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Abstract: We present a Finite Element Method 
simulation procedure that allows rapid 
development of prototype devices comprising 
novel self-referenced interference SPR (surface 
plasmon resonance) biosensing microstructures.  
The procedure takes advantage of commercial 
Comsol Multiphysics and Matlab software and 
their bi-directional link. 
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1. Introduction 
 

Numerous papers presenting results of 
research on surface plasmon resonance (SPR) 
effect for biosensing use commercial apparatus 
[1, 2].  The focus of our research is to provide a 
new scheme of biosensing with increased 
sensitivity and specificity, or to offer other 
advantages, such as a possibility of integration.  
To allow this latitude of research, exploration of 
flexible biosensing geometry must be possible.  
Computer simulation offers this kind of latitude, 
albeit also presenting some difficulties of its own 
[3].   

Many approaches have already been applied 
to model physical effects and carry out computer 
simulations in plasmonics and photonics.  
Green's tensor approach [4-6], scattering-matrix 
formalism [7-9] and FEM simulations [10-12] 
are common methods employed.  Green's tensor 
and scattering matrix methods are restricted to 
specific modeling scheme (regular "analytic" 
background and layered architecture respectively 
[8, 13-15]) whereas Finite Element Method 
(FEM) does not present such restrictions.  The 
FEM approach is arguably the most user-friendly 
computing interface. With commercially 
available FEM software, designing new models, 
simulation and visualization of the results has 
become an increasingly common path of 
advanced research.  Generally, the FEM 
approach is less convenient in terms of 
computational power required and the raw form 
of results or, sometimes, accuracy, but it presents 

flexibility attractive for undertaking new 
research. 
 
1.1 SPR biosensing 

 
Diverse fundamental methods were and are 

currently under investigation to create biosensing 
devices.  Surface acoustic waves, micro-
cantilevers, surface plasmon resonance and 
optical mode probing are only common example 
avenues of development [16-21].  Commercial 
SPR systems have been available for more than 
15 years [22] and methods have been developed 
to make measurement of the same fundamental 
phenomenon more sensitive over the years [23-
25].  Combining SPR with phase interference 
measurement yet still preserving integrability 
and ease-of-measurement is our goal in the 
development of a biosensing device. 

 
2. "Rapid-prototyping" methodology for 
simulation 

 
The availability of commercial software to 

produce FEM simulations has tremendously 
accelerated the problem-solving process; the 
solving engine is already built and verified, the 
user interface (UI) provides CAD tools to design 
with, and the software generally comes with 
examples, tutorials and documentation to help 
users transfer their problem to the simulation 
environment.  Our research makes use of Comsol 
Multiphysics software and its close integration 
with Matlab.  The close integration of a high-
level programming environment with the 
strengths and ease-of-use of a mature UI was 
invaluable to our research, as flexibility of 
design (use of templates) and advanced 
parameterization were significant to efficiently 
achieve these results. 

 
2.1 Modularity 

 
Rapid development of simulation models has 

been achieved with a programming paradigm, 
i.e., modularity [26].  When designing complex 
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systems, separating the different composing 
elements into smaller and simpler building 
blocks presents many advantages [27]; those that 
concern our applications are adaptability and 
reusability.  Segmenting the model creation into 
its building block elements concedes a 
considerable flexibility of the final models and 
reduces considerably models’ construction time.  
It must be noted though that the advantage of 
modularity emerges when multiple models are to 
be built or a single model is to be repeatedly and 
heavily modified; additionally, only the elements 
that would be reused or adapted can be made 
modular, thus allowing the required flexibility 
without the overhead of a complete 
transformation. 
 
3. Case Study - Self-referenced Biosensor 

 
Surface plasmon modes are a specific 

solution to Maxwell's equations, viable in the 
context of a metal-dielectric interface.  As such, 
they present the same characteristics as optical 
modes, such as reflections, interferences, 
scattering and so on [28-31].  Using these 
properties, the proposed biosensor acts as a self-
referenced interferometer. The optical path 
length difference is measured with two coherent 
surface plasmons, by observing the resultant 
constructive or destructive interference. 

