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Abstract - The deficiencies in the design of surface plasmon
resonance (SPR) systems that are reported in numerous
published works consistently identify the optics assembly as the
main problem in the miniaturization of SPR sensors for
integration into biosensor systems. This paper presents a novel
design of a grating coupled optical waveguide surface plasmon
(SP) excitation mechanism, investigated with the intention of
addressing the problems associated with using the traditional
prism input-output light coupling approach. Computational
multiphysics modeling and simulation of the design is carried
out. The results are presented and discussed.

Index Terms — Biophotonics, biosensors, plasmon, optical
surface waves, gratings.

I. INTRODUCTION

Most surface plasmon spectroscopy (SPS) instruments are
based upon an attenuated total reflection (ATR) prism-
coupling mechanism called the Kretschmann configuration of
[1], which is well suited for large application platforms in
laboratories. However, this mechanism suffers from
significant deficiencies in its application and suitability for
small field deployable biological analysis instrumentation. The
theory behind SPR is described in [2].

The deficiencies in a design posed for a portable SPR bio-
sensor by CSIRO researchers of [3, 4], highlighted that the
prism-coupling optic assemblies provide the greatest system
integration problems for portable handheld field deployable
SPR analytical instrumentation, particularly in the requirement
for a cumbersome dielectric index-matching coupling
mechanism.

Another inherent problem in designing field deployable
SPR instrumentation is that commercial systems are not
designed to use disposable sensing devices as they are
invariably based on a glass substrate which complicates the
integration of the sensor device and a fluid cell as explained in
[3, 4].

The aim therefore is to address the problems associated
with using the traditional prism input-output light coupling
approach. Computational multiphysics modelling and
simulation of the design is carried out.

The chosen option for investigation and modelling is an
optical waveguide device designed based on a “bi-directional”
grating coupler model, using a polycarbonate (PC) substrate,
details of which are outlined in following sections.

The paper is organized as follows. Section II describes the
development of the model. Section III presents multiphysics
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modeling and associated results. Section IV provides a
discussion of the results. Section V gives concluding remarks.

II. MODEL DEVELOPMENT

A.  Principle of Sub-wavelength Grating
It has been well documented in the literature that the
interferometry phenomena, which is associated with the
Achromatic Grating Interferometer, functions using two
grating structures to create an interference pattern [5]. In sub-
wavelength gratings (SWQ), the smallest grating period is less
than the reconstruction wavelength (4/4 <I) and can operate
in either the reflection or transmission regime, having only the
zero forward or backward orders “all other higher diffraction

orders being evanescent” [6].

In ref. [7], however, the m™ order diffraction angle 6,, of a
grating with period A and incidence angle 6, is given by:
sin 8,,, =sin§; — ™A/, . (1)
Further, because A is much less than A for a SWG period,
only the 0" (6) and 1% order (8, diffraction can occur, when
6; > 0. If the Bragg condition, which describes constructive
interference through crystal lattice light scattering, is met, 6; =

- 0, that is equal but opposite in sign and,

6; = sint Ay . 2)

B.  Principle of Bidiffractive Grating

The bidiffractive grating (BDG) is a composite grating
design that performs the functions of both input and output
coupling of light into and out of an optical waveguide, through
the superpositioning of two SWG doubly exposed holographic
sinusoid relief gratings (see Fig. 1) [8-11].

The frequency spectrum of the BDG coupler contains two
fundamental space-harmonics with the bidiffractive structure
located on top of the sensor substrate where through the
superposition of two parallel gratings G, and Gy, the space-
harmonics are made bi-directional where the bidiffractive
structure continuously decouples the two fundamental space-
harmonic frequencies into different directions at angles, o for
G, and, B for Gy, for both transmission and reflection.

A continuous decoupling along the waveguide that is
characterised by a certain leakage distance also occurs. The
differential coupling scheme is realized through G, coupling
of the TE mode incident from left, and G, coupling of the TM
mode from right. For decoupling, the assignment for the TE



and TM modes to G, and G, is the reverse of the input
coupling scheme (see Fig. 2).

The angles of incidence for both beams to meet the
required resonance conditions for coupling is given by,

sina = Npg — A/Ab and, sinff = Ny — A/Aa

For the decoupling angles ¢rz and @y, the following
conditions apply,
Sll’lgDTE = NTE - /‘{/Aa and, sin Pry = NTM - A/Ab (4)
The coupling conditions for input coupling via G, and
output coupling via G, and assuming 1% order coupling is
given by,
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Fig. 1 The bidiffractive grating mechanism [8].
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Fig. 2 Angle configuration for sensor device [9].

C. Experimental Background of BDG Sensor

The experimental setup reported in ref. [10, 12] consists of
the BDG (evanescent wave) label free sensor design where a
change in refractive index of the penetration depth of the
surface wave causes a phase velocity change of the individual

modes with the outcoupling of the relative phase monitored
through imaging the output onto a CCD detector (see Fig. 3).

