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ABSTRACT

Plasmonic waveguides-based sensors have many advantages in developing the compact on-chip surface plasmon resonance sensing
systems. In this paper, a plasmonic refractive index sensor based on two waveguide-coupled cavities structure is proposed and
demonstrated. The cavities are symmetrically located on two sides of the waveguide and could act as containers for the material
under sensing. The finite difference time domain method is employed to study its sensing characteristics.The simulated results show
that the resonant wavelengths of the sensor have a linear relationship with the refractive index of materials under sensing. Based on
the relationship, the refractive index of the material can be obtained by detecting the resonant wavelength. Compared with the sensor
with a single cavity, the sensor with two cavities has a similar response while has a larger transmission intensity due to the coupling

effect between the cavities.
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l. INTRODUCTION

Since the first surface plasmon resonance(SPR) integrated
optical sensors described in late 1980s[1], various integrated
optical SPR sensors using slab waveguide, channel waveguide
and even more complex waveguide structure have been
demonstrated[2-6], but for most of conventional waveguides
based sensors the diffraction limit of light poses a significant
challenge to the miniaturization and ultra-density integration of
optical circuits [7]. Plasmonic waveguides, based on surface
plasmons polaritons (SPPs) propagating at the metal-dielectric
interfaces, have been considered as one of promising candidates
to overcome the classical diffraction limit for their ability to
guide and manipulate light at deep subwavelength scales[7, 8].
A number of plasmonic waveguide structures have been
proposed during the past decade[9]. Among those, waveguides
consisted of an insulator sandwiched between two metals,
serving as metal-dielectric-metal
(MIM)
propagating surface plasmon modes that are strongly confined

(MDM) waveguides or

metal-insulator-metal waveguides, can support

in the insulator region with an acceptable propagation length[10,

11]. Their fabrication involves simple and cost-effective
processes that are compatible with standard CMOS process for
interchip interconnects.Therefore, MIM waveguides are
promising for the design of nanoscale devices with a relatively
easy fabrication according to the current state of the art.
Compared with other type of sensors, plasmonic MIM
waveguides integrated sensor has an inherent advantage to
achieve high integration[8, 12].

Recently several plasmonic sensors have been investigated. Lu
et al. [13] designed a nanosensor based on Fano resonance in
the double nanoresonators system. Wu [14] and Chen[15]
presented the experimental demonstration for a refractive index
sensor based on the interference of two SPPs waves in the slit
metallic structure. In this letter, a simple and compact
plasmonic sensor based on symmetric metal-insulator-metal
waveguide-coupled cavities structure is proposed. The physical
mechanism of the device is deduced. The finite difference time
domain (FDTD) method with a perfectly matched layer (PML)
absorbing boundarycondition is employed to simulate and study
its properties.
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1. DEVICE STRUCTURE
THEORETICAL ANALYSIS

AND

Fig. 1 shows the two-dimensional schematic map of the
proposed sensor structure. It is consisted of a sub-wavelength
MIM waveguide side-coupled to two cavities, which are filled
with the material under sensing (MUS). The cavities are placed
symmetrically on two sides of the waveguide while the
waveguide is divided into two segments acting as input port
and output port separated by a metal barrier, where w and w’
stand for the width of the waveguide and cavities, L and Ly, are
the lengths of the cavities and the barrier, respectively. Wga,
denotes the gap distance between the waveguide and the MUS
cavities. The metal here is assumed to be silver, whose
frequency-dependent permittivity  is
characterized by the Drude model[16], and the dielectric in the

complex relative

waveguide is assumed to be SiO, with a refractive index n=1.47.

The MUS cavities can be filled up with gaseous or liquid MUS
with different methods. Simply gaseous MUS will be diffused
into the cavities based on gas diffusion force in vacuum
circumstance. Liquid MUS can be filled up into the cavities
using nano-filling technique based on capillarity attraction[17].
First, part of the inner surface of the cavities are wetted by the
liquid MUS. Secondly, the liquid penetrates into the cavities by
the capillarity pumping effect, which makes the cavities full of
the liquid MUS.

Fig. 1. a basic two-dimensional schematic map of the plasmonic

refractive index sensor structure

The width of the waveguide is much smaller than the
wavelengths of incident waves so that only the fundamental
SPPs mode can be supported[11]. When a transverse
magnetic(TM) mode is excited in the input port, part of the
waves will be reflected at the front surface of metal barrier
while the other part of the waves could be coupled into the
upper and nether cavities due to the small width of the gap. The
forward and backward waves in the cavities are almost
completely reflected in the silver-air interfaces at both ends

until a standing waves is formed and then would be coupled
forward into output port. Therefore, the structure operates like a
Fabry—Perot resonance cavity. The resonance condition for a
structure with a single cavity has been given by Mei[18]:

2n, L
m-y, Iz

A =

m

(m=123--),

M)

where L is the length of the cavity, Yeis the phase shift of the
beam reflected at one end of the cavity, ne is the real part of the
effective index in the MUS cavity, whose vulue can be obtained
by solving the dispersion relation of the fundamental TM mode
in an MIM waveguide[16]:

tanh(—'k—ﬂw') __ K ,
2 EvuskKa
(2)

with k,, and K,, defined by momentum conservations:

k221 = 3musk02 _,32
k222 = €mk§ - ﬂz
(3
here [ = S, +if, is the complex propagation constant,

