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Abstract

In this thesis by articles, | propose and demonstrate the full design, fabrication and characterization
of optical biosensors based on (Bloch) Long Range Surface Plasmon Polaritons (LRSPPs). Gold
waveguides embedded in CYTOP with an etched microfluidic channel supporting LRSPPs and
gold waveguides on a one-dimensional photonic crystal (LDPC) supporting Bloch LRSPPs are

exploited for biosensing applications.

Straight gold waveguides embedded in CYTOP supporting LRSPPs as a biosensor, are initially
used to measure the kinetics constants of protein-protein interactions. The Kinetics constants are
extracted from binding curves using the integrated rate equation. Linear and non-linear least
squares analysis are employed to obtain the kinetics constants and the results are compared. The
device is also used to demonstrate enhanced assay formats (sandwich and inhibition assays) and
protein concentrations as low as 10 pg/ml in solution are detected with a signal-to-noise ratio of

20 using this new optical biosensor technology.

CYTOP which has a refractive index close to water is the fluoropolymer of choice in current state
of the art waveguide biosensors. CYTOP has a low glass transition temperature which introduces
limitations in fabrication processes. A truncated 1D photonic crystal can replace a low-index
polymer cladding such as CYTOP, to support Bloch LRSPPs within the bandgap of the 1DPC over

a limited ranges of wavenumber and wavelength.

Motivated by quality issues with end facets, we seek to use grating couplers in a broadside coupling
scheme where a laser beam emerging from an optical fiber excites Bloch LRSPPs on a Au stripe
on a truncated 1D photonic crystal. Adiabatic and non-adiabatic flared stripes accommodating
wide gratings size-matched to an incident Gaussian beam are designed and compared to maximise
the coupling efficiency to LRSPPs. The gratings are optimized, initially, through 2D modelling
using the vectorial finite element method (FEM). Different 3D grating designs were then
investigated via 3D modelling using the vectorial finite difference time domain (FDTD) method.



Given their compatibility with planar technologies, gratings and waveguides can be integrated into
arrays of biosensors enabling multi-channel biosensing. A multi-channel platform can provide,
e.g., additional measurements to improve the reliability in a disease detection problem. Thus, a
novel optical biosensor based on Bloch LRSPPs on waveguide arrays integrated with
electrochemical biosensors is presented. The structures were fabricated on truncated 1D photonic
crystals comprised of 15 period stack of alternating layers of SiO2/Ta.Os. The optical biosensors
consist of Au stripes supporting Bloch LRSPPs and integrate grating couplers as input/output

means.

The Au stripes also operate as a working electrode in conjunction with a neighboring Pt counter
electrode to form an electrochemical sensor. The structures were fabricated using bilayer lift-off
photolithography and the gratings were fabricated using overlaid e-beam lithography. The planar
waveguides are integrated into arrays capable of multichannel biosensing. The wafer is covered
with CYTOP as the upper cladding with etched microfluidic channels, and wafer-bonded to a
borofloat silica wafer to seal the fluidic channels and enable side fluidic interfaces. The proposed
device is capable in principle of simultaneous optical and electrochemical sensing and could be

used to address disease detection problems using a multimodal strategy.
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Chapter 1

Introduction

1.1 Biosensors and biosensing

Immunoassay-based detection methods currently used in routine laboratory tests were first
introduced in 1950s. Since then the methods have been developed and became more popular by
introducing chemically-linked enzymes to antibodies [1]. An immunoassay is an analytical method
performed in solution in order to detect the presence of a biomolecule. Immunoassays are based
on variety of labelling methods such as enzymes (enzyme linked immunosorbent assay or ELISA)
[1], radioactive isotopes (radio-immunoassays) [2] and fluorescence [3] to name a few. Label-
based immunoassays require sample processing and thus are expensive and time-consuming. Also,
the label can block a binding site or cause background binding which leads to false positives and
false negatives respectively [4]. On the other hand, there are other types of assays that do not
require labeling and thus are called label-free immunoassays. Surface plasmon resonance (SPR)
biosensing is an example of a label-free technique that could be used in the detection of biological
species.

A biosensor is an integrated analytical device that can be used in the detection and
quantification of biochemical or biological elements. Biosensors are comprised of a biochemical
recognition element, such as a tissue sample, enzymes, whole cells or antibodies, a signal

transduction mechanism, and fluidic channels. Based on the type of physical transducer, biosensor



technologies can be classified into a few main categories, namely: piezoelectric (quartz crystal
micro balance) [5, 6], electrochemical (potentiometric and amperometric) [7, 8], and optical
sensors such as surface plasmon resonance and fluorescence [9-12]. Biosensors could also be
classified as catalytic biosensors or affinity biosensors. The latter make use of the analyte-ligand
binding interactions (antibody-antigen, for example) which is the focus of this study.

Electrochemical Biosensors are the most common type of biosensors. In this type of
biosensor the electrochemical cell consists of a reference electrode (which provides a stable
voltage against which other potentials are measured), a working electrode (on which the
electrochemical reaction occurs) and a counter electrode (which provides a path for the flow of
electric current). A voltage or a current is produced as a result of an oxidation-reduction (redox)
reaction taking place on the working electrode. Redox enzymes are required to catalyze the
electron transfer by reduction or oxidation of the substrate. [13].

Piezoelectric quartz crystal based sensors, known as Quartz Crystal Microbalance (QCM),
is another type of biosensor. They measure changes in the surface mass concentration by
measuring changes in the resonant frequency of a quartz crystal. Initially, the QCM was used in
vacuum and gas [14], but recently it has been shown that the method can be used in liquid
environments as well [15].

Optical biosensors can provide rapid, direct, real-time detection and characterization of
biomolecular interactions. Optical detection is generally based on the measurement of
fluorescence, absorbance or refractive index changes [16]. In fluorescence, the target molecule is
labeled with a fluorescent dye. The concentration of target molecule can be determined by
detecting the fluorescence emission. The measurement of refractive index changes is based on the

difference in the refractive indices of water (n ~ 1.3) and biological molecules (n ~ 1.5). SPR is



the most common method to determine the absorbance/refractive index changes in an aqueous
medium. SPR biosensors employ excitation of surface plasmon polaritons (SPPs) as described in
the following subsection. The change in the refractive index of the solution is referred to as bulk
sensing while the changes due to the formation of an adlayer are referred to as surface sensing.
Optical biosensors do not require any enzymatic reactions; hence they broaden the range of
biochemical reactions that can be monitored using these devices.

Commercially available label-free optical biosensors make use of SPR technology
(BIAcore), photonic crystals (SRU Biosystems), resonant waveguide gratings (Corning) and
interferometry (Fortebio) [4]. Currently, the most common optical sensor is the SPR sensor. In this
work we focus on optical biosensors using long-range surface plasmon polaritons (LRSPPs) as

described in detail in the following chapters.

1.2 Thesis scope and outline

The aim and scope of this dissertation is to demonstrate the full design, fabrication and
characterization of optical biosensors based on (Bloch) LRSPPs. Gold waveguides embedded in
CYTOP with an etched microfluidic channel supporting LRSPPs and gold waveguides on a one-
dimensional photonic crystal (1DPC) supporting Bloch LRSPPs are exploited for biosensing
applications. A multi-channel multi-modal biosensing platform, capable of simultaneous optical
and electrochemical sensing, is designed and fabricated using wafer scale processing techniques.
The multi-channel multi-modal platform provides additional measurements to improve reliability
in a disease detection problem. Each chapter is presented as a scientific article with an introductory

section. The dissertation is organized as follows:



Chapter 2 presents a comprehensive review of the topics related to design, fabrication and
characterization of optical biosensors based on surface plasmon polaritons. First, the theory of
surface plasmons is described. Surface plasmon resonance biosensors are discussed in detail and
the review of previous works is provided. LRSPP based waveguide devices, currently used in
biosensing applications, are also discussed along with design considerations for biosensing
application. A review of surface functionalization methods is provided, and the chapter is closed
with a brief description and review of Nano-fabrication techniques.

Chapter 3 presents the extraction of kinetics constants for protein-protein interactions using
LRSPP waveguide biosensors. The binding curves are obtained by monitoring the output power
of the system continuously over time and converting the raw data to surface mass concentration.
The affinity and kinetics constants obtained are within the range expected for this interaction.

Chapter 4 presents enhanced assay formats using LRSPP waveguide biosensors capable of
very low detection limits. Specifically, sandwich and inhibition (competitive) assays were
developed and demonstrated using Bovine Serum Albumin (BSA) and anti-BSA produced in
rabbit as a model bio-specific pair. Titration curves were extracted for both immunoassays. We
demonstrate that protein concentrations in solution of 10 pg/ml can be detected with a signal-to-
noise ratio of 20 using this new optical biosensor technology.

Chapter 5 presents the optimization of grating couplers for (Bloch) LRSPPs on metal stripe
waveguides for biosensing applications. LRSPP waveguide biosensors used to demonstrate
binding kinetics and enhanced assay formats in previous chapters are fabricated on CYTOP as the
lower cladding material. Although CYTOP has a refractive index close to water, its use introduces
limitations in fabrication processes due to its low glass transition temperature. A truncated 1D

photonic crystal (1DPC) is designed to replace CYTOP cladding to support Bloch LRSPPs within



the bandgap of the 1DPC over limited ranges of wavenumber and wavelength. 2D cross sectional
model of the structure, incorporating the Au waveguide and grating couplers on a 1DPC or
CYTOP, was employed to optimize the structural parameters of the grating couplers via finite
element method (FEM) electromagnetic modelling. Wide gratings on adiabatic and non-adiabatic
flared stripes are then investigated using a full 3D model of the structure via finite-difference time-
domain (FDTD) electromagnetic simulations. Input coupling efficiencies of up to 25% at Ao =
1310 nm are predicted for an optimal grating design. The structures realized include straight
waveguides with narrow gratings and with wide gratings on (non-) adiabatic flared stripes,
fabricated using photolithography and electron beam lithography. The wavelength response of the
fabricated structures was acquired to verify the design concepts.

Chapter 6 presents fabrication details of the structure proposed and modeled in Chapter 4.
This novel optical biosensor operates with Bloch LRSPPS on waveguide arrays integrated with
electrochemical biosensors and thus is capable of simultaneous optical and electrochemical
sensing (multimodal biosensing). The structures are fabricated on a truncated 1D photonic crystal
composed of alternating layers of SiO2 and Ta20s. Au waveguides, Pt stripes and contact pads are
fabricated using a bilayer lift-off photolithography process. Grating couplers as input-output
means are fabricated using overlaid electron-beam lithography. The wafer is covered with Cytop
as the upper cladding and etched to form the microfluidic channels. Channel etching was
performed using both photoresist and metal masks and grass like structure was observed post
Cytop etching which is discussed in the subsequent chapter. The wafer is covered with borofloat
silica using a wafer bonding process. The planar waveguides are integrated into arrays capable of

multichannel biosensing. The optical and electrochemical characterization of the biosensor chip



including bulk and surface sensing and cyclic voltammetery measurements are presented as a proof
of concept.

Chapter 7 presents reactive ion etching of Cytop as the host material for microfluidic
channels. Different grades of Cytop on different substrates along with different mask materials
and using different RIE parameters are investigated, initially to address the formation of “grass”
post Cytop etching that was consistently observed during the biosensor fabrication process. A
comprehensive acid clean procedure was proposed to remove the grass post Cytop etching.

Chapter 8 presents the concluding remarks and suggestions for future work.

1.3 Copyright permissions

1.3.1 Chapter 3

The article in this chapter is presented in full and is reprinted with the permission of Elsevier
Limited.

M. Khodami, P. Berini “Bimolecular kinetics analysis using long range surface plasmon

waveguide” Sensors and Actuators B: Chemical 243, 2017.

1.3.2 Chapter 4

The article in this chapter is presented in full and is reprinted with the permission of Elsevier
Limited.

M. Khodami, P. Berini “Low detection limits using sandwich and inhibition assays on long range

surface plasmon waveguide biosensors” Sensors and Actuators B: Chemical 273, 2018.
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The article in this chapter is presented in full and is reprinted with the permission of Optical Society
of America.
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IEEE Journal of Microelectromechanical Systems, Volume 29, Issue 2, April 2020.
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Chapter 2

Background and literature review

2.1 Surface Plasmon Polaritons (SPPs)

Surface Plasmons (SPs) are quanta of surface charge density oscillations. The coupling of lattice
excitations to quanta of electromagnetic waves (or photons) is referred to as “polaritons”. By
definition, Surface Plasmon Polaritons (SPPs) are transverse magnetic optical surface waves,
propagating along a metal dielectric interface. The relative permittivity of the lossless dielectric
medium is described using a real number, while the metal region is characterized by a frequency
dependent dielectric function €.(w), which could be described using Drude-Sommerfeld model

[17]:

2
p

w? + iyw

g(w)=1- @

1)
where w,, is the plasma frequency and 7y is the damping coefficient, often expressed as y=1/1 in
where 71 is the relaxation time of electrons in the metal [18]. Considering the time harmonic form
of Maxwell’s equation (e7*") and the mode filed variation along +z direction (e’*), the real and

imaginary part of this expression can be written:
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Using w, = 13.8 x 10'*/sand y = 1.075 X 10'*/s for gold [17], the real and imaginary parts
of this function are plotted in Fig. 1. As is evident from Fig. 1, a negative value for the real part of
the dielectric constant is obtained, implying that an SPP mode can be supported at metal-dielectric

interfaces. This is the case for many metals at optical frequencies.
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Fig. 1: Real and imaginary part of the dielectric constant for gold according to Drude-

Sommerfeld model (reproduced from [17]).

While the Drude-Sommerfeld model provides accurate results in the infra-red region of the
spectrum, it needs to be modified for the visible and near ultraviolet region, due to the presence of
bound electrons in the metal. In this case Drude-Lorentz model is a more accurate description of

the dielectric function, expressed as follows:
2
Wp

—L— + g (w
(1)2+l]/0) 1nt( )

e (W) = €, —

3
where €, is the material polarization correction factor and €;,;(w) is the inter-band transition

correction factor, described as:
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where @), is analogous to w,, in the Drude-Sommerfeld model. This expression could be re-written

to obtain the real and imaginary parts of the dielectric function:
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Using @, = 45 X 10'*/s, y =835x 10™/s, w, = ch/l and A=450 nm, the real and

imaginary part of the function are plotted in Fig. 2, from which a resonant behaviour is observed

for the imaginary part and a dispersion-like behaviour is observed for the real part.

6
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Fig. 2: Contribution of bound electrons to the dielectric function of gold (reproduced from [17]).

Due to the inaccuracy of the theoretical models (especially around the resonance), the optical

constant of the noble metals have been measured since the time of Drude. The optical constants »

10



and k are obtained for gold from reflection and transmission measurement on vacuum evaporated
thin films at room temperature [19]. Measured values of dielectric constant vs. wavelength for

gold are shown in Fig. 3.

50
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Fig. 3 Measured values of dielectric constants for gold according to Johnson and Christy [19]

SPPs only exist for the TM polarization. The propagation constant of the SPP can be described as:

W | €m€q

C |em+ &q

(6)
Where €, and €4 are the relative permittivity of the metal and dielectric.

Energy and momentum conservation must be fulfilled in order to excite SPPs. The most
common technique to excite SPPs is via prism coupling where the attenuated total reflection (ATR)
condition is indicative of SPP excitation at metal dielectric interface. A prism-coupled system,
based on the Otto or Kretschmann configurations, is commonly used to excite SPPs [20, 21, 22].

In the Otto configuration, there is a low index gap (air gap) between the prism and metal film,
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whereas in the Kretschmann configuration a thin metal film is directly deposited on top of the glass

prism (Fig. 4).

2 fied
z — SPP amplituda
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Fig. 4: Excitation of surface plasmon using Otto (left) and Kretschmann (right) configurations

(adapted from [17]).

In the Kretschmann geometry, the momentum matching condition for the excitation of SPPs on

the metal film is described as:

k, = (2”//1) n, sin @ = Re{B}

(7
where k, is the wave vector of the incident light beam, n,, is the refractive index of the prism and
p is the propagation constant of the SPP.

In conventional SPR biosensors (based on the Kretschmann configuration) an immobilized
bio-recognition element (such as an antibody) is coated on the metal surface and p-polarized laser
light is incident at the prism base from which the reflection of the beam is monitored, as shown in
Fig. 5. At a certain angle, the incident light is coupled to SPPs. As a result, the intensity of the
reflected beam is decreased. A change in the refractive index of the dielectric medium on the other

side of the metal film, or the formation of an adlayer thereon, will result in significant changes in
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the SPP coupling angle (Eq. (7), as B is altered). A plot of the intensity vs. incident angle produces
the sensorgram. The association and disassociation parts of such a curve are used for the extraction

of binding kinetics as will be discussed in the following chapters.
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Fig. 5: Kretschmann configuration of ATR (left) and sensorgram (right) demonstrating the
change of intensity of the output light as a function of SPR angle (adopted from [16]).

Good confinement and high surface and bulk sensitivities as well as high attenuation are the most
dominant properties of single interface SPPs. The high attenuation can be addressed using double-
interface SPPs that can propagate over an appreciable length, the so-called long range surface
plasmon polariton, as will be discussed in the following subsection.

As described above, SPR biosensors employ excitation of SPPs. A brief review of the
previous biosensing works based on commercial SPR systems is provided in the introduction

section of the manuscript presented in Chapter 4 of this thesis work, which follows here for
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completeness. “Using SPR technology, the direct detection of Bovine Serum Albumin (BSA) has
been studied and a detection limit of 100 pM was reported [23]. In this study a protein A film was
formed on a self-assembled monolayer to realize the immuno-sensor. The detection of
staphylococcal enterotoxin B (SEB) in milk to a detection limit of 5 ng/ml in a direct assay format,
and to 0.5 ng/ml in a sandwich assay format in buffer and milk was reported in [24]. Cardiac
troponin was detected using a sandwich assay to a detection limit of 25 pg/ml [25]. Domoic acid
was detected using an inhibition (competitive) assay to a detection limit of 0.1 ng/ml [26].
Benzo[a]pyrene (BaP) detection has been reported in [27] and a detection limit of 50 pg/ml was
achieved using an inhibition assay. The detection of pituitary hormones using an inhibition assay
was reported in [28], where detection limits of 6 ng/ml for human growth hormone (hGh) in serum,
and of 1 ng/ml for human follicle stimulating hormone (hFSH) and human luteinizing hormone
(hLH) in urine were reported. The detection of BSA in milk using various immunoassay formats
including sandwich and inhibition assay was reported in [29], where a detection limit of 1 ng/ml
was achieved using an inhibition assay. Multi-analyte detection of environmentally relevant
pesticides was performed by using a two-channel SPR biosensor. Using inhibition immunoassay
format a detection limit of 18 ng/ml for DDT, 50 ng/ml for chlorpyrifos and 52 ng/ml for carbaryl
is reported [30]. Selective detection of methamphetamine was realized using inhibition assay
format. The SPR sensor was capable of detecting concentrations in the range of 0.1-1000 ng/ml
[31]. A chip-based digital SPR platform was used for BSA detection yielding a detection limit of
1 pg/ml [32]. So according to this (limited) subset of the literature on enhanced assays with SPR,
detection limits in the broad range from 1 pg/ml to 25 pg/ml have been achieved, with a few ng/ml
being typical. The detection limit depends on the target analyte, the sensing medium, the

interrogation apparatus, sensor chip and the experimental conditions”.
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SPR technology was also used to determine the rate and equilibrium binding constants of
biomolecular interactions. Interaction kinetics of recombinant human sCD4 and immobilized
antibody (MoAb L71) was described using the integrated rate equation [33]. Matrix bound
monoclonal antibodies interacting with HIV-1 core protein p24 was used as a biomolecular pair to
determine the association and disassociation rate constants [34], where the affinity and reaction
rates of the interaction were compared with immobilized amino-theophylline reacting with
monoclonal antibodies (MAbs). Kinetic analysis of biomolecular interactions and protein
detection using enhanced assay formats are discussed in detail in Chapter 3 and 4 of this thesis.

ATR monitoring based on a prism coupler is an efficient and straightforward method, but
the prism adds bulk and is incompatible with integration and miniaturization. Hence, surface
plasmon excitation from the guided mode of an optical fiber or waveguide has attracted a lot of
attention in recent years. Planar optical waveguides can be integrated with other planar structures
or can be integrated into arrays of biosensors. The coupling of a waveguide mode to a surface
plasmon in an aqueous environment in a waveguide coupled SPR sensor was reported in [35],
where strong coupling between surface plasmon waves and the mode of the waveguide was
observed at visible wavelengths. A fiber-optic chemical sensor based on surface plasmon
resonance was presented in [36]. A section of fiber cladding was removed and a 55 nm thick silver
film was deposited on the fiber core. Changes in the bulk refractive index (also known as bulk
sensing) were determined by measuring the transmitted spectrum. A waveguide surface plasmon
resonance device was used for the determination of simazine in water samples [37]. The sensor
was incubated in antibody samples and the sensing solution was injected over the immobilized
antibody. Sensing occurred on the surface of the modified gold film while the rest of the chip was

isolated from the reaction. A fibre optic surface plasmon resonance device based on spectral
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interrogation of SPR in a fiber optic sensing element was described in [38]. The sensor was able
to measure refractive index changes as small as 5x1077. IgG and anti-IgG were used to demonstrate
the ability of the sensor for biosensing applications.

SPR biosensors based on the excitation of SPPs using diffraction gratings are also reported
in the literature. In this configuration, the metal film is periodically corrugated in order to satisfy
the momentum matching condition for the excitation of SPP on the metal film as described by
Equation. 7. A sensitivity comparison has been made between a diffraction grating and a prism
coupler based SPR biosensor [39]. It was demonstrated that the sensitivity of the grating based
structure using a wavelength interrogation method was much less than that of prism coupled
structure, while a comparable sensitivity was observed for both systems using an angular
interrogation method. A diffraction grating was used to excite surface plasmon at the gold/solution
interface, and the interaction of immobilized human IgG and purified goat anti-human IgG was
observed using an angular interrogation method [40]. A surface plasmon resonance gas sensor
comprised of diffraction gratings was used in a wavelength integration mode where the SPR deep

was observed at an off-normal angle of incidence [41].

2.2 Long Range Surface Plasmon Polaritons (LRSPP)

As described in previous section, single interface SPPs suffer from high attenuation losses which
limits their application. If a thin metal film is embedded in a dielectric medium, such that the top
and bottom cladding have similar (or close) refractive indices, the structure operates in the so
called long range SPP mode. LRSPPs can be excited in a prism coupled system based on attenuated
total reflection (ATR) [42, 43], or in an end-fire coupling scheme using a TM polarized laser beam.

The schematic of Prism coupled system is shown in Fig. 6. The angle of incidence varies beyond
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the critical angle and the reflected power is monitored using a photodetector. At a certain angle,
the wavenumber of the incident beam equals the wavenumber of the propagating LRSPP mode.

As a result, a drop in the reflected power is observed.

p-polarized

EREIEE High-index
prism

Detector

g

| &4
t &2 Lz

Fig. 6: Prism coupling technique for exciting SPPs (adopted from [44]).

A metal slab of infinite width bounded by two dielectric layers, as shown in Fig. 7, can support
LRSPP mode. In such a structure, SPPs supported by individual metal dielectric interfaces coupled
to form super-modes. The modes are confined at the metal-dielectric interfaces in the vertical and
longitudinal directions. The symmetric and asymmetric bound modes of the slab waveguide
(denoted as sb and av) are referred to as the long range surface plasmon polariton and short range
surface plasmon polariton respectively [44]. By decreasing the thickness of the metal film, the
effective index and attenuation of the asymmetric mode increases, whereas those of the symmetric
mode decrease. The symmetric mode exhibits a much lower attenuation than the asymmetric mode
in thin films (and thus is termed the long range mode). LRSPPs have been excited in prism-coupled
sensors in order to explore the sensitivity of the device, and used in the detection of e.coli bacteria

[45] and for studying the effects of toxins on HEK-293 cells [46].
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Fig. 7: A dielectric-metal-dielectric structure consists of a thin metal layer (&:2) bounded by two
dielectric cladding layers (&r1, €3). The distributions of the Ey component of the two bound SPP
modes, sb (right) and ab (left) are shown as red curves (adapted from [44]). A coordinate system

similar to the one shown in Fig. 6 is assumed.

The mode spectrum is enriched by limiting the width of the metal slab. The fundamental ss’ mode
supported by a thin metal stripe evolves in a similar manner as the s, mode of the infinite slab
waveguide and is referred to as a LRSPP as well.

