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Received: June 15-2022 The author of this article illustrates a new design and simulation of a two-
Accepted: April 23-2023 dimensional photonic crystal (PhC) based hydrostatic pressure sensor with a

wide dynamic range that ranges from 0 to 4 Gpa and is conducted at a high
Keywords: resolution using the Finite Elements Method (F.E.M) under COMSOL software.
Photonic crystal; Pressure sensor, finite In order to analyze the detection principle and its characteristics, the sensor is
element method, PWE method, detection based on a triangular array PhC-2D of air-immersed silicon rods with a refractive

index of 3.6 is used. The sensor consists of a hexagonal shaped ring resonator,
which sits between two obtuse angle shaped waveguides. The two waveguides
are configured by removing a row of B rods (line faults) and the ring resonator
by removing a few rods. This ring resonator reduces the effect of external
parameters such as humidity, temperature, etc. The band diagram is presented as
well as analyzed using the plane wave expansion (PWE) under the Mat lab
software on the one hand and on the other hand, on the other hand, results are
obtained and illustrated such as: the distribution of the refractive index ‘n' within
the structure with the mesh, the distribution of the electric field (TE) at resonance
in 2 and 3D, the total energy density (TED), the power flow norm (PFN) and
transmission. The sensor is designed for wavelengths between 1520nm and
1640nm.The simulation results show that due to the applied pressure, the
refractive index of a sensor is changed and thus the resonant wavelength is shifted
linearly to longer wavelengths.The designed sensor behaves linearly between
0GPa and 4GPa of applied pressure and 4.6 nm/GPa of pressure sensitivity.

1. INTRODUCTION use such as biological sensors [8], mechanical sensors [9], and
chemical and/or gas sensors or for special purposes such as in
the military or space fields [10-12]. To be able to "control"
light as we "control" electrons in today's electronic devices,
such a challenge seems a priori very difficult to meet! Yet this
is the performance that photonic crystals can achieve.

A new work of research in the field of optical detection is
explored by photonic crystals (Phcs) [13-14]. These Phcs are
materials with spatially and periodically modulated refractive
index. This periodicity is defined by a wavelength region (L)
in which the propagation of optical waves is prohibited. This
wavelength region is called PBG which means photonic
bandgap [15].The utility of PBG allows to confine the
behavior of light on one side and control it inside Phcs in very
small spaces on the other side [16], which represents one of
the most important characteristics of the photonic crystal (Phc)
from which it can be used in various detection applications
such as: the detection of volatile organic compounds that can
infect human health [17]. Moreover, in the wavelength
interval (L) of the PBG the light signal cannot propagate inside
the structure as it can only be limited by introducing the
defects of the perfect structure of the Phc. These defects are
classified as point and line defects [18-19]. Basically, PhC