Epus= nMUSZand &, are the dielectric constants of the MUS

and metal respectively. K,=27 /A is the wave number of

light in vacuum, w’ is the width of the MUS cavity. The real
part of the effective index in the MUS cavity ng is given by

Ng = s /K, [19]. The relationship between nes and nyys is

calculated and shown in Fig.2. It can be seen that the neg is
linear to the nyys at all wavelengths. Based on the relationship
the sensor can be operated as followed: Firstly the MUS
cavities are filled up with different materials whose refractive
indices are known and the resonant wavelength of the
transmission spectrum is detected respectively, the calibration
curve of the sensor can be obtained as the resonant wavelength
versus the refractive index. And then an unknown MUS is put
into the cavities and the transmission spectrum is detected, one
can get its refractive index by using the calibration curve. Thus
a plasmonic sensor device will be achieved.
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The real part of the effective index ne versus the refractive
index n of the insulator in an MIM waveguide structure
(w’=50nm) for different incident wavelengths A = 800, 1000,
1310, and 1550nm.

1. SIMULATION
DISCUSSION

RESULTS AND

In order to investigate the characteristics of the plasmonic
sensor, the FDTD method is employed to calculate the
transmission spectra of the proposed structure. In the following
FDTD simulations, the grid sizes in both the x and the z
directions are chosen to be 2.5 nm. PML absorbing boundary
condition is used at all boundaries of the simulation domain.
Power monitors are set at the positions of P and Q to detect the
incident power of P;, and the transmitted power of Py The
transmittance is defined to be T=P,/P;,. During the simulation,
the width of the waveguide w and the lengths of the the barrier
Lyar is fixed to be 50 nm and 100nm respectively while other
parameters are changeable.

At first, we can assume that the two MUS cavities are filled
with air, whose refractive index is equal to 1. For the structure
with the parameters of L=300 nm, h=150 nm, w’=50 nm, and
Wgap=20 nm, the transmission spectrum of the structure is
shown in Fig. 3. It can be seen that there is a resonant
wavelength at 970.3nm with a maximum transmission about
71.4%.
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Fig. 3. Transmission spectra of the symmetrical side-coupled
cavities sensor structure with L=300 nm, L, =100nm, h=150 nm,

w’=50 nm, and W,,=20 nm

Now the cavities would be in turn filled with different materials
whose refractive indices have been known to us. Fig. 4(a)
shows the simulated results of transmission spectra of the
sensor structure for different refractive indices while the
geometric parameters of sensor are kept as the same as those in
the Fig. 3. The resonant wavelengths show a redshif as the
refractive index n is increased. When the refractive index is
increased from 1 to 1.60, the resonant wavelength shifts from
970.3nm to 1573.5nm. Fig. 4(b) displays the linear relationship
between the resonant wavelengths and the refractive index. It
can be seen that the shift of resonant wavelengths as the
function of the refractive index is equal to 1005.3 nm per
refractive index unit(RIU), which is moderate as compared with
other SPR on-chip platforms[20].

1600+ i

1500 -

1400 .

1300 E

12004 -

Resonant wavelength(nm)

1100 g

1000+ 4

W77 T 17—

Reflective Index of MUS

Fig. 4 (a) Simulated reflection spectra of the sensor in different refractive indices ny,ys with the slit L =300 nm and w’=50 nm; (b) the

resonant wavelength of the transmission spectrum shown in (a) versus the refractive index n of the MUS.
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When the MUS cavities are filled with a unknown material, if
the resonant wavelength of the sensor is measured to be
1250nm, from the Fig. 4(b), the refractive index nyys is
obtained to be 1.222.

In order to make a comparison, the transmission spectrum of
the plasmonic sensor with a single cavity is also calculated. Fig.
5 shows the simulated results of transmission spectra of the
sensor with a single cavity for different refractive indices. The
geometric parameters of sensor are kept as the same as those in
the Fig. 3 and Fig.4. The plasmonic sensor with a single cavity
has a similar transmission spectrum with that of the sensor with
two cavities, but at each resonant wavelength it has a smaller
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Fig. 5 curve as the sensor with single cavity while has a larger

Simulated reflection spectra of the sensor with a single cavity
in different refractive indices nyys, Inset: schematic map of the
plasmonic refractive index sensor with a single cavity

Fig. 6 show the comparison of the transmission spectrum
versus the refractive index n of the MUS between the sensor
with a single cavity and two cavities. It can be seen clearly
from the figure that for the same refractive index n of the MUS,
sensor with a single cavity has longer resonant wavelengths
than those of the sensor with double cavities. Such
phenomenon could be simply contributed to the coupling effect
between the two cavities. For the sensor with two cavities, the
waves in the upper and nether cavities couple to each other vs
the waveguide between them, which means the width of the
both cavities could be broaden in a sense. From the Egs. (1) and
(2), a smaller resonant wavelength would be achieved as a
result.

transmission intensity. The structure has a compact size with
hundreds of nanometer in width and length. Thus the device
would be an important step toward a fully integrated surface
plasmon lab-on-chip solution, which means that it may be used
in high-resolution chemical and biological detections.
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