For a waveguide structure embedded in fluoropolymer (i.e. CYTOP, &1 = &3) similar to
the one shown in Fig. 7, the mode propagates in the z direction with a complex propagation
constant: y = a + jf3, where a is the attenuation constant and [ is the phase constant. The mode
of the structure is calculated using Lumerical (Mode), for a 5 pm wide 35 nm thick Au stripe
embedded in CYTOP where & ¢y top =1.3348% and &,44 = -86.8 +i8.322, and is shown in Fig. 8.

The effective index of the mode is equal to 1.340821+i0.00021 with 8 dB/mm loss at Ao=1310 nm.
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Fig. 8: Mode output of a 5 um wide, 35 nm thick Au stripe embedded in CYTOP obtained using

Eigen-mode solver

The mode power attenuation (MPA) in dB/mm is computed from attenuation constant o as:
MPA = 0.02alog?,
®
The propagation length L of the mode is the distance from the launch point where its mode power

is reduced by a factor of 1/e and is given by

L=1/2a

(€))
The attenuation and coupling efficiency to an incident Gaussian beam are two important
specifications of LRSPP waveguides [47]. The coupling efficiency of the ssb? mode to single mode

fiber can be estimated using:
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where E,; corresponds to the transverse electric field component of the ssb’ mode and E,,
corresponds to electric field of a single mode fiber which can be defined as a corresponding
Gaussian distribution aligned to the center of LRSPP waveguide.

LRSPPs on metal stripes can be excited by butt coupling a single mode fiber to the
waveguide. The optimum condition for LRSPP propagation is achieved by using a symmetric top
and bottom dielectric cladding. A low index cladding that matches the refractive index of
biological compatible fluids (such as phosphate buffer saline with a refractive index (RI) close to
that of water n~1.330) is required to maintain the RI symmetry of the structure. In this case the
choice of the cladding material is limited to fluoropolymers with a low index, such as Teflon or
CYTOP. The fabrication of LRSPP straight waveguides composed of gold stripes embedded in
CYTOP with a microfluidic channel etched into the top cladding is described in [48]. It consists
of an optical lithography step to define Au features on a bottom cladding of CYTOP. A fluidic
channel of length L = 1.65 mm was formed by etching the top CYTOP cladding down to the gold
surface. LRSPP biosensors based on metal stripe waveguides offer advantages over prism-coupled
sensors, in the form of increased sensitivity, compactness, and ease of manufacturing [49]. Dengue
virus detection [50,51], bacteria detection in urine [52] and the detection of leukemia markers [53]
has been performed using LRSPP waveguide biosensors. They have also been used for the
extraction of binding kinetics [54] as well as sandwich and inhibition immunoassay demonstration

[55]. Various other configurations such as Y-junctions were also used for attenuation-based
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sensing [56]. Bragg gratings and single and multiple outputs Mach-Zender interferometers (MZI)
were used for phased based detection [57, 58, 59].

An optical setup comprised of a DFB laser, optical fiber, collimating objective, aperture,
beam splitter, infrared (IR) camera and power sensor, as shown in Fig. 9, was used to excite and
capture the output of a straight waveguide biosensor. The buffer solution is injected through the
fluidic channel using a syringe pump at a constant flow rate of 20 pl/min. The output power is
measured using a power sensor and recorded using Labview. The sensor die along with a custom
made fluidic jig is shown in Fig. 10. The custom-made fluidic jig, consisting of a metal base and
a PMMA slide has been designed to hold the device under test. The fluidic tubing passes through
the holes that are drilled at each end of the PMMA slide. The O-Ring (Apple Rubber Product Inc.)
seals the etched channel. The metal base is machined to hold the device and integrate the fluidic

PMMA slide into the optical setup [60].
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Fig. 9: Optical setup used to measure the output power throughout Chapter 3 and 4 of this thesis
(adapted from [56])

Most recently, Bloch LRSPPs, supported by thin metal stripes on a 1D photonic crystal, have
attracted a lot of attention for biosensing application [61, 62, 63, 64, 65]. In these structures, a

truncated 1D photonic crystal (1DPC) can replace a low-index polymer cladding to support Bloch
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LRSPPs within the bandgap of the IDPC over prescribed ranges of wavenumber and wavelength
[66-68]. Low index polymers such as CYTOP have a low glass transition temperature which
introduces limitations in fabrication processes. This topic will be discussed in detail in Chapter 5

and 6 of this thesis.

Straight Waveguides
5 pm=22 nm

PM Optical Fibre
| _ 7 um in diameter
Metal Base Cytop  Si

Fig. 10: Sensor die incorporating straight gold waveguides along with custom made fluidic jig

with PMMA slide on top and the metal base at the bottom (adapted from [60])

2.3 Surface functionalization strategies

Different surface functionalization strategies are based on physical adsorption, covalent bonding
through the formation of a thiol-based self-assembled monolayer (SAM), and affinity interactions
(e.g., Protein G-IgG) [69]. Physical adsorption is the simplest method and is based on
intermolecular forces and is not used frequently due to limitations, including random orientation,
less stability, loss of bioactivity and limited immobilization on hydrophilic surfaces [70]. The
explanation of the other two methods is provided here, although we focus on self-assembled
monolayers in this study.
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2.3.1 Self-assembled monolayer (SAM)

A gold surface is a standard sensing surface in biosensing for several reasons: Gold is a relatively
inert metal that doesn’t react with most chemicals, and surface chemistry approaches based on an
alkanethiol self-assembled monolayer (SAM) on Au surfaces are very well established [71-80].
SAMs of sufficient chain length form a close-packed structure oriented perpendicularly to the
metal surface. A SAM can form on Au waveguides through incubation of the device into a dilute
ethanolic solution of thiols for about 12-18 hours at room temperature [81]. The thiols saturate the
surface quickly, but the re-organization process to obtain a tightly packed SAM takes place slowly
over time. Formation of the SAM occurs through a covalent coupling of the thiol groups (R-SH)

of alkanethiol, which could be described by equation 11 [78], and schematically using Fig. 6.
yields 1 _
Au+HS—R—— Au—S—R+"/,H, +e

1

Fig. 11: Formation of a SAM on Au waveguide.

Covalent bonds are formed between the functional group of amino acids of proteins and the
electrophilic group on the sensor surface. Amino (—NH2) groups, thiol (-SH) groups, and carboxyl

(~COOH) groups are examples of functional groups of amino acids.
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Immobilization of an amino group is commonly performed through the reaction of N-
Hydroxysuccinimide sodium salt (NHS) and 1 - ethyl - 3 - (3 - dimethylaminopropyl) carbodiimide
hydrochloride (EDC), in aqueous solvents as shown in Fig. 7. EDC in aqueous solution is used to
transform the carboxylic group into reactive o-acylisourea intermediate. O-acylisourea then reacts
with primary amines to form amide bonds. N-hydroxysuccinimide sodium salt (NHS) is usually
added to the EDC solution to prevent the reverse transformation of the reactive groups to the

carboxylic groups [82, 83].
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Fig. 12: Two-step process of Amin-Carboxylic acid coupling (adapted from [82]).

2.3.2 Protein G-IgG approach

Another surface functionalization approach is based on a biochemical affinity reaction. Protein G
is used as the specific antibody binding protein in this approach. The Fc fragment of antibodies
binds selectively to protein G immobilized on the sensor surface. The antibody binding sites
located on Fab variable region (antigen binding fragment) are available for antigen binding [83].

The advantage of using Protein-G functionalization approach is that, Ig-G molecules orient
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themselves in an upward manner, allowing Fabs to be fully exposed to capture analyte in solution.
The disadvantage of this method is mostly associated with longer interaction time in comparison
with the fast formation of covalent bonds in the SAM approach. The diagram in Fig. 8 describes

different immobilization technique according to the orientation of antibodies on the sensor surface.

Biological recognition

(a) (b) (c) N ,{( + element (eg. antibody)
= ls N |
\ i — Biomolecular linker
\ - ' ) Functional layer with
fi{ }ﬁ\ ﬂgfi ' | functional groups

SAM

oensor surface [Au waveguide]

Fig. 13: From left to right: Physical adsorption, covalent coupling and Site-specific bio-affinity

surface immobilization approach (adopted from [69]).

2.4 Micro/Nano fabrication techniques

Microfabrication techniques originate from the semiconductor manufacturing industry [84]. Many
different Micro/Nano fabrication techniques are employed in this thesis work to realize a compact
and planar waveguide that can be integrated into arrays enabling multi-channel multi-modal
biosensing. Contact photolithography, electron-beam lithography, thin film metallization, wet and
dry etching and wafer bonding are amongst the most important techniques that are used to fabricate
our biosensor chips. Besides that, numerous polymers and metals are employed in this work to
realize the device fabrication and integration. Among all, photoresists and amorphous polymers
such as CYTOP played a vital role in this research work. Standard clean-room metrology methods

such as scanning electron microscopy (SEM), atomic force microscopy (AFM) and profilometry
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are also employed for device characterization. In this section we describe the material and the

techniques used to realize this goal.

2.4.1 Spin coated polymers

Polymers play an essential role in microfabrication processes due to their flexibility and chemical
selectivity. Polymers are typically applied through spin coating, where they are diluted with
solvents to facilitate the coating of the surface. The viscosity of the polymer along with angular
rotation speed of the spinner will determine the thickness of the film. Among all, poly methyl
methacrylate (PMMA), photoresists (such as S1805 and SPR 955), lift-off resists (such as LOR
1A and LOR 10B), and CYTOP are widely used in this fabrication work.

Curing the polymer, where it is heated above Glass transition temperature (Ty), is essential
in most microfabrication techniques. Solvent evaporation makes the polymer hard and suitable for

post processing.

242 CYTOP

CYTOP"™ is an amorphous fluoropolymer commercialized by AGC chemicals [85]. It’s a highly
transparent polymer with a refractive index close to water and a glass transition temperature of
Te= 108 C, meaning that significant reflow can occur if the polymer is heated above T,. Glass
transition temperature is a temperature over which an amorphous material transitions from a hard
glassy state to a soft rubbery state. CYTOP can be dissolved with a special fluorinated solvent

(CT-solve) and is resistant to most acids and bases. Compared to other common fluoropolymers
such as PDFE (or Teflon) [86], CYTOP has a non-crystalline structure with extremely high optical

transmission. Three types of CYTOP products are available: Type A, Type M and Type S, based
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on the additives incorporated therein as described in Fig. 14. CYTOP M grade provides adhesion
to the surface through an amino silane coupling agent and is normally used as an adhesion
promotor for other CYTOP grades. CYTOP A grade is highly transparent in visible region of the
spectrum while CYTOP S grade is referred to as optical grade and is transparent from the deep
UV to the near IR range. CYTOP is used as the cladding material for plasmonic waveguides and

microfluidic channels in this study, as will be described in detail in Chapter 7 [87].

Type End functional group Characteristics Example of application
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Fig. 14: CYTOP functional groups: characterizations and applications (adopted from [85]).

2.4.3 Photolithography and metallization technique

Bilayer lift off photolithography is the most common technique that is used in microfabrication

processes to define sharp features [88]. This technique is well suited to mass manufacturing, where
a large number of identical devices can be produced [89]. In this technique a lift off resist is applied
to the substrate followed by a photoresist. The wafer is then subjected to UV light, passing through

a patterned hard mask. Once developed using TMAH based developers (wet etching), the exposed
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photoresist is selectively removed (positive tone resist), or selectively remained (negative tone
resist) [90], creating a re-entrant profile through which the metal is deposited on the wafer surface.
The bilayer profile helps to avoid the accumulation of metal on the side walls of the features hence

improving the quality of the sharp edges. The process flow is described schematically in Fig. 15.

Substrate
(a) Application of
photoresist 'v
Lift off resist
(b) Exposure to UV light l Substrate
through Hard mask
Lift off resist
(c) Wet etching using Substrate
developers l
Substrate

(d) Metallization l

(e) Lift off l Substrate

Substrate

Fig. 15: Process flow describing photolithography and metallization technique

The minimum feature size that can be resolved using photolithography depends on the wavelength
of the exposure source. The conventional sources for photolithography are ultraviolet and deep

ultraviolet, as listed in Table 1 [90].
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Exposure Source Minimum Feature Size (nm)

Ultra Violet (UV) 456
Deep Ultra Violet (DUV) 196
Extreme Ultra Violet (EUV) 16.8

Table 2.1. Summary of minimum feature size for different exposure sources [90]

2.4.4 Electron beam lithography

Electron beam lithography is capable of creating custom patterns with sub 20 nm resolution [91].
In this technique, the substrate is covered with an electron beam sensitive resist (i.e PMMA) and
is exposed to the electron beam. The exposure is performed by direct writing using a focused
electron beam, and thus doesn’t require a physical mask. The exposure changes the solubility of
the resist compared to non-exposed areas (for positive resists) which yields to selective removal
of the resist profile in the photoresist developer. MIBK (methyl-isobutyl-ketone) is a common
developer which is used for the selective removal of positive e-beam resists such as PMMA.

The schematic of an electron beam system is shown in Fig. 16. The system is mainly
composed of an electron gun, an aperture (with variable sizes), a stigmator, a deflecting system
(comprised of magnetic coils and electrostatic elements, called electron optics) and a translation
stage [90].

Proximity effects and stich field errors are the main drawbacks of electron beam
lithography technique. In addition to that, the serial nature of this process and its high cost is a
limiting factor. A “write-field” alignment procedure is used to align the e-beam deflection system

to the high precision laser-controlled translation stage. The electron beam covers the area within a
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write-field size, without moving the stage. If the pattern is larger than the write-field size, it will
be divided into several write fields, which results into stich errors due to misalignment between
adjacent write fields. This error can be minimized by an accurate write-filed alignment. Various
types of electronic signals are produced in an electron beam system including secondary electrons
and back-scattered electrons. Back-scattered electrons are reflected from the sample by elastic
scattering, and cause beam size broadening and proximity effects [92]. Proximity effects can be
reduced by correcting the e-beam exposure dose in densely patterned areas, or by adding corrective

features to the layout.
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Fig. 16: A typical electron-beam lithography system (adapted from [93])

2.4.5 Dry etching

Etching is the process of selective removal of material from a wafer using chemicals. Wet etching

and dry etching are the most common etching techniques. In wet etching, a solvent (called
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developer) or an acid or a base, is used to selectively remove the material from the wafer. Dry
etching is achieved by exposing the material to ionized gases (plasma) in a vacuum chamber that
removes a portion of material from the surface. Dry etching processes could be isotropic or

anisotropic. The schematic of a reactive ion etching (RIE) system is shown in Fig. 17.
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Fig. 17: Typical reactive ion etching system (adapted from [85])

The system is constructed on a vacuum chamber. The gas enters through inlets and exits
through the vacuum pump. A strong electromagnetic field is induced between the electrodes,
creating a plasma cloud by removing electrons from the gas molecules. Oz, Ar, CF4 and SFs are
common gases that are used in reactive ion etching systems. The amount of power, the flow rate
and the type of the gas (or combination of gases) are among the parameters to be optimized to

achieve a high selectivity etching process [94].

2.4.6 Wafer bonding

Wafer bonding is a packaging technique on wafer level for the fabrication of microelectronic

devices and microelectromechanical systems (MEMS). Direct bonding, surface activated bonding,
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plasma activated bonding, anodic bonding and adhesive bonding are among the most common
bonding techniques. In direct bonding, no additional intermediate layer is introduced into the
wafers and chemical bonds form the basis of the bonding process [95]. In surface activated bonding
the wafer surfaces are activated using a vacuum process such as ion beam etching or fast atom
bombardment prior to bonding [96]. In plasma activated bonding the wafers are exposed to a low
pressure plasma prior to the bonding [97]. In this technique, reactive ion etching (RIE), inductively
coupled plasma (ICP), and ultraviolet radiation plasma are performed using different gases
environments [98]. Anodic bonding consists of bonding glass to either silicon or metal without
introducing any intermediate layer [99]. The most common glass materials used in this technique
are Pyrex and Borofloat. Adhesive bonding consists of applying an intermediate layer to connect
substrates of different material. Fluoropolymers such as CYTOP can be used as an intermediate
layer in adhesive bonding. CYTOP exhibit softening behaviour above its glass transition
temperature (Tg), which will result in the formation of new polymer bonds. CYTOP adhesive
bonding require much lower temperature (150 -200 °C) compared to other bonding technique such
as anodic bonding (~350 °C) [100-102]. High bonding temperature is a major draw-back of such
techniques which will increase the risk of damage to thermally sensitive devices during the
bonding process. In this work an adhesive bonding process using CYTOP is employed to bond the
substrate to borofloat silica cap as will be described in full detail Chapter 6. The wafer is covered
with CYTOP as the upper cladding with etched microfluidic channels, and wafer-bonded to a
borofloat silica wafer (also covered with CYTOP) to encapsulate the fluidic channels and enable

side fluidic interfaces.
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Chapter 3

Biomolecular Kinetics analysis using long range surface

plasmon waveguides

3.1 Summary

Biomolecular kinetics analysis of protein-protein interactions using LRSPP waveguides is
presented in this chapter. Biomolecular interaction analysis (BIA) is used in drug discovery
applications within the pharmaceutical fields, as well as for studying antibody-antigen interactions
and assay development as will be described in Chapter 4. Binding kinetics are defined as the rates
that molecules such as ligands and receptors bind to and disassociate from each other. The goal of
ligand-receptor kinetics analysis is to determine the association and disassociation rate constants
of the interaction from experimental kinetics or equilibrium data. In this chapter we investigate the
feasibility of extracting the binding kinetics of protein-protein interaction using our LRSPP
waveguide biosensors. Our biosensor technology is capable of rapid, direct and real time detection
and characterization of biomolecular interactions. In addition to that, our biosensor technology
provides higher sensitivity, more compact footprint and mass manufacturing advantages. We use
BSA and anti-BSA as the bio-pair to carry out the experiments. Antibodies in the form of
lyophilized powder is mixed with the buffer solution to avoid bulk steps in the experimental cycle.
In these series of experiments BSA is immobilized on the sensor surface using thiol chemistry

while anti-BSA is injected on top of the immobilized protein. The output power of the system is
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monitored continuously over time using an optical setup consisting of DFB laser, PM fiber,
objective lens, aperture, beam splitter and power sensor. Two different approaches namely linear
and non-linear least square analysis are employed to extract the binding kinetics of the interaction.
An exponential fit in the form of f(x) = a X exp(1 — bx) is used (following the general form of
the integrated rate equation) where a and b are coefficients that are extracted from the fit with 95%
confidence bound. The results that are obtained using linear and non-linear least square analysis
are in a very good agreement with each other and with the values reported in literature for protein-

protein interactions.

3.2 Contributions

The results provided in this chapter are published in Sensors and Actuators B: Chemical, Volume
243, 2017. Maryam Khodami established the kinetics model and carried out the experimental
work. Maryam Khodami extracted the binding kinetics from raw experimental data using curve
fitting algorithms in MATLAB. Biosensor chips used in these series of experiments were
fabricated by Saad Hassan, former member of Berini’s group. Maryam Khodami interpreted the
results and wrote the manuscript. Pierre Berini contributed to the interpretation of the results and

revised the manuscript.

3.3 Article

The article follows here verbatim.
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A novel, cost effective, label free and real time biosensor based on straight gold waveguides sup-
porting long range surface plasmon polaritons (LRSPPs) is used to measure the kinetics constants of
protein—protein interactions. Bovine serum albumin (BSA) and anti-bovine albumin antibody (anti-BSA)
produced inrabbit are used as the bio-pair for the purposes of demonstrating and investigating the extrac-
tion of binding kinetics. BSA protein is immobilized on the surface using thiol coupling. The output power
of the system is recorded continuously over time, and then converted into surface mass concentration.
The kinetics constants are extracted from binding curves using the integrated rate equation. Linear least
squares and non-linear least squares analysis are employed to obtain the constants and the results are

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The characterization of biomolecular affinity and interaction
kinetics is important to understand antibody-antigen or gener-
ally protein-protein interaction for the selection of appropriate
biomaterials for immunoassays, or for drug discovery within the
pharmaceutical fields [1]. Methods that detect changes in refrac-
tive index based on changes in surface mass concentration (e.g.,
optical biosensors) [2,3] or changes in fluorescence [4-6] can be
employed for kinetics analysis. Optical biosensors are capable of
providing rapid, direct and real-time detection and characteriza-
tion of biomolecular interactions. Among all of the technologies,
surface plasmon resonance (SPR) has demonstrated strong poten-
tial as an optical biosensor technology for label-free and real-time
detection of reagents. SPR biosensors utilize the Kretschmann-
Raether configuration which is based on total internal reflection
from a metal-coated prism [7-9].

Long-range surface plasmon polaritons (LRSPPs) are transverse
magnetic (TM) polarized optical surface waves propagating along a
thin metal film or stripe. LRSPPs on stripes can be excited by butt-

* Corresponding author at: School of Electrical Engineering and Computer Science,
University of Ottawa, 800 King Edward Ave., Ottawa, Ontario, K1N 6N5, Canada.

E-mail addresses: ||| I (V. <hodami),
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http://dx.doi.org/10.1016/j.snb.2016.11.120
0925-4005/© 2016 Elsevier B.V. All rights reserved.

coupling to a polarisation-maintaining single-mode optical fiber
(PM-SMF) [10,11]. LRSPPs can propagate over appreciable lengths,
allowing a long optical interaction with the sensing medium, and
thus high-sensitivity, real-time, label-free biosensors. LRSPPs have
been excited in prism-coupled sensors in order to increase the
sensitivity of the device, and used in the detection of E. coli bac-
teria [12] and for studying the effects of toxins on HEK-293 cells
[13]. LRSPP biosensors based on metal stripe waveguides offer
advantages over prism-coupled sensors, in the form of increased
sensitivity, compactness, and ease of manufacturing. Dengue virus
detection [14,15], bacteria detection in urine [16] and the detec-
tion of leukemia markers [17] has been performed using LRSPP
biosensors. In the case of Dengue detection, the surface was acti-
vated using EDC/NHS, patient blood samples were immobilized on
the surface and the results show similar or better detection than
ELISA [14]. In the case of Leukemia detection, the surface was acti-
vated using protein G and antibodies from patient samples were
immobilized selectively on the surface [17].

In this paper, we demonstrate LRSPPs biosensors based on
metal stripe waveguides for the analysis of the affinity and kinetics
rate constants of biomolecular interactions. We work with bovine
serum albumin (BSA) and antibodies against BSA (anti-BSA) pro-
duced in rabbit. BSA is a protein of molecular weight ~66 KDa used
extensively in routine biosensor work and it is inexpensive. The
analysis technique employed here is based on the immobilisation
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of BSA on the gold stripe surface, while anti-BSA is injected over
the surface and its reaction with BSA is observed. Changes in the
output power are recorded continuously over time, which are then
translated to changes in surface mass density [ 18]. On this basis, the
kinetics rate constants can be extracted, e.g., by fitting responses to
the rate or integrated rate equations. Compared to conventional
SPR systems, LRSPP biosensors based on metal stripes are more
compact and cost-effective [19,20].

This paper is organised as follows: First we summarise our the-
oretical model for the system and interaction kinetics, then the
materials and methods. We then present our results along with
a discussion and close the paper with concluding remarks.

2. Theoretical model

Kinetics analysis for the interaction of immobilized receptor and
soluble analyte, BSA and Anti-BSA in our case, can be done through
real-time monitoring of the output signal. In our LRSPP biosen-
sors, changes in the output power indicate binding events occurring
along the surface of the metal stripe. The output power is monitored
continuously over time and plotted as the sensorgram.

In general, the interaction between two biomolecules A and B
can be modelled as:

A+B < AB (1)
The rate of this reaction can be expressed as:
d[AB] /dt = kq [A][B] - kq[AB] (2)

where kg is the association rate constant and ky is the disassociation
rate constant (concentrations are implied by square brackets). The
concentration of B can be expressed in terms of its initial concen-
tration and the concentration of complex AB, after an interaction
time t, as [B] =[B]o—[AB]. Substituting this into Eq. (2) yields:

d[AB] /dt = kq [A]([Blo — [AB]) — kg [AB] (3)

Based on the above, the net rate of formation of complex AB
depends on the concentrations of A and B as well as the interac-
tion kinetics. In our biosensor application, B represents the receptor
immobilized on the surface of the device, and A soluble analyte, so
complex AB forms on the surface of the device as Ain solution binds
to B immobilized thereon. The output signal is dependent on the
concentration of complex AB forming on the surface which can be
expressed, generally, in terms of surface mass density I'. By analogy
with Eq. (3), we write the time rate of change of the surface mass
density accumulating on the surface as:

dl'/dt = kqC (Tmax — T') — kg (4)
where Cis the concentration of the injected analyte. At equilibrium
dI"/dt=0 and rearranging Eq. (4) yields:

U/ = Kaky (Tinax — T) (5)

where kq/k, is defined as the affinity constant K. The affinity con-
stant can thus be obtained as the slope of a plot of I'/C vs. T.
Rearranging Eq. (4) yields:

dT'/dt = keCTmax — (kaC + kg) T (6)

where the concentration C and the maximum surface mass density
I"max are known. The rate constants k, and k,; can be extracted from
this equation by plotting dI"/dt vs. I. Different slope values ks for
such plots are obtained for different analyte concentrations C:

ks = kqaC + kg (7)

Using this equation, the association and disassociation rate con-
stants can be obtained from the slope and the intercept of the ks vs. C

plot, respectively. The extraction of the disassociation rate constant
is more error prone, because k,; values are usually small.