The outcoupled modes are imaged onto a CCD detector by
means of a lens and sheet polarizer that generates an
interference pattern proportional to the relative phase velocity
of the two surface waves that can be evaluated using the
method of Fourier transform spectroscopy.

Because of the materials chosen, the disposable sensor
chip incorporates an integrated microcell contacted to the
(Polymer) substrate edges that contains a 1 mm x 5 mm
sample fluid flow channel of thickness 40 pum containing a
volume of 0.2 pl above the sensor surface, transported by low
pressure nitrogen at a flow rate of 30 pul min™".
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Fig. 3 Principle of operation of BDG sensor [10].

D. Principle of Holographic Grating Manufacture

A simple approach to double exposure holography is to
illuminate a surface with two differently inclined plane waves
each with the same amplitude and wavelength so that the
amplitude distribution results in the xy plane described by,

Aexp(ik,x) + Aexp(ik,x) , (6)

where k; = (2n/A)sinb, , k, = (2n/A)sinB,, and 0; and 6,
are the incident angles. [13]

The Lloyd’s Mirror arrangement (see Fig. 4) is used by
many researchers and experimenters in photolithographic
techniques to produce optical diffraction gratings [14]. One
arm of the mirror arrangement is a light sensitive photographic
emulsion (or photoresist) applied to a substrate that is intended
to support a diffraction grating following a photo etching or
development process.

Light strikes the photoresist from two independent paths,
one directly from the source and the other via the longer path
provided from the source to a mirror together with the distance
represented by the reflection from the mirror to the
photoresist. As a result the incidence and reflected beams meet
at the surface with constructive and destructive interference to
create a sinusoidal intensity pattern in the photoresist the
period of which is determined by the angle theta. This angle
theta is variable as the Lloyd’s mirror configuration is



mounted on a rotational base to alter the angle at which the
incident and reflected beams strikes the surfaces.
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Fig. 4 Principle of Lloyd mirror holography [14].

E. A Simplified Two Dimensional BDG Geometric Model

For a holographic exposure laser wavelength of A = 442
nm, we can determine the angle 2o for a given grating period
for example, if we let a; = 45° and o, = 37.5° then,

a, =H2nm/, e =312nm (7)
ay = 421N/, in375 = 363nMm ®)
These calculated values correlate well with the

experimental grating periods reported in ref. [11] namely, 314
nm and 362 nm.

For the purposes of modeling, the conceptualization of a
BDG may be considered along the lines of the description in
[15] that uses a rectangular profile to achieve an outcome
similar to that of [8]. The principle of the bidirectional coupler
of [15] is based on a grating structure divided into cells where
each cell contains a number of grating lines of constant period,
A, that is equal for all cells (see Fig. 5).
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Fig. 5 Bi-directional coupling grating model [15].
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However, when each cell is dislocated from its
neighbouring cells by a distance factor, A, this imposes a
phase modulation of the in-coupled light that makes partial
outcoupling of the guided wave possible. Assuming we use
the grating parameters of [11] namely 314 nm and 362, then A
= 48 nm. Further assuming that for modelling and simulation
purposes the light source will be a HeNe Laser with A = 632.8
nm, we assume our grating period for modelling to be A / 2
~315 nm and set A = 50 nm, to simplify the geometry
involved.

In principle therefore, a simplified and more practical
model has been developed for computer modelling and
simulation of a self contained input output coupling
mechanism to provide the light excitation required for SPR
and recovering any phase shifts resulting from changes in
refractive index at the sensor surface.

III. MULTIPHY SICS MODELING

The bi-directional grating coupled SPR sensor using In-
Plane Hybrid-Mode Waves was modelled and simulated to
determine the EM field distribution of the multilayer stack.
The modelling and simulation were carried out in COMSOL
using the RF module as described in the following.

A.  Geometry, Boundary Conditions, and Material Properties

A 10 element binary-phase (blazed) grating geometry was
modelled (see Fig. 6) in order to allow sufficient grating
length to establish input output coupling and generation of an
evanescent wave for surface plasmon excitation in the top gold
layer of the multilayer stack.

&—> 365nm
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[+3 50 nm
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. n4 n-3 n2 ~npn1 N
T 587um >
€oo———— €—————
COMSOL 126 um 1.045 um
Geometry 0.500 1.760 2.805 4.065 5.110 6.370
Coordinates

Fig. 6 The 10 element grating geometry used.

[lumination from the bottom boundary of the stack was
described as a Port boundary condition specifying the H field
as a HeNe Laser source (4 = 0.6328 pum) with in-plane
polarization (w 0.005 pum FWHM Beamwidth),
wavenumber (ko = 27/4 ) at a specified angle of incidence.

The periodic nature of the nature of the problem was
described through the combination of Floquet boundary
conditions in concert with the Port boundary condition, the
Floquet boundary condition being critical to Finite Element
Method (FEM) modelling as it indicates the main distinction
between leaky waves along periodic structures and multilayer
structures, through a single propagation factor, k,. [16].



