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Abstract A high sensitive plasmonic refractive index sensor
based on metal-insulator-metal (MIM) waveguides with em-
bedding metallic nano-rods in racetrack resonator has been
proposed. The refractive index changes of the dielectric ma-
terial inside the resonator together with temperature changes
can be acquired from the detection of the resonance wave-
length, based on their linear relationship. With optimum de-
sign and considering a tradeoff among detected power, struc-
ture size, and sensitivity, the finite difference time domain
simulations show that the refractive index and temperature
sensitivity values can be obtained as high as 2610 nm per
refractive index unit (RIU) and 1.03 nm/°C, respectively. In
addition, resonance wavelengths of resonator are obtained ex-
perimentally by using the resonant conditions. The effects of
nano-rods radius and refractive index of racetrack resonator
are studied on the sensing spectra, as well. The proposed
structure with such high sensitivity will be useful in optical
communications that can provide a new possibility for design-
ing compact and high-performance plasmonic devices.

Keywords Surface plasmons - Nanostructures - Optical
sensors - Optical resonators

Introduction

Surface plasmon polaritons (SPPs) are the most effective ap-
proach to realize light confinement and manipulation within
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the nanoscale [1, 2]. Due to the capabilities of overcoming the
classical diffraction limit and manipulating light in the nano-
scale domain, SPPs have been considered as one of the most
promising energy and information carriers [3]. During recent
years, a number of plasmonic devices have been proposed
such as plasmonic sensor [4], switch [5], and filter [6].
Among these devices, surface plasmon resonance (SPR) sen-
sors are being increasingly studied and attracted considerable
attention owing to high value of their sensitivity to the mate-
rial refractive index and environment temperature, as well as
its outstanding performance in miniaturization [7]. In SPR
sensors under certain conditions, which are enormously sen-
sitive to the refractive index and the other structural parame-
ters, some resonance modes are excited. In the past, different
methods have been proposed for plasmonic sensor such as
cavities [8], plasmon-induced transparency (PIT) effects [9],
and ring resonators [10]. Ring resonator in a resonant wave-
length localizes electromagnetic energy from an input source
and only the resonant wavelengths can propagate through the
ring resonator fully [11, 12]. Due to their high-quality factor
(Q), inherent single mode nature, and strong light confinement
within a small volume, the optical ring resonators can enhance
light-matter interactions and leads to a broad range of appli-
cations including refractive index sensing [8].
Metal-insulator-metal (MIM) resonators are especially at-
tractive for the realization of compact sensors due to the strong
lateral confinement, but the sensitivity values were not high
enough for practical applications. This is principally caused
by the low coupling efficiencies arising from the short cou-
pling distance in such structures [13]. Sufficiently, high cou-
pling efficiency is necessary to compensate for the relatively
large absorption loss in the plasmonic resonators. Racetrack
resonator can offer higher coupling efficiencies owing to its
longer coupling region and are more suitable to obtain the
desired couplings with respect to ring resonators. In addition,
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spacing tolerances are less critical for the coupling gaps in
racetracks compared to rings, and it is easier to determine
the coupling strength.

Chen et al. researched plasmonic refractive index sensor
using rectangular ring MIM waveguide with the sensitivity
of 1300 nm/RIU [14]. A plasmonic cavity index sensor
based on double metal disks has been established by Kwon
in which the value of sensitivity is 1160 nm/RIU [8], while
Chen et al. proposed plasmonic sensor based on the MIM ring
resonator with same results [15]. To increase the coupling
efficiency for plasmonic resonant cavity, we had previously
used hexagonal-ring cavity [16]. A plasmonic metal-
dielectric-metal (MDM) waveguide structure has been pro-
posed by Wen et al. [17]; they obtained 1131 nm/RIU for
refractive index sensitivity. By placing a slot cavity below or
above a groove, they designed a plasmonic sensor.

A major limitation of these SPP sensors is due to the lossy
nature of their resonance modes, which results from strong ab-
sorption of light by the metal nanostructures themselves. As a
result, further sensitivity improvements have become increas-
ingly challenging [18]. Plasmonic nano-rods made in different
shapes from various metals have attracted researchers’ interests
significantly. This might be because of their uniqueness in light
localization and field enhancement that enables them to have
ultra-small mode volumes and enhanced light matter interaction
which is vitally desirable for sensing [19]. Hybrid plasmonic—
photonic nano-resonators benefit from both the original resona-
tor characteristics and the plasmonic features of the metallic
elements. These structural designs provide suitable modal con-
version and light coupling conditions. They preserve the char-
acteristics of the original photonic crystal resonators such as a
high-quality factor () and benefit from the unique features of
the metallic element such as the ability to support SPPs and

confine light into ultra-small volumes much beyond its free-
space wavelength [20].