The integrated rate equation is obtained by solving Eq. (6)
directly, yielding:

. kaCT max [1 _ e—(kaC+kd)t} ®)
- (kac + kd)

Alternatively, the integrated rate equation can be used directly
to extract the binding kinetics through fitting as will be discussed
in the results and discussion section of the paper.

In our LRSPP biosensors, changes in the output power indicate
binding events occurring along the surface of the metal stripe, and
thus changes in surface mass density thereon. The surface mass
density can be related to the output power via [18,21]:

1 [ ng—ne ( Pout (t) )
INGEE -1 9
®=1% <8n/8c Pout (t) ®)
where I is the surface mass density (pg/mm?), k is 0.0318/nm [18]
(a device constant), ng and n. are the refractive index of the bioma-
terial accumulating on the surface and of the carrier fluid, 1.5 and
1.338, respectively [18], dn/dc is 0.185 mm3/mg [22], and Poy(t},)

and Py¢(t) are the output powers measured before and during ana-
lyte binding.

3. Materials and methods
3.1. Chemicals and reagents

16-Mercaptohexadecanioc acid (16-MHA), phosphate buffered
saline (PBS) 0.01M, pH 7.4, bovine serum albumin (BSA),
sodium dodecyl sulfate (SDS), 2- isopropanol alcohol (IPA),
acetone HPLC grade >99.9, octane, glycerol (electrophoresis
grade), N-Hydroxysuccinimide sodium salt (NHS), 1 -ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride, >99% (EDC)
and anti-BSA antibody produced in rabbit were obtained from
Sigma-Aldrich. Distilled water was deionized using Millipore fil-
tering membranes (Millipore, Milli-Q water system at 16 MS2 cm).

The buffer used in the experiments was prepared by mixing PBS
and glycerol (PBS/Gly) to achieve a refractive index of n=1.338 at
the wavelength of operation (~1310nm), in order to achieve an
approximate refractive index match to Cytop and high sensitivity
[18]. The pH of the solution remains constant throughout the exper-
iments. The lab temperature also remains constant at 25°C and all
solutions are allowed to stabilise to lab temperature before use.

100 pg/mL and 20 pg/mL BSA solutions were prepared by
mixing lyophilized BSA with PBS/Gly buffer. Different antibody con-
centrations, (1 wg/mL, 5pg/mL, 30 pg/mL and 100 pg/mL) were
prepared by mixing powdered antibody with PBS/Gly buffer.

1% SDS was prepared in PBS/Gly for the purposes of disrupting
Anti-BSA to BSA binding in order to regenerate the receptor surface.

3.2. Sensing device and instrumentation

LRSPP straight waveguides composed of gold stripes embedded
in CYTOP with a fluidic channel etched into the top cladding were
used as the sensing structure in the experiments. The device is fab-
ricated using optical lithography to define Au features on a bottom
cladding of CYTOP. A fluidic channel of length L =1.65 mm (sensing
length) was formed by etching the top CYTOP cladding down to the
gold surface. Fabrication details can be found in [23]. The sensor
die incorporated straight waveguides with a Au stripe 5 pm wide,
35 nm thick and 3.8 mm in length.

An optical setup comprised of a DFB laser, a cleaved PM-SMF, a
collimating objective, an aperture, a beam splitter and a power sen-
sor, as sketched in Fig. 1, was used to capture the output of a straight
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Fig. 1. Optical setup used to measure the output power.

waveguide. The buffer solution was injected into the fluidic chan-
nel using a syringe pump at a constant flow rate of 20 .l/min. The
output power was measured using a power sensor and recorded
using Labview.

3.3. Device preparation

A sensor device was cleaned by ultra-sonication in octane for
5mins to remove possible debris on the sensor facets left behind
by the dicing process. Then the device was left in a first acetone
bath for 5 mins to remove most of the dicing photoresist, then in
a second acetone bath for another 30 mins to completely clean the
device. After that, the sensor was rinsed with IPA and dried with
nitrogen gas. To remove any organic material from the sensor sur-
face, the device was placed in a UV ozone chamber with the UV
lamp on for 30 mins and then off for another 30 mins. The clean
sensor was then stored in 1 mM 16-MHA solution in IPA for 24h
for the formation of the self-assembled monolayer (SAM). Before
assembling the device into the fluidic jig, it was rinsed with IPA
and distilled/deionized water (DDI H20), and then dried with nitro-
gen gas. The final steps in this protocol, consisting of rinsing with
IPA and DDI H20, UV ozone cleaning and storing in 16-MHA solu-
tion, can be repeated sequentially after each experiment in order
to fully regenerate the device down to the gold surface, in order to
perform a subsequent experiment. The sensor facet quality would
eventually deteriorate after 4 to 5 regeneration cycles, causing loss
of power and an increase in background light.

4. Results and discussion

The sensorgram presented in Fig. 2 shows a full experimental
sequence, including the interaction between immobilized BSA and
Anti-BSA in solution. The sensor surface was first carboxylated with
a self-assembled monolayer (SAM) of 16-MHA applied through
incubation. A solution of EDC/NHS in buffer (0.1 M NHS and 0.1 M
EDC) was flowed for 15 mins to activate the carboxyl groups, fol-
lowed by a buffer rinse. The large drop in signal observed during
EDC/NHS injection is due to the change in refractive index of the
solutions (bulk step). BSA was then immobilized on the sensor sur-
face through amine coupling. BSA immobilisation is followed by the
injection of Anti-BSA over 20 min, then by disassociation of Anti-
BSA during the buffer rinse, and finally, regeneration of the surface

down to the BSA level using an SDS wash for 20 min. The buffer
baseline at the level of BSA is recovered after the SDS wash, indi-
cating essentially complete removal of Anti-BSA, enabling the BSA
surface to be re-used in a subsequent iteration. The experiments
were performed at the constant flow rate of 20 pl/min, unless oth-
erwise specified—for instance, the EDC/NHS and antibody flows
were stopped after 5 mins and the system maintained under static
conditions for the rest of the injection period to reduce biomaterial
consumption.

In previous studies [14,15], it has been shown that the sur-
face could be regenerated using 0.5% SDS without affecting its
immunoreactivity. In this study 0.5% SDS was used initially to
regenerate the surface but this concentration was not high enough
to break the BSA antibody-antigen binding. As a result the buffer
level after SDS wash was not retrieved and consequently there was
no antibody binding in the second repeat. By increasing the SDS
concentration to 1%, the surface was regenerated down to the BSA
level, as shown in Fig. 2.

The choice of BSA concentration to form the immobilized layer of
BSA in this set of experiments was 20 pg/mL (in solution). 20 pg/mL
BSA produces a surface mass coverage equal to 1450 pg/mm?
(according to BSA binding portion of Fig. 2), which is equivalent to
21 x 10713 mol/mm?2.According to [ 19], the amount of immobilized
receptor should be kept as low as possible to avoid mass transport
limitations. However, the concentration of immobilized receptor
should be high enough to produce a reliable binding rate. The
recommended range for the surface concentration of immobilized
receptor is 5-20 x 10713 mol/mm? [19]. In our set of experiments
a second BSA concentration of 100 pwg/mL (in solution) was used
to form the immobilized layer of BSA, and the kinetics constants
obtained from that set of experiments was close to those obtained
with 20 pg/mL, confirming that we are not operating in the mass
transport limited regime.

Fig. 3 presents the normalized output power vs. time for 4 dif-
ferent antibody concentrations. The measured power in dBm is
converted to wW and normalized to the power level before the
antibody injection (baseline level): Poyt(t)/Pout(ty)—as identified in
Fig. 2. The power level drops as the antibody binds to the anti-
gen. By decreasing the antibody concentration, the power drop also
decreases, as expected, due to less mass accumulating on the sur-
face of the biosensor. The power drop due to the antibody-antigen

37



M. Khodami, P. Berini / Sensors and Actuators B 243 (2017) 114-120

117

-24~5 T T T T

o]
[z
=y

Output power (dBm)

-

A g f A h

-29.5
0 500 1000 1500 2000

2500 3000 3500 4000 4500
t(s)

5000

Fig. 2. Sensorgram of a complete experimental cycle, illustrating anti-BSA/BSA interaction and regeneration of the surface down to the BSA level. The power level before the
antibody injection is considered as the baseline level. The normalized power is obtained by dividing the output power to the baseline.
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Fig. 3. Normalized output power (Poy(t)/Pout(tp)) for different Anti-BSA concentrations on a BSA surface (BSA immobilisation concentration of 20 pg/mL in solution).

interaction can be converted to changes in surface mass density
using Eq. (9).

Fig. 4 represents the surface mass density vs. time for 4 antibody
concentrations. As can be seen in this figure, the binding curves
are noisy which prevents us from taking the derivative of the data
directly, as required by Eq. (6). In order to produce noiseless binding
curves, the data was modelled by fitting to an exponential model

(using the Curve Fitting Toolbox in Matlab). Fig. 5 shows the fitted
curves to the data for the 4 antibody concentrations.

The inset to Fig. 4 shows the repeats (after SDS wash) for the
concentration of 100 pg/mL. The surface mass density is plotted vs.
time for the first antibody injection as well as the first repeat (sec-
ond injection) and the second repeat (third injection). As can be
seen from this inset, the first and second repeats after SDS wash,
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Fig.4. Surface mass density for different Anti-BSA concentrations on a BSA surface (BSA immobilisation concentration of 20 wg/mL in solution). The inset shows the antibody
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Fig. 5. Surface mass density responses during the association phase along with fitted curves (black dash).

produces a binding curve which is comparable to the initial anti-
body binding before the SDS washes. This confirms that the washing
protocol has minimum impact on the immobilized BSA on the sur-
face.

One approach to obtain the kinetic constants from the binding
curves is based on the linear least squares regression described in
[19]. Each binding curve was plotted as dI'/dt vs. I" following Eq.
(6), as shown in Fig. 6, with dI"/dt computed form the noiseless

fits (black dashed curves in Fig. 5) over the time interval ranging
from 300 s to 600s. The slope value ks is obtained from each plot,
and plotted vs. antibody concentration C, as shown in Fig. 7. Based
on Eq. (7) the slope of this line is the association constant k,, which
works out t0 9.37 x 103 M~1s~1, and the intercept value represents
the dissociation constant k; which is equal to 3.6 x 10-3s~1,

The association and disassociation constants obtained from this
set of experiments are within the expected range for Anti-BSA/BSA
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Table 1

Rate constants obtained from three iterations using SDS wash.
Repeat ko(M~1s=1) kg (s71)
1 9.37 x 103 3.6x10°3
2 8.02 x 103 3.8x 1073
3 10.25 x 10° 43x10°3

interaction. k; and k, obtained in [24] are 9.36*103M~1s-! and
7.85*10°-3 571, respectively.

Since the value of k; obtained from the intercept in Fig. 7 is
small, it is more error prone. In this reaction, the Anti-BSA binds to
BSA very tightly so only small changes are observed in the signal
due to disassociation in buffer flow (Fig. 4). Thus, the disassociation
constant is more error prone due to the small changes in the signal
in comparison with the noise level. For this reason, the disassocia-
tion portion of the binding curves (Fig. 4) cannot be used directly
to extract ky.

The affinity constant K can also be extracted from the curves,
by plotting I'/C vs. I (Eq. (5)). Based on that the affinity constant
K works out to 1.58 x 106 M~1. On the other hand the affinity con-
stant can also be obtained directly from the ratio k,/k; which yields
2.6 x 106 M~1. The values obtained for the affinity constant are
slightly different due to the error in the ky value.

The set of experiments were repeated 3 times for each con-
centration using an SDS wash between repeats to regenerate the
surface down to the BSA level. The values of k, and k, for each iter-
ation are reported in Table 1. We observe that the association and
disassociation constants are reproducible to within +15%.

Another approach to extract the kinetic constants from the
binding curves is based on nonlinear least squares fitting of the
integrated response to the curves (Eq. (8)), as described in [20]. As
opposed to the linear least square analysis, which requires mul-
tiple binding curves for different concentrations to extract single
values for the rate constants, each binding curve can be fit sep-
arately to the integrated rate equation. Using the MATLAB curve
fitting toolbox, Eq. (8) was fit to the curves of Fig. 4, and the values
of k; and ky were extracted directly. It should be noted that the
single exponential model described in Eq. (8) is valid only when
there is a single interaction between species A and B. if there is
more than one interaction in the system (e.g. nonspecific binding),
the single exponential integrated rate equation cannot be used. In
that case, the kinetics interaction could be described using a dou-
ble exponential [20]. Since a single exponential model fits our data
accurately, nonspecific binding in our system is negligible, and the
binding curves used to extract the kinetic constants just represent
the interaction between BSA and Anti-BSA.

The average values of the association and disassociation
constants obtained using nonlinear least squares fitting of the inte-
grated response are k;=9.1 x 103 M~1s~1 and k;=3.25 x 10351,
The rate constants thus obtained are very similar to those obtained
using the first approach (Table 1), but it should be noted that, the
disassociation rate constant extracted from the association part of
the curve is error prone due to the strong binding affinity of the
antibody and antigen and the noise level, as discussed above. The
nonlinear least squares method is advantageous in that it allows
for the determination of the kinetics rate constants for each bind-
ing experiment, while the linear least squares approach requires
multiple binding curves to extract the binding kinetics.

5. Conclusion

In conclusion, we extracted the binding kinetics constants for
anti-BSA/BSA interaction using our LRSPP biosensor. The binding
curves are obtained by monitoring the output power of the sys-
tem continuously over time and converting the raw data to surface

mass concentrations. The affinity and kinetics constants obtained
are within the range expected for this interaction. The repeatability
of the results was confirmed using surface regeneration, with the
binding constants remaining within +15% of the mean.
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Chapter 4

Low detection limits using sandwich and inhibition
assays on long range surface plasmon waveguide

biosensors

4.1 Summary

Low detection limits using enhanced immunoassay formats is presented in this chapter. As
described in Chapter 3, biomolecular interaction analysis (BIA) is used in assay developments and
studying of antibody-antigen interactions. This includes sandwich and inhibition immunoassay
format to improve the limit of detection of the platform down to pg/ml concentrations in solution.
In the sandwich immunoassay format, a secondary antibody is introduced to enhance the binding
response of the system. On the other hand, in the inhibition assay format a predetermined amount
of the antibody is added to the solution bearing the antigen. As a result, antibody binding to the
immobilized antigen on the sensor surface is competing with the antigen in solution resulting in
lower response for higher antibody concentrations. A titration curve can be obtained in both cases
which describes the output signal vs. antibody concentration. This curve could be used to
determine the concentration of unknown samples. The experiments presented in this chapter shows
that our optical biosensor based on LRSPP waveguides can detect molecular concentrations as low

as 10 pg/ml in clean solutions, which is among the lowest reported in the literature.
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4.2 Contribution

The results provided in this chapter are published in Sensors and Actuators B: Chemical, Volume
273, 2018. Maryam Khodami designed the experiments and carried out the measurements.
Maryam Khodami obtained the titration curves from the raw experimental data. Maryam Khodami
interpreted the results and wrote the manuscript. Pierre Berini contributed to the interpretation of

the results and revised the manuscript.

4.3 Article

The article follows here verbatim.

43



Sensors & Actuators: B. Chemical 273 (2018) 1156-1161

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

SENSORS and 2

ACTUATORS

Low detection limits using sandwich and inhibition assays on long-range

surface plasmon waveguide biosensors

Maryam Khodami®™”, Pierre Berini®” "

Check for
updates

@ School of Electrical Engineering and Computer Science, University of Ottawa, 800 King Edward Ave., Ottawa, Ontario, KIN 6N5, Canada
b Centre for Research in Photonics, University of Ottawa, 25 Templeton Ave., Ottawa, Ontario KIN 6N5, Canada
© Department of Physics, University of Ottawa, 150 Louis Pasteur, Ottawa, Ontario KIN 6N5, Canada

ARTICLE INFO ABSTRACT
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A long-range surface plasmon polariton waveguide composed of a gold stripe embedded in CYTOP with an
etched microfluidic channel has been used as a label-free real-time biosensor to demonstrate enhanced assay
formats capable of very low detection limits. Specifically, sandwich and inhibition (competitive) assays were
developed and demonstrated using Bovine Serum Albumin (BSA) and anti-BSA produced in rabbit as a model
bio-specific pair. Carbodiimide coupling to a self-assembled COOH-terminated alkanethiol monolayer on the
gold stripe was used to immobilize biomaterial to its surface. The optical output power from the biosensor was

measured continuously over time and converted into surface mass density. Titration curves were extracted for
both immunoassays. We demonstrate that protein concentrations in solution of 10 pg/ml can be detected with a
signal-to-noise ratio of 20 using this new optical biosensor technology.

1. Introduction

Different immunoassay formats have been developed over time to
improve the detection of biomolecules and proteins at low concentra-
tions. Direct assays, sandwich assays and inhibition assays are the most
frequently used immunoassay formats developed to date [1]. Bio-
sensors, composed of a bio-recognition element and a physical trans-
ducer, exploit highly selective antibody-antigen binding for the detec-
tion of specific analytes in solutions. Based on the type of physical
transducer, biosensor technologies can be divided into different types,
e.g., piezoelectric (quartz crystal micro balance) [2,3], electrochemical
(potentiometric and amperometric) [4,5], and optical evanescent wave
sensors such as surface plasmon resonance and fluorescence [6-9].
Among all of the technologies, surface plasmon resonance (SPR) has
attracted a lot of attention as a sensitive label-free and real-time optical
biosensor technology.

For example, using SPR technology, the direct detection of Bovine
Serum Albumin (BSA) has been studied and a detection limit of 100 pM
was reported [10]. In this study protein A film is fabricated on a self-
assembled monolayer to realize the immune sensor. The detection of
staphylococcal enterotoxin B (SEB) in milk to a detection limit of 5ng/
ml in a direct assay format, and to 0.5 ng/ml in a sandwich assay format
in buffer and milk was reported in [11]. Cardiac troponin was detected

using a sandwich assay to a detection limit of 25 ug/ml [12]. Domoic
acid was detected using an inhibition (competitive) assay to a detection
limit of 0.1 ng/ml [13]. Benzo[a]pyrene (BaP) detection has been re-
ported in [14] and a detection limit of 50 pg/ml was achieved using an
inhibition assay. The detection of pituitary hormones using an inhibi-
tion assay was reported in [15], where detection limits of 6 ng/ml for
human growth hormone (hGh) in serum, and of 1ng/ml for human
follicle stimulating hormone (hFSH) and human luteinizing hormone
(hLH) in urine were reported. The detection of BSA in milk using var-
ious immunoassay formats including sandwich and inhibition assay was
reported in [16], where a detection limit of 1 ng/ml was achieved using
an inhibition assay. Multi-analyte detection of environmentally relevant
pesticides is performed by using a two-channelled SPR biosensor. Using
inhibition immunoassay format a detection limit of 18 ng/ml for DDT,
50 ng/ml for chlorpyrifos and 52 ng/ml for carbaryl is reported [17].
Selective detection of methamphetamine was realized using inhibition
assay format. The SPR sensor was capable of detecting concentrations
in the range of 0.1-1000 ng/ml [18]. A chip-based digital SPR platform
was used for BSA detection yielding a detection limit of 1 pg/ml [19].
So according to this (limited) subset of the literature on enhanced as-
says with SPR, detection limits in the broad range from 1 pg/ml to
25ug/ml have been achieved, with a few ng/ml being typical. The
detection limit depends on the target analyte, the sensing medium, the
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Fig. 1. (a) Microscope image of the sensor die with straight waveguides and other structures alternatively. (b) Custom made fluidic jig consisting of a PMMA cover
slide, fluidic tubing and a metal base. (c) Optical setup used to measure the output power along with mode output image (d) Computed mode field distribution of the

LRSPP waveguide.

interrogation apparatus and sensor chip, and the experimental condi-
tions.

In this study, enhanced assay formats such as sandwich and in-
hibition assays are applied and demonstrated on novel long-range
surface plasmon polariton (LRSPP) waveguide biosensors. For con-
venience, we demonstrate the assays using BSA and anti-BSA produced
in rabbit as a model bio-specific pair, in buffer. LRSPP waveguide
biosensors define a novel compact, low-cost and integrated biosensor
technology for rapid, label-free and highly-sensitive detection of bio-
molecular interactions. LRSPPs are TM polarized optical surface waves
that can propagate over an appreciable length and thus have a much
longer interaction length with the sensing medium [20]. LRSPPs have
been excited on metal slabs in prism-coupled systems, and used for the
detection of e.coli bacteria [21], and for studying the effects of toxins on
HEK-293 cells [22]. LRSPPs on metal stripe waveguides are also very
sensitive; using a waveguide structure offers the additional advantages
of compact and integrated biosensor geometries that can be arrayed.
LRSPP waveguide biosensors have been used for the detection of
Dengue infection in patient blood plasma [23,24], for bacteria detec-
tion in urine [25], and for the detection of leukemia markers in patient
serum [26], all using a direct assay format. They have also been used
for studying and extracting the binding kinetics of an immunological
pair [27].

Here we demonstrate advanced assay formats, specifically, sand-
wich and inhibition assays that improve the limit of detection over

1157

direct assays on LRSPP waveguide biosensors using BSA and anti-BSA as
a model system. The output optical power from straight gold waveguide
biosensors is recorded continuously (over time) and the binding curves
are obtained for anti-BSA/BSA interaction. The binding responses are
then converted into surface mass concentration and used for the ex-
traction of titration curves. The titration curves could subsequently be
used to determine an unknown concentration of the analyte. The limit
of detection obtained using both assays is better than 10 pg/ml, which
is better than what is reported in most studies involving optical (in-
cluding SPR) biosensors. This paper is organized as follows: First the
materials and methods are discussed, then the results are presented for
the sandwich and inhibition assay formats, and the paper is closed with
concluding remarks.

2. Materials and methods
2.1. Chemicals and reagents

16-Mercaptohexadecanioc acid (16-MHA), phosphate buffered
saline (PBS) 0.01 M, pH 7.4, bovine serum albumin (BSA), sodium do-
decyl sulfate (SDS), 2- isopropanol alcohol (IPA), acetone HPLC grade
=99.9, octane, glycerol (electrophoresis grade), N-Hydroxysuccinimide
sodium salt (NHS), 1 - ethyl - 3 - (3 - dimethylaminopropyl) carbodii-
mide hydrochloride, =99% (EDC) and anti-BSA antibody produced in
rabbit were obtained from Sigma-Aldrich. Distilled water was deionized
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using Millipore filtering membranes (Millipore, Milli-Q water system at
16 MQ cm).

The sensing buffer solution was prepared by mixing PBS and gly-
cerol (PBS/Gly). In order to achieve high sensitivity, the refractive
index of the buffer was chosen to be n = 1.338 at the wavelength of
operation (Ag ~ 1310nm) [28].

Different BSA concentrations (1 pg/mL, 100 ng/ml, 10 ng/ml, 1 ng/
ml, 100 pg/ml and 10 pg/ml) were prepared by mixing lyophilized BSA
with buffer. 50 ug/mL antibody concentrations were prepared by
mixing powdered antibody with buffer.

2.2. Sensing device and instrumentation

The optical biosensor that is used in this work consists of gold
stripes embedded in CYTOP with an etched microfluidic channel. The
gold stripes are 5um wide, 35nm thick and 3.8 mm in length. The
fabrication details are described in [29] and consist of using a bilayer
lift-off lithography process with evaporation to define the gold wave-
guides on the bottom CYTOP cladding. The top cladding is formed by
spin-coating CYTOP, which is subsequently etched down to the gold
surface to form microfluidic channels. A microscope image of a fabri-
cated sensor chip is shown in Fig. 1(a). Light is butt-coupled to the input
of the chip as described below, exciting LRSPPs that propagate along
the length of the gold stripe.

The fluidic part of the setup consists of a fluidic jig and a syringe
pump. A custom made fluidic jig, consists of a Plexiglas (PMMA) slide
and a metal base designed to hold the device under test, as shown in
Fig. 1(b). The fluidic tubing passes through holes that are drilled at each
end of the PMMA slide. An O-Ring (Apple Rubber Product Inc.) seals
around the etched channel. The metal base is machined to hold the
device under test and is integrated into the optical interrogation setup.
The syringe pump is used to inject the sensing solutions into a micro-
fluidic channel. Fig. 1(c) shows a schematic of the setup used to capture
the mode output of a straight gold waveguide along with a typical
optical mode output image captured using the IR camera. The setup
consists of a DFB laser operating at 1310nm, a polarization-main-
taining (PM) single-mode optical fiber, an objective, aperture, beam
splitter, power sensor and infrared camera.

