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Aromatic Compounds: CsHsl, CsHsF and CsHsCl
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A new study was presented on a new sensor based on two-dimensional photonic crystals
(Phc's) to detect the following three organic materials: iodobenzene (CeHsl),
fluorobenzene (CeHsF), chlorobenzene (CsHsCl). These materials have dielectric
constants (er) equal to 2.623; 2.140; 2.318, respectively. The proposed sensor is a
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phglt\éwvnic crystals, FEM, sensor, organic structure made of silicon rods submerged in air plus a ring resonator. The ring resonator
compounds ' ' ' is stuck between two horizontal waveguides. At the end of the ends of the structure there

are four ports where port 1 and 2 belong to the top guide and port (3) and (4) the bottom
one. In order to analyze the behavior of the sensor, a plane wave expansion approach
(PWE) and the finite element method (FEM) are applied. Thanks to the MATLAB and
COMSOL simulation software, we were able to obtain the following numerical results:
the norm of the electric field, the total energy density and this last magnitude according
to the refractive indices of the different organic materials used. We could observe
variations in energy density for each material. So, this change is due to their refractive
index which varies from one material to another. In this study, we have fixed the other
parameters like the constant of the lattice "a" and the radius "r" and we are interested in
the dielectric constants (er) or more precisely the refractive index (n), the latter proves

that it is one of the important parameters for detection.

1. INTRODUCTION

In recent years, nanostructure materials have played an
important role in scientific fields (for example: chemical
analysis) as well as technological progress in photonic and
optical applications [1, 2]. A recent approach in analysis is to
create sensors using photonic crystals (PhC) [3, 4]. Also,
several researchers have shown that it is possible to develop
physical sensors using PhCs of different structures in order to
complete biological sensors which tighten the detection of
proteins, bacteria, toxins, viruses, DNA [5-7]; Or even
temperature and mechanical pressure [8, 9]; similarly
chemical sensors to detect organic solvents, molecules, vapors,
small ions, or to find the pH and ionic strength of a solution
[10-13]. Photonic crystals (PhC) are man-made materials
made up of a periodic arrangement in which the refractive
index (the dielectric constant) at a periodicity which can vary
across three dimensions and this can allow light to be
controlled for its photonic band gap (PBG) and / or its light
diffraction properties [14-17]. By their periodicities and their
properties, photonic crystals make it possible to make optical
or electromagnetic devices capable of storing, filtering or
guiding light at the wavelength scale. Photonic crystals are
often used in telecommunications and computing [18]
especially in the field of integrated optics. Also, the use of
photonic crystals in other applications is developing as for:
solar with improved efficiency of photovoltaic cells [18],
lasers with the optimization of their performance for low
threshold lasers [19], lithium-ion batteries to increase their
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efficiency [20], biological or chemical sensors for detection
[21]. In order to have different optical devices based on PhCs
which can be developed; suitable defects have been created
such as, optical converters [22], optical waveguides [23],
optical switches [24], optical power dividers [25], optical
filters [26, 27] as well as sensors [28]. A few years ago, square
and triangular network channel drop filter (CDF) ring
resonators were studