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Abstract: An ultra-thin three-dimensional nanostructured
biosensor device based on the Plasmonic principle is custom
designed and analyzed for the Plasmonic properties. Here the
FDTD (Finite Difference Time Domain) method is adopted as
mathematical model using MEEP (MIT Electromagnetic
Equation Propagation) open-source simulation tool. The four
models are investigated and analyzed in the following order for
respective Plasmonic properties of fraction of total power with
respect to the wavelength for mode-I MIMM layers
(Metal-Insulator-Metal-Metal) with no nanostructure (Al-
Al,O3-Cr-Au), model-II MIMM layerswith no nanostructure (Al-
Al,O3-Cr-Au) and Biotin layer, mode-111 MIMM layers (Al-
Al,O5-Cr-Au) with 11 x 11 Nano well structures and model-1V
MIMM layers with Nano well structures and Biotin layer (Al-
Al,O5-Cr-Au-Biotin). Herethe structural and functional behavior
of model | VsModel 11 VsModd 111 vsModd 1V issimulated and
the fraction of power is measured across the biosensor stack layer
of MIMM for the wave length range quantified. In model |1 there
is an approximate 5% power loss at all layers when compared to
model | dueto addition of theBiotin layer. In model 1V thereisan
approximate 50 % power loss when compared to model 111 at Au
layer, 60% power losswhen compared to model |11 at Al layer and
67% of power loss at Cr + Al,O; due to Biotin layer. These
guantifications can be used to understand the model and the
behavior of the biosensor under various conditionswell before the
fabrication, thereby reducing the cost and to comprehend the
behavior of each material in terms of power dissipation so
different material can be experimented.

Index Terms: Biosensors, Nanotechnology, Plasmonic, MEEP

[. INTRODUCTION

Thelatest trendsin the field of nanotechnology are applied in
the field of medicine specifically in the immunodiagnostics
[1],[2]. Theimmunodiagnosticsis supported by varioustypes
of nanoscale biosensor devices which are currently in the
market and also by the new frontiers laid down in the area of
biosensor devicesthat are researched upon constantly [3],[4].
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The carried-out research work is focused on the two areas,
label free and labelled biosensors. The latter is used
extensively but the processes of diagnostics requires very
expensive apparatus
which are not portable, cost of maintenance is very high and
laborious because of the need of time bound reagents and
chemical compounds stored under specific storage conditions
to conduct the diagnosticstest [5], [6]. On the other hand, the
label free nanoscale biosensor devices based on Plasmonic
principle ensures that it would result into portability and cost
of maintenance is less expensive and uses minimal reagents
and chemical compound [6]. These nanoscale biosensor
devices can be reused by performing the standard prescribed
clean procedure. The Plasmonic biosensors devices are highly
preferred  and adopted to different  kinds  of
immunodiagnostics like breast cancer detection, liver cancer
detection, etc....for their flexibility, agility and robustness
which makes them to acquire grounds on the new arena of
medical diagnostics research [7]-[9]. The design and
development of nanoscale Plasmonic biosensor has many
challenges, two of the key challenges are complex structural
and functional design for better optimization [10]-[13]. Since
the design, development and fabrication of these Plasmonic
Sensors require very expensive software for designing and
fabrication in sophisticated fabrication labs [14]. It would be
good to find alternative low-cost method/approach to keep the
research and development cost to minimal, so that the end
design of biosensor would be having low cost and would be
affordable. To achieve the low cost of development, the open
source simulation tool MEEP (MIT Equation Propagation) is
used to design and test variety of biosensor designs for
structural and functional measurement before going for actual
fabrication of the device [15].

[I. METHODOLOGY

The following section describes the complete methodology
under taken, the design of three-dimensiona nanoscale
biosensor device using simulation tool MEEP (MIT
Electromagnetic Equation Propagation, Open Source
development tool) [16]-[17]. Using this tool, different
Plasmonic based stack layers of different materials of metals,
insulators and meta-materials
can be designed to target the
various  immunodiagnostic
applications [18]-[22].
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Here the four different Plasmonic models Model-1, Model-I1,
Model-111 and Model-1V of nanoscale Plasmonic biosensors
are discussed in detail, the model-I has
Metal-Insulator-Metal-Metal design (MIMM) layer structure
with  no nanowellgnanoholes. The modd-Il  has
Metal-Insulator-Metal-Metal design (MIMM) layer structure
with no nanowells and Biotin layer on top. The model-111 has
Metal-Insulator-Metal-Metal design (MIMM) layer structure
with 11x11 nanowells. The  model-IV has
Metal-Insulator-Metal-Metal design (MIMM) layer structure
with 11 x 11 nanowells with Biotin layer. Thesemodelsl, I1,
[l and IV are investigated for fraction of the power vs
wavelength. The detailed design of model-1, model-II,
model-111 and model-1V are described in the following
section,

A.Model —I: Structure design specification

ItisaMIMM structure as shown in figure 1(a) with materials
Aluminum, Aluminum oxide, Chromium and Gold layer with
the dimension of 25 nm, 100 nm, 5 nm and 25 nm respectively
and with the total height of size 155nm. The figure 1(b)
describes the top view with length and breadth of 8.44um and
8.44um respectively.

M- Au-25nm

M -Cr - 5nm

8.44um|
1 - Al203 - 100nm

M-Al-250m 844 um

@ (b)
Fig. 1. Model | Biosensor block design (a) Side view (b)
Top view without nanowells structure

B.Mode —II: Structure design specification

It isa MIMM Biotin structure as shown in figure 2(a) with
materials Aluminum, Aluminum oxide, Chromium and Gold
layer with the dimension of 25 nm, 100nm, 5nm, 25 nm and
50nm of Biotin respectively and with the total height of size
205nm. Thefigure 2(b) describesthe top view with length and
breadth of 8.44um and 8.44um respectively.

Biotin 50nm
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Fig. 2. Model |l Biosensor block design (a) Side view (b)
Top view without nanowells structure and Biotin layer

C.Model —I11: Structure design specification

Structure design specification, it is a MIMM structure as
shown in figure 3 (@) with materials Aluminum, Aluminum
oxide, Chromium and Gold layer with the dimension of 25
nm, 100nm, 5nm and 25 nm respectively and with the total
height of size 205nm. It has 11 X 11 nanowells structure with
thedimension radiusr=155nm, intercell distance |CD=340nm
and well depth of 30nm. The figure 3(b) describes the top
view with length and breadth of 8.44um and 8.44um
respectively.
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Fig.3. Model 111 Biosensor block design (a) Side view (b)

Top view with nanowells structure

D. Model —IV: Structure design specification

Structure design specification, it is a MIMM structure as
shown in figure 4(a) with materials Aluminum, Aluminum
oxide, Chromium and Gold layer with the dimension of 25
nm, 100nm, 5nm and 25 nm respectively and with the total
height of size 155nm. It has 11 X 11 nanowells structure with
the radius of r=155nm, intercell distance ICD=340nm and
well depth of 30nm. The Biotin layer of approximately 50nm
is coated with the refractive index, epsilon of 2.63. The figure
4(b) describesthe top view with length and breadth of 8.44um
and 8.44um respectively.
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Fig.4. Model IV Biosensor block design (a) Side view with
Biotin layer (b) Top view with nanowells structure and
Biotin layer

E. Functional behavior

The functional behavior of the model |, model 11, model 111
and model IV are simulated and analyzed for the fraction of
total power with respect to the wavelength quantified. The
source functional parameters include frequency as
Gaussian-source, frequency width of 1.25 x 10, source
frequency center of 1.875 x 10" and source component of Ez.
The perfectly matched layer (PML) isadded for absorbing the
boundary conditions with 800nm width. The flux panels are
setup to measure and quantify fraction of total power using the
FDTD mathematical model.

Biotin 50nm

M - Au -25nm

M - Cr - 5nm

I-Al203 - 100nm

M - Al - 25nm

. MATHEMATICAL MODEL

There are various mathematical models like Discrete dipole
approximation (DDA), FDTD, beam propagation method,
etc. that are currently used to understand the behavior of
electromagnetics wave propagation and interaction with the
materials. Here the MEEP software uses the FDTD model as
the core mathematical model of simulation to understand the
Model I, II, 11l and IV for Plasmonic behavior. The finite
differential time domain methodology discretizes the
time-dependent Maxwell’s equations [26], [27]. The
electrical field vector and the magnetic field vector
components are solved for a given discretize time and space
where the partial derivatives are replaced by finite difference
approximations using equation (1), (2) and (3).
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V. SIMULATION RESULTSAND DISCUSSION

The structural and functional simulation are performed using
the MEEP simulation tool for the model-I, I, [1l and IV. The
M EEP outputs stores the structural and functional simulation
results as part of scientific file format h5 filesystem. The
Mayavi 3D visualization tool is used to visudize the
simulated results stored in vtk file format, by the conversion
of h5 to vtk using the open source h-5util packages [23]-[25].
The figure 5(a) shows the top view simulation of Model I,
biosensor block and figure 5(b) show the side view of the
same (Al-Al,Os-Cr-Au). The 6(a) shows the top view
simulation of Model I1, with Biotin layer on top and figure
6(b) show the side view of the same (Al-
Al,Os-Cr-Au-Biotin). The figure 7(a) shows the top view
simulation of Model 111, biosensor MIMM structure block
with 11 x 11 nano wells and 7(b) show the side view of the
same. Thefigure 8(a) showsthetop view simulation of Model
IV, with the additional Biotin layer on top (Al-
Al,O3-Cr-Au-Biotin) and figure 8(b) show the side view of
the same.