Fig. 1(d) shows the computed mode field distribution of the LRSPP
at Ao = 1310 nm supported by a 5 pm wide 35 nm thick gold stripe (e,
—86.08 - j8.322), on Cytop (n = 1.3348) and covered by PBS/Gly
buffer (n = 1.338), corresponding to the experimental situation of in-
terest in this paper. The field is noted to peak along the metal surface
(characteristic of surface plasmons) thus enabling high surface sensi-
tivity biosensors. LRSPPs then propagate through the sensing channel
and respond to changes in the bulk index of the sensing fluid or to the
growth of an adlayer forming along the top surface of the stripe. In the
present study, both effects are evident in the forthcoming sensorgrams,
but are easily separated through careful application of the sensing
protocol via the different timescales involved - bulk steps occur over
much shorter timescales characteristic of the fluidic exchange time in
the channel (e.g., 60s) compared to adlayer growth which is char-
acteristic of binding kinetics (e.g., 60 min).

The output power of the system is measured in dBm, then converted
into W, and used in the following relation to determine the surface mass
density of biomaterial accumulating on the waveguide surface [19]:

[0

In the above, I is the surface mass density (pg/mm?), k is analogous
to parameter G and equal to 0.0318 nm ! as described in [30], n, and
n. are the refractive indices of the biomaterial accumulating on the
surface and of the carrier fluid, 1.5 and 1.338, respectively [30], on/dc
is the change in RI with analyte concentration and equal to 0.185 mm>/
mg [28], and P,y(tp) and P, (t) are the output powers (W) measured

1

_ ng—nc
k

on/dc

Pout (t) _

o Bt (1)

(€8]
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before and during analyte binding.
2.3. Device preparation

The cleaning process of an optical biosensor chip consists of con-
secutive steps to ensure clean facets enabling maximum optical cou-
pling at the input and output of a chip, and to produce a clean gold
sensing surface along the waveguide amenable to biomolecular at-
tachment. Ultra-sonication in an octane bath is performed for 5 min as
the first step to clean the sensor facets of dicing debris. In the second
step, the dicing photoresist is removed using acetone. As the final step,
the device is left in acetone for an extra 30 min to ensure the cleanliness
of the waveguides and then thoroughly washed with IPA and DI water
to remove any acetone residue. Any residual organic material is then
removed from the sensing surface by placing the chip in a UV ozone
chamber with the UV lamp on for 30 min followed by another 30 min
with the lamp off. The biosensor chip is then stored for 24h in a 1 mM
solution of 16-MHA in IPA to form a self-assembled monolayer on the
gold surface.

Regeneration of the biosensor surface down to the gold level was
performed by exposure to UV-ozone after each experiment.
Theoretically the regeneration process can be performed indefinitely in
order to reuse the same device. Although in practice, the facet quality of
our chips diminished after a few regeneration cycles, which caused
more loss in the optical path and thus a weaker mode output.

3. Results and discussion
3.1. Sandwich assay

Fig. 2 shows a schematic representation of several immunoassay
formats of interest, namely the direct assay, the sandwich assay, and the
competitive (inhibition) assay. In general, the detection limit of a direct
assay can be improved using the sandwich or inhibition assays. In a
direct assay, antibodies are immobilized on the sensor surface, and
binding curves are obtained as a solution containing analyte bearing
antigen is injected over the immobilized antibodies. The surface mass
density obtained from the binding curves is proportional to the con-
centration of analyte in solution. Although direct assays are easy to
perform, the limit of detection is generally inadequate for detection at
low concentrations.

Similarly to the direct assay, the first step in a sandwich assay in-
volves the immobilization of antibodies on the sensor surface and the
subsequent injection of analyte bearing antigen over the immobilized

Y
B

LR TR
T

Functionalized Au surface

Fig. 2. From left to right: direct, sandwich, and inhibition (competitive) assay
formats. The sensor surface is functionalized with a thiol-SAM, then exposure to
EDC/NHS facilitates the covalent attachment of antibodies or protein to the
SAM. In a direct assay, antigens react directly with immobilized antibodies. In a
sandwich assay, a secondary antibody is added to the direct assay. In an in-
hibition assay, proteins bearing the antigen of interest are attached to the SAM,
and the sensing solution containing unreacted antibodies is inject.
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Fig. 3. Sensorgram of a complete experimental cycle for the sandwich assay,
illustrating anti-BSA/BSA/anti-BSA interaction.

antibodies. Then, to enhance the response of the system, a secondary
antibody that also binds to the analyte is injected over the captured
analyte to obtain a secondary binding response. This secondary re-
sponse is measured relative to the first binding response and used in the
generation of calibration curves.

A full experimental cycle for the sandwich immunoassay format is
shown in Fig. 3. A biosensor chip was initially incubated in a solution of
16-MHA in IPA in order to form a self-assembled monolayer (SAM) on
the sensing surface. As a first step in the experimental cycle, an EDC/
NHS solution in buffer is flowed over the sensor surface to activate the
carboxylic groups (COOH) terminating the SAM layer. This step is fol-
lowed by a buffer rinse. Subsequently, the immobilization of antibodies
(anti-BSA) on the sensor surface is performed as the first step of the
sandwich immunoassay. This step lasts for 20 min to allow the anti-
bodies to react with the SAM, and is also followed by a buffer rinse.
Next, BSA in buffer is injected over the immobilized antibodies for
10 min, followed by a buffer rinse. As the last step in the sandwich assay
protocol, secondary antibodies (also anti-BSA) are injected and allowed
to react with BSA for 20 min, followed by a buffer rinse to complete the
experiment. In this example sensorgram, the BSA concentration used
(10 ng/ml) is near the detection limit of the direct assay so its binding
response is not evident, but a clear secondary anti-BSA response is
observed as the second step in the sandwich assay. The experiments
were performed at a constant flow rate of 20 pl/min, unless otherwise
specified.

Fig. 4 presents the measured calibration curve obtained in the 10 ¢
to 1pg/ml range of BSA concentration. The binding curve associated
with the secondary antibody injection (measured optical output power
in dBm) was converted to pW and normalized to the power level before
the antibody injection (baseline level). The results were then converted
to surface mass density using Eq. (1), following [27]. This procedure
was repeated for different BSA concentrations. The inset to Fig. 4 shows
the secondary antibody binding response to the BSA surface for dif-
ferent BSA concentrations, including the case 10 pg/ml. The surface
mass response was then plotted vs. the logarithm of BSA concentration
in solution. The maximum surface mass density (pg/mm?) of each case
was used to obtain the calibration curves. As can be seen in Fig. 4,
detection down to 10 pg/ml of BSA in buffer has been achieved using
this immunoassay format. The signal-to-noise ratio of the secondary
binding curve in this case was 20 (inset) suggesting that even lower
concentrations are detectable.

38
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3.2. Inhibition assay

The inhibition assay is based on the addition of a predetermined
concentration of antibody solution to analyte samples diluted to dif-
ferent concentrations. The first step in this assay is to immobilize
analyte (BSA) on the sensor surface. Solutions of different BSA con-
centrations are then mixed with 50 ug/ml anti-BSA solution and in-
jected over the immobilized BSA. The binding responses are propor-
tional to the analyte (BSA) concentration since the concentration of the
antibody is kept constant in all samples. Antibody binding to the im-
mobilized BSA is inhibited by the BSA in solution, and thus increases as
the concentration of BSA in solution decreases. Fig. 2 (right) gives a
schematic of this assay format - the antibody in solution is partially
available to bind with the immobilized analyte on the surface due to the
presence of analyte in solution.

Fig. 5 shows the full experimental cycle for the inhibition assay
format. The first step involves the activation of carboxylic groups ter-
minating the SAM by injecting an EDC/NHS solution over the sensor
surface. Then the analyte (BSA) is immobilized on the sensor surface.
After a buffer rinse, a solution containing a mixture of BSA and anti-BSA
is injected over the immobilized BSA. This step of the experimental
cycle lasts for 20 min. and is followed by a buffer rinse. The optical
response of the system is continuously recorded then converted to
surface mass density, which is then used to extract the calibration
curve.

The calibration curve is extracted over the 10~ to 1 ug/ml range of
BSA concentration. As described in the case of the sandwich assay, the
binding curve associated with the BSA/anti-BSA solution injection
(measured output optical power in dBm) is converted to yW and nor-
malized to the power level before the antibody injection (baseline
level). The results are then converted to surface mass density using Eq.
(1), following [27]. This procedure was repeated for different BSA
concentrations. The surface mass response was then plotted vs. the
logarithm of BSA concentration in solution, as shown in Fig. 6. The
lower left inset to Fig. 6 shows the anti-BSA binding to the BSA surface
for different BSA concentrations in solution.

The maximum surface mass density (pg/mm?) of each case was used
to obtain the calibration curves. As can be seen in Fig. 6, the lowest BSA
concentration detected is 10 pg/ml for the inhibition assay as well.
Compared to the sandwich assay, the competitive assay does not show
higher sensitivity, although the shorter experimental time (due to fewer
steps) is an advantage.
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2
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Surface mass density (pg/mm?

(=]

0.01

0.001
BSA concentration (pug/ml)

0.00001 0.0001 0.1

Fig. 4. Calibration curve for the sandwich assay in the concentration range of
10 pg/ml to 1 pg/ml of BSA in buffer. The inset shows the secondary antibody
binding to the BSA surface for different BSA concentrations. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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Fig. 5. Sensorgram of a complete experimental cycle for the inhibition assay,
illustrating anti-BSA/BSA interaction.

A negative control was introduced into the experimental cycle to
check the specificity of the binding interaction and examine the effect
of non-specific binding on the results. For this purpose, a solution of
50 pg/ml cardiac troponin was injected after the BSA immobilization
(first step). The interaction between the negative control and the BSA
on the surface was observed to be minimal in comparison with the
subsequent anti-BSA binding as shown in the top right inset of Fig. 6 -
the red curve shows the surface mass concentration due to the negative
control while the blue curve shows the surface mass concentration due
to anti-BSA binding. So the surface mass density which is used to ex-
tract the calibration curves in both assay formats (sandwich and in-
hibition) is attributed to the specific anti-BSA/BSA interaction.

3.3. Kinetics analysis

Kinetics analysis for the interaction of the immobilized receptor and
the soluble analyte, BSA and Anti-BSA in our case, can be performed
using the method described in [27]. Using the linear least squares
technique one can fit dI'/dt vs. I for each response. The slope value k; is
obtained from each plot, and plotted vs. analyte concentration C, for
which the slope is equal to association rate constant k, and the intercept
value represents the dissociation constant k4. Alternatively, one can fit
the integrated rate equation to the measured responses to extra directly
the constants of interest.
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BSA concentration (ug/ml)

Fig. 6. Calibration curve for the inhibition assay in the concentration range of
10 pg/ml to 1 ug/ml of BSA in buffer. The top right inset shows the surface mass
concentration comparison between the negative control cardiac troponin (in
red) and anti-BSA (blue) in a competitive assay format. The lower left inset
shows antibody plus antigen binding to the BSA surface for different BSA
concentrations (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article).
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Kinetics constants were obtained for BSA interacting with Anti-BSA
immobilized on the surface in the first step of the sandwich assay
format. Using linear least square analysis, and considering the best fits
among all BSA binding data sets, the association and disassociation rate
constants k, and k; were found to be 21.6 x 10>M~!s~ ! and 32 x 102
s~

Kinetics constants were also obtained for Anti-BSA interacting with
immobilized BSA on the surface in the second step of the sandwich
assay format. Since the concentration of BSA on the surface is changing,
the non-linear least squares method was used to extract the association
and disassociation rate constants by fitting directly the integrated rate
equation to the responses. The integrated rate equation is described as:

re kacrmax [1_8—(kaC+kd)t]
(kac + kd)

The average values obtained in this case for k, and kg are 32.9 x 10>
M~ s~ ! and 0.62 x 10* s~ !, respectively. These values differ from
those obtained in the first step of the sandwich assay but are still within
the range for protein-protein interaction [27,31,32]. The difference
may be due to the substantially more massive free partner in the second
step (anti-BSA in buffer) compared to the first step (BSA in buffer).

4. Conclusion

In conclusion, we demonstrated enhanced assay formats consisting
of the sandwich and inhibition assays using LRSPP waveguide bio-
sensors. We obtained titration curves for these assays using BSA/Anti-
BSA as a model biospecific pair. A limit of detection of 10 pg/ml was
achieved for both assay formats. In the case of the sandwich assay, this
detection limit was achieved with a signal-to-noise ratio of 20, sug-
gesting that even lower concentrations are detectable. This is among
the lowest detection limits reported in the literature for surface plasmon
based biosensors. The kinetics constant are obtained for BSA interacting
with Anti-BSA and vice versa, using linear and non-linear least square
analysis. The constants are within the range for protein-protein inter-
actions.
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Chapter 5

Grating couplers for (Bloch) long range surface

plasmons on metal stripe waveguides

5.1 Summary

The design and optimization of a (Bloch) LRSPP waveguide biosensor is presented in this chapter.
Straight Au waveguides embedded in Cytop with an etched microfluidic channel were presented
and characterized in previous chapters to extract the binding kinetics of protein-protein interaction
and to demonstrate enhanced assay formats. LRSPPs were excited in this structure using the end-
facet coupling technique, with coupling efficiencies of up to 90% as long as high-quality end facets
are available. Although Cytop has a refractive index close to water, which makes it suitable for
biosensing applications, it exhibits a low glass transition temperature that introduces limitations in
fabrication processes. This problem could be addressed by replacing Cytop with a truncated 1D
photonic crystal, supporting Bloch LRSPPs over a limited wavenumber and wavelength range.
Motivated by the variable quality of end facets in general, grating couplers were optimized and
used as input/output means to excite the Bloch LRSPP mode of the waveguide in this structure.
Thus, gratings capable of in-coupling an incident Gaussian beam into (Bloch) LRSPPs are
investigated using 2D FEM and 3D FDTD methods. Wide gratings on (non-)adiabatic flared
stripes are designed to enable size matching and coupling to a larger incident beam. Calculations

were carried out to determine the amount of reflected, transmitted and absorbed power by the
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structure. A coupling efficiency of 25% at A=1310 nm is predicted for the optimal grating design.
Similar grating couplers previously reported in the literature suffer from significant losses due to
the coupling of input light into multilayer slab modes, given the sub-optimal design of the coupler
[61]. The optimal grating design on a flared stripe along with the original design on a straight
waveguide are fabricated using photolithography and electron beam lithography techniques and
measured using an optical setup to verify the design concepts. An 8-10 dB improvement in the
output power of the structure is observed for the optimal design. A coupling efficiency of 16% is
obtained from the measurement, which is lower that the predicted values. This is due to the
mismatch between the size of the input beam and the grating coupler. This problem could be

addressed using a tapered or lensed fiber.

5.2 Contribution

The results provided in this chapter are published in the Journal of Optical Society of America B,
Volume 36, Issue 7, 2019. Maryam Khodami modeled and optimized the waveguide and grating
coupler structures by carrying out FEM and FDTD calculations. Pierre Berini designed the
multilayer stack and calculated the dispersion diagram, the detail of which can be found elsewhere
[68]. Maryam Khodami fabricated the device and measured the wavelength response of the
structure. Maryam Khodami interpreted the results and wrote the manuscript. Pierre Berini

contributed to the interpretation of the results and revised the manuscript.

5.3 Article

The article follows here verbatim.
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Gratings capable of incoupling an incident Gaussian beam into long-range surface plasmon polaritons (LRSPPs),
propagating along a thin narrow Au stripe on a low-index cladding (fluoropolymer), or on a truncated 1D pho-
tonic crystal as a Bloch LRSPP, are investigated for potential biosensing application. The gratings are optimized,
initially, through 2D modeling using the vectorial finite element method. Different 3D grating designs are then
investigated through 3D modeling using the vectorial finite difference time domain method, including wide gra-
tings on adiabatic and nonadiabatic flared stripes. Wide gratings on flared stripes have a larger area enabling size
matching and coupling to larger incident beams, which facilitates optical alignments. We also investigate the
effects of changing the size of the beam incident on the structures. Incoupling efficiencies of up to 25% at 4, =
1310 are predicted for optimal gratings—such coupling efficiencies are among the highest reported to date for a
structure of this kind. Similar grating designs are also examined as outcoupling structures, capable of coupling
(Bloch) LRSPPs into a perpendicularly emerging Gaussian beam. The absorptance, reflectance, and transmittance
of the structure were also calculated. Structures were fabricated on a multilayer wafer supporting Bloch LRSPPs to

verify design concepts.

https://doi.org/10.1364/JOSAB.36.001921

© 2019 Optical Society of America

1. INTRODUCTION

Surface plasmon polaritons (SPPs) are TM-guided optical
waves propagating along a metal—dielectric interface. SPPs
attract significant attention due to their unique properties
and their potential applications, including to biosensing [1,2].
The use of SPPs in biosensing is widely studied, especially in
prism-coupled configurations [3,4]. In this technique, the
Kretschmann—Raether geometry is primarily employed to sat-
isfy the excitation condition of SPPs at the metal-solution in-
terface by an incident optical beam. Metal gratings to excite
SPPs along a metal—dielectric interface have also been investi-
gated in the literature [5-9]. For example, a coupler on a
Ag-SiO,; interface was projected to yield a 50% coupling effi-
ciency for an incident Gaussian beam to SPPs [5]. A 58.4%
coupling efficiency was reported for a multigrooved structure,
fabricated using focused ion beam (FIB) milling on a 450 nm
thick Au film on glass [8]. Slanted groove gratings were also
investigated, and improved coupling efficiencies of up to
68% were demonstrated for a Ag-SiO, interface [9].

The application of SPPs is limited by their high propagation
loss due to the absorption of light in the metal; so consequently,
they have a short propagation length. Alternatively, bounding a
thin metal film on all sides by the same dielectric reduces the

0740-3224/19/071921-10 Journal © 2019 Optical Society of America

loss, because such structures support so-called long-range SPPs
(LRSPPs) [10]. LRSPPs are supermodes that arise from the
coupling of SPPs at the metal—dielectric interfaces to form a
coupled mode. The longer propagation length of LRSPPs yields
advantages in sensitivity compared to SPPs because a longer
optical interaction length with the sensing medium is possible
[11]. End-fire coupling [12], prism coupling [13,14], and cou-
pling at broadside using an optical fiber [15,16] can be used to
excite LRSPPs from fiber modes or free space beams.

In LRSPP waveguide biosensors the metal stripe is covered by
an aqueous solution within a microfluidic channel, so the lower
cladding must have a refractive index close to the sensing solu-
tion, motivating the use of low-index fluoropolymers such as
CYTOP or Teflon [17,18]. These materials mimic the behavior
of a homogenous background medium by ensuring that the bot-
tom cladding and the sensing solution on top have a similar re-
fractive index, thereby enabling the propagation of LRSPPs. The
use of LRSPP waveguides excited via end-fire coupling in bio-
sensing applications has already been studied in the literature
[19-22]. Coupling efficiencies greater than 90% can be achieved
in this scheme as long as the end facets are of high quality,
which is not typically trivial to achieve. Prism coupling is an al-
ternative [13,14], and although straightforward, the prism adds
bulk and is incompatible with integration and miniaturization.
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Comparatively less work has been done on grating couplers to
excite LRSPPs on waveguides [23-25].

Although Cytop has a refractive index suitable for biosens-
ing (i.e., close to water), its use introduces limitations in fab-
rication processes due to its low glass transition temperature
and the fact that the material remains vulnerable to its solvent
post curing [17]. A truncated 1D photonic crystal (1IDPC) can
replace a low-index polymer cladding to support Bloch LRSPPs
within the bandgap of the 1DPC over prescribed ranges of
wavenumber and wavelength [26-28]. Similar sensitivities to
LRSPPs in the corresponding fluoropolymer/solution system
are expected with Bloch LRSPPs because the main modal char-
acteristics are retained (attenuation, wavenumber, and mode
size) [28,29]. A rudimentary grating coupler was used in
Ref. [29] to successfully excite Bloch LRSPPs, but a significant
portion of the input light was diffracted into multilayer slab
modes given the suboptimal design of the coupler.

Motivated by quality issues with end facets and the bulkiness
of prism coupling, we seek to optimize gratings for use in a
broadside coupling scheme where a Gaussian beam excites
LRSPPs on a Au stripe on a fluoropolymer, or Bloch LRSPPs
on a Au stripe on a truncated 1DPC. Adiabatic and nonadiabatic
flared stripes accommodating wide gratings size-matched to an
incident Gaussian beam and to the LRSPP are investigated. Such
structures maximize the coupling efficiency to LRSPPs, mini-
mize coupling to slab modes, and ease alignment tolerances.
Given their compatibility with planar technology, grating cou-
plers could be integrated into arrays of biosensors enabling multi-
channel biosensing [30].

We explore the design space of grating couplers by optimiz-
ing their structural parameters such as height, duty cycle, and
pitch. Inidally, optimization is carried out on a 2D cross-
sectional model of the structure (for expediency), followed by full
modeling in 3D of some preferred designs. Flared stripe widths
and the effects of changing the excitation beam size are studied via
the 3D model. We focus on maximizing the coupling efficiency
into LRSPPs while minimizing forward-propagating background
light (coupling to slab modes). Gratings for outcoupling LRSPPs
into broadside radiation are also studied.

2. CONCEPTS

Longitudinal cross-sectional sketches of the two structures of
interest are given in Fig. 1. We are interested in the operation
of these structures at free-space operating wavelengths near
Ao = 1310 nm. The structure of Fig. 1(a) comprises a 35 nm
thick, 5 pm wide Au stripe (¢, = -86.8 - 78.322 [23]), with a
grating coupler consisting of rectangular Au ridges, each of
height A and width W, arranged in a period of A. The top
and bottom claddings are assumed to be a fluoropolymer
(Cytop, €, = 1.3348 [17]), each of the same thickness of
10 pm. The structure is supported by a silicon wafer (e, =
3.5029). The waveguide supports the propagation of LRSPPs
along the length of the Au stripe, as sketched.

The other structure investigated in this study is shown in
Fig. 1(b) and comprises the same Au stripe incorporating the
same grating ridges, but on a truncated 1DPC covered by
Cytop. The 1DPC can be used as the lower cladding below

a thin metal film to mimic the properties of the dielectric
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Fig. 1. Longitudinal cross-sectional views of the structures investi-
gated. (a) LRSPP (sketched in red) on a Au stripe with a grating
coupler embedded in a fluoropolymer (Cytop). (b) Bloch LRSPP
(sketched in red) on a Au stripe with a grating coupler on a truncated

1DPC (SiO,/Ta,Os) with a fluoropolymer upper cladding (Cytop).

medium on the other side [28]. The structure supports
Bloch LRSPPs, which propagate in the plane of the 1DPC,
along the Au stripe and dielectric medium. For a 1DPC similar
to the one shown in Fig. 1(b), optical modes have the transverse
form of

U(z) =p]((z)e‘f1(z, (1)

where U is any of the mode field components, K is the Bloch
wavenumber, and pj is a periodic function of the same perio-
dicity as the crystal [31]. The design of the truncated 1DPC
should be selected such that the Bloch LRSPP supported by
the structure [Fig. 1(b)] has similar modal properties as the
LRSPP supported in the corresponding fluoropolymer struc-
ture [Fig. 1(a)], including similar wavenumbers at 4, =
1310 nm such that a good grating coupler design for the fluo-
ropolymer structure [Fig. 1(a)] can be transferred to the IDPC
[Fig. 1(b)] yielding a similar coupling efficiency.

Following [28,29], our 1DPC design consists of 12 periods
of alternating layers of SiO,/Ta,Os of thickness dg, =
625 nm (n50, = 1.447) and dr1,,0, = 209 nm (n1,,0, =
2.069). The dispersion curves of the corresponding semi-infinite
stack under TM plane wave excitation are plotted in Fig. 2(a)
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Fig. 2. (a) Dispersion curves of the corresponding semi-infinite
truncated 1DPC under TM plane wave excitation. 49 = 1310 nm
is marked as the horizontal dashed line, the dispersion curve of the
LRSPP in the fluoropolymer structure is plotted in red, and the
dispersion curve of the Bloch LRSPP on the 1DPC is plotted in green.
K is the Bloch wavenumber, and f is the in-plane wavenumber.

(b) Zoom in the region of the (Bloch) LRSPP.