For many years, and among the known sensors used in
industry, there are electrochemical sensors [1]. These sensors
use a chemical reaction to measure the concentration of a
specific gas in an environment [2]. They are present and exist
in many different applications and continue to play a crucial
role. Some of the most common applications are the detection
of explosive gases and toxic vapors [3], food quality control
[4], oxygen monitoring in the medical sector [5] and
environmental monitoring of the air quality [6]. Today's need
for small, low-power, and easy-to-use sensors has enabled the
continued development of this technology. In addition, they
can be built differently depending on the application, and
therefore provide tailor-made solutions to new emerging
applications. Additionally, they work by reacting with the
targeted gas and producing an electrical signal proportional to
its concentration. Composed of two electrodes (a working
electrode and a counter-electrode), the sensor works by
allowing charged molecules to pass through a thin layer of
electrolyte. On the other hand, nowadays the most efficient
sensors found on the market, whatever their type, use at least
one resonator implanted in a photonic crystal structure [7].
These are the basis for the production of sensors for domestic
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platforms are classified into one, two and three dimensions,
with the two-dimensional photonic crystal (PhC) being an
important candidate for the development of photonic devices
due to its: simple structure, small size, strong light
confinement and the calculation of the perfect PBG_ as well
as its ease of integration with photonic integrated circuits
[20].Among the previous platforms is defined the sensor. The
sensor is a device that can detect and respond to some different
inputs from the physical environment [21].Optical sensors
(OSs) are very important because of the advantage over
electronic sensors. They can be designed using optical fiber
[22, 23], photonic crystal fiber [24] and photonic crystals [25-
29].The search domains of PBG structures can be used for
various applications. Their application as a sensor is a new
area of research that seems to apply to nano electromechanical
systems (NEMS) [30].In addition, within a few years,
candidates such as optical sensors based on microstructures
have become very promising and attractive for photonic
integrated circuits, because they meet the current demand for
lightness, ultra-compact size, their high sensitivity, their
immunity to electromagnetic interference, from their rapid
response speed to low power and precise detection of different
substances [31].These candidates have been effectively used
in wide range applications to detect various parameters such
as: Dbio-analytes [32], electric fields [33], glucose
concentration [34], cancer cells [35], seawater salinity [36],
blood components [37], chemical gas [38], DNA molecules
[39], temperature [40] and pressure [41] and in many other
applications. For example, temperature (T) and pressure (P)
are two very important parameters to measure and widely used
in industry: petrochemical and automotive also in avionic
systems, biomedicine, risk control and industrial security.
Overall, an optical sensor (OS) accurately measures
temperature and pressure values by detecting changes in
refractive index 'n' of the material coming from the latter two
(T and P) applied from outside, respectively. Several optical
detection systems have been used as dual parameter detection
platforms such as: dual fiber Bragg gratings [42], cascaded
Fabry-Pérot interferometers [43], micro ring resonators for
temperature detection [44].These optical detection systems
have been used in order to improve the different detection
parameters like, the quality factor ‘Q’, the sensitivity ‘S’ is the
dynamic range. However, due to the reduction in the size of
the devices, the optical losses increase and this also limits the
growth of miniaturized sensors [45].The use of optical devices
based on photonic crystals (Phc) appears for research and the
scientific community as the perfect way to reduce the size of
the devices to the nanometric scale with ultra-low optical loss
which allows a strong confinement of photons [46, 47].Several
configurations of optical sensors (Phc) have been implemented
from which they are based on ring resonators [48], Mach-
Zehnder interferometers [49], directional couplers [50], for
different applications.

C. S. Mallika with his team reported a temperature sensor
(T) based on a ring resonator. The detection principle of the
temperature sensor (TS) is based on the shift (AX) of the
wavelength [51]. Saeed Olyaee as well as Dehgahni reported
this, a nano-cavity based pressure sensor (PS). Which means
that by changing the radius ‘r’ of the rods, the resonance
wavelength shift (A\ res) was achieved [52]. Xu et al
proposed and analyzed a micro-displacement sensor with wide
dynamic range based on a two-dimensional (2D) PhC co-
directional coupler, by which the sensing range can be as large
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as tens of lattice constant or even more [53]. Other works such
as refractive index sensor [54], chemical sensor and oil sensor
[55] have also been reported.

In this paper, a new pressure sensor based on a two-
dimensional structure is designed based on the resonance
wavelength shift (AA_res). When we introduce a line defect in
the photonic (2D) crystal structure we creating a waveguide
and for building a ring resonator we introduce a point defect.
Then, by coupling a waveguide and a ring resonator, we build
a pressure sensor based on photonic crystals (PhC). In our case
of study, a new pressure sensor based on resonator photonic
crystals 2D ring is designed to detect both the pressure over a
range that goes from 0 up to 4GPa.

The resonator resonant wavelength (A_res) with hexagonal
ring is a function of the shape, size and surface finish of the
defects. This point is a fundamental job of the pressure sensor.
When pressure is applied to the structure, its characteristics
change and hence the linear relationship between the pressure
(P) and the A)\ _res can be observed [56, 57]. In this work, the
ring structure based sensor is designed based on the resonant
wavelength  shift. The detection characteristics are
theoretically studied by the methods: two-dimensional plane
wave expansion (PWE) method and finite element method
(FEM). The PWE method is used to describe PBG. The FEM
method is used to extract the various numerical results.

2. STRUCTURE DESIGN

The fundamental platform used for designing the proposed
sensor is a triangular lattice of silicon rods immerged in air.
The triangular lattice of circular rods provides better
confinement like in square array of rods and effectively works
in (TE) mode of propagation. The number of rods in triangular
lattice in x and z directions are 20 and 20 respectively. The
refractive index of the dielectric material is 3.46. The lattice
constant of the structure is 0.623pm and denoted by “a”. The
radius of rods is 0.19*a. The band structure diagram (PBG) of
this sensor is calculated using the plane wave expansion
(PWE) method under MATLAB software and with the
aforementioned values of the refractive index of the dielectric
material, the radius of the rods and the lattice constant is shown
in Fig.1.

