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Abstract

In this study, an enhanced two-dimensional photonic crystal-based chemical sensor has been simulated to detect the concentra-
tions of the two chemical substances sulfuric acid (H,SO,4) and hydrogen peroxide (H,0,) using deionized water as a reference.
The proposed structure is a ring resonator, consisting of circular silicon rods in air with a hexagonal array, and an overall size of
10 pmx11.5 um in the X and Z directions, respectively. The simulated structure was proposed to have a consistent photonic band
gap. The change in concentration affects the refractive index, which induces a shift in the resonance wavelength. The optical
parameters are analyzed by the Finite Difference Time Domain method. The sensor performances, such as the sensitivity, the
quality factor, the figure of merit, and the limit of detection were obtained and discussed. The results obtained are very promising
and demonstrate the strong potential of the proposed sensor for chemical or biosensing applications. A maximum sensitivity of

1200 nm/RIU was achieved with the proposed sensor.
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1 Introduction

The development of chemical and biological sensors has be-
come a significant challenge to meet current needs in fields as
varied as medicine (detection of pathogens) [1], agri-food (mi-
crobiological analyses) [2], and security (detection of toxic gas-
es) [3], with increasingly high requirements. The real-time anal-
ysis must be favored, the response must be easy to read and
extremely fast, the devices must be compact and can be incor-
porated into integrated or embedded electronic detection sys-
tems, and finally, the manufacturing cost must be reduced [2,
4-6]. These needs for more and more efficient detection have
led to the emergence of new technological solutions to solve
complex problems in radiofrequency fields [7],
optoelectronics[8], and microwave detection [9]. Biophotonics
is a research field with substantial potential for developing of
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generic transducers [10]. It is based on the use of optical tech-
niques to study and characterize biological phenomena such as
the interaction between two types of molecules (target and
probe), a process which is one of the techniques used in biosen-
sors [2, 10-12]. In parallel, the progress of nanotechnology,
which allows to manipulate matter with a nanometric resolution,
and thus at a scale adapted to the biomolecule, offers the possi-
bility to develop new high performance detection platforms [10,
12-15]. Consequently, the growing demand for miniatur-
ized devices for chemical and biological analysis systems
has generated a strong interest in developing integrated op-
tical systems on a chip [10, 16]. In this context, many struc-
tures based on integrated optics have been proposed. In
particular, photonic crystals (PCs) exhibit excellent optical
properties leading to the design of new photonic devices for
applications in various industrial and high technology sec-
tors, such as telecommunications (PC fibers), optoelectron-
ics (lasers, photodetectors), and biodetection [10, 16—18].
Indeed, PCs constitute a platform of choice for such an
application: the periodic nano structuring of the material
allows ultimate control of the light in the spatial and tem-
poral domains while being sensitive to the presence of the
molecules to be detected [10, 16]. Three structures of pho-
tonic crystals are counted according to their geometry,
namely 1D, 2D ,and 3D. The study focused on a 2D
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structure that allows light confinement and a wide photonic
band gap [10].

H,SO, and H,0, are essential chemical substances in the
industry [10, 19]. Sulfuric acid is one of the most important
industrial chemicals [19]. Its applications are diverse in many
areas of science and technology, including dissolution and
processing of ores and minerals, resin manufactures, catalytic
processes, accumulators, and fertilizer production [19]. Its
range of acidity values meets the requirements of the industry
[19, 20]. Due to its oily and corrosive nature and high density
must be diluted to a specific concentration to obtain the de-
sired results [19, 20]. Knowing its precise concentration is
crucial. The other product studied is hydrogen peroxide. It is
used as a bleaching agent in textiles, and mineral industries
due to its oxidizing capabilities [21]. Waste water treatment
removal of organic and inorganic contaminants are the most
common applications [22].

In this paper, a two-dimensional photonic crystal-based
resonator was simulated to detect the concentrations of the
two chemicals H,SO,4 and H,0,, taking deionized water as a
reference. This sensor allows to determine the concentration
of these two diluted products with precision.

2 Theory
2.1 Numerical Analysis

One fundamental property of photonic crystals is the photonic
band gap. The structure of the latter can be described as an
optical insulator. Since the transmission of electromagnetic
waves in a specific range of frequencies is forbidden, there
is no light propagation over a specific range of wavelengths.
The propagation of light can be manipulated by creating a
defect in the structure. The variation of the sample’s in the
resonator induces a shift in the resonance wavelength. The
solution of the differential magnetic field equation derived
from Maxwell’s equations allows us to calculate the sensor
parameters using the following equation [23].