(neglecting material dispersion). The curves reveal two bandgaps
of relevance to operation at 4 = 1310 nm: the Bloch LRSPP
will propagate in-plane within the first bandgap, and the second
bandgap will reflect light at normal incidence. A final layer of
SiO, (dp = 462 nm) then covers the stack to achieve wave-
number matching, and a 10 pm thick Cytop upper cladding
is assumed. The wavenumber of the Bloch LRSPP is then
the same as that of the LRSPP in the corresponding fluoropol-
ymer structure [Fig. 1(a)]. Figure 2(b) shows the first bandgap in
expanded view, with the dispersion curve of the LRSPP in the
fluoropolymer structure and the dispersion curve of the Bloch
LRSPP on the 1DPC, computed using modal analysis. Both
wavenumbers are similar at 4, = 1310 nm and well within
the bandgap as expected [28,29].

A perpendicularly incident p-polarized Gaussian beam of
waist radius 2 or 4 pm is launched from a source plane 10 pm
above the grating ridges and is incident on the grating ata 8 pm
offset from the center to launch LRSPPs preferentially in the
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-x direction. Multiple steps are taken to alter the grating design
to maximize the coupling into the LRSPP mode. Starting from
the grating equation, the pitch A must satisfy

A = mhy/(neg, ~m sin 0), 2

where 72 is an integer representing the grating order, 7. , is the
average effective index of the mode to be excited, 7 is the re-
fractive index of the bounding medium (Cytop in this case), and
0 is the angle of incidence. From this equation, it is evident that
the coupling angle 8 changes with the wavelength. Thus we con-
sider & = 0° (broadside excitation) and 7 = 1 for the lowest
grating order. In this case, the grating equation simplifies to

A= o/ neft 3

3. SIMULATION RESULTS AND DISCUSSION
A. 2D Modeling Using the FEM Method

The vectorial finite element method (FEM) was used to model
a longitudinal 2D cross section of the fluoropolymer-cladded
structure at the free-space wavelength of 1310 nm and to op-
timize the grating design to maximize the coupling efficiency.

The initial grating design, adopted from [29], incorporates
16 ridges, 150 nm in height, and is arranged in a 1 pm pitch.
The geometrical parameters of the grating consisting of the
ridge width, height, and pitch were altered, and the power
transmitted by the LRSPP was calculated 200 pm away from
the grating plane to ensure that spatially transient fields have
decayed sufficiently to be negligible (cf. also Fig. 5, below).
In addition, the effects of adding a Au pedestal under the gra-
ting were explored.

The simulation domain was set to 220 pm x 20 pm, and
the boundaries terminated using perfectly matched layers
(PMLs). The mesh was set to 5 nm inside the metal regions
and 75 nm everywhere else. The Gaussian beam launched
10 pm above the grating plane had a beam width of 4 pm.
The simulations were carried out on the Frontenac cluster pro-
vided by the center for advanced computing at Queen’s
University (CPU model Xenon-E7-4860, 256 GB of memory).
Depending on the number of degrees of freedom, a simulation
can take up to 5 h or more to be completed. The distribution of
the calculated |£,| field over the longitudinal 2D cross section
is shown in Fig. 3 for an example grating structure embedded in
fluoropolymer and on the 1DPC. As shown in this figure, the
transient fields are strong close to the grating [Fig. 3(a)], but
they decay rapidly such that the LRSPP field distribution is
revealed away from the grating [Fig. 3(b)].

The effects of varying the grating pitch, ridge, width (duty
cycle), ridge height, and the pedestal height under the grating,
as well as the nonverticality of the grating side walls on the nor-
malized transmitted power, were determined. The wavelength
response of the grating coupler was also obtained over a wave-
length range near 1300 nm.

The normalized transmitted power was computed as the
total power flowing in the -x direction, normalized to the
source power, at a distance far enough from the grating to en-
sure that it was dominated by the LRSPP (no spatial transients).
A vertical line spanning the height of the computational do-
main was used, along which a line integral of the x component
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Fig. 3. Distribution of |E,| computed using the FEM over the
longitudinal 2D cross section of the structure. The structure of interest
comprises a Au stripe with grating ridges embedded in fluoropolymer
[Fig. 1(a)] and on a 1DPC [Fig. 1(c)]. Field distribution (a, c) close to
the grating, and (b, d) far from the grating.

of the real part of the Poynting vector was taken. The range for
each parameter was selected as follows: A = [900:10:1070],
W =[300:10:480],  =[100:10:200] and pedestal
height = [10:10:80] nm (where [min: step: max] is implied).
In each case all other parameters were kept constant, and the
cycle repeated until convergence to an optimal design was
acquired.

From Fig. 4 it is evident that the maximum normalized
transmitted power is obtained for a grating design having
W = 380 nm, H =160 nm, A =980 nm on a pedestal
20 nm in height.

A clear peak is observed in each simulation case, which cor-
responds naturally to the behavior of the grating, and in the
case of Fig. 4(a) to its wavelength selectivity in response to the
input Gaussian beam. It has also been confirmed that changing
the number of metal ridges from 11 to 16 does not impact the
coupling efficiency because the beam size remains fixed and
smaller than the grating. Performing optimization cycles for
the case involving the 1DPC [Fig. 1(b)] is computationally very
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demanding (even in 2D), but fortunately the Bloch LRSPP
thereon shares the same modal characteristics as the LRSPP
in the fluoropolymer, so the optimal design is similar (following
the discussion in the theory section). The coupling efficiency
calculated in both cases was indeed found to be essentially the
same, confirming that the designs are transferable.

The effect of the nonverticality of the grating ridge side walls
was studied by varying the parameter 4 = [0:10:190] nm
where 4 = 0 represents rectangular ridges and 4 = 190 nm
represents triangular ridges (for W = 380 nm). As can be seen
in Fig. 4(c), the transmitted power drops dramatically for
b > 50 nm, which corresponds to 20° tilted ridge walls.

The wavelength response, over the range 4p=
[1280:5:1370] nm, of a grating coupler is given in Fig. 4(f)
for coupling into Bloch LRSPPs on the 1DPC. As can be seen,
the wavelength response is maximal at 1305 nm and has a
FWHM of ~40 nm.

The coupling efficiency is the fraction of power that couples
from the incident Gaussian beam to the LRSPP mode of the
waveguide, and it can be computed using the method described
in Ref. [23]. Following [23], the distribution of power along
the x direction can be written as

Py(x) = Py + P, (), (4)

where P, is the power carried by the LRSPP at the location of
the grating, « is the field attenuation constant of the LRSPP,
P., is the power carried by all other modes except the LRSPP
in the —x direction, which rapidly decays to zero as the distance
from the grating increases due to radiation and absorption
losses. This leads to the dominant term far from the grating:

P, (x) & P, ge? ), (5)

The complex effective index of the LRSPP mode can be ob-
tained from modal analysis. Using the imaginary part of the
effective index, @ can be calculated and inserted into Eq. (5)
to obtain P, . The coupling efficiency can then be obtained
by normalizing P, to the input power. The input power
was set to 0.5 W, and as a result, P, is divided by 0.5 when
calculating the coupling efficiency from Eq. (5). Following this
approach, 25% coupling efficiency is expected for our optimal
grating design (W = 380 nm, A = 980 nm, A = 160 nm
on a pedestal of height 20 nm) at 4y = 1310, which is among
the highest reported to date for a coupler of this kind. By com-
parison, a coupling efficiency close to 100% is achievable using
a prism in an attenuated total reflection (ATR) geometry, and
about 87% using a conformal grating and a non-normal angle
of incidence [32]. The high coupling efficiency observed in this
case was achieved by using a weak conformal grating with a
sinusoidal profile and a beam incident at an optimized
(non-normal) angle.

The effect of changing the angle of incidence was studied
over the range of € = [0:2:10] degrees. We determined that
the coupling efficiency improves slightly for @ = 2° and then
drops as the angle of incidence increases. This is unsurprising as
the grating was optimized for normal incidence.

Figure 5 shows the distribution of the electric field along the
z direction as a function of distance from the left edge of the
grating for the structure embedded in fluoropolymer and on a
IDPC. It is evident from these plots that the E, field cut
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(W =380 nm, H = 160 nm, A = 980 nm).

evolves into an unvarying smooth distribution recognized as
that of the LRSPP about 200 pm away from the grating.
The field profile is distorted close to the grating region due
to spatial transients. This confirms that 200 pm is a sufficient
distance to sample the transmitted power from which the cou-
pling efficiency to the LRSPP can be extracted and the grating
design optimized.

While the grating coupler is capable of coupling light from an
incident p-polarized Gaussian beam to the (Bloch) LRSPP mode
of the waveguide, it is also capable of coupling the (Bloch)
LRSPP mode propagating along the waveguide to output
p-polarized light having a profile similar to a Gaussian beam.

The output characteristics of grating couplers were also inves-
tigated using our 2D FEM model. The absorbed, reflected, trans-
mitted, and outcoupled powers from a grating, relative to incident
LRSPPs, were calculated by modeling a complete structure using a
large simulation domain that includes input and output couplers
separated by 400 pm. The longitudinal cross-sectional distribu-
tion of |E| near the output grating is plotted in Fig. 6. As is evi-
dent from this result, LRSPPs are partially backreflected into the
—x direction due to the presence of the grating, forming a standing
wave pattern in the |E| field distribution for x < 0. This reflection
could be reduced by apodizing the grating strength along its
length, which could also improve the quality of the output beam.

A line integral of the z component of the real part of the
Poynting vector was obtained along a horizontal line placed
9.5 pm above the output grating to calculate the output coupling
efficiency, relative to the LRSPP incident on the grating. The

output coupling efficiency obtained was ~20%. This coupling
efficiency could be achieved in practice using, e.g., a large-area
power sensor or a large-core multimode optical fiber connected
to a power sensor, placed near the edge of the grating. The out-
coupling efficiency was verified by computing P, /Py, =
C, C,e* of the full structure, where P, and Py, are the input
and output powers calculated using horizontal monitors at the
input and output gratings, C'; and C, are the input and output
grating coupling efficiencies, respectively, and L is the distance
between the edges of the input and output gratings.

The absorptance of the gratings was calculated by account-
ing for the net power passing through a bounding box with
power monitors placed around the output grating and impos-
ing the conservation of power. Specifically, a computational do-
main was defined to isolate the incoming and outgoing powers
using vertical and horizontal cut-lines along which line integrals
of the x and z components of the real part of the Poynting
vector were computed. In this manner, the absorbed power
P, could be extracted and divided by the LRSPP power input
into the system to extract the absorptance. A grating absorp-
tance of ~15% was determined.

The reflection coefficient of the LRSPP incident onto the
output grating was calculated using the distribution of the mag-
nitude of the electric field extracted from a horizontal line placed
atz = 30 nm above the metal stripe. The voltage standing wave
ratio (VSWR) can be extracted from the maximum and mini-
mum values of the electric field as VSWR = E, ./E min-
The magnitude of the reflection coefficient is
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Fig. 5. Distribution of the electric field component £, along z as a
function of distance away from the grating for (a) the LRSPP on the
embedded in fluoropolymer and (b) the Bloch LRSPP on the 1DPC

structure.
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This value is then corrected by accounting for the propagation
loss between the field observation point and the distance to the
output grating edge L : [y = I'; /e72*%. Tt should be noted that
the input power calculation is performed far away from the input
and output gratings (L, = 200 pm away from each), where the
spatial transients due to diffraction from the gratings are mini-
mal. £, has a smooth and unvarying profile at this location.
Using the zoom shown as inset in Fig. 6(b), I’y was calculated
at the location of the grating, yielding 7%. The corresponding
LRSPP mode power reflection coefficient is 0.5%.

The LRSPP power transmitted through the output grating
was calculated 200 pm away from the output grating where a
smooth and unvarying field distribution is observed. Using
Eq. (5), the transmittance was found to be 31%.

B. 3D Modeling Using the FDTD Method

The full 3D model of the structures under investigation, along
with their top views, are shown in Fig. 7. The full structure
consists of a nonadiabatic or adiabatic flared stripe constructed
from oppositely curved sections of radius R, bearing 16 Au
ridges that form the grating. The nonadiabatic flared stripe

Research Article

5000
4000
3000
2000
1000
1000
-2000
3000
-4000
5000

(a)
6000 - ‘
[ .
5000 |
4000
_ 5900
= 3000 .
5700
2000 | 5600
\ 5500
1000 ‘\;:“\4 %01 %05 %0 1895 -89
o LIS {
-400 -350 -300 -250 -200
distance from grating (pm)
(b)

Fig. 6. (a) Distribution of the electric field magnitude |E| along x as
a function of distance away from the output grating, for a domain that
is extended from -500 to -200 pm. (b) Distribution of |E| along x at
z = 30 nm. The region x ~ -190 pm is shown as the inset.

(b)
Fig. 7. (a) 3D sketch showing the structure of interest with a non-
adiabatic flared stripe. (b) Top view of the nonadiabatic flared stripe.
The radius of curvature R, the width W and length I of the ridges, and
the pitch A of the grating are shown.
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is 20 pm long and 12 pm wide sharply curved down to a 5 pm
width matching the straight stripe width, whereas the adiabatic
flared stripe is 120 pm long and 12 pm wide gradually curved
down to 5 pm. The corresponding radii of curvature are R =
5 pm in the nonadiabatic structure and R = 4000 pum in the
adiabatic structure. The purpose of the flared stripes is to widen
the grating to 10 pm (i.c., lengthen the grating ridges to
/ =10 pm) in order to accommodate a larger diameter inci-
dent Gaussian beam, thereby facilitating alignments. The adia-
batic flared stripe ensures a low-loss transition between a large
Gaussian beam and the LRSPP mode of the straight stripe,
thereby improving the coupling of input light relative to the
nonadiabatic flared stripe. Both flared stripes also help mini-
mize coupling of input light to slab modes. The structure em-
bedded in fluoropolymer of Fig. 1(a) and the structure
incorporating the 1DPC of Fig. 1(b) are considered. In pre-
vious work, it was demonstrated that / = 4 pm long grating
ridges on a 5 pm wide straight stripe produced significant scat-
tering of input light into slab modes in addition to exciting the
LRSPP mode of the waveguide [29]—it is anticipated that
longer ridges on flared stripes will improve the coupling of light
into the LRSPP mode while minimizing coupling to slab
modes (the latter are deleterious as they produce undesirable
background in the output light). As an alternative, the whole
grating region can be curved to focus light directly onto the
waveguide, in the case where unidirectional coupling is desired,
following approaches in Si photonics [33-35].

Full vectorial 3D-FDTD simulations were carried out using
FDTD Solutions (Lumerical). The optimized 2D design ob-
tained from FEM analysis was expanded to 3D (along y) to in-
vestigate the effects of the flared stripe on the quality of the
excited LRSPP. The 3D computational area was set to 425 x 26 x
26 pm?, and the boundaries were terminated by PMLs. The sim-
ulation grid was defined as an automatic conformal mesh every-
where except in the gold regions, where it was explicitly defined to
have a space step of 5 nm. A 2D Gaussian beam was launched
10 pm above the grating plane through a square aperture
100 pm? in area. The beam waist radius was initially set to 2 pm,
but larger radii were also investigated. The beam was aligned with
the center of the grating to exploit structural symmetry, thereby
enabling us to shrink the computational volume to 1/4 of the full
domain. Thus, a perfect electric wall and a perfect magnetic wall
were placed through the transverse and longjtudinal centers of the
structure. When the input Gaussian beam is aligned to the center
of the grating, the beam splits to excite fields in equal proportion
along the +x and —x directions. Figure 8 shows top views as the
Gaussian beam is perpendicularly incident on the grating at dif-
ferent distances above the grating plane as well as a cut through
the middle of the grating ridges.

The electric field distributions over y—z cross sections taken
at various locations x from the edge of the grating are shown in
Fig. 9, for the structure embedded in fluoropolymer [Fig. 9(a)]
and the one on a 1DPC [Fig. 9(b)], for the case of a nonadia-
batic flared stripe. As is evident from Fig. 9(a), the transient
fields are very strong close to the grating, but vanish gradually
such that the unvarying and stable field profile of the LRSPP
mode eventually emerges. A secondary beam diffracted at an
angle up from the stripe is also apparent from the field cuts
of Fig. 9(a) taken close to the grating—this beam is also ob-

o

Middle cut

i

(© (C)

Fig. 8. Field distribution (magnitude) of the perpendicularly inci-
dent Gaussian beam over several x—y planes (18 x 18 pm? in area) at
different heights above the grating and at a simulation time when the
beam is interacting with the grating: (a) 3 pm above the grating,
(b) 2 pm above the grating, () 1 pm above the grating, and (d) through
the middle of the grating ridges.

z=1 pm

Lk

served in the 2D modelling as seen in the longitudinal cut
of Fig. 5. The LRSPP mode field peaks along the metal surfa-
ces, enabling high-surface-sensitivity biosensors, as in the case
of straight gold waveguides excited using butt-coupling
[19-22]. The Bloch LRSPP of Fig. 9(b) has a field distribution
in the upper cladding similar to that of the LRSPP in the homo-
geneous structure [Fig. 9(a)], but its distribution in the 1DPC
forming the lower cladding is evanescent with an oscillatory
character as expected for a Bloch mode [28,29].

Field distributions taken at cross sections 180 pm away
from the grating are shown in Fig. 10 for the nonadiabatic
[Figs. 10(a) and 10(c)] and adiabatic [Figs. 10(b) and 10(d)]
flared stripes for Gaussian beams of two radii, for the structure
embedded in fluoropolymer. As can be seen, increasing the ra-
dius of the Gaussian beam causes the mode to become increas-
ingly distorted as more background light is introduced into the
distribution due to scattering of input light into slab modes.
This effect is more evident in the case of the nonadiabatic flared
stripe. Thus, exciting the grating with a Gaussian beam that is
size-matched to the LRSPP reduces the background light, as
does using an adiabatic flared stripe under the grating coupler
[Fig. 10(b)].

The output coupling characteristics of our optimal grating
design on the nonadiabatic flared stripe for the structure em-
bedded in fluoropolymer was examined using our full 3D
model. A mode source originating at a distance L = 25 pm
to the left edge of the grating was defined using a finite differ-
ence mode solver. The LRSPP mode used to excite the system
has an effective index of ng = 1.3408 + ;0.0002 (MPA of
8.83 dB/mm). The computational domain was set to a volume
of 55x26x45 pm’ and terminated using PMLs on all
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Fig. 9. Evolution of the |£,| field at several y—z cross-sectional
planes located along the length of the waveguide at -x ~ 10, 20,
40, 60, 80, 100, 120, 140, and 160 pm away from the grating, plotted
over a 18 x 18 um? area. (a) Structure embedded in fluoropolymer,
showing fields that eventually evolve to reveal the LRSPP mode.

(b) Structure with the 1DPC, showing fields that eventually evolve
to reveal the Bloch LRSPP mode.

boundaries. The mesh was defined automatically as a conformal
mesh everywhere except within the Au regions where the mesh
dimensions were set to 5 nm. Power monitors were defined
at different locations above the grating coupler to assess its
directionality.

Figure 11 shows the distribution of the electric field mag-
nitude |E| over a portion of the x—y plane at different locations
z above the grating, including at z = 0. From this figure, it is
observed that the main perpendicular radiation lobe is launched

<
—
|

Fig. 10. Distribution of the |E,| field at a y—z cross-sectional
plane located along the length of the waveguide 180 pm away from
the grating for the structure embedded in fluoropolymer [Fig. 1(a)].
(a) Nonadiabatic flared stripe, 2 pm Gaussian beam radius. (b) Adiabatic
flared stripe, 2 pm Gaussian beam radius. (c) Nonadiabatic flared stripe,
4 pm Gaussian beam radius. (d) Adiabatic flared stripe, 4 pm Gaussian
beam radius.
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Fig. 11. Field distribution |E| of perpendicularly emerging light
over several x—y planes (18 x 18 pm? in area) at different distances
above the grating plane (indicated on each panel) and at a simulation
time when the beam is interacting with the grating. The main lobe,
located near the first grating ridge, broadens with increasing distance
from the grating.

near the first grating ridge, and that it broadens with increasing
distance from the grating. Although distorted, the field distri-
butions bear some resemblance to a Gaussian beam.
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4. EXPERIMENTAL RESULTS

The grating structure proposed in this study was fabricated and
characterized for the purposes of concept verification. A multi-
layer wafer, consisting of a stack of dielectric layers of SiO, and
Ta,Os as prescribed in Section 2, was used as the starting wafer.
A bilayer lift-off photolithography process involving LOR 1A
and SPR 955 was used to define Au waveguides. The wafer was
exposed and then developed using MF CD-26, followed by
metallization and lift-off. A layer 35 nm thick of Au was ther-
mally evaporated on a 0.3 nm thick Cr adhesion layer (also
evaporated) to realize the Au stripes. A bilayer lift-off e-beam
lithography process, consisting of PMMA 495K A6 and PMMA
950K A2, was used to define the Au gratings. The wafer was
exposed and then developed using MIBK:IPA (3:1) solution
at 20°C. A layer 160 nm thick of Au was thermally evaporated
and lifted off overnight in an acetone bath to form the grating
ridges. The waveguides were coated with Cytop as the upper
cladding following the procedure described in Ref. [36].
Optical and scanning electron microscope images of fabricated
structures are shown in Fig. 12.

The wavelength response of structures consisting of input
and output gratings in cascade with a length of stripe [as in
Fig. 12(a)] were measured using an optical setup with a tunable
laser operating near 1300 nm. A polarization-maintaining
single-mode optical fiber and a multimode optical fiber, aligned
perpendicularly to the input and output gratings, were used as
the input and output means in an experimental arrangement
similar to that described in Ref. [24]. The wavelength response
for gratings consisting of 4 pm wide ridges (W = 450 nm,
A = 1000 nm) on a 5 pm wide straight stripe, and for gratings
consisting of 10 pm wide ridges (W = 380 nm, A = 980 nm)
on a 12 pm wide adiabatic flared stripe, are shown in Fig. 13. In
both cases the input and output gratings were separated by a
waveguide of length 1000 pm. It can be seen from these mea-
surements that the maximum output power is 8 dB higher for
the optimal design on an adiabatic flared stripe compared with
the narrower design on a straight stripe. The maximum output
power obtained at 1350 nm corresponds to an insertion loss of
24 dB. The mode power attenuation expected for the Bloch

Fig. 12. Optical and scanning electron microscope images of fabri-
cated structures, showing Au waveguides incorporating grating couplers.
(a) Input and output gratings in cascade with a length of waveguide;
(b) grating on a straight stripe (W = 450 nm, A = 1000 nm); (c) gra-
ting on an adiabatic flared stripe (W = 380 nm, A = 980 nm).
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Fig. 13. Wavelength response of fabricated devices following the
arrangement of Fig. 12(a) with grating couplers on a straight stripe
(W =450 nm, A = 1000 nm) and on an adiabatic flared stripe
(W = 380 nm, A = 980 nm).

LRSPP on this waveguide is about 8 dB/mm, which implies
16 dB total coupling loss for the input and output gratings.
Considering that the input and output gratings have identical
designs, a coupling loss of 8 dB is assigned to each, which cor-
responds to a 16% coupling efficiency. It should be noted that
the incident beam emerging from the input cleaved fiber is not
very well focused onto the grating, resulting in a coupling loss
that is higher than expected. Using a tapered or lensed input
fiber to produce a smaller beam on the input grating (as in
Section 3.B) would improve the coupling efficiency.

