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Abstract: In this paper, we have proposed a metal-insulator-metal (MIM) pressure sensor which
consists of two plasmonic waveguides and a double square ring resonator. The two square rings are
connected via a rectangular patch located between the two of them. The surface plasmon polaritons
(SPPs) can be transferred from a square ring to the other through this patch. The finite-difference
time-domain method (FDTD) has been used to simulate the device. Applying a pressure on the
structure, it deforms, and a red shift of 103nm in the resonance wavelength has been calculated. The
deformation is linearly proportional to the wavelength shift in a wide range of wavelength. The
proposed optical plasmonic pressure sensor has a sensitivity of 16.5nm/MPa which makes it very
suitable for using in biological and biomedical engineering.
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1. Introduction

Metal-insulator-metal waveguides guide light via

the refractive index differential between the
insulating core and the conducting cladding. An
effective characteristic in metal-insulator-metal
(MIM) waveguides is that they guide optical modes
in subwavelength scale regardless of plasmon
resonance frequency and the field decay is partial in
exterior areas of the waveguide [1]. In such
structures, surface plasmon polaritons (SPPs) can
simply be excited and confined in the insulator
region. SPPs are electromagnetic waves which can
be generated by illuminating a metal-dielectric
interface [2]. MIM structures have been widely

utilized in different devices like optical filters [3, 4],
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demultiplexers [5], sensors [6], and modulators [7]
because of their strong localization, strong light
confinement, and light manipulation at a
subwavelength scale and high level of sensitivity to
the surrounding environment features [8].

A pressure sensor is a device which can detect
the applied pressure on it and responds by
transforming the information to detectable electrical
or optical signals. A positive aspect of optical
pressure sensors is that they are immune to
electromagnetic fields [9, 10]. There have been
several designs for optical pressure sensing devices
such as all-fiber pressure sensor with SiO,
diaphragm proposed by Donlagic et al. [11],
photonic-crystal fiber pressure sensor for dual

environment monitoring by Osorio et al. [12], and
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fiber in-line Mach-Zehnder interferometer based on

an inner air-cavity for high-pressure sensing
proposed by Talataisong et al. [13].
Moreover, the use of different types of

resonators in optical pressure sensor structures has
been under a lot of attention due to their simple
design and flexibility in selecting a desirable
resonance wavelength. Olyaee ef al. have proposed a
photonic crystal cavity resonator by manipulating a
two-dimensional photonic crystal structure in which
the resonant wavelength is sensitive to the applied
pressure with a sensitivity of 11.7nm/GPa [14-16].
Wu et al. also employed an H-type SPP resonator
and MIM waveguides as a pressure sensor [17].
Zhao et al.
pressure sensor based on ring resonator which has a
sensitivity of 1.47 pm/kPa [18].

Our research has been conducted on pressure

designed a nano-opto-mechanical

sensing based on an MIM structure consisting of a
double square ring resonator and SPP waveguides.
The finite-difference time-domain (FDTD) method
is employed to calculate the necessary
characteristics. It is demonstrated that the resonant
wavelength has a considerable shift when there is a

deformation in the structure due to applied pressure.

2. Device structure and the analysis
method

The structure of proposed device is illustrated in
Fig. 1 in which the white parts represent air with
dielectric permittivity of g =1 and silver with
permittivity of & is indicated in grey. The structure
consists of an input and an output waveguides and
two square resonators with a rectangular patch in the
middle coupled with the two resonators. As the
calculations show, the filtering characteristics like
3-dB bandwidth and peak-to-valley ratio are better
for the filter with the dual-square resonator in
comparison with a single square resonator filter [3].
In our structure, square resonators have outer length
of L, and inner length of L, with respective values of
250 nm and 150 nm, and they have a spacing of
21=60nm. The patch has dimensions of w=20nm

and £=50nm. The input and output waveguides are
coupled to the square resonators with a gap width
2,=10nm. d; which is the thickness of input, output,
and waveguide (I) is equal to 50nm. Waveguide (I)
is covered by a layer of silver which has a thickness
of ¢ equal to 100 nm. Applying a pressure on the
silver layer, as shown in Fig. 1 inset, the waveguide
() with a length of L =700 nm deforms by the
amount d.

" Applying ",
pressure P

Fig. 1 Proposed device structure. The grey and white regions
represent silver and air, respectively. The deformation d of
waveguide (I) under pressure P is illustrated in the inset.

Plasmon waves in MIM waveguides have only
TM components which are E,, H,, and E. while TE
Therefore, the
dispersion relation of a plasmon slot waveguide is
defined as [20]

tanh —kz'd =——gdk22 (D
2 gskzl

components are all zero [19].

where d is the waveguide width, and the wave
vectors  k_,

conservations as [21]

kz21,2 = 5d,sk§ _ﬁz ()

where k,=27/A is the free space wave vector,

are defined by momentum

and f is the propagation constant of the MIM
waveguide. & is the relative permittivity of silver
and can be characterized by the Drude model as [22]

a)2

g(o)= &, ——5—— 3)
‘ ( ) o’ —iol,

where ® is the angular frequency of the incident
electromagnetic radiation, ¢, =3.7 is the relative

permittivity at the infinite angular frequency, w, is
the bulk plasma frequency equal to 1.38 x 10'®Hz,

and finally 7, =2.73x10"Hz is the oscillation
damping of electrons.
When a TM polarized plane wave is launched to
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a metal-dielectric interface, a surface polarization is
created by metal’s electrons which provoke a
localized electric field. In MIM waveguides, at each
metal dielectric interface there are independent
surface surface

polarizations.  Consequently,

plasmons on the interface exhibit a beating
frequency.