In this paper, by using racetrack resonator and embedding
the nano-rods, we can reach to a high sensitive sensor. The
finite difference time domain (FDTD) method with perfectly
matched layer (PML) as boundary conditions is introduced to
investigate the transmission and sensing properties of the
structure [21]. The remaining parts of the paper are organized
as follows. In the “Theory and Model” section, a theory of
model is presented and resonance wavelengths are obtained.
The “Simulation and Results” section includes simulation re-
sults of the structure for verification of the sensitivity. Finally,
in the “Conclusion” section, the conclusion will be provided.

Theory and Model

The proposed sensor structure is schematically shown in
Fig. 1, consisting of a racetrack resonator, Ag nano-rods in
hexagonal shape, and two waveguides. Racetrack resonators
with long lateral interaction length along the entire flat reso-
nator sidewalls are of high importance [22, 23]. Therefore,
they can ease the tight constraint on the gap separation be-
tween the resonator and the side-coupled waveguide effective-
ly. This feature is an important advantage compared to con-
ventional ring or disk resonators. The material under sensing
is filled in the resonator while its refractive index changes
caused a shift in wavelength of output channel. We assume
the structure is fabricated on the silicon dioxide substrate. The
complete set of simulation parameters is summarized in
Table 1. Here, the values of w, d, and L are fixed throughout
this paper.

Fig. 1 Schematic of the
plasmonic sensor with a racetrack OUtPUt L
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Table 1 Summary of the

simulation model parameters Parameter Symbol Quantity Unit

Waveguide width w 50 nm
Coupling length L. 120 nm
Coupling distance d 15 nm
Distance between reflector and coupling region L 40 nm
Resonator radius r 150 nm
Nano-rods’ radius Tin 0.5a nm
Nano-rods’ period (lattice constant) a 10 nm
Metal thickness - 100 nm
Resonator refractive index n 1 -

We suppose that the medium of the resonator and wave-
guides is air and its refractive index is 1 (n = 1). The background
metal and nano-rods are silver, and their permittivity function
could be characterized by the Lorentz-Drude model [24, 25]:

) 6

w
= 1- P J n*n 1
ew) w(w—ily) + ; wr—w? +iwl’, (1)

where w, and w, are indicating the plasma and resonant frequency.
As well as, Iy, I, and f;, are the damping constant (or collision
frequency), damping frequency, and oscillators strength, respec-
tively. We have analytically calculated the permittivity function of
silver for different wavelengths by solving Eq. (1), that the numer-
ical values of physical parameters for silver and the permittivity
characteristics are given entirely in Ref. [16].

In our simulation, the TM-polarized incident wave with in-
plane electric field components is directly coupled to the funda-
mental SPP mode [26]. When incident optical wave from input
source transmits along input waveguide, part of the light is
coupled into racetrack resonator, where the forward and back-
ward waves are almost completely reflected in the insulator-
metal interfaces. The other part of the light is coupled back into
input waveguide. Therefore, standing waves can be formed with
some appropriate conditions. Finally, the incident optical wave
is converted into two parts, the reflected wave and the transmit-
ted wave, by the resonator. Stable standing waves can only build
up constructively within the “resonator” when the following
resonant condition is satisfied [27, 28]:

Ap =m2m (2)

here, positive integer m is a positive integer which signifies the
resonance order in the resonator. One can get the resonant wave-
lengths to be [27]

o 2neffS
)\m B m_(pref (3)

™

where, n.is the real part of effective refractive index, S presents
the effective length of the resonator, and ¢, denotes the phase

shift of a beam reflected on insulator-metal interface at each end
of the waveguide.