5. CONCLUSION

Gratings capable of coupling an incident Gaussian beam into
LRSPPs propagating along a Au stripe embedded in fluoropol-
ymer, or into Bloch LRSPPs propagating along a Au stripe on a
truncated 1DPC covered with fluoropolymer, were proposed,
investigated, and optimized. The gratings comprise an array of
rectangular Au ridges on a flared Au stripe. The structural
parameters of the ridges, such as their width and height,
and period used for the arrangement were varied to maximize
the coupling efficiency for the case of broadside excitation by a
Gaussian beam. We find a maximum input coupling efficiency
of 25% at Ay = 1310, for an optimized grating design
(W =380 nm, A =980 nm, H = 160 nm on a pedestal
of height 20 nm). The use of adiabatic and nonadiabatic flared
stripes was proposed in order to support wider gratings (i.e.,
longer ridges) that are size-matched to a larger incident
Gaussian beam. Adiabatic flared stripes were found to work
best in maintaining a high coupling efficiency to large beams,
while minimizing the background light coupled into slab
modes of the structures. The gratings were also examined in
terms of their output coupling ability, consisting of coupling
LRSPPs or Bloch LRSPPs into perpendicularly directed light,
resembling a Gaussian beam. Structures were fabricated, and
their wavelength responses were acquired, thereby verifying the
design improvements consisting of using wide grating ridges on
an adiabatic flared stripe.
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Chapter 6

Bloch long-range surface plasmons on Au waveguides
Integrated with Pt counter electrodes as multimodal

biosensors

6.1 Summary

A novel optical biosensor operating with Bloch LRSPPs on waveguide arrays integrating with
electrochemical biosensors is presented in this chapter. The device is capable of simultaneous
optical and electrochemical sensing based on a multichannel multimodal strategy. Multi-channel
multi-modal strategy detection provides additional measurements to improve reliability in a
disease detection problem. The device is fabricated on a multilayer wafer composed of alternating
layers of SiO; and Ta.Os. Optical biosensors consist of Au waveguides incorporating grating
couplers (as input/output means) and supporting Bloch LRSPP within the bandgap of the 1DPC
over a limited wavenumber and wavelength range, as described in detail in Chapter 5. Au
waveguides also operate as a working electrode in conjunction with a neighboring Pt electrode to
form an electrochemical sensor. Au waveguides, Pt stripes and contact pads (for probing purposes)
are fabricated using bilayer lift-off photolithography and the grating couplers are fabricated using
electron beam lithography. The wafer is covered with Cytop as the upper cladding which was
etched to form the microfluidic channels. The wafer is covered with borofloat silica to seal the

device and enable side fluidic access. Details of the fabrication process flow are discussed, and
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SEM and AFM analyses are provided to support the fabrication work. Optical measurements are
performed using a tunable laser operating near A= 1300 nm. Fully cladded waveguides
incorporating the input and output gratings in cascade with a length of waveguide are used to
characterize the optical performance of the structure. Wet measurements are subsequently
performed using a custom fluidic fixture enabling side fluidic access. Bulk sensing is performed
using solutions with different refractive indices and surface sensing measurement is performed
using Bovine Serum Albumin (BSA) protein. Electrochemical measurements including cyclic
voltammetry are performed using Au waveguides and Pt stripes as the working and counter

electrodes respectively.

6.2 Contribution

The results provided in this chapter are in preparation for publication. Maryam Khodami
performed the device fabrication work including photolithography and metallization, electron-
beam lithography, microfluidic channel etching, wafer bonding, SEM and AFM inspections on the
final product wafer(s). Maryam Khodami, Howard Northfield and Ewa Lisicka-Skrzek contributed
to channel etching process development and post etching acid clean process discovery as will be
described in full detail in Chapter 7. Maryam Khodami measured the wavelength response of the
optical biosensors. Zohreh Hirbodvash, and Wei Ru Wong assisted with the optical measurement.
Oleksiy Krupin contributed the bulk and surface sensing measurements. Zohreh Hirbodvash
contributed the cyclic voltammetry and electrochemical measurement. Choloong Hahn assisted
with the FIB imaging. Maryam Khodami interpreted the results and wrote the manuscript. Pierre

Berini contributed to the interpretation of the results and revised the manuscript.
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6.3 Article

The manuscript presented here is to be submitted for publication.
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Abstract— A novel optical biosensor based on Bloch long-
range surface plasmon polaritons (LRSPPs) propagating
along a waveguide integrated with an electrochemical
counter electrode is presented. The structures are
fabricated on a truncated 1D photonic crystal comprised
of a 15 period stack of alternating layers of SiO2/Ta20s.
The optical biosensors consist of Au stripes supporting
Bloch LRSPPs, with integrated grating couplers as
input/output means. The Au stripes also operate as a
working electrode in conjunction with a neighboring Pt
electrode to form an electrochemical sensor. The
waveguide structures are fabricated using bilayer lift-off
photolithography and the gratings are fabricated using
overlaid e-beam lithography. The planar waveguides are
integrated into arrays capable of multichannel biosensing.
The wafer is covered with CYTOP as the upper cladding
with etched microfluidic channels and is wafer-bonded to a
Borofloat silica wafer to encapsulate the fluidic channels
and enable edge (in-plane) fluidic interfacing. The
wavelength response of grating-coupled optical waveguides
operating with Bloch LRSPPs are presented, along with
bulk and surface sensing results. Cyclic voltammetry (CV)
measurements obtained using the Au and Pt stripes as the
working and counter electrodes are also presented.

Index Terms—Bloch LRSPP, Optical
Electrochemical biosensor, multimodal detection

biosensor,

I. INTRODUCTION

Long-range surface plasmon polaritons (LRSPPSs)
supported by dielectric-metal-dielectric structures
have received considerable attention in the
literature, including for biosensing applications [1].
Unlike single-interface surface plasmon polaritons
(SPPs), LRSPPs can propagate over an appreciable
length (due to their low attenuation), thus increasing
the sensitivity of sensors by increasing the optical
interaction length with the sensing medium [2], or
by producing a sharp resonance under spectral or
angular interrogation in a prism-coupled system
[3,4]. A conventional waveguide biosensor structure
supporting LRSPPs is composed of a Au waveguide
embedded in CYTOP with microfluidic channel
etched over a portion of the device enabling top
fluidic exchange [5-8].

LRSPP waveguide biosensors are typically
excited via end-fire coupling [5-8], and although
coupling efficiencies greater than 90% can be
achieved using this scheme, coupling is strongly
dependent on facet quality, which may require
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polishing. As an alternative, prism couplers could
be used to excite LRSPPs [3,4] as in conventional
single-interface SPP biosensors [9], and although
straightforward, the prism adds bulk and is
incompatible with integration and miniaturization.
Among other coupling techniques, grating couplers
for dielectric waveguides [10], SPPs [11-15] and
LRSPPs [16-18] have attracted significant attention
due to their compatibility with planar technologies
and integrated optics.

In typical LRSPP waveguide biosensors [5-8]
the metal stripe is covered by an aqueous solution
and supported by a substrate that has a refractive
index close to water, e.g., CYTOP [19] or Teflon
[20]. Fluoropolymers such as CYTOP exhibit
softening behavior above their glass transition
temperature (Tg) which introduces limitations in
fabrication processes. A truncated 1D photonic
crystal (1DPC) can replace a low-index polymer
cladding to support Bloch LRSPPs within the
bandgap of the 1DPC over limited ranges of
wavenumber and wavelength [21-24]. Given their
compatibility with planar technology, gratings and
Au stripes on a truncated 1DPC [24, 25] can be
integrated to form an array of biosensors enabling
multi-channel biosensing. Multi-channel detection
provides additional measurements to improve
reliability in a disease detection problem. In
addition, a Au stripe could also be used as a
working electrode in conjunction with a
neighboring Pt electrode to form an electrochemical
sensor. Thus, the device is capable of simultaneous
optical and electrochemical sensing and could be
used to address disease detection problems using a
multimodal strategy.

Previous reports of joint optical/electrochemical
sensing platforms are limited to SPPs excited in
prism-coupled systems, where changes in the
optical parameters of the medium at the metal/liquid
interface due to electrochemical reactions occurring
thereon cause a shift in the reflection minimum. As
such, SPPs were used as an optical probe of
electrochemical reactions [26], where a prism
covered with a thin silver film was used in an ATR
configuration in contact with perchlorate and halide
electrolytes. In another study, a flow-through
electrochemical SPP resonance system was
employed to investigate the electrochemical

reactions in a hydroquinone—benzoquinone system,
where the semiquinone radical was detected by
producing a large negative SPR shift [27]. An
electrochemical SPP biosensor with an absorptive
redox mediator film was used for the detection of
reversible refractive index changes that occur in the
film during potentiostatic oxydoreduction [28]. An
optoelectrochemical  sensor based on an
electrochromic thin-film sensing layer on top of a
planar waveguide was reported in [29], where the
oxidation state of the sensing film was measured by
the evanescent field of the waveguide. An
electrochemical/SPP glucose biosensor capable of
detecting enzymatic reactions in a conducting
glucose polymer oxidase (GOx) multilayer thin film
was reported in [30]. A gold-coated graded index
channel  waveguide sensor, designed for
simultaneous electrochemical and SPP sensing, was
designed and fabricated in [31], and changes in the
transmittance through the device were measured
simultaneously while cyclic voltammetry was
carried out in sulphuric or perchloric acid solutions.
Electrochemistry on a localized surface plasmon
resonance (LSPR) sensor was demonstrated in [32],
where using cyclic voltammetry synchronized with
LSPR sensing, surface reactions on gold
nanostructures were detected electrically and
optically.

Numerous studies have also shown that
plasmon-induced hot carriers (electrons and holes)
generated on metal nanoparticles (e.g., Ag, Au and
Cu) catalyze reactions when excited by visible and
near-infrared light [33]. This class of reactions is
distinct from photochemical and photocatalytic
reactions, where ultraviolet photons are often
required to induce reactions. Hot carriers on
plasmon-excited  nanostructures  have  been
investigated for applications in photovoltaic [34,
35] and photo-catalysis [36-38]. The lifetime of hot
carriers is generally very short (100 fs), and as a
result plasmon-induced chemical reactions (e.g.,
redox reactions) occur if the charge transfer and
subsequent reactions are faster than the carrier
lifetime. Hot carrier induced catalysis has also been
successfully realized on metal-semiconductor
structures where the semiconductor is used to
separate charges and increase their lifetime.
Applications such as water splitting using Ag/TiO>
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and Au/TiO2 [39, 40], and redox reactions of
COICO, using Au/Fe 03 and Au/ZnO [41, 42] have
been demonstrated.

In this paper, a novel optical-electrochemical
biosensor, based on Bloch LRSPPs propagating
along a Au stripe on a truncated 1D photonic crystal
integrated with a Pt counter electrode is presented.
The structures were fabricated, and optical and
electrochemical measurements were obtained,
including wavelength responses, bulk and surface
sensing responses, and cyclic voltammetry. These
results serve as proof of concept, confirming that
the device could be used to address disease
detection problems using a multimodal strategy.

Il. THEORETICAL

The structure of interest consists of a thin Au stripe
(er = -86.8 - j8.322) on a truncated 1D photonic
crystal covered with CYTOP (& = (1.3348)%) as a
waveguide supporting Bloch LRSPPs over a range
of wavenumbers and wavelengths about Ao = 1310
nm. 3D and cross-sectional views of the structure
are depicted in Figs. 1(a) and 1(b), showing a 5 um
wide, 35 nm thick Au waveguide, incorporating
rectangular Au ridges forming grating couplers, on
a truncated 1D photonic crystal (LDPC). The 1DPC
is composed of N = 15 periods of a SiO2/Ta>0s unit
cell of thicknesses dgip, = 495 nm (g0, = 1.447)
and drq,0.= 235 NM (n74,0. = 2.069), on a starting
layer of SiO. of the same thickness, designed to
achieve wavenumber matching at free-space
wavelengths near Ao = 1310 nm. The plasmonic
waveguides incorporate non-adiabatic or adiabatic
flared regions, constructed from oppositely curved
sections of radius R = 5 pm or R = 4000 pm,
respectively. The flared regions accommodate 10
um wide gratings that are size-matched to the
perpendicularly-incident p-polarized Gaussian beam
emerging from the tip of a polarization-maintaining
single mode fiber (PM-SMF). The gratings are
designed to excite Bloch LRSPPs propagating along
the Au stripe [25]. The structure is supported by a
Si wafer and the stack is designed such that the
losses due to light tunneling into the Si slab are
minimized. Fig. 1(b) gives a cross-sectional sketch
taken longitudinally along a Au stripe, through a
pair of grating couplers, illustrating the excitation

scheme. Pt electrodes formed parallel to the Au
waveguides within the etched microfluidic channels
are also shown in the 3D sketch of Fig. 1(a). Access
to the microfluidic channels is provided along the
lateral chip facets upon dicing of the wafer,
enabling edge (in-plane) microfluidic interfacing.

: Porpondiculadi
emerging light

[ 'Perpandicularly
incident light

Glass lid

. Upper Bonding Upper
Input grating — % M= Y
coupler — Y 7 cladding layer & cladding 3 U

Sio, \ / Fluidic channel and sensing region | |
\_ |=——_nono

__ Output grating
coupler

Bloch LRSPP Waveguide L. / ~__ .

v 1
2
Ta,05 3 Lower
: cladding,
+ Multilayer
[ 5 stack

| } N=1

Fig. 1. (a) 3D view of the structure of interest, showing Au
stripes and grating couplers on a 15 period stack of alternating
layers of SiO; and Ta20s covered with CYTOP. The fluidic
channel is etched over a portion of the Au waveguides to
allow exposure to the sensing solution. A wafer-bonded lid
seals the microfluidic channels. (b) Longitudinal cross-
sectional view of the structure.

The dispersion of our 1DPC, computed using the
transfer matrix approach [43], is given in Fig. 2.
Our 1DPC design consists of 15 periods of
alternating layers of SiO2/Ta20Os of thickness and
refractive index given in the previous paragraph
(dsip,= 495 N, ng;p_ = 1.447, and dr,, .= 235 nm,
Nrqe,0.= 2.069, as illustrated in Fig. 1(b)). The
dispersion curves of the semi-infinite stack under
TM plane wave excitation are plotted in Fig. 2(a),
neglecting material dispersion. Light at normal
incidence (B = 0, incident away from the grating
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couplers) does not encounter a bandgap and
propagates through the stack with little reflection.

i e - - - e - ————
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Fig. 2. (a) Dispersion curves of the semi-infinite truncated
1DPC under TM plane wave excitation. Ao = 1310 nm is
marked as the horizontal dashed line, and the dispersion curve
of the Bloch LRSPP on the 1DPC is plotted in green. K is the
TM Bloch wavenumber (um™) and its real part is plotted as
the colored contours; and f is the in-plane wavenumber (um-
1. (b) Expanded view of the region where the Bloch LRSPP is
supported

The stack was designed following the prescription
of [23], such that the wavenumber of the Bloch
LRSPP on the Au stripe on the 1DPC upper-cladded
with CYTOP is matched to the wavenumber of the
LRSPP on the Au stripe completely embedded in
CYTORP at the design wavelength of 1o = 1310 nm.
The dispersion of the Bloch LRSPP is controlled by
the refractive index and thickness of each layer of
the 1DPC and are selected such that the Bloch
LRSPP propagates in-plane within the first bandgap
at Ao = 1310 nm. Fig. 2(b) shows the first bandgap

in expanded view, with the dispersion curve of the
Bloch LRSPP on the 1DPC, computed using a
finite-difference mode solver, plotted as the green
curve. The dispersion curve is well contained within
the first bandgap.

The distribution of the electric field magnitude
of the Bloch LRSPP propagating along the
waveguide is shown in Fig. 3. As is evident from
this figure, the tail of the mode has an oscillating
form into the 1DPC as it propagates in plane. The
mode also appears to be radiative in-plane, in
directions away from the metal stripe, as suggested
by wavelets in the 1DPC (this effect is under further
investigation).

Fig. 3. Distribution of the electric field magnitude of the Bloch
LRSPP propagaring along a Au stripe on a truncated 1D
photonic crystal.

I1l. EXPERIMENTAL RESULTS

A. Device Fabrication

The sensor structure of Fig. 1 was fabricated using
multiple steps, the main one being the formation of
(i) Au waveguides, (ii) Pt stripes, (iii) Au contact
pads, (iv) Au gratings, (v) CYTOP upper cladding,
(vi) microfluidic channels, and (vii) lidding. The
structure was fabricated on a multilayer substrate
composed of a 15-period stack of SiO2/Taz0s,
acting as a 1D photonic crystal, as described in the
theoretical section.

Fig. 4 illustrates the main steps in the fabrication
process flow. Au stripes, Pt stripes and Au contact
pads were defined using UV lithography, and
gratings were defined wusing electron-beam
lithography. Evaporation and lift-off were used in
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Fig. 4. Fabrication process flow. (a) LOR 1A and SPR 955 deposition; (b) exposure and development to define Au waveguides;
(c) Au deposition; (d) lift-off; (¢) LOR 1A and SPR 955 deposition; (f) exposure and development to define Pt stripes; (g) Pt
deposition; (h) lift-off; (i) PMMA bi-layer deposition; (j) overlay electron-beam exposure and development to define gratings;
(K) Au deposition; (1) lift-off; (m) CYTOP upper cladding deposition; (n) SPR 220 deposition; (0) exposure and development to
define microfluidic channels; (p) channel etching using O2 RIE; (q) SPR 220 mask removal; (r) bonding to a Borofloat wafer to

seal the microfluidic channels.

in all cases. The microfluidic channels were defined
using a lithography step with SPR-220 photoresist
as an etch mask, and reactive ion etching (RIE) of
the CYTOP upper cladding. Details of these process
steps are given in what follows.

Starting Si wafers (4-inch diameter) bearing the
prescribed SiO2/Ta,Os multilayer stack were
obtained from Iridian Spectral Technologies. A
bilayer lift-off photolithography process involving
LOR 1A and Megaposit SPR 955-CM was used to
define Au waveguides. LOR 1A was spin coated at
3000 rpm and baked at 180 °C for 5 min. SPR 955
was spin coated at 6000 rpm and baked at 100 °C
for 3 min. The wafer was exposed to 85 mJ/cm?
UV light (i-line filtered) using a contact mask
aligner (OAI model 204IR) and then developed for
1 min in a TMAH based solution (Megaposit MF
CD-26), followed by metallization and lift-off. A 35
nm thick layer of Au was thermally evaporated
(Angstrom Nexdep) on a 0.3 nm thick e-beam
evaporated Cr adhesion layer to realize the Au
stripes. The waveguides were lifted off using PG
remover followed by acetone and IPA cleaning. Pt
stripes and Au contact pads were also defined using
the same bilayer photolithography process. A 35 nm
thick layer of Pt was thermally evaporated on a 0.3

nm thick e-beam evaporated Cr adhesion layer to
realize Pt stripes, and a 165 nm thick layer of Au
was e-beam evaporated to realize the contact pads
providing a total metal thickness of 200 nm for the
contact pads (steps not shown in Fig. 4).

A bilayer lift-off e-beam lithography process,
involving PMMA 495K A6 and PMMA 950K A2,
was used to define the Au gratings. PMMA 495K
A6 was spin coated at 3000 rpm and baked at 200
°C for 1 hour. PMMA 950K A2 was spin coated at
4000 rpm and baked at 185 °C for 1 hour. The
wafer was covered with ESPACER and exposed to
250 pC/cm? e-beam (Raith Pioneer) using a 30 pum
aperture, 350 pA beam current, and 30 kV
acceleration voltage, and then developed in an
MIBK:IPA (3:1) solution at 20 °C for 2 min. A 160
nm thick layer of Au was thermally evaporated and
lifted off using an overnight acetone bath to form
the grating ridges.

The wafer was then coated with CYTOP as the
upper cladding following a procedure described
previously [4]. CYTOP M grade (CTL-809 M) was
spin coated at 3000 rpm as an adhesive layer for the
subsequent deposition of multiple CYTOP S grade
(CTX-809 SP2) layers, each spin coated at 1500
rpm. Each layer was baked for 30 min at 50 °C to
partially evaporate solvent. The full CYTOP stack
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was then baked at 200 °C overnight to ensure the
complete removal of solvent. The total thickness of
the CYTOP stack was determined to be ~10 um. An
edge bead removal procedure using a shadow mask
with RIE was performed to remove the thicker edge
of the CYTOP cladding.

The wafer was then subjected to an O ashing
step for 30 sec at 50 W, using an oxygen plasma
etcher (Plasma-Etch, PE-50), which makes the
CYTOP surface hydrophilic. The wafer was then
primed with an HMDS adhesion layer (YES-310TA
HMDS vapor oven at 100 °C). A lithography step
using SPR 220 was applied to define the channels
with a dark-field mask. SPR 220 was spin coated at
2300 rpm and post-spin baked at 100 °C for 15
mins. The wafer was then exposed to 1000 mJ/cm?
of UV light and left at room temperature overnight
to allow the resist to evenly moisturize. The wafers
were then subjected to a pre-development bake
process involving a ramp bake from room
temperature to 100 °C, followed by baking at 115
°C for 90 sec, and then cooling from 100 °C to
room temperature.  Photoresist  development
consisted of submersion in Megaposit MF-24 for 5
min followed by a DI water rinse and N2 blow dry.
Alternatively, a hard mask, produced by lifting off
an Al pattern (following the process used to define
the Au waveguides), was also used to define the
microfluidic channels.

The patterned wafer was then subjected to O
dry etching in an RIE system (Samco RIE-10NR,
O, flow of 10 sccm, 4 Pa, 25 W RF power) to
remove CYTOP and define the microfluidic
channels. Full exposure of the Au and Pt stripes in
the channels is vital to the operation of the device.
An acid clean step, involving the use of Piranha
(H2SO4 and H202 (4:1) at 90 °C), in combination
with UV ozone cleaning, was performed to ensure
complete removal of grass-like residue that formed
in the channels as a result of CYTOP etching, as
described in full detail in [44]. Briefly, the wafer
was subjected to a 10 min CD-26 bath post SPR 220
(or Al) removal, which was followed by immersion
for 1 min in a Piranha solution, then a 30 min
exposure to UV ozone. This step was repeated once,
followed by 2 min RIE in O, at 100 W. The
roughness on the Au stripes and at the bottom of the

microfluidic channels was about 2 nm post
cleaning, which indicates that the residue was
substantially removed, and the sensing stipes did
not incur significant damage.

A wafer bonding process was introduced to seal
the channels and facilitate integration of the
biosensor chips into the fluidic assembly. The wafer
was bonded to a 350 um thick Borofloat glass wafer
(4-inch diameter) covered with CYTOP (1 layer of
CYTOP M, followed by 4 layers of CYTOP S,
formed as described above). The wafer and the
glass lid were mounted in an aligner wafer bonder
(AML-AWB). The chamber was closed and
evacuated (1x10®° mbar), and the wafers were
aligned and brought into close contact. The lower
and upper platen temperatures were set to 120 °C,
with 5 °C/hour ramp temperature, and the force was
set to 1000 N, ensuring proper bonding of the top
and bottom substrates. Inter-diffusion of polymer
chains across the interface caused by the applied
heat and pressure results in a strong adhesive bond
between the wafers. Overnight bonding was proven
to be sufficient. The chamber was then allowed to
cool down to room temperature prior to opening.

The wafers were then covered with SPR 220 as a
protective layer and diced into several chips. Dicing
naturally produces microfluidic interfaces along the
lateral chip edges for in-plane microfluidic coupling
(Fig. 1()).

Various microscope images of fabricated
structures are shown in Fig. 5. Fig. 5(a) gives a
scanning electron microscope (SEM) image of a
fabricated grating coupler showing 16 rectangular
ridges aligned along the width of a Au stripe. Fig.
5(b) shows a cross-section of a fabricated chip
incorporating a Au stripe on a 15 period stack of
SiO2 and Taz0s, covered by CYTOP. The cross-
section was prepared using focussed ion beam (FIB)
milling and the cross-section was imaged using a
helium ion microscope (HIM). Briefly, a large
imaging trench was opened using a strong Ga beam
(beam current 3 nA, step size 10 nm, dwell time 1
us, dose 10 nC/um?). A weaker Ga beam was then
used to remove particles and smoothen the facet
(beam current 700 pA, step size 5 nm, dwell time 1
us, dose 10 nC/um?).
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Fig. 5. (a) SEM image of a grating coupler showing 16 rectangular ridges on a Au stripe. (b) Helium ion microscope image of a
polished cross-section of a Au waveguide on a multilayer stack, supported by a Si wafer and covered with CYTOP. (c¢) and (d)
two microfluidic channel architectures, post RIE etch but prior to Al mask removal taken at a 45° imaging angle. () AFM scan
of a portion of a contact pad (25x25 um? scan area, vertical scale of 250 nm). (f) AFM scan of a portion of a Au waveguide
showing a flared section which tapers down non-adiabatically to a 5 pm wide waveguide (25x25 pm? scan area, vertical scale of
60 nm). (g) AFM scan of a portion of a grating coupler (25x25 um? scan area, vertical scale of 200 nm). (h) Optical microscope
image of input and output gratings in cascade with a length of waveguide, arrayed such that the separation between gratings
varies. (i) Optical microscope image of a microfluidic channel post wafer bonding with Au and Pt stripes in each channel.

Finally, fine polishing was carried out using a weak
Ga beam to produce a facet that was smooth enough
to inspect (beam current 300 pA, step size 2 nm,
dwell time 1 ps, dose 10 nC/um?). A thin Al layer
(20 nm) was deposited on top of the sample to assist
with charge dissipation. Figs. 5(c) and 5(d) give
SEM images of two different microfluidic channel
architectures, post CYTOP etching but prior to Al
mask removal. Figs. 5(e) - 5(g) collect atomic force
microscope (AFM) scans, from which metal
thickness and roughness values have been extracted.
A metal contact pad (Fig. 5(e)) has a thickness of
~200 nm with a root mean square (rms) roughness
of ~2 nm. A Au waveguide with a non-adiabatic
flared section (Fig. 5(f)) has a thickness of ~35 nm,
with a rms roughness of ~1.2 nm. The metal grating
ridges (Fig. 5(g)) have a thickness of ~160 nm and
an rms roughness of ~1.8 nm along the top. The
rectangular ridges have a width of ~380 nm, a

spacing of ~600 nm and a height of ~160 nm. All
the dimensions and thicknesses are close to the
target ones. An optical microscope image of input
and output gratings in cascade with a length of
stripe is shown in Fig. 5(h); each structure is a
member of an array where the separation between
gratings is varied. The flares are 10 um wide at the
location of the gratings and taper down to 5 pm
wide straight stripes, as can be observed in this
image. Sealed microfluidic channels incorporating a
length of Au and Pt stripe, post glass bonding, are
shown in Fig. 5(i). The microfluidic channels have
dark edges due to non-vertically caused by sloped
walls of the SPR 220 mask as well as erosion of the
mask during etching [44].