 
3.1 Model 
 

A coherent light source is directed at the 
biosensor at normal incidence and is coupled to 
surface plasmons through the first diffraction 
order of the "bounding gratings".  Each grating 
will emit surface plasmon modes propagating in 
opposite directions. Of these two modes, one 
will go through the sensing surface (delimited by 
the area between the two bounding gratings) and 
through the second grating, thus interfering with 
its "neighbor plasmon".  A change of refractive 
index within the sensing area will induce a 
change of optical path length of one surface 
plasmon, thus modulating the output signal.  
Figure 1 shows both the conceptual 
representation of the biosensor and the 
simulation schematic.  The modulation response 
can be measured with conventional means using 
scanning near-optical microscopy (SNOM), by 
scattering or diffracting plasmons on surface 

corrugation or even volume scatterers, or by 
using leakage radiation microscopy (LRM) [32]. 

The simulation is made using Comsol RF 
Module, 2D harmonic propagation transverse 
magnetic (TM) in-plane wave application mode.  
The FEM model displays a symmetry axis 
delimiting the center of the sensing area, 
modeled as a perfect electric conductor (PEC) 
boundary condition. 

 

 
 
Figure 1 - Proposed biosensor architecture.  The 
upper schematic illustrates the conceptual process of 
self-referenced interference of surface plasmons.  The 
lower schematic illustrates the simulations details. 
 

A semi-infinite metal-dielectric interface is 
modeled with incident light coming from the top.  
The grating periodicity matches the surface 
plasmon wave-vector for incident energy and 
angle (0 degree in our case).  Refractive indices 
are taken from experimental data in literature 
[33, 34].  The perfectly matched layer (PML) 
regions absorb scattered light and residual 
surface plasmons.  Intensity measurements are 
made with a boundary integration of the norm of 
the Poynting vector, thus obtaining a measure of 
power flowing through that boundary.  
Perturbation emulation is made with a zone of 
higher refractive index within the sensing area.  
To minimize reflections, this perturbation is 
done by gradually increasing the refractive index 
instead of having a step function. 

 
3.2 Results 
 

As predicted, we observe a sensible 
modulation of the propagating plasmon intensity 
outside the cavity area, which is a function of the 
refractive index within the sensing area.  Figure 
2 shows the general shape of the norm of the TM 
field against the change of refractive index.  
Clearly observable is the exponential decay 



function of the distance and the modulation in 
amplitude function of the refractive index. 

 

 
 
Figure 2 - Shape of the norm of the magnetic field 
outside the sensing area and bounding gratings, plotted 
against the effective refractive index within the cavity. 
 

Figure 3 shows the evolution of power flow 
against the change of refractive index; on the 
same graph, intensity is normalized following 
equation [1], in order to emphasize quality of 
interference. 
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Two characteristic cases were selected to 

illustrate the cyclic modulation of amplitude of 
the output mode; this is a direct consequence of 
the optical path length of the sensing plasmon 
increasing to more than a full surface plasmon 
wavelength compared to the reference plasmons, 
thus going back and forth between constructive 
and destructive interference mode. 

 

 
 
Figure 3 - Modulation of sensor power output from 
perturbation of the sensing area.  Blue and red curve 
show respectively the modulation based on 

constructive and destructive unperturbed state.  Circle 
and stars represents respectively the absolute and 
normalized scales. 
 

The general behavior and concept is 
demonstrated clearly with the results 
summarized in Figure 3. The next step was to 
investigate the influence of structural parameters 
on the modulation output.  The two investigated 
parameters are the cavity half-length (the 
distance from the symmetry axis to the grating) 
and the length of the grating.  Both lengths are 
normalized to the surface plasmon wavelength 
(the normalized grating length is equivalent to 
the number of periods). 

Each simulation scanned the same range of 
refractive indices (as illustrated in figure 3) and 
the maximum amplitude shift was extracted from 
each of these sweep (largest modulation), as well 
as maximum quality factor of interference (see 
eq.[1]).  Figures 4 and 5 (next page) show the 
evolution of modulation amplitude as a function 
of the normalized cavity length and normalized 
grating length, respectively. 

 

 
 
Figure 4 - Influence of cavity length on quality factor 
of interference and maximum intensity of interference 
(blue and red curve respectively). 
 