@ (b)
Fig. 5. Mode | Biosensor MIMM structure block
simulation (a) top view (b) side view

@ (b)
Fig. 6. Model 11 Biosensor MIMM structure block with
Biotin layer simulation (a) top view (b) side view

T
(@) (b)
Fig. 7.Model 111 Biosensor MIMM structure block with
Nano wellssimulation (@) top view (b) side view

(@) (b)
Fig. 8. Model 1V Biosensor MIMM structure block with

nanowellsand Biotin layer smulation (a) top view (b) side

view
The figure 9 shows the biosensor MIMM Model |, functional
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behavior. The Al and Au showsthe positive fraction of power
up to 0.0000015 in the range of the 1.2 to 1.8 um wavelength,
but Cr and Al,O3 shows the negative shift in power up to
0.0000025 inthe samerange of 1.2 to 1.8 umwavelength. The
figure 10 shows the biosensor MIMM-Biotin Model I,
functional behavior. The Al and Au shows the positive
fraction of power up to 0.000004 in the range of the 1.2t0 1.8
um wavelength, but Cr and Al,O5 shows the negative shift in
power up to 0.000005 in the same range of 1.2 to 1.8 um
wavelength. The figure 11 shows the biosensor MIMM
Model 111, block functional behavior. The Al and Au shows
the positive fraction of power up to 0.000003 in the range of
the 1.2 to 1.6 um wavelength, but Cr and Al,O5; shows the
negative shift in power up to 0.000003 in the same range of
1.2 to 1.6 um wavelength. Similarly, the figure 12 shows the
biosensor MIMM Model 1V, block functiona behavior with
Biotin layer, the Al and Au shows the positive fraction of
power up to 0.000004 in the range of the 1.2 to 1.6 um
wavelength, but Cr and Al,O3 shows the negative shift in
power up to 0.000005 in the same range of 1.2 to 1.6 um.

Fig. 9: Model -1, Fraction of total power Vs
wavelength without nano wells

Fig. 10: Model — 11, Fraction of total power Vs
wavelength without nano wells and with Biotin layer

~ ‘ —
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Fig. 11: Modd - 111, Fraction of total power Vs
wavelength with 11 x 11 nanowells
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Fig. 12: Model — 1V Fraction of total power Vs
wavelength with 11 x 11 nanowells and Biotin layer

Thetable 1 gives the fraction of total power at each layer. In
model |1 there is an approximate 5% power loss at all layers
when compared to Model | due the addition of Biotin layer.
Similarly, table 2 shows fraction of power loss between the
model |11 and model 1V. Thereisan approximate ~50% power
losswhen compared to Model |11 at Au layer, 60% power loss
when compared to Model 111 at Al layer and fraction power
loss of 67% differenceat Cr + Al,O5; due the addition of Biotin
layer. Losses can be attributed to surface plasmon polaritons
(SPP).

Table—1 Model | and Model 11 fraction of total power
per centage comparison

Percentage power
loss because of
Layer Model | Model Il Biotin layer in model
Il at each layer
Au 5.00E-08 | 1.00E-06 ~5%
Al 2.00E-07 | 4.00E-06 ~5%
Cr+ o
AlLO; -1.50E-07 | -3.00E-06 5%

Table—2Mode 111 and Model 1V fraction of total
power per centage comparison

Percentage power loss
because of Biotin
Layer | Mode Il | Modd IV layer inmodel IV at
each layer

Au 5.00E-07 | 1.00E-06 ~50%

Al 3.00E-06 | 5.00E-06 ~60%

Cr+ &0
AlLO; -2.00E-06 | -3.00E-06 67%

V. CONCLUSION

The Nanoscale biosensor design and development is a very
complex approach and also expensive, by using the
opensource free MEEP tool for design and modelling the
biosensor device would help in drastic cut down of the
development cost. Here the structural and functional behavior
of model | VsModel Il VsModel Il vsModd 1V issimulated
and the fraction of power is measured across the biosensor
stack layer of MIMM for the wave length range quantified. In
model |1 there is an approximate 5% power loss at all layers
when compared to model | dueto addition of the Biotin layer.
In model IV there is an approximate 50 % power loss when
compared to model 11l at Au layer, 60% power loss when
compared to model 111 at Al layer and 67% of power lossat Cr
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+ Al,O3 dueto Biotin layer. These quantifications can be used
to understand the model and understand the behavior of the
biosensor under various conditions well before the
fabrication. By quantifying the power loss at individual layer,
we can easily understand the behavior of each material in
terms of power dissipation, there by different material can be
experimented to understand and choose optimal material type.
This can be extended to understand the impact of various
nanoscale patterns like pyramids, hexagona nanoholes or
nanopillars etc. and their associated power loss for better
design of the biosensor device. The novelty in this paper is
that the same methodology can be applied to investigate the
broad class of other Plasmonic devices with different
materials stack, structure and design with different Nano
structures to address not just the need of class of
immuno-diagnostics applications but also class of Plasmonic
nanoscal e devices that are used in the nonmedical areas like
computing devices power requirement.
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