The propagation of light within band gap frequency range

is forbidden in the PCs structure. The light controlled can be
achieved by introducing certain defects in PCs structure. The
light is only allowed to exist with defect region. Thus, the
defects convert the photonic band gap into propagating gap.
The wave whose wavelength lies in the range of band gap is
easily propagated into the structure.
The proposed sensor has broad transverse band gap. The band
gap of the sensor is 0.1951a/A to 0.2035 a/A knowing that, this
band works in TE mode and it is taken into account for the
design of the proposed pressure sensor
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Figure 1. Structure of TE mode Band Gap

Fig.2 represents the schematic diagram of Phc based sensor.
The input signal (Port 1) propagates into the photonic crystal
sensor. The light is well handled by this sensor with respect to
the refractive index variation of the pressure. After that, this
light takes the path to the photodetector which is used as a
converter from the optical signal into an electrical signal and
the signal processing unit presents the detection quantity in
readable form. The basic configuration of the structure is
made of a linear waveguide by creating point defect and a
hexagonal ring at the center acts a resonator, then the resonant
wavelength is dropped from Port 1 to Port 2 (the output port).
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Figure.2. Schematic diagram of PhC based sensor

3. SENSING PRICIPLE

Three parameters are important in sensing such as ,

refractive index of material (n), lattice constant (a) and ratio of
radius to lattice constant (1/a) if any change in geometry by the
application of external pressure, the photonic band gap will
affected by some changes which will shifts the resonance
wavelength of sensor[52].
In order to determine the refractive index 'n' of the constrained
design, we used the optical tensor coefficients for silicon (Si)
which are characterized by the stress-optical tensor equation
[58]:

Nex] Moy [C1C,Cy 00 07[0xx
nyy Ng CZC]_CZ 000 O-yy
Mzz | _|Mo| | C,C,C,00 0 ||z
Nyz| [0 00 0000O0|%:2
Nyz 0 00 000 O0}}%z
lny] Lol Lo 0 000 ollox

Here, n;; denotes the refractive index along (ij) direction,
ng represent the refractive index ‘n’ in zero-pressure,
also, gy;is called the pressure along (j) direction. We suppose

that pressure 'P' is applied in 1-direction, therefore:

Oxy = Oxz = Oyz = 0(1)

Oxx = Oyy=0zz = O (2)
In this way the value of ‘n” modified by pressure ‘P’ reduces
to:

n=ny— (C; +2C,)o 3
Where C; is defined as:
ng(Piy — 2VP;,)

C, = 4
s — 0
And C,is defined as:

C, = ng[(Pz — Zl(;Pll + Pp,)] (5)

Knowing that E represents Young's modulus and V is called
Poisson’s ratio. Also, P;jdenotes strain-optic constant. And for
silicon its value is 130GPa and V is 0.255. In Pressure sensor,
the applying pressure has a linear relationship with the
refractive index of the proposed structure. By applying 1GPa
pressure, the refractive index of a sensor is increased by =
0.04 [59].

In this procedure, the optical source reacts as a transducer
that converts the electrical signal into an optical signal and will
be emitted thereafter through the crystal photonic based
sensor. This sensor is used to maneuver the light with respect
to the refractive index variation of the pressure. In that case,
the photodetector received the light, which is also reacting as
an inverse transducer convert optical signal into electrical
signal. The sensed quantity of light signal will be detected by
signal processing units in the legible form.

4. SIMULATION RESULTS

The two-dimensional finite-element method (F.E.M) is

applied to simulate propagation, the total energy density
(TED), the power flow norm (PFN) at the resonance and
transmission of electromagnetism wave in waveguide by using
COMSOL MULTIPHYSICS software and the band gap
calculation is done by plane wave expansion method by using
MATLAB software.
Fig.3 (a) and Fig.(b), show the distribution of refractive index
and mesh along the structure (pressure sensor) based on
photonic crystal. Thus, Fig.4 illustrates the result of the
simulation of the distribution of the electric field in 2D and 3D
through the pressure sensor at the resonance wavelength, A
resonance = 1.54 pum. The interaction between the wave
propagated in the waveguide and the hexagonal ring resonator
results in the change in the transmission spectrum.
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Figure 3. (a), the distribution of the refractive index and (b),
mesh of the proposed structure
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Figure 4. (c), (d) and (e): the distribution of the electric field
of the proposed sensor in 2D and 3D respectively at the
resonance wavelength: A resonance = 1.54 pm.