The influence of the cavity length on the 
output signal is undeniable.  The foremost 
observable strong relation is linked to the initial 
state of the sensor (constructive or destructive 
interference when the sensor is unperturbed).  
When the cavity length (twice the cavity half-
length) is an integer, the initial state is 
constructive; surface plasmons emitted from the 
gratings are completely in phase. However, when 
the cavity length is a half-integer (e.g. 9.5, 10.5, 
etc), the initial state is destructive, as surface 
plasmons emitted from the gratings are phase 



mismatched by half-wavelength.  This behavior 
is still under investigation. 
 

 
 
Figure 5 - Influence of grating length on quality factor 
of interference and maximum intensity of interference 
(blue and red curve respectively). 

 
When grating length increases, we observe a 

strong enhancement of the output signal strength, 
as predicted by coupling theory.  Observed 
values of the quality factor are close to unity, but 
variations are too small to make conclusions on 
them for this specific graph (see discussion). 
 
3.3 Discussion 

 
As demonstrated in Fig. 3, the biosensor 

power output shows a strong modulation induced 
by relatively small changes of the refractive 
index.  A final sensitivity evaluation is difficult 
to produce, as it would be much dependent on 
the measurement method; further investigation 
are planned to implement the measurement 
process to the simulations.  Although absolute 
value cannot be assessed, qualitative evaluation 
of the system is still possible. 

We first observe a definite trend of reduction 
of modulation as the effective refractive index 
increases (more obvious on a larger sweep that is 
not presented here).  This trend is caused by 
perturbation of the plasmon mode.  A higher 
refractive index within the sensing area will 
cause more scattering of the plasmon going 
through it.  The perturbation was defined in such 
a way as to minimize reflections and scattering, 
but residual scattering is inevitable, reducing the 
intensity of the transmitted plasmon.  
Consequence of this irregular refractive index, 
the effective optical mode will localize within 
the perturbation and thus be more absorbed than 
in the unperturbed case, therefore also reducing 

the transmitted plasmon intensity.  With this 
plasmon lower intensity compared to that of the 
reference plasmon, a partial interference occurs, 
thus the smaller modulation amplitude. 

This phenomenon will reduce the quality of 
interference as the refractive index increases.  
Measurements made with smaller refractive 
indices, thus closer to the unperturbed state, will 
benefit from greater modulations, therefore 
achieving better output. 

Notice that other factors can enhance or 
reduce the modulation intensity.  We observe a 
definite relation between size of the sensing area 
and length of the gratings against propagation 
length of the plasmons.  As the surface plasmon 
exponentially decays, longer propagation lengths 
between the sensing and reference plasmon will 
increase their difference in amplitude, thus 
reducing the interference amplitude.  Figures 4 
and 5 do not show this effect as propagation 
length of surface plasmons at 1.165 eV (free 
space wavelength of 1064 nm) is well over the 
lengths investigated here.  Thus, for biosensing 
purpose, lower energies should be employed 
(such as near infrared for a gold-based interface). 

It is suspected that coupling efficiency of the 
gratings versus the coupling direction (normal 
incidence to surface mode versus the opposite) is 
also a factor in the modulation amplitude, since 
the sensing plasmon has to traverse a complete 
grating; diffraction on the grating would reduce 
intensity of the transmitted mode (0th order), 
thus reducing modulation amplitude.  Producing 
a grating shape that optimizes the efficiency of 
coupling to surface plasmon versus coupling 
from surface plasmon would definitely increase 
this sensor sensitivity, more so if longer gratings 
were used for intensity purpose. 

 
4. Conclusions 

 
We presented within this article a new 

approach to FEM modeling, leading to an 
increased productivity in simulation design by 
using modular concepts from programming 
techniques.  This method allows greater 
flexibility and rapidity in simulation creation and 
exploration, thus making FEM modeling a useful 
tool for exploratory research prior to 
experimentation.  Using this method, a model of 
biosensor was created and investigated 
theoretically.  This model presents a novel 
approach to produce self-referenced phase 



measurement of surface plasmon resonance.  To 
be efficient, such a sensor should be employed in 
the infrared region for a gold substrate, with 
optimization of grating lengths to sustain 
maximum modulation amplitude.  More research 
is required to produce quantitative results by 
integrating the "measurement process" to the 
simulation. 
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