Simulations and Results

To analyze the properties of the SPP propagation in the struc-
ture, the FDTD method is used. The mesh sizes in FDTD
simulations are 0.5 nm and the PML as the absorbing bound-
ary condition is used to absorb outgoing waves. Initially, with
choosing the resonator refractive index n = 1, the output char-
acteristics of the structure has been analyzed. To display the
difference, the transmission spectra of the plasmonic sensor
with (7, = 0.5a) and without (7, = 0) the Ag nano-rods are
simulated, and the results are shown in Fig. 2. In such condi-
tions, the maximum transmittance occurs at the wavelength of
889 nm and the power transmission for this wavelength is
about 73 %. Based on simulation results, in case of having
no nano-rods, the corresponding maximum transmittance is
55 %. Therefore, by putting the nano-rods, the transmission
efficiency can be improved about 18 %. As shown in Fig. 1, to
improve the transmission efficiency, a reflector (with reflec-
tive length L) was introduced at the right end of the wave-
guides. The numerical results show that the optimum trans-
mission efficiency is at L = 40 nm, in which the peak wave-
length is at 889 nm, and the corresponding maximum trans-
mittance is 73 %. By setting L, the phase difference of the
source and reflected beams can be controlled and strong signal
could be obtained by coherent superposition or coherent can-
celation condition [29].

As shown in Fig. 3, the impact of output wavelength shift
on the transmission spectrum has been studied with increasing
racetrack resonator the refractive index # from 1.00 to 1.05 in
steps of 0.01, while other parameters are remained unchanged.
With the increase of refractive index, the resonance wave-
lengths exhibit considerable red-shifts. Figure 4 demonstrates
approximately a linear relationship between the refractive in-
dex of the resonator material and the resonance wavelength,
which is very desirable for sensing application and cannot be
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Fig. 2 Normalized transmission 1
spectra of output port without Ag

rods (pink curve) and with Ag 0.9
rods (blue curve), respectively
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achieved by most other refractive index sensors.
Consequently, the refractive index can be obtained easily by
certain resonance wavelength based on its linear relationship.
The discussions made earlier reveal the properties of sensing
performance of our proposed structure as a refractive index
sensor. When the refractive index » varies from 1 to 1.05, the
shift of resonance wavelength becomes equal to 43 nm. A
change in the resonant wavelength A\ provides information
about the refractive index shift An. To this, it is conventional
to define the spectral sensitivity of such sensors as S = AN An
[30, 31]. All sensors have to be evaluated with respect to their
sensitivity [31]. For a plasmonic sensor, its sensitivity (S) and
figure of merit (FOM) are important parameters to

700
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Wavelength(nm)

750 1100
characterize its performance that the values of these parame-
ters preferred to be much higher. FOM is obtained by dividing
the sensitivity by the bandwidth of resonance [full width at
half maximum (FWHM)] (FOM = S/AXgwum) [8].
According to the definition, with » = 190 nm, ¢ = 10 nm,
and r,/a = 0.5 the sensitivity value of plasmonic sensor
achieved S = 860 nm/RIU which is a high value.

Figure 5a shows the relation between the resonance wave-
lengths of the sensor and the refractive index of resonator
material for different lattice constant a. The sensitivity and
FOM of proposed structure for different lattice constant a
are given in Table 2. As can be observed, by increasing lattice
constant a the sensitivity can be increased. An excellent

Fig. 3 The normalized 1
transmission spectra of the
structure for different refractive

indices of 1.0~1.05
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Fig. 4 Transmitted-peak
wavelength of the sensor as a
function of refractive index n

Resonance Wavelength (nm)

885
1

feature of this structure is that there is no need to increase the
dimensions of the structure to achieve high sensitivity. In fact,
by increasing the Ag nano-rods radius, we can achieve high
sensitivities. Figure 5b shows the sensitivity and FOM, where-
in, the sensitivity and FOM is almost linear. Through the
above analysis, it is obvious that the proposed sensor not only
has a high sensitivity but also a relatively high FOM value as
well.

Figure 6a illustrates the transmission spectrum of the plas-
monic sensor for different refractive indices with » = 310 nm,
a = 60 nm, and r;,/a = 0.5, while other parameters remained
unchanged. The shift in the resonance wavelength when r is
set to be 310 nm and the resonator refractive index is varied
from 1 to 1.1 becomes equal to 261 nm. Therefore, the sensi-
tivity of the refractive index is as high as 2610 nm/RIU with
an FOM of 52 RIU !, As far as we know, this sensitivity value
is considerably greater than other reported MIM sensor struc-
tures [7, 8, 15, 31-37]. These results demonstrate that the
proposed sensor has a high sensitivity value compared to that
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of the structure based on a standard ring resonator. The calcu-
lated results illustrate that by increasing the radius of the res-
onator (r) the sensitivity can be improved. Nevertheless, the
additional transmission loss is also induced with increasing
the radius of resonator. On all accounts, we need to make a
tradeoff among detected power, structure size, and sensitivity.
Therefore, by choosing the value of » = 310 nm, @ = 60 nm,
and ry/a = 0.5, we have an appropriate sensitivity, structure
size, and power transmission values. Magnetic-field pattern at
the resonance wavelength of A\ = 2.586 um is depicted in
Fig. 6b. Based on simulation results, in case of having no
nano-rods, the corresponding sensitivity is 1240 nm/RIU.
Therefore, by putting the nano-rods, the sensitivity can be
improved about 1370.