Also, Fig.5 and Fig.6 represent two important quantities
which are the total energy density (TED) and the power flow
norm (PFN) at resonance respectively.
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Figure 5. The power flow norm at resonance
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Figure 6. The total energy density at resonance

To analyze pressure effect on the structure, we perform
comprehensive simulation study. The simulations have been
performed in different pressures from 0 to 4GPa by ~0.04
increments at each step, and corresponding resonant
wavelengths obtained with different curves are depicted in
Fig.7.

It has been observed that the resonant wavelength shifts to
larger wavelength region when the refractive index is
incremented. As example, from Table.1, 1GPa pressure, the
refractive index of “Si” changes and pass from 3.46 at zero
pressure to 3.50 at 1GPa, and therefore the resonant
wavelength shifts from 1549nm t01553.6. In 2GPa pressure,
the refractive index is calculated as 3.54.

Table 1: Resonance wavelengths and sensitivity at various

pressures
Applied Refractive Resonance Sensitivity
pressure Index (n) Wavelength (nm/GPa)
(GPa) (nm)

0 3.46 1549.0 -.-

1 3.50 1553.6 4.6

2 3.54 1558.2 4.6

3 3.58 1562.8 4.6

4 3.62 1567.6 4.8

The functional schematic diagram presented in Fig.7 is
indeed that of the pressure sensor based on photonic crystals
(Phc) ring resonator. From Portl, the input signal (light wave
(continuous Gaussian)) propagates through the sensor to port
2. This sensor as we explain before is manipulates the light
following the variation of the refractive index of the pressure.
Then through a photo-detector this light follows its path in
order to be converted from an optical signal to an electrical
signal and the signal processing unit presents the detection
quantitative in a readable form. The initial configuration of
this sensor is formed by linear waveguide by creating a point
defect and a hexagonal ring in the center which acts as a
resonator, then there A (resonance) is removed from port 1 to
port 2 which represents the port of exit

Laser ~ Opticalsensor Photodetector FEM & PWE

»

Figure 7. Configuration diagram of a photonic crystal ring
resonator (PCRR)-based sensor for pressure detection

Then, Fig. 8 shows the transmission spectrum of the sensor
in dB. When no pressure is applied to the sensor (0 GPa), the
transmission is -86.49 dB, no stress is distributed over the
surface of the pressure sensor; consequently the refractive
index of the sensor remains the same where n = 3.46 (see
Table.1) in this case the optical properties of the sensor do not
change and the resonance wavelength of the sensor is
1.549um. This Fig. 7 shows the transmission spectrum of the
pressure sensor at different pressures such as 1, 2, 3 and 4 GPa
and which displays the transmission values of -67.97 dB,
79.91dB, -63.53 dB and -68.19 dB respectively. In this
condition, the variation in the applied pressure causes the
resonant wavelength of the sensor to shift.
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701

-80

1.52 1.54 1.56 1.58 1.6 1.62 1.64
Wavelength (m) x 10

Figure 8. Transmission spectra for different pressures from
0 to 4GPa

From Fig.9, by analyzing the results, we observe that there
is a linear relationship between the applied pressure as a
function of the resonance wavelength and the refractive index.
Then we can estimate the sensitivity of the sensor at 4.6nm
/GPa.

Since the resonant peak has a very narrow linewidth, the
resolution can be quite high. Fig.9 indicates an excellent linear
relationship between pressure and resonant wavelength shift.
This curve also indicates a wide dynamic range for this sensor
from O to4 pressure.
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Figure 9. Linear relationship between resonance wavelength,
refractive index and pressure in the range 0 to 4GPa.

5. CONCLUSIONS

In this paper, a novel 2D photonic crystal waveguide and
hexagonal ring resonator sensor is designed, constructed and
presented for pressure sensing. By changing optical properties
of Si, the refractive index changes, and therefore, resonant
wavelength shift. It is noticed that the resonant wavelength is
shifted to the longer wavelength while increasing the pressure.
In the absence of pressure the resonant wavelength is 1549nm
and the sensitivity is 4.6nm/GPa. With emphasis on this point,
the sensor can be calibrated to measure applied pressure. The
designed sensor has a wide linearity range between 0 to
4GPa.The designed sensor has dielectric rods suspended in an
air structure with dimensions of 11,837 x 11,837 um?. The
photonic sensor is an intelligent and compact sensing device
which can provide the possibility of using it in a magnetic field
environment. Also, these types of refractive index sensors can
be used in many detection applications such as humidity, stress
sensors, etc.
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