B. Optical Measurements

Devices were characterized optically post cladding
deposition (CYTOP), but prior to microfluidic
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Fig. 6. Experimental setup comprising a tunable laser operating near Ao = 1300 nm and a potentiostat to perform optical and
electrochemical experiments. The device under test is mounted in a custom fluidic fixture that enables side fluidic interfacing.

channel etching and wafer bonding (lidding), to
verify the performance of the Bloch LRSPP
waveguides excited via grating couplers, by
carrying out wavelength responses and cut-back
measurements.

The experimental setup used to carry out the
measurements is shown in Fig. 6. The wavelength
response of structures incorporating input and
output gratings in cascade with a length of stripe
was measured using a tunable laser operating near
1300 nm. A polarisation-maintaining single mode
fibre (PM-SMF) and a multimode optical fiber,
aligned perpendicularly to the input and output
gratings, respectively, were used as input/output
means. Custom 90° curved metallic holders were
used to hold and align the fibers perpendicularly to
the gratings, while ensuring that TM-polarized light
was incident on the input grating. Several grating
pairs of identical design but separated by different
lengths of waveguide, as shown in the microscope
image of Fig. 5(h), were used to produce cut-back
measurements, from which the mode power
attenuation (MPA) and coupling losses were
deduced.

Fig. 7(a) gives the wavelength response of pairs of
identical gratings (W ~ 380 nm, A ~ 980 nm, height
of ~160 nm) separated by different waveguide
lengths of 800, 1000, 1250, 1650, 1850 and 2050
pum. The maximum output power is obtained at Ao =
1325 nm, which is red shifted by 15 nm relative to
the theoretical design (Ao = 1310 nm) [25]. This is
due primarily to an increase in the effective index of
the Bloch LRSPP mode on the adiabatic flared
stripes, which are wider than the straight waveguide
used in the theoretical calculations. The MPA
(mode power attenuation) and total coupling losses
(input/output) were determined by fitting a linear
model to the values of insertion loss obtained for
different grating separations, at the wavelength
corresponding to the maximum output power (Ao =
1325 nm in this case). The MPA (slope) works out
to 11.8 dB/mm, which is close to expected, and the
total coupling losses (intercept) to 24.2 dB. The
goodness-of-fit measure for the linear regression
model was R? = 0.9682. The coupling loss is higher
than expected and is mainly ascribed to mode
mismatch on the input grating, which can be
addressed by using a tapered or lensed PM-SMF
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fiber which produces a smaller beam size on the
input grating.
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Fig. 7. (a) Wavelength response of pairs of identical gratings
with different waveguide separation lengths (800, 1000, 1250,
1650, 1850 and 2050 pm). (b) Wavelength response of
identical pairs of gratings, each pair of different pitch A and
width W, separated by the same length of waveguide (2050

pum).

Fig. 7(b) gives the measured wavelength response
of identical pairs of gratings, each pair of different
pitth A and width W (measured via SEM),
separated by the same length of waveguide (2050
pm). It is evident from Fig. 7(b) that a red shift in
the grating response is produced by increasing the
width W of the ridges or the pitch A of the grating.
The cases plotted as the red and orange curves have
a similar pitch but different widths, from which we
observe that the maximum output power is shifted
to a longer wavelength for the wider grating ridges
(orange curve). Comparing the cases plotted as the
red and dark blue curves reveals that the response is
also shifted to a longer wavelength for the grating

with the larger pitch (dark blue). These trends are as
expected from modelling [25].

C. Biosensing Measurements

Materials: 2-1sopropanol (IPA, 733458), acetone
(270725), glycerol (49767), bovine serum albumin
(BSA, A0281) and phosphate buffered saline (PBS,
P5368) 0.01 M, pH 7.4 were obtained from Sigma-
Aldrich. A PBS solution was prepared by dissolving
packaged salts in 1 L of distilled/deionized water
(DDI H20).

Preparation: A biosensor chip was taken from a
diced wafer. The top Borofloat glass surface, which
was coated with dicing resist (SPR 220), was wiped
clean using an acetone-dipped swab (TX757B,
Texwipe). In order to remove dicing debris from the
optical and microfluidic facets, the chip was cleaned
in an ultrasonic bath (Fisher Scientific, FS20H) in
acetone for 5 min, then washed with IPA and dried
under N2. Removal of possible organic
contaminants from the sensing surfaces was
performed by placing the chip into a UV/Ozone
cleaning chamber (Novascan, PSD series) for 1 hr
with the UV lamp on. The Borofloat glass lid (350
um thick) has a transmittance of ~20% at a
wavelength of 250 nm, such that sufficient UV
intensity is transmitted through to break down
organic material possibly adsorbed into the Au
sensing surface.

Next, the device was aligned and clamped into a
custom jig providing in-plane fluidic interfaces
(Zandbelt Machine Works) [45]. DDI H,O was
injected into the chip using a microfluidic syringe
system (SPM - Zero Dead Volume Diluter,
Advanced MicroFluidics, Switzerland) for 10 min
to ensure leak-free fluid delivery. Next, the chip
was aligned into the optical setup (Fig. 6) where a
lensed PM-SMF (LPF-D1-1300-7/125-P-0.44-1.1-
3.2GR,1.4AS-50-3A-1-1, OZ Optics) connected to
the tunable laser was mounted to a curved arm and
aligned to the input grating coupler. A multimode
optical fiber also mounted to a curved arm was
aligned to the output grating coupler and connected
to a power sensor (Hewlett Packard 8163A, InGaAs
detector module 81635A). The system was aligned
until maximum power transmission was observed
while a buffer solution index matched to CYTOP
flowed in the channel. Sensing solutions of different
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refractive indices (RIs) were prepared by mixing
PBS buffer with glycerol (PBS/Gly). All
experiments were performed at a 4 uL/min flowrate
and 5 dBm incident optical power.
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Fig. 8. (a) Microscope image of the biosensor chip tested. (b)
Wavelength responses of biosensor over the wavelength range
from 1300 to 1360 nm as five solutions of PBS/Gly of
refractive indices 1.3340, 1.3345, 1.3350, 1.3355 and 1.3360
were injected. (c) Time response at Ao = 1330 nm as the five
PBG/Gly solutions were injected

Bulk Sensing: Bulk sensing experiments with 5
solutions of RI near that of Cytop, ranging from
1.3340 to 1.3360 in steps of 5x10% were

conducted. A microscope image of the sensor tested
is given in Fig. 8(a). The solutions were injected at
a flow rate of 4 pl/min into the left inlet and
emerged from the right outlet. The five solutions
were injected sequentially into the chip while we
performed alternately two types of measurements: a
wavelength sweep from 1300 to 1360 nm in steps of
1 nm for each solution (Fig. 8(b)); and a time
response of several minutes for each solution at a
fixed wavelength of Ao = 1330 nm (Fig. 8(c)).

The wavelength responses plotted in Fig. 8(b)
reveal that the largest coupling efficiency occurs at
wavelengths in the range from 1330 to 1340 nm.
Also, the grating responses are unaffected by the
injected solutions because the gratings are cladded
in Cytop and unexposed to the fluid. The sensing
responses are due only to changes in the waveguide
characteristics of the sensing region as different
solutions were injected. The system demonstrated
moderate stability with higher than expected noise -
most likely due to the small channel height (8 um)
which required a high pressure from the pump to
maintain the flow rate, causing slight vibration of
the chip (in synch with the pump motor).

An oscillatory response with injected solution is
evident from the time trace of Fig. 8(c), which was
obtained at Ao = 1330 nm. The largest power step of
0.13 uW occurred as we switched the solution from
that having n = 1.3350 to the one having n =
1.3355. The baseline noise was d = 1.1 nW, taken as
the standard deviation of the power response for the
solution having n = 1.3340. Thus, the limit of
detection for bulk sensing works out to 4x10° RIU.
A similar bulk oscillatory response was also
observed at other wavelengths in the range of 1330
to 1340 nm.

Protein Adsorption: After completion of the bulk
sensing experiments, the same waveguide was used
to carry out a surface sensing experiment via non-
specific adsorption of BSA to the UV/Ozone
cleaned Au surface. Based on the bulk responses of
the sensor, we chose Ao = 1338 nm as the operating
wavelength and the RI of the working buffer as n =
1.3350. The waveguide response due to BSA
adsorption is given in Fig. 9. A baseline under
PBS/Gly flow was established initially for 3 min,
followed by injection of a BSA solution (50 pg/ml)
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in PBS/Gly (n = 1.3350) for 8 min. As the last step,
the fluidic channel was flushed with PBS/Gly, to
observe the new baseline level. The rapid
adsorption Kkinetics (90% saturation within 2 min)
indicates that the Au stripe was very clean. The
adsorbed BSA monolayer produced a signal change
of 61.6 nW, with the baseline noise at 6 = 0.8 nW,
resulting in a signal-to-noise (SNR) ratio of 77.
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Fig. 9. Non-specific BSA adsorption on a Au sensing
waveguide

D. Electrochemical Measurements

A Pt stripe in conjunction with a Au waveguide
were also used to perform cyclic voltammetry
measurements on intermediate  (un-cladded)
structures to validate the electrochemical sensing
performance of the device. The electrochemical
measurements were carried out using a chip
incorporating Au and Pt stripes with contact pads,
but with no CYTOP upper cladding, with the
metallic pads probed directly using tungsten
needles. A Pt stripe was used as a counter electrode
and a Au stripe as a working electrode.

The measurements were carried out using 70 ml
of 1 mM potassium ferricyanide (obtained from
Sigma-Aldrich) dissolved in 100 mM potassium
nitrate (obtained from Sigma-Aldrich) as the
supporting electrolyte. The supporting electrolyte
has a low resistance and high ionic strength to
ensure that the electric field in the cell is not
perturbed by redox reactions in the system. An
Ag/AgCI reference electrode establishes a known
and stable reference potential for the system. Two

tungsten needles attached to the flexible arms of
two positioners were used to probe the contact pads.
The chip was placed in a petri dish and immersed in
electrolyte. The potential was set between the
reference electrode and the working electrode, and
the current was measured between the counter
electrode and the working electrode using the
potentiostat following the arrangement suggested in
Fig. 6.

Cyclic voltammograms were obtained for
different scan rates, ranging from 1 mV/sec to 100
mV/sec as shown in Fig. 10. The cathodic and
anodic currents have clear peaks as expected from a
typical CV measurement. As can be seen in this
figure, the maximum (minimum) current increases
(decreases) with increasing scan rate. These results
show that the device is capable of electrochemical
sensing.
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Fig. 10. Cyclic voltammetry measurements on a chip bearing
Au and Pt stripes as working and counter electrodes,
respectively, as well as and contact pads. Potassium
ferricyanide was used as the redox species in a potassium
nitrate solution as the electrolyte.

IVV. CONCLUSION

An integrated sensing platform capable of optical
and electrochemical sensing was proposed. The
device was fabricated on a truncated 1D stack
incorporating 15 periods of alternating layers of
SiOz and Ta20s to support Bloch LRSPPs over the
wavelength range of interest. Au waveguides, Pt
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stripes and contact pads were fabricated using UV
lithography, and grating couplers were fabricated
using overlaid e-beam lithography. The structure
was covered with CYTOP as the upper cladding,
into which the microfluidic channels were etched.
The wafer was bonded to Borofloat silica to seal the
channels and enable side fluidic interfacing. The
wavelength response of pairs of grating couplers in
cascade with a length of waveguide was obtained.
Different grating designs were fabricated and tested.
A red shift was consistently observed by increasing
the width of the grating ridges and the grating pitch,
in agreement with trends predicted by numerical
modelling [25]. The bulk sensing measurement was
performed using solutions with different refractive
indices ranging from n = 1.3340 to n = 1.3360 and a
limit of detection of 4x10® RIU was obtained.
Surface sensing measurement was conducted using
BSA dissolved in buffer solution. An Au waveguide
in conjunction with a Pt electrode were used to
perform cyclic voltammetry measurements at
different scan rates as a proof of concept confirming
that the device is also capable of electrochemical
sensing.
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Supplementary material

Edge metallisation

A process to metallise the edges (end-facets) of diced chips was developed and attempted to
stablish contact to pads buried under the Borofloat wafer bonded lid. Chips were mounted in a
metallic holder designed to hold the chips at an angle, then covered by a metal shadow mask
incorporating 100 um wide rectangular slits. The angled alignment provides partial access to the
top of the glass as well as to the side of the chips. The chips were then mounted in the
evaporator, where 5 nm of Ti (adhesion), followed by 800 nm of Cu (contact) and 50 nm of Au
(cap) were evaporated, forming a contact pad on top of the glass lid, connected along the chip
edge to the planar contact pads connected to the Au and Pt stripes buried under the glass lid.
These contact pads provide electrical access to the Au and Pt stripes on chip. The contact pads
also cover part of the supporting Si wafer, so cuts were made using a focussed ion beam (FIB)
system (Zeiss Orion FIB system) to partially remove the metal (and avoid shorting by the Si
substrate). The chip was exposed to a 5.57 nC/um? Ga beam, using 300 pm aperture, 7 nA beam
current, 10 nm step size and 10 ps dwell time to create a 5 pm x 10 pm cuts.

Figs. 11(a) and 11(b) show He FIB images and Figs. 11(c) and 11(d) show optical
microscope images of the cross-section and top of a chip with metal stripes produced in this
manner. As is evident from these images, the Cytop upper cladding is etched down to the contact
pads, allowing electrical access from the side opening. Several trials of this process have been
completed, but good contacts have yet to be achieved, possibly due to the excessive roughness of

the facets post dicing.
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Fig. 11. (a) He FIB image of the cross-section of a chip with metal stripes evaporated partially on top of the glass
cover and on the sidewall of the chip, using a shadow mask. The image also shows the openings that are etched
through the Cytop upper cladding. A cut is made to isolate the metal stripes from the supporting (conductive) Si
wafer. (b) zoomed in He FIB image showing the opening of the contact pad and the FIB cut with the exposed
multilayer underneath. (c) Optical microscope image of the side of the chip showing a series of evaporated stripes
and contact pads openings. (d) Optical microscope image in top view of the chip showing Au and Pt stripes and
microfluidic channels, as well as the evaporated metal pads.
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Chapter 7

Reactive ion etching of Cytop and investigation of

residual microstructures

7.1 Summary

Reactive ion etching of Cytop as the host material for microfluidic channels is presented in this
chapter. Cytop was patterned and used as the upper cladding as well as the bonding material
between the two wafers in optical biosensors based on Bloch long range surface plasmon
waveguides, as described in Chapter 6. Different grades of Cytop are examined and compared in
terms of post etching substrate roughness, using different mask materials and different RIE
parameters. Fur-like structure was observed post Cytop etching which was investigated using
atomic force microscopy (AFM) and scanning electron microscopy (SEM). The SEM tool
employed to obtain the images is equipped with an X-ray detector, which can be used for energy
dispersive X-ray spectroscopy. Energy dispersive X-ray spectroscopy (EDX or sometimes EDS)
is an analytical technique used for elemental analysis of features being observed under SEM. The
sample is subjected to a focused beam of electrons which excites the inner shell electrons of the
sample. This creates an electron hole which will be subsequently filled by an outer shell electron.
The difference in energy between the higher energy shell and the lower energy shell is released in
the form of an X-ray. EDX allows the elemental analysis of the samples since the X-ray

characteristics depends on the atomic structure of the elements which is specific to each. The nature
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of the residual micro-structure was consequently determined using EDX and a comprehensive acid

clean procedure was proposed to remove the residue post Cytop etching.

7.2 Contribution

The results provided in this chapter are published in IEEE Journal of Microelectromechanical
Systems, Volume 29, Issue 2, 2020. Maryam Khodami initiated the study by performing AFM,
SEM and EDX analysis on the fabricated samples. Maryam Khodami, Howard Northfield and
Pierre Berini designed the experiments. Maryam Khodami and Howard Northfiled contributed to
sample preparation, etching and analysis of different Cytop test samples, different mask materials
and different RIE recipes. Maryam Khodami and Ewa Lisicka-Skrek contributed to the acid clean
process development. Maryam Khodami interpreted the results and wrote the manuscript. Pierre

Berini and Niall Tait contributed to the interpretation of the results and revised the manuscript.

7.3 Article

The article follows here verbatim.
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Reactive Ton Etching of Cytop and Investigation
of Residual Microstructures

Maryam Khodami*, Howard Northfield, Ewa Lisicka-Skrzek, R. Niall Tait, and Pierre Berini

Abstract— Reactive Ion Etching (RIE) of Cytop as the cladding
material for optical waveguides and microfluidic channels is
investigated. Different grades of Cytop (M, A and S), differ-
ent mask materials including photoresist and metals, differ-
ent RIE parameters, along with different substrate materials
were investigated. Grass-like structure was observed at the
bottom of etched channels, of height that depends on the
etching process parameters. A comprehensive post-etch acid
cleaning procedure was devised to effectively remove the grass
structure. [2019-0232]

Index Terms— CYTOP, reactive ion etching, SEM, EDX, AFM,
microfluidic channels, MEMS, optical waveguides.

I. INTRODUCTION

NOWLEDGE of etch rates of different materials is

crucial in micro-fabrication processes to achieve a good
etch selectivity. This is especially important for the selection
of the mask material, where a high ratio of the etch rate
of the target material to the etch rate of the mask material
is desirable. Etch rates for many polymers and metals are
reported in the literature, with some studies being focused on
specific materials, and others addressing a variety of target
materials and etchants [1]. Among all, only a few reports
are dedicated to perfluorinated polymers, e.g., Cytop'" or
PTFE [2]. Cytop " is a fluoropolymer commercialized by
AGC chemicals [3]. It is a highly transparent polymer with a
refractive index close to water and a glass transition tempera-
ture of Ty = 108 °C. It is resistant to most acids and bases, but
can be dissolved with a special fluorinated solvent (CT-solve)
[3]. Compared to other common fluorocarbon polymers such
as poly-tetra-fluoro- ethylen “PTFE” (or Teflon) [4], Cytop
has a non-crystalline structure with extremely high optical
transmission.

Manuscript received October 11, 2019; revised November 22, 2019;
accepted December 6, 2019. Date of publication January 9, 2020; date of
current version April 2, 2020. Subject Editor N. Quack. (Corresponding
author: Maryam Khodami.)

M. Khodami is with the Center for Research in Photonics, University of
Ottawa, Ottawa, ON KI1N 6N5, Canada, and also with the School of Electrical
Engineering and Computer Science, University of Ottawa, Ottawa, ON KIN
6N5, Canada (e-mail: ||| A

H. Northfield and E. Lisicka-Skrzek are with the Center for Research in
Photonics, University of Ottawa, Ottawa, ON KIN 6N5, Canada.

R. N. Tait is with the Department of Electronics, Carleton University,
Ottawa, ON K1S 5B6, Canada.

P. Berini is with the Center for Research in Photonics, University of Ottawa,
Ottawa, ON KIN 6NS5, Canada, also with the School of Electrical Engineering
and Computer Science, University of Ottawa, Ottawa, ON KIN 6N5, Canada,
and also with the Department of Physics, University of Ottawa, Ottawa, ON
KIN 6NS5, Canada.

Color versions of one or more of the figures in this article are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JMEMS.2019.2959262

, Fellow, IEEE

Three types of Cytop are available for microfabrication
via spin-coating processes: “A-grade” (e.g., CTX-809A),
“S-grade” (e.g., CTX-809S) and “M-grade” (e.g., CTL-809M),
based on the additives incorporated therein [3]. Cytop M-grade
provides adhesion to metal and glass surfaces through an
amino-silane coupling agent, and can be used as an adhesion
promoter for other Cytop grades. Cytop A-grade has a car-
boxyl additive that is reactive with other coupling agents and is
highly transparent in the visible region of the spectrum, while
Cytop S-grade has no additives, is referred to as optical grade,
and is highly transparent from the deep ultraviolet (DUV) to
the near infrared (IR) range.

Cytop has a broad range of applications due to its unique
properties, including its water repellency, chemical resilience,
optical transparency and low dielectric constant. It has been
used as gate insulator for organic field effect transistors
[S]-[11], and as a low-k dielectric layer integrated with
power GaAs-based enhancement mode pseudomorphic high
electron mobility transistors (pHEMTs) to improve the gain
and output power [12]. Cytop is also used as Deep UV
LED encapsulant to improve the stability of the device [13],
and also to improve light extraction [14], [15]. Cytop has
been incorporated as a soft pellicle polymer in photo-masks
and other photolithography applications to optimize produc-
tion yield in semiconductor manufacturing [16]-[18]. Cytop
has wide application as the cladding material for plas-
monic waveguide biosensors, and as the host material into
which microfluidic channels are etched [19]-[24]. Cytop is a
MEMS-friendly charge electret in energy harvesting materials
[2], [25], and was also used in MEMS packaging as an
intermediate layer to bond substrates of different materials in
adhesive wafer bonding processes - Cytop adhesive bonding
requires a low bonding temperature (150 — 200 °C) which
decreases the risk of damage to thermally-sensitive devices
during the bonding process [26]-[28]. Cytop was used as a
guiding layer in a refractive index sensor with Teflon as the
cladding material [29], and in THz waveguide applications
[30]. An inorganic film (such as SiO, or Si3Ny4) was embedded
in Cytop as the cladding for waveguide-based evanescent field
microscopy [31]. The use of Cytop as a resist for damage-
free electron-beam patterning of organic semiconductors was
reported in [32].

In this study we propose and systematically assess different
Cytop reactive ion etching (RIE) processes for use with
different mask materials (including metal and photoresist),
and different grades of Cytop. Substrate roughness caused
by grass-like residue was generally observed post-etching via
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AFM and SEM scans, and the composition of the residue
determined using EDX analysis. Etch residue may be nefarious
to many applications, so a comprehensive acid / UV ozone
cleaning process was developed to remove the residue.

II. EXPERIMENTAL RESULTS
A. Sample Preparation

Si and multilayer dielectric wafers (composed of alternating
layers of SiO, and TayOs on Si), un-patterned or bearing
thin metallic features (~35 nm Au), were covered with Cytop
as the host material into which microfluidic channels were
etched. Cytop has a refractive index close to water, which
makes it suitable for optical biosensing applications, because
fluidic channels become optically non-invasive once filled with
an index-matched aqueous sensing solution. The multilayer
substrate bearing Au features is of interest to support Bloch
long-range surface plasmon-polaritons within the bandgap of
the structure [24], but its relevance here is to present different
surfaces (Au, SiO;) on which to assess the proposed etch
processes. The roughness of the starting wafer surfaces was
determined to be around 1 nm (RMS) in all cases. Cytop M
grade (CTL-809M), Cytop S grade (CTX-809 SP2) and Cytop
A grade (CTX-809A) were used specifically — Cytop A and
S are known to adhere poorly to Si and SiO».

Amino-Propyl-Tri-Ethoxy-Silane (APTES) was used as an
adhesion promoter for the application of Cytop A to a
substrate, by coupling to the carboxyl additive of Cytop A
[3], [33]. Specifically, 50 ml of a 0.05% solution of APTES
in ethanol was prepared in a N> purged glove box chamber
to avoid O; exposure. Wafers were submerged for 10 min in
the 0.05% APTES solution, followed by 5 min in ethanol,
followed by an ethanol spray rinse and an N> blow dry. The
wafers were then removed from the glove box and immediately
baked for 20 min at 115 °C. Throughout this work, all baking
(including APTES, Cytop and resist layers), was performed
using a contact hot plate. Immediately after baking, Cytop A
was applied at a spin rate of 1500 rpm, and then baked at
50 °C for 30 min.

Alternatively, Cytop M was used in some cases as the first
layer given its adhesive additive. Cytop M was spin coated at
3000 rpm to obtain a thickness of ~0.6 um, then baked at
50 °C for 30 min. When fabricating multilayer Cytop stacks,
several layers of bulk cladding, Cytop A or S, were applied
at a spin rate of 1500 rpm. The thickness of each Cytop
S or A layer was 2.0 um or 2.4 um per spin, respectively.
Accordingly, a single layer of Cytop M and 4 layers of Cytop
S gave a total thickness of 8.6 #m and a single layer of Cytop
A and 4 layers of Cytop S gave a total thickness of 10.4 xm.
Each layer post application was baked for 30 min at 50 °C to
remove solvent. All single-layer and multilayer Cytop stacks
were then ramp baked to 200 °C and held overnight to ensure
the complete removal of solvent [3], [21], [22]. The integrity
of the Cytop stack was not affected by heating above the glass
transition temperature of Cytop. All Cytop A, S and M layers
were spin-coated and cured following the details given in the
Appendix. Direct application of Cytop S to a wafer does not
adhere well, but was also examined to determine the effect of
adhesion promoters post etch.