Vv x GVXH> - (f)zH (1)
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Fig. 1 Structure of the proposed
chemical sensor: (a). Perspective
view, (b). Front view
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where H is the magnetic field and c is the speed of light. ¢ is
o . 2

the permittivity, w is the resonant frequency and ()" repre-

sent the eigenvalues. We notice that the dielectric function ¢ is

inversely proportional to the frequency w.

2.2 Proposed Structure

At the first step, it is necessary to define the structure that used
for the detection. Figure 1 shows the simulated photonic
crystal-based biosensor using a ring resonator. It consists of
a hexagonal array of circular silicon rods placed in an air
background. The number of rods in the X and Z directions is
21 and 21, respectively.

The proposed sensor consists of two optical waveguides: a
bus waveguide and a dropping waveguide. The bus wave-
guide acts as an input port placed at one end, while the
dropping waveguide acts as an output port at the other end.
Both waveguides can be designed using bi-periodicity. Bi-
periodicity is nothing more than reducing the radius of the
waveguide rods with a radius of 50 nm compared to the rest
of the structure with a radius of 105 nm. The resonator is the
heart of the proposed biosensor, which is placed in the center.
It is composed of two rings, the inner and outer rings. The
radius of the inner and outer ring rods are both 105 nm. The
central elliptical rod has an inner and outer radius of 150 nm
and 105 nm, respectively. The distance between two rods is
about 547 nm across the structure, and it is also called lattice
constant denoted by a. The dielectric constant of the Si rod is
11.97 (refractive index = 3.46). The size of the sensor is about
11.5 pmx10 pm.

2.3 Detection Principle

When light propagates from the waveguide (input port)
through the sensor resonator where the sample is deposited,
molecular interactions due to the sample deposition induce a
change in the refractive index. As a result, there is a shift in the
resonance wavelength with variations in the transmitted pow-
er. The photodetector detects these variations (output port).
Figure 2 shows the schematic representation of the detection
mechanism, which consists of several elements such as the
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Fig. 2 Schematic representation of the detection mechanism

optical source, the biochemical sensor based on photonic crys-
tals, the photodetector, the signal processing unit, and display.

3 Results and Discussions
3.1 Photonic Bandgap

The periodic structure does not allow a specific range of wave-
lengths which is called photonic band gap (PBG). The prop-
agation of electromagnetic waves within the PBG region is
prohibited. Figure 3 shows the photonic band gap of the pro-
posed structure.

The PWE software is used to calculate the existing PBGs
for different transverse electrical (TE) and magnetic (TM)
polarizations. For the TE polarization, the main PBG is be-
tween the wavelengths 1149 and 1876 nm, corresponding to
the third optical transmission window. The PBG for the TM
mode, the narrow band is between the wavelengths 561 and
624 nm. The PBG for the TE mode is shown in Fig. 3(a),
while Fig. 3(b) shows the one obtained for the TM mode.

The wavelength range of 1149 to 1876 nm is preferred
because it belongs to the third communication window. The
PBG in TE mode is considered for the sensor design. Figure 4
shows the electric field distribution of the resonator for the TE
mode at a resonance wavelength of A, = 1529 nm .

Fig. 4 The electric field distribution

3.2 Physical Properties of H,0, and H,S0,

Sulfuric acid and hydrogen peroxide are the chemical sub-
stances investigated in this paper. The refractive indices of
the two chemical substances, namely H,O, and H,SO,4, were
obtained using the refractometer (ATAGO, Japan) at 18 °C
[12]. In order to show the evolution of the refractive indices
according to the two substances. There is a proportionality
between the concentration and the refractive index values of
H,S0O,4 and H,0, is observed. The increase of one induces the
other. It is noted that H,SO, has a slightly higher refractive
index than H,O, [12]. Figure 5 shows the refractive index
values for H,SO,4 and H,0O, as a function of different concen-
tration percentages that are used for the rest of the analysis.

3.3 Detection

The structure has been designed in such a way that a maxi-
mum of light transits through the cavity where the sample has
been deposited. The variations caused by the refractive index
of the samples in the transmission spectra are examined.
Figure 6 shows how the resonance wavelength is sensitive
to the variation of the refractive index sample (1.33, 1.37,
1.41, and 1.42 RIU) corresponding to the H,SO,4 concentra-
tions (0%, 30%, 60%, and 90% respectively), placed in the
central cavity. A transmission resonance spectra shift to the
right (to longer wavelengths) is observed with an increasing
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Fig. 5 Refractive index versus concentration of H,SO,4 and H,0, [12]

refractive index of H,SO, (Fig. 6.a). Note that the refractive
index n = 1.33 of deionized water is considered as a refer-
ence. The shift in the resonance wavelength is due to the
variation of the refractive index accompanying different sub-
stance concentrations. Figure 6(b) shows that the resonance
wavelength shift is close-fitting in linear shape versus the con-
centrations (wavelength = 0.77 + 0.57*RIU).