In our simulation, a plane wave is used to excite
the surface plasmon polaritons in the input
waveguide. The excited SPPs travel along the input
waveguide and are coupled to the first square
resonator. Then they are coupled to waveguide (I)
and to the second square ring through the patch and
finally to the output waveguide which is assumed to
be long enough in order to make sure that the
reflected waves are negligible. We have numerically
calculated the resonance wavelength and have
measured its shift while our structure is under
pressure. The FDTD method with perfectly matched
layer (PML) absorbing boundary conditions is
employed to simulate the resonance characteristics
of the proposed structure based on the pressure
influence on the waveguide (I) volume. PML has
light
(propagating and evanescent) in the boundaries with

been chosen so as to absorb waves
zero reflection [23]. PML regions are divided into
the minimum of 8 layers, and maximum of 8 layers,
and the parameters are assumed to be a=0, k=2,

and o=1.

3. Results and discussion

The slight deformation in volume of waveguide
(I) due to an applied pressure leads to a shift in
resonant wavelength of the structure, since the light
propagating in the resonators is coupled to the
waveguide (I) on its way to the output waveguide.
The relationship between the resonant frequency
shift and the change in the resonating volume can be
defined by Slater’s law as [4]

ﬁ:_ (‘90E2 _ﬂon)gV

(4)
S [ (&E + p AV

where £ and H are electric and magnetic fields, and '
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is the resonant frequency of resonating area with a
volume of V. According to this law, by a change in
volume the resonant wavelength shifts [24].

As shown in Fig. 2, our structure has three
resonance wavelengths in resl =419.9 nm, res2 =
520 nm, and res3 = 970 nm without any applied
pressure. But when there is a 10nm deformation in
waveguide (I) corresponding to 6.2 MPa pressure,
the resonance wavelengths have been respectively
shifted to 420.2nm, 534nm, and 1073 nm. The latter
resonance wavelength (res3) has a shift of 103 nm
while the others (resl & res2) have 0.3 nm and
14 nm red shifts. Obviously, the third resonance
wavelength res3=970nm is shifted more than the
other ones. Therefore, the following calculations are
all based on the third resonance peak.
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Fig. 2 Resonance peaks of the proposed structure without
pressure (d=0nm) and under pressure (d=10nm).

The patch coupled to two square resonators
the 3 dB bandwidth of the
wavelengths thinner. Moreover, without the patch in

makes resonant
this structure the two square resonators will be
directly coupled to each other which can lead to
splits in resonant peaks [3].

In order to have a better understanding of the
resonance in the structure, the contour profiles of the
field H, for three different wavelengths without any
pressure on the structure are illustrated in Fig. 3.
Figure 3(a) shows the second resonance (res2) and
the way it is resonating. In Fig.3(b), most of the
light seems to reflect back to the input port as it is
obvious from Fig.2 that the wavelength of 726 nm is
not a resonance wavelength so it cannot pass
through the Additionally, Fig. 3(c)
demonstrates the field /H, of almost resonating

structure.

wavelength of 996 nm.
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Fig. 3 Contour profiles of the H-fields for three wavelengths
at (a) 520 nm, (b) 726 nm, and (c) 996 nm with no pressure.

We have computed the resonance wavelength
shift based on the waveguide (I) deformation (d). As
deformation increases by 2 nm, the resonance
wavelength has approximately 20-nm red shift as
shown in Fig.4, except for the deformation equals to
2 nm. The 20-nm shift corresponding to 2-nm
deformation of waveguide (I) is more than the same
previous works and is a promising feature in these
types of sensors [17, 20].

The relationship between the wavelength shift
and six different deformations is demonstrated in
Fig. 5 which is quietly linear with regression
coefficient of R*=0.9751, hence it can be utilized to
estimate our

sensors performance and their

sensitivity.
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Fig. 4 Transmission spectra for different deformations d of
the res3.
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Fig. 5 Resonance wavelength as a function of the
deformation of waveguide (I).

The pressure influence on the slab waveguide (1)
has been called deformation. Considering the top
silver layer a plane plate with the length of L and
thickness of ¢, the relation between pressure and
deformation (d) and consequently the wavelength
shift can be calculated as [17]

3
2)2‘4 d 5)
where P is the pressure applied on the sensor, and Y
=7.5x10""Pa is the Young’s modulus of silver. As it
is shown in Fig.5, wavelength shift A4 is related to

P=

deformation (d) of the resonator with a coefficient of
a so the equation can be obtained as follows:
2YF

P= AL, 6
al' ©

Sensitivity s is another important parameter in
sensor [25]. According to that, the sensitivity of the
proposed sensor is defined by (7), and considering
the parameters in our paper, the sensitivity is as high
as 16.5nm/MPa.

= AL L'AA

= =— " 7
AP 2YFAd ™
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According to the mentioned equations and the
results of similar previous works, a comparison is
listed in Table 1.

Table 1 Comparison between our structure and the previous
ones in terms of sensitivity and resonance wavelength shift.

SPP pressure sensor structure Sensitivity (nm/MPa) AA (nm)
H-type resonator [17] 5.12 32nm
7-shape resonator [20] 8.5 80 nm

Double square resonator 16.5 103 nm

4. Conclusions

In conclusions, we have proposed an MIM
structure including a double square resonator and
plasmonic waveguides. The resonance wavelengths
are calculated by the FDTD method. The simulation
results show that by increasing the deformation in
the resonator, a red shift occurs in the resonance
wavelength and the relationship between the shift
and deformation is almost linear. The relationship
between the deformation and pressure has been
discussed as well as the sensitivity of the proposed
sensor, which is about 16.5nm/MPa. This pressure
sensor structure may have potential applications in
nano optical plasmonic-based devices. Moreover,
despite the nano-scale dimensions of the presented
sensor, it can be fabricated due to the rectangular
measurements of waveguides and resonators.
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