Etching was performed using a polymeric mask (photoresist,
Megaposit SPR 220-7.0) or a metal mask (Al or Cr). The
first step in the application of SPR 220 as an etch mask
involved subjecting the Cytop to ashing in an isotropic Oy
plasma environment. The ashing was performed for 30 s
at 50 W using an O; plasma etcher (Plasma Etch, model
PE-50). Ashing roughens the Cytop surface to improve adhe-
sion. The wafer was then primed with an adhesion layer of
Hexa-methyl-disilazane (HMDS) in a YES-310TA HMDS
vapor oven at 100 °C. SPR 220 was spin coated at 2300 rpm
and post spin baked at 100 °C for 15 min. Exposure of
SPR 220 to define the etch pattern was performed using a
dark-field mask with an OAI 200IR contact mask aligner at
1000 mJ/cm? exposure energy. The exposed samples were
left at room temperature overnight to allow the resist to
evenly moisturize. The wafers were then subjected to a pre-
development bake process including a ramp bake from room
temperature to 100 °C, followed by baking at 115 °C for 90 s,
and then cooling from 100 °C to room temperature. Photoresist
development consisted of submersion in Megaposit MF-24A,
a TMAH-based solution, for 5 min, followed by a DI water
bath and rinse and a Ny blow dry. The thickness of the SPR
220 mask was determined using a profilometer to be ~10 um.
The wafer was then cleaved into several pieces to be used as
individual etch test samples.

Finally, Al and Cr metal masks were used to rule out
the possibility of mask material (SPR 220) re-deposition in
the RIE chamber. Following the procedure described above,
Si or multilayer wafers were covered with 10 ym of Cytop.
A lithography step using LOR 1A and Megaposit SPR
955-CM, was used to define the channels using a bright-field
mask. LOR 1A was spin coated at 3000 rpm, then baked at
185 °C for 5 min. SPR 955 was spin coated at 6000 rpm
and baked at 100 °C for 3 min. The wafers were exposed to
85 mJ/cm? UV light (i-line filtered) and developed for 1 min
in a MF-CD 26 bath, followed by a DI water bath and rinse
and a Ny blow dry. A 30 nm thick layer of Al (or Cr) was
evaporated using an e-beam process, and lifted-off using PG
remover. The metal mask thus covered the entire wafer area
except for the channel openings. In all cases the exposed
Cytop was etched using the process described in the next
section.

B. Etching Procedure

Anisotropic reactive ion etching was performed in a Samco
10-NR RIE system using different etch gases and parameters.

The Cytop and SPR 220 etch rates were determined during
the same etch trials. First, the pre-etch thickness of the
SPR 220 etch mask was required and determined through
profilometry across lithographic features directly after mask
development. Then, the amount of Cytop and mask material
removed for a given etch time was determined through the pro-
cedure of timed etching, channel profilometry, mask removal
using acetone, followed again by channel profilometry. Since,
initially, all etch rates were unknown, a preliminary series of
short 2 min etches was performed, with optical inspections
carried out between etches to ensure that etch-to-substrate had
not occurred. Once an approximate etch rate was determined,
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Fig. 1.

SEM images of Cytop sidewalls etched using different RF powers: (a) and (d) 25 W, (b) and (e) 50 W, (c) and (f) 100 W. Cytop stack composed

of 1 layer of of Cytop M and 4 layers of Cytop S was used in this case. SPR-220 was used as the mask material in this case.

longer continuous etches of the order of tens of minutes,
were applied to give a more accurate etch rate. The total
etch time was estimated such that ~2 um of the 8 um
initial Cytop thickness remained to avoid etching to substrate,
as this would render the mask and Cytop etch rates invalid.
Cracks occasionally formed in the SPR 220 mask, and would
sometimes propagate through the Cytop stack. Cracks in the
Cytop stack are undesirable as they compromise its integrity.
The conditions leading to the formation of cracks are presently
not well understood.

C. Analysis

Samples were analyzed with a Dektak profilometer, a Park
NX-10 atomic force microscopy (AFM) system and a Zeiss
Gemini 500 scanning electron microscope (SEM) equipped
with an X-ray detector (Bruker Quantax EDS Xflash 6|60)
which can be used for energy dispersive X-ray spectroscopy
(EDX). A UV-Ozone system (Novascan, PDS series) was used
to assist with post-etch cleaning. Profilometry was performed
to determine the etch rates of the Cytop and SPR 220 mask.
AFM was used to determine the post etch RMS roughness.
SEM imaging was performed post etch to provide details of
the Cytop surface, sidewalls and substrate, as well as elemental
analysis using X-ray detection.

Etch rates of Cytop and SPR 220 using a preliminary etch
process consisting of O, at a flow of 10 sccm, a pressure
of 4 Pa, and different RF powers are provided in Table I,
showing a slightly non-linear increase in etch rate with RF
power. The Cytop stack in this case was composed of 1 layer of
Cytop M and 4 layers of Cytop S and was partially etched (not
down to substrate), for etch rate calculations. Etching with the
SPR 220 masks resulted in sloped Cytop sidewalls (Fig. 1) as
observed under SEM, due to a slope of ~ 45° in the edge of the
SPR 220 mask as determined by profilometry. Alternatively,
etching with an Al or Cr mask resulted in vertical Cytop
sidewalls (Fig. 2 c).

TABLE I

CyTorP AND SPR 220 RIE ETCH RATES (nm/min) FOR AN O FLOW
OF 10 SCCM, A PRESSURE OF 4 PA AND VARYING RIE POWER

RF POWER 25W 50w 100 W
CYTOP ETCH RATE 139 309 682
SPR 220 ETCH RATE 55 90 150

SEM analysis post etching indicates an inclined slope profile
of the side walls, as shown in Fig. 1, observed to increase with
increasing etching power. At 25 W, the surface roughness of
the etched Cytop was 16 nm RMS as determined by AFM, and
continued etching at 25 W to the substrate gave a roughness
of 21 nm RMS, indicating the presence of etch residue at the
bottom of the channel. Curtaining and rough channel edges
are apparent in the 25 W etch. A pedestal-like feature is also
apparent near the bottom of the sidewalls in the case of the
100 W etch. The 50 W etch seems to produce the smoothest
sidewalls with the sharpest edges and no evidence of pedestal-
like features near the bottom.

The same etch tests were repeated using an Al mask and
the same Cytop stack was etched down to the substrate
using the same etch recipe. Much larger roughness values
of up to 200 nm RMS or more were observed along the
substrate surface, and along the top surface of thin Au fea-
tures located on this substrate, which indicates that the Al
mask has no advantage over the photoresist mask from the
standpoint of etch residue. The wafer was then inspected
under SEM to visualize the residue, as shown in Fig. 2. Such
inspections indicate that the substrate and Au features are
covered with hair- or grass-like residue. The density of the
residue varies over the etched surface of the substrate, which
suggests an inhomogeneous plasma distribution in the RIE
chamber. A metal mask can potentially affect the distribution
of the plasma cloud (composed of charged ions) in the RIE
chamber, which might subsequently affect the formation of
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Fig. 2. SEM images of a substrate bearing thin (35 nm) Au features post
Cytop etch, showing exposed Au features (a and b) as well as a sidewall (c).
The wafer was masked with Al. Grass-like structure is observed on the Au
features and inside the channel. The density of the grass-like structure varies
across the wafer. Cytop stack consisting of 1 layer of Cytop M and 4 layers
of Cytop S, as described in section A, was used in this case.

grass-like residue. Observation of grass-like structure post RIE
etching was previously reported in the literature, especially
when using an Al mask [2], [34], [35]. Conversely, using a
Cr mask produced a much lower post-etch roughness (up to
13 nm RMS) compared to the Al mask (as high as 200 nm
RMS), after etching the same material under the same RIE
parameters; we attribute the lower roughness to less post-etch
residue on the wafer.

EDX analysis was performed, post
to determine  the  chemical = composition  of

mask removal,
the

(a)
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Fig. 3. EDX analysis of (a) the substrate, and (b) the Cytop stack, post
etching and post mask removal. A Cytop stack composed of 1 layer of Cytop
M and 4 layers of Cytop S was used in this case.

TABLE II
ETCH RECIPES AND MEASURED CYTOP AND SPR 220 ETCH RATES
. Cytop SPR220
Material (nm/min) (nm/min)
RIE parameters
Etch A: 10 sccm O, 4 Pa,
25 W 125 60
Etch B: 150 sccm O,, 42.7
Pa, 100 W 230 155
Etch C: 5 sccm O,, 20
sccm Ar, 4 Pa, 100 W 440 160

grass-like residue, as shown in Fig. 3. Elemental Oxygen (O),
Fluorine (F), Carbon (C), Tantalum (Ta) and Si (Silicon),
as well as silver (Ag), were observed inside and outside of the
etched channel. The multilayer stack is likely the source of
Ta and Si, as it is formed of alternating layers of TayOs and
Si0,. Elemental oxygen, carbon and fluorine likely originate
from Cytop as they are its constitutive elements. The source
of silver is unknown and deemed to be a contaminant. The
elemental map is shown in Fig. 4, from which the mass
percentage of each element inside the etched channel is
deduced as follows: Ta 29.34 %, C 9.56 %, Si 23.47%, O
33.24%, F 0.29%, Ag 3.18%. The mass percentage of each
constitutive element outside of the channel is as follows:
Ta 13.18 %, C 6.6 %, Si 11.9%, O 14.21%, F 47.04%, and
Ag 1.45%, from which the distribution of the elements can
be deduced.

Following observations of post-etch residue, different
Cytop grades, stack compositions and adhesion methods
were investigated, along with different mask materials and
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TABLE III

MEASURED RESIDUAL ROUGHNESS (RMS) POST-ETCH

.29, NO. 2, APRIL 2020

Cytop Grade APTES + APTES +
1xM+4xS 5xS 1xS 1xM+1xS
1xA 1xA+4xS 1xS 1xM+1xS
(SPR 220 (SPR 220 (SPR 220 (SPR 220
(SPR 220 (SPR 220 (Cr mask) (Cr mask)
) mask) mask) mask) mask)
RIE recipe mask) mask)
Etch A 1 nm 36 nm 11.6 nm 1.6 nm 1.1 nm 11.8 nm 1.3 nm 6.8 nm
Etch B 1 nm 1.9 nm 5 nm 1.6 nm 1.9 nm 2.6 nm 1.1 nm 8.5 nm
Etch C 0.7 nm 0.9 nm 1.8 nm 1.8 nm 2.3 nm 13.2 nm 1.1 nm 4.4 nm

Fig. 4. Elemental map inside and outside of the etched microfluidic channel.
Image obtained at a 45° tilt. A Cytop stack composed of 1 layer of Cytop M
and 4 layers of Cytop S was used in this case.

RIE parameters, aiming to minimize post-etch residue as
determined via substrate roughness. In some cases, APTES
was used as the adhesion promoter with Cytop A, in other
cases Cytop M was applied to the wafer directly given that it
incorporates an adhesion promoter, and other cases applied
Cytop S directly to the substrate as a control. We also
compared Cr and SPR 220 mask materials. In all experimental
trials, 3 different RIE processes were applied (gas flow rate,
chamber pressure, RF power): Etch A consisted of 10 sccm
O3, 4 Pa, 25 W. Etch B consisted of 150 sccm O», 42 Pa,
100 W, to examine the effect of increasing gas flow rate,
chamber pressure and RF power. Etch C consisted of 5 sccm
Oy with 20 sccm Ar, 4 Pa and 100 W, to examine the effects
of a physically aggressive etch. The three RIE recipes are
summarized in Table II along with the measured Cytop and
SPR 220 etch rates. A Cytop stack consisting of 1 layer of
Cytop M along with 4 layers of Cytop S was used in this
case.

Table III summarizes the post-etch substrate roughness
obtained after application of etches A, B and C to differ-
ent stacks of Cytop and for different mask materials. The
roughness of the starting wafer surfaces was < 1 nm RMS,
so roughness values post-etch greater than 1 nm RMS gener-
ally indicate the presence of post-etch residue (assuming no
etch damage to the substrate).

As can be seen from the first column of this table, the
combination of Cytop A and APTES as an adhesion promoter,
subjected to our three etch processes, results in roughness val-
ues that are comparable to those of the starting wafer surfaces.

Very little post-etch residue evidently remains in these cases.
Etch C has a physical character which produces a higher etch
rate but harms delicate features that may be located on the
substrate, such as the thin Au stripe shown in Fig. 2. From
the second column, we note that a stack of Cytop S on Cytop
A on APTES results in high roughness for Etch A, whereas
Etches B and C produce essentially no residue.

Cytop stacks consisting of only Cytop S produce slight
post-etch residue, as deduced from roughness values that range
from 1 to 2 nm RMS, as listed in columns 4, 5 and 7. However,
it should be noted that Cytop S applied directly to a Si or SiO»
substrate will easily peel off. Much higher roughness values
are observed when a layer of Cytop M is used as the first
layer in a Cytop stack, as noted from the third, sixth and
eight columns. Cytop M has an adhesion additive which may
contribute to the creation of residue forming in the O, plasma
within the chamber. The roughness values do not seem to
depend on the mask material used (SPR 220 or Cr) for any of
the cases investigated.

D. Cleaning Procedure

As our etch trials indicate, residue may form in etched
channels to varying degrees depending on the Cytop stack
being etched. Post etching residue and surface roughness
are particularly important in applications where the surface
plays an essential role, for instance as part of an optical
waveguide or in biosensing applications where recognition
chemistries are applied to the surface to detect target analyte
molecules via chemisorption [19], [20], [23]. Cytop M seems
more prone at producing residue when used as the first layer.
A comprehensive post etch cleaning process, involving the use
of Piranha solution (Peroxymonosulfuric acid) in combination
with UV ozone cleaning was therefore developed to ensure
the complete removal of residue from etched channels. Acid
cleaning and UV ozone cleaning are effective cleaning meth-
ods in semiconductor wafer fabrication [36]. AFM scans of a
35 nm thick Au stripe, defined lithographically on a multilayer
substrate, were used to monitor progress after application of
each cleaning step.

A Cytop stack consisting of 1 layer of Cytop M and 4 layers
of Cytop S, fabricated as described in Section A, was used as
the material into which the microfluidic channels were etched.
Etching was performed using Etch A and SPR-220 mask, and
the remnants of the etch mask were removed using acetone.
An AFM scan of a Au stripe and the substrate post RIE etch
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TABLE IV
CYTOP UPPER CLADDING SPIN PROCEDURE

Step Description Details
1 Adhesive layer (CYTOP M grade Spin coat CYTOP M-grade at 300 rpm/sec for 7 sec followed by 3000 rpm/sec for 30 sec.
coating and bake) Bake at 50 C for 30 mins
2 Bulk layer (CYTOP S-grade or A Spin coat CYTOP S-grade (or Cytop A-grade) at 200 rpm/sec for 3 sec followed by 1500
grade coating and bake) rpm/sec for 30 sec. Bake at 50 C for 30 mins. Repeat multiple times to achieve the desired
cladding thickness
3 Hard bake Ramp at 25 °C/hour to 200 °C and hold for 12 hours.

L VA \ 2

Fig. 5. AFM scans taken over a 25 x 25 ymz area (vertical scale of 400 nm)
of a 35 nm thick Au stripe as the cleaning process evolves: (a) Post RIE etch;
(b) post CD 26 clean; (c) post 1 min Piranha clean; (d) post 30 min UV ozone
exposure; (e) post 1 min Piranha clean; (f) post 30 min UV ozone exposure;
(g) post 1 min piranha clean; (h) post 2 min O RIE etch.

of a channel and post mask removal is shown in Fig. 5(a). The
roughness is very high, greater than 30 nm depending on the
location on wafer, so significant residue is evidently present.
Following this step, the wafer was subjected to a 10 min
CD-26 bath, which reduced the amount of residue on the Au
stripe and substrate, as noted in Fig. 5(b) - the roughness in
this case was Ry = 11 nm RMS. This was followed by a
1 min Piranha cleaning step (H2SO4 and H,O;(4:1) at 90 °C),

which removed more residue and reduced the roughness to
Ry = 7 nm RMS (Fig. 5(c)). Subsequently, a 30 min UV
ozone exposure was performed, which reduced the roughness
to Ry = 6 nm RMS (Fig. 5(d)). The cleaning steps were
repeated as follows: 1 min Piranha (Rq = 4.5 nm, Fig. 5(e)),
30 min UV ozone (R = 5 nm, Fig. 5(f)), 1 min Piranha
(Rq = 4 nm, Fig. 5(g)). A 2 min O reactive ion etch (10 sccm,
4 Pa, 100 W) was applied as the last step to remove any
loose debris. The final roughness values on the Au stripe and
substrate reduced to Ry = 1.7 nm and Ry = 2 nm, respectively
(Fig. 5(h)).

It is surmised that exposure to UV breaks molecular bonds
in the residue, and that ozone reacts with the remnant mate-
rial potentially creating volatile species that are vented. The
remnant residue then appears more susceptible to subsequent
Piranha and O, cleans.

III. CONCLUSION

Reactive ion etching of Cytop as the cladding material for
optical waveguides and as the host material for microflu-
idic channels was studied using different mask materials
(Al, Cr, SPR 220), different RIE parameters and different
grades of Cytop. Substrate roughness was investigated post
Cytop etching, and residue and grass-like structures were
observed under SEM. EDX analysis was performed to deter-
mine the source of the residue. A comprehensive acid and
UV ozone cleaning procedure was developed to remove the
residue.

Al masks are known to produce shadowing and micro-
masking, leading to the formation of grass-like structure.
A comparison between Al and Cr masks in this study showed
that Cr produces much less residue compared to Al, suggesting
less micro-masking effects. It was determined that physically
aggressive etching using Argon is suitable for deep RIE
applications, where the substrate or patterns thereon are not
affected by physical characteristics of Argon etching.

APPENDIX
See Table 4.
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Chapter 8

Conclusions and perspectives

8.1 Conclusions

In the present work, a novel, cost effective and label free optical biosensor based on (Bloch) long
range surface plasmon waveguides was presented. Straight Au waveguides on a Cytop lower
cladding, supporting LRSPPs with an etched microfluidic channel were employed for the
extraction of binding Kinetics of biomolecular interactions. The device was also used for the
demonstration of enhanced assay formats to achieve a limit of detection as low as 10 pg/ml in
solution. Employing Cytop as the lower cladding material for waveguide biosensors involves
fabrication complexities due to its low glass transition temperature (T4 = 108 °C).

A one-dimensional photonic crystal (1DPC) can replace the Cytop lower cladding to support
Bloch LRSPPs over a limited range of wavenumber and wavelength. Motivated by quality issues
with the end facet of such structure, we used grating couplers as the input/output excitation means,
where a Gaussian beam emerging from an aligned polarisation-maintaining single mode fibre
excites Bloch LRSPPs on a Au waveguide on a 1DPC. The design space of such a grating coupler
structure was explored theoretically using 2D FEM and 3D FDTD electromagnetic modeling and
the best performance was achieved for 10 um long grating on an adiabatic flared stripe that can

accommodate larger beam sizes. The device was fabricated using standard photolithography and
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electron-beam lithography techniques and was characterized to obtain the wavelength response of
the structure. The design space of such a structure was also investigated experimentally using a
grating test wafer. Different grating designs were investigated to study the effect of changing the
pitch and duty cycle of the structure. Finally, Bloch LRSPP waveguides incorporating grating
couplers were integrated with Pt electrodes to form an electrochemical sensor. Planar waveguides
were integrated into arrays capable of multichannel multimodal biosensing. The device was
fabricated using photolithography and overlaid electron-beam lithography and was covered with
Cytop as the upper cladding to create etched microfluidic channels and the sensing window over
a portion of the waveguide. The wafer was capped with borofloat silica through wafer bonding to
encapsulate the fluidic channels and enable side fluidic interfaces. Measured optical and
electrochemical responses were obtained as a proof of concept.

Grass-like structure was observed post etching of the fluidic channels which motivated the
use of different grades of Cytop along with different mask materials and different RIE parameters
to address the issue. EDX analysis was performed to determine the nature of the grass structure

and a comprehensive acid clean procedure was proposed to remove the residual microstructures.

8.2 Future work

Present work opens up new possibilities to address disease detection problems. Using an opto
electrochemical joint biosensing platform, the detection of Human noroviruses, as the leading
cause of viral gastroenteritis, could be addressed using LRSPP optical biosensors as well as
electrochemical sensors. A decrease in redox current, as a result of virus binding to the

immobilized surface, can be measured via voltammetry, while reporter molecules ([Ru(NHs)s]**
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and [Fe(CN)g]>’?) are used to monitor processes on the surface [103]. Hypocalcaemia which is
caused by increasing parathyroid gland function could be detected using the optical biosensor
portion to detect the Parathyroid hormone (PTH), and the electrochemical portion to detect Ca?*.
Hepatitis B and C detection could also be addressed using a multimodal strategy, with the LRSPP
waveguide detecting Anti-HBV (Hepatites B) / Anti-HCV (Hepatite C) and the electrochemical
sensors detecting enzymes aspartate transaminase/Alanine transaminase (ALT/AST). Our
multimodal strategy combines immuno-sensing techniques with electrochemical detection
enabling a disease to be detected by targeting different markers or by using distinct protocols for
the same marker, thereby increasing the reliability of the measurement.

The LRSPP waveguide biosensor can also be used to detect Human thyroid stimulating
hormone (hTSH) in blood. hTSH is a pituitary hormone that stimulates the thyroid gland to
produce the thyroid hormones (thyroxin and triiodothyronine). The human body metabolism is
stimulated by these hormones. Imbalance in the production of these hormones will result in thyroid
diseases, including Hypothyroidism and Hyperthyroidism. According to the Thyroid Foundation
of Canada, “200 million people, worldwide have some form of thyroid disease”. The causes of
thyroid disease are mostly unknown but early diagnosis and treatment is crucial since undiagnosed
disease may result in other serious conditions such as cardiovascular disease and infertility.

Since physiological concentrations of hTSH are low in blood, its detection requires high
sensitivity, motivating the use of enhanced assays as discussed in Chapter 4. Alternatively, LRSPP
Bragg gratings, consisting of a step-in-width Au stripe embedded in CYTOP, hold the promise of
greater sensitivity by exploiting phase-based detection. Such a device has already been fabricated
and tested in terms of its Bragg wavelength performance [57]. Future work aims at determining

the bulk and surface sensitivities of the structure by flowing solutions of different refractive index
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and by carrying out surface sensing experiments with a biospecific pair (i.e. h\TSH and anti-hTSh).
In such experiments the Bragg response will be shifted and the sensitivity of the system to bulk
and surface refractive index changes can be measured. The narrow-measured bandwidth of the
response and the predicted high sensitivity of gratings are promising for biosensing applications.

The integrated optics platform presented in this work can be further improved by
optimizing the coupling conditions. Optimal coupling between the incident beam and the LRSPP
mode of the waveguide can be achieved using a weak conformal grating and a non-normal incident
beam as briefly discussed in Chapter 5. According to that, the design of the grating couplers could
be optimized to achieve a coupling efficiency up to 90 %. [104] The reflectance vs. wavelength
for this structure can be computed using rigorous coupled wave (RCW) approach. The fabrication
procedure for such structure involves using interferometric lithography (IL) where the interference
of two coherent light sources creates a sinusoidal pattern that can subsequently be transferred to
the substrate. The Pt electrode geometry and dimensions could also be modeled and optimized by
solving the Nernst-Planck equation using electrochemical module in COMSOL.

The grass structure which was observed during the microfluidic etch process could be
eliminated by introducing a sacrificial etch-stop layer. An etch-stop layer was employed in
previous LRSPP waveguide biosensors to prevent the Oz plasma from etching into the lower
cladding [105]. In such a device, a bilayer lift-off process followed by SiO2 evaporation and lift-
off was used to form the etch stop layer. The etch stop layer protects the waveguide from being in
direct contact with the upper cladding Cytop and could be removed post channel etching. In the
case of Bloch LRSPP waveguides, SiO> can’t be used as the etch stop since the multilayer stack is
composed of alternating layers of SiO2 and TazOs. The etch stop layer could be replaced with, e.g.,

a polymeric layer in this case.
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To further improve the probing condition of electrochemical sensors, the contact pads that are

evaporated through the shadow mask, can be connected to a carrier as shown in the figure below.
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