range compared to the
others; the performance of the device is thus between that
of a dual- and triple-output MZI. We therefore choose
Solution 9 to carry out noise analysis because the two outputs
of larger dynamic range (P, and P,) operate in a linear region.

Figure 6(a)—6(i) show time traces associated with Solution 9,
revealing the baseline noise in the system. A second experiment
was carried out where the illumination on the alignment micro-
scope above the setup was turned on and off a few times. In this
way, a perturbation (artificial noise) was added manually in a
controllable manner to demonstrate the ability of the structure
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Fig. 6. Time traces associated with Solution 9 at 1318 nm with (a)—(i) natural noise and (j)—(r) artificial noise.
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Table 1. Standard Deviations (c), Sensitivities (0P/onF), and Detection Limits (LOD) of All Detection Schemes

Natural Noise Artificial Noise

P at Sol. 8 P at Sol.10 AP Sol. 8-10 OP/0nr at Sol. 9 c LOD c LOD
Py 2321319 pW  12.69963 uW 10.51356 puW  4.04 x 10* W /RIU 0.1585 pW 7.84 x 1076 RIU 0.4696 pW 2.32 x 10~° RIU
P, 14.56966 p\W  23.71858 uW  9.148922 pW 3.52 x 10% pW /RIU 0.1323 pW 7.52x 10 RIU 0.4676 pW 2.66 x 10> RIU
Py 18.04506 pW  17.08658 W  0.958477 pW 3.69 x 10° uW /RIU 0.1476 pW 8.01 x 10~ RIU 0.4664 pW 2.53 x 10~ RIU
Py 13.81166 pW -15.4059 pW  29.21757 pW  1.12 x 10° pW//RIU 0.398 uW  7.08 x 10°° RIU 0.3913 pW 6.96 x 10°° RIU
Py -12.1189 pW  17.65096 W 29.76988 pW  1.14 x 10° W /RIU 0.2921 pW 5.10 x 106 RIU 0.4213 pW 7.36 x 10° RIU
Py -1.69274 pW  -2.24505 pW  0.552314 pW 2.12 x 10> pW/RIU 0.3751 pW 3.53 x 10°* RTU 0.3849 pW 3.62 x 107# RIU
P,  0.415799 0.237355 0.178444 6.86x 102 RIU""  0.0024 6.99 x 10°° RIU 0.0024 6.99 x 10°° RIU
P,  0.260975 0.443298 0.182324 7.01 x 102 RIUY  0.0018 5.13 x 10°° RIU 0.0026 7.42 x 10°6 RIU
s 0.323226 0.319347 0.00388 1.49 x 10" RIU"! 0.0023 3.08 x 107 RIU 0.0023 3.08 x 1074 RIU

to suppress common perturbations. Time traces with such
artificial noise are shown in Figs. 6(j)—6(r). The noise level
of the time traces is characterized by the standard deviation
(0) of each signal over the timeframe considered and is given
in the inset to each plot. The average signal is also given, as
labeled on each y axis. Figures 6(a)—6(c) and 6(j)—6(l) are time
traces of normalized individual powers 7,;. These six curves are
all plotted over a 0.03 vertical scale (dimensionless) and thus
can be compared directly to each other. Figures 6(d)-6(f)
and 6(m)—6(o) are time traces of power differences P,;, whereas
Figs. 6(g)-6(i) and 6(p)—6(r) are those of the individual powers
P,. These 12 curves are all plotted over a 4 pW vertical power
scale and thus can be compared directly to each other. By com-
paring Figs. 6(g)-6(i) with 6(p)-6(r), we clearly observe five
spike-shaped pulses imposed similarly on all three outputs in
the case of artificial noise (due to the manual perturbations). By
comparing Figs. 6(g)-6(i) with 6(d)-6(f), we note that the
noise levels increase in the power-difference scheme. However,
by comparing Figs. 6(p)—6(r) with 6(m)—6(0), we note that the
spike-shaped artificial noise is effectively suppressed by the
power-difference scheme and that the noise levels decrease
slightly. By inspecting Figs. 6(j)—6(1), we likewise observe that
the spike-shaped artificial noise is effectively suppressed.

To compare the three detection schemes, it is necessary to
determine their bulk sensitivity and noise level quantitatively,
then to compute the limit of detection (LOD) as LOD(P) =
o(P) - SNR/(0P/0ny), where o is the standard deviation over
time of the measurand 7, SNR is the minimum signal-to-noise
ratio required for reliable detection assumed to be SNR = 2
(following [14] and [16]), and dP/0n,: is the bulk sensitivity of
the measurand estimated as 0P/0n; = AP/Any, where AP is
determined from the average time traces for two solutions, and
Any is the difference in the RI of the solutions. The measurand
P can be taken as P;, P,,, or P;. The noises, sensitivities, and
detection limits for all schemes are listed in Table 1.

In Table 1, it is observed in the case of natural noise that
although the o values of the power differences are larger than
those of the individual powers, the LOD of P, is smaller than
that of P, (from ~7 x 107 to ~5 x 10-® RIU, comparable to
the results in Ref. [16]), and the LOD of P,; is also slightly
improved relative to P, due to the 3x larger dynamic range of
the difference schemes P;;. The normalized individual powers
P,; improve the LODs to generally the same levels as the power
difference schemes. The LOD of P; is not improved by 23 or
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P, since its sensitivity at Solution 9 is almost 0, far away from
the linear-response region.

In the case of artificial noise, the ¢ values of the power
differences are smaller than those of the individual powers,
showing the removal of the artificial common perturbations.
The LODs show that both the power differences P;; and
P, and the normalized individual powers P,,; and P,, produce
significant improvements compared to the individual powers
P, and P, (from ~25 x 1076 to ~7 x 10-° RIU). This demon-
strates the ability of the device to remove common perturba-
tions from the signals.

4. CONCLUSIONS

In summary, optical bulk sensing using LRSPP triple-output
MZIs was demonstrated. The device was composed of a MZI
followed by a triple coupler in cascade, with a microfluidic
channel etched through the top cladding of the sensing arm.
Wavelength sweeps were conducted to determine the opti-
mized operating wavelength of the device by choosing wave-
lengths that produce transfer characteristics closest to ideal.
Time traces were conducted to analyze the natural and artificial
noise present during a sensing experiment. A minimum detec-
tion limit of ~5 x 10°® RIU was achieved by applying normal-
ized or differential detection schemes. The device shows the
ability of common perturbation suppression and benefits from
a 3x larger dynamic range compared to a single-output MZI.
The detection limit can be further improved by optimizing the
design of the sensor and the interrogation setup.
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Chapter 7

Conclusions

7.1 Summary and contributions

In recent years, researchers have studied LRSPPs for various applications such as thermo-
optic, 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 MZlIs
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 multiple-
output directional coupler. It also provides a safe current density 70 GA/m? 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 ~27/3 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 dual-
output 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 ~4x10® 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 triple-
output MZIs, producing a comparable detection limit of ~5x10 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 Lr 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 Dual-output Triple-output
MZI MZI MZI
Dynamic Range 1x 2% 3x
Abl|lt¥ of Common_ No Yes Yes
Perturbation Suppression
Availability of
Maximum Sensitivity Tunable Tunable Always
6 6 6
Detection Limit in 6 %10 4 %10 5x%10
Bulk Sensing (RIU) (L.=1.6 mm) (L.=1.2mm) (L.=1.2mm)
Potential for Improvements Limited Fair High

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

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° RIU compared to ~1x10® 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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