The proposed sensor can also be used for temperature sens-
ing. Temperature sensor is an important device in a wide va-
riety of research applications. As for a temperature sensor, we
need to fill the resonator with liquid material that must be
sensitive to temperature. In this analysis, we select ethanol
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Fig. 5 a The peaks of the transmission spectra versus the different refractive indices for different values of @ and 7;,. b FOM and sensitivity as a function of a
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Table 2 The sensitivity and FOM for different a

a (nm) Sensitivity (nm/RIU) FOM (RIU )
10 1430 37
15 1480 34
20 1660 32
25 1760 30

as the sensing material which has a high refractive index-
temperature coefficient. The refractive index n related to tem-
perature is evaluated by:

n=ny+dn/dT(T-T) (4)

where T and n are the environment temperature and the re-
fractive index of the liquid at the reference temperature T,
(20 °C), respectively, while the values for ethanol are

Fig. 6 a The normalized a

no = 1.36048 and dn/dT = —3.94 x 10~* [36]. From the
Eq. (4), it is clear that there is a linear relationship between
the temperature of environment and the refractive index of
ethanol. The sensitivity of temperature sensor can be defined
as d\VdT. In order to study the relation between the tempera-
ture and the resonance wavelength, we raised the temperature
of the medium in intervals of 20 °C from —80 to 78 °C, while
the other parameters remained unchanged. Figure 7 illustrates
the change of the resonance wavelength by temperature with
different values of a and r;, in which, when » = 190 nm,
a = 25 nm, and r;,/a = 0.5 then the shift of the resonance
wavelength becomes 86 nm. Consequently, the temperature
sensitivity of the sensor can be obtained approximately
0.54 nm/°C. It implies that a linear relation exists between
the resonance wavelength and temperature, and the tempera-
ture can be obtained by detecting the shift of the resonance
wavelength. Also, simulation results show the sensor
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Fig. 7 The peaks of the 1800 . w \ -

transmission spectra versus the —4—a=10nm

different temperature with —%—a=15nm
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temperature sensitivity can be obtained approximately
1.03 nm/°C for » = 310 nm, a = 60 nm, and r;,/a = 0.5. As
refractive index of ethanol decreases with the increase of tem-
perature, the resonance wavelength exhibits a blue-shift as a
result. The large value of sensitivity achieved in our proposed
sensor (S = 2610 nm/RIU) opens up the paths for designing
real time on-chip optical sensors. Table 3 compares the sensi-
tivity (S) for different MIM plasmonic sensors as reported
previously.

Conclusion

A high sensitive and compact plasmonic refractive index sen-
sor and a temperature sensor using MIM racetrack resonator
with nano-rods in hexagonal shape wherein two MIM wave-
guides coupled to each other by a racetrack resonator filled
with under sensing material is proposed and analyzed in this
work. The refractive index sensing characteristics of the de-
vice are analyzed and simulated by FDTD method and very
good linear relationship between the resonance wavelength
and the refractive index are obtained. The findings show the
increase of the resonator refractive index and/or environment

Table 3  Sensitivity comparison of different sensor structures
Reference Year Sensitivity (nm/RIU)
[8, 32, 34] 2013 410~1160

[36] 2014 820

[7, 15, 30, 33, 35] 2015 789~1684
[4,17,37] 2016 1131~1820

Our sensor 2016 2610

-20 0 20
Temperature (°C)

40 60 80

temperature, and each of them can shift the resonance wave-
length linearly alone. We use the racetrack resonator and
nano-rods to achieve a highly sensitive and compact plasmon-
ic sensor with the refractive index and temperature sensitivity
of 2610 nm/RIU and 1.03 nm/°C, respectively. These results
show that the proposed sensor has a high sensitivity value
which is nearly two times higher than the sensitivity results
reported in the recent papers. The sensor has extensive poten-
tial in bio-sensing and optical on-chip nanosensors owing to
its high sensitivity, relatively ease fabrication, simple config-
uration, and compact structure.
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