Table I describes the applied material refractive indices
(RI) for the multilayer structure.

TABLE I
OPTICAL PROPERTIES - MULTILAYER MATERIALS
Material Layer RI(n) Source
Polycarbonate Substrate ng, 1.586 [17]
Titanium Dioxide (TiO,, Waveguide ngm 2.584 [18]
Gold (Au) @ 632.8 nm Gold ngeq 0.19715 [19]
Air AIr Negyer 1.0 NA

Some additional COMSOL and FEM modeling techniques

were required namely,
1. The concept and application of ‘Assembly versus

Composite Geometry’,
Application of ‘Identity Pairs’ at the boundaries of
assemblies to establish source and destination
boundaries for an excitation source,
3. Application of the ‘Floquet Boundary Conditions’ as
previously outlined.
Setting the port conditions for the identity pairs
outlined in 2.

2.

The model geometry (see Fig. 7) was extended to include
additional layers (Air n = 1) below the Polycarbonate substrate
to serve as the source and destination for the excitation p-
polarized laser source.
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Fig. 7 Final model geometry and boundary conditions.

The left and right external boundaries were set up with
Floquet conditions and the upper and lower external
boundaries together with the identity pair boundary were set as
perfect magnetic conductors (PMC). The internal boundaries
all remained as continuity.

B.  Simulation Results

The resulting plots (see Figs. 8 and 9) show source and
return waves from and into the air region below the substrate,
together with the scattering effect at the diffraction grating,
and the required surface plasmon excitation above the gold
region penetrating approximately 100+ nm into the air region.

The surface plot for time averaged power (Fig. 10) shows
the greatest power distribution occurring within the gold layer
and also provides evidence for the reasonable assumptions of
Goos-Héanchen shift together with forward and backward
propagation within the waveguide layer.
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Contour: Magnetic field, z component [A/m]

Fig. 8 Contour plot, magnetic field, z component (A/m).
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Fig. 9 Surface plot, scattered magnetic field, z component (A/m).
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Fig. 10 Surface plot, Power, time average (W/m?)

IV. DISCUSSION

In this paper we have described a novel design of a
grating coupled optical waveguide SP excitation mechanism
loosely based on a prior design described in ref. [8] that differs
in that unlike the prior design, it may not be limited to a dual
exposure holographic construction method of superimposition
of sinusoids to establish the grating profile.



The results of the finite element modelling presented
suggests that superimposed SWG grating profiles other than
sinusoidal ones also exhibit input-output coupling of light
which opens up the possibility of considering alternative
construction methods for better reproducibility and enhanced
energy transfer performance and signal to noise ratio.

V. CONCLUSIONS

The results of the FEM modeling and simulation
performed confirmed the credibility of the design concepts
such that further research and development is warranted,
particularly with respect to extending the FEM modelling to
analyse the signal decoupling characteristics and the effect of
refractive index variations in the top (analyte) layer.

Never-the-less, we view a future physical representation of
this device configuration as potentially offering significant
improvements in the practicality of future generations of SPR
field deployable bio-sensing instruments for a variety of
applications including remote point-of-delivery medical
diagnostics.

APPENDIX

A.  Multilayer Stack Dimensions

Table II presents the dimensions used to create the
multilayer stack and grating geometry in COMSOL. Extra x
represents the x-axis spacing’s for the grating, whilst Extra y
indicates the thickness of each of the layers, with y = 0.15 and
y = 0.16 representing the grating height of 10 nm.

TABLE I
2D MULTILAYER STACK AND GRATING GEOMETRY DIMENSIONS
Axis (um) Grid
xmin  0.25 | xspacing 0.25
X max 7.5 Extra x 0.815, 1.13, 1.445, 1.81, 2.125, 2.44,
2.755,2.805,3.07, 3.12, 3.435, 3.75,
4.065,4.43,4.745, 5.06, 5.375, 5.425,
5.74, 6.055, 6.37, 6.87
ymin  -0.02 | yspacing 0.02
y max 0.4 Extray -0.3,-0.15, 0.15, 0.16, 0.30, 0.35, 0.5

From Table II, layer thicknesses from bottom to top are:
e Air 150 nm

Air 150 nm

PC 150 - 160 nm (includes grating profile)

TiO, 140 — 150 nm (includes grating profile)

Au 50 nm

Air 150 nm

B.  Boundary Condition Formulae and Port Settings
1. Floquet: Epsy = Esgcexp(—jk - (*psr — T'sgc))
2. PMC: nxH=0
3. Continuity: (n x (H, — HZ))Z =0;(nx

(E,—E 2)) - 0
The two PMC internal boundaries (Air-PC) are configured
as an “Identity Pair” to establish the Port required for the wave
excitation source with port power level P;, = 1W, port phase
Up = 0. The port mode specification is set to Analytic,
Transverse Magnetic (TM), Mode Number =I.
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