The transmitted light traveling through the sensor structure
for different concentrations of H,O, (0%, 30%, 60% and
90%) deposited in the center is shown in Fig. 7(a). These
concentrations correspond to refractive indices (n) (1.33,
1.35, 1.37 and 1.4 RIU). The resonance wavelength shifts to
the right with increasing sample concentration of H,O,.

Figure 7(b) shows the shift of the resonance wavelength for
different concentrations of H,O,. The obtained curve has an
exponential form (wavelength = 1.56-5.26 exp(-RIU/0.022).
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The refractive index n = 1.33 of deionized water is considered
as a reference.

3.4 Analysis of Sensor Performance

The performance of a sensor is determined by many parame-
ters of which the most important is the sensitivity whose equa-
tion is given by [10]:

A
S=4 @

where AA is the difference in resonance wavelengths between
each concentration of the chemical liquid (H,SO,4 or H,0,)
and the resonance of zero concentration (deionized water):

A= Aca — Aow (3)

An represents the change in the refractive index of the
sample for different concentrations relative to the refractive
index of deionized water.

Another parameter, as important as the previous one, is the
quality factor Q which can be calculated according to the
relation[10]:

Y

where A, is the resonant wavelength while AA;/, represents
the full width at half maximum of the intensity.

The last two parameters calculated are the figure of merit
(FOM) and the limit of detection (LOD) which are very useful.
To calculate them the following two equations are used [10]:

_S0
FOM === (5)

”
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Fig.6 (a) H,SO, transmission spectra of the biochemical sensor designed for different concentrations. (b) The wavelength shift versus refractive indices
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Fig. 7 (a) H,O, transmission
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Table 1 Simulated sensor
performance for different Concentration RIU Ar [nm] S [nm/RIU] FAVYS Q FOM [RIU ' LOD [RIU]
concentrations of H,SO,4 H,SO, [nm]

0% 133 1529 e 2 0 —

30% 1.37 1552 575 26 60 22 4431073

60% 1.41 1571 525 21 75 25 400103

90% 1.42 1583 600 27 59 22 443107°
LOD = Ar (6) factor of 62, a FOM merit factor of about 36 RIU™ !, and a

1050 detection limit of 2.7 x 10~ * RIU.

The resonance wavelength A, sensitivity S, quality factor
Q, figure of merit FOM, and detection limit are shown in
Tables 1 and 2 for H,SO,4 and H,0O,, respectively.

As shown in Tables 1 and 2, the proposed sensor has very
promising results. For sulfuric acid, a maximum sensitivity of
600 nm/RIU was achieved for a concentration of 90%. When
the concentration is 60%, the sensitivity is 525 nm/RIU with a
quality factor of 75, a FOM of about 25 RIU™ 'for a detection
limit of 4 x 10~ * RIU. If the sensitivity is calculated between
the 60% and 90% concentrations, a sensitivity of 1200 nm/
RIU is reached.

For hydrogen peroxide, a maximum sensitivity of 900 nm/
RIU was reached for a concentration of 30% for a quality

In the literature, Balveer et al. obtained a sensitivity of 35 nm/
RIU for H,SO,4 and 9.4 for H,O, [12]. Compared to other sen-
sors works, Ching et al. achieved a sensitivity of 304 nm/ RIU
[13], Gao et al. found a sensitivity of 656 nm/ RIU [14], and
Francis et al. reached a sensitivity of 560 nm/RIU [15]. The
sensor proposed in this paper shows very competitive results.

4 Conclusions

A two-dimensional photonic crystal-based chemical sensor
has been simulated to detect sulfuric acid and hydrogen per-
oxide concentrations. The simulated sensor consists of a

Table 2 Simulated sensor performance for different H,O, concentrations

Concentration RIU Ar [nm] S JAVY:S Q FOM [RIU 1] LOD [RIU]
H,0, [nm/RIU] [nm]

0% 1.33 1529 e 22 70 e

30% 1.35 1547 900 25 62 36 271073
60% 1.37 1552 575 26 60 22 451073
90% 1.40 1557 400 19 82 21 471073
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hexagonal array of silicon rods in the air. Knowing the refrac-
tive indices of the different concentration substances, the sen-
sitivity, the quality factor, the figure of merit, and the limit of
detection were obtained. An improved maximum sensitivity
of 1200 nm/RIU and 900 was reached for H,SO,4 and H,0,,
respectively. The simulated sensor is very sensitive to low
refractive index variation, which is efficient. It can measure
the concentrations of both chemicals with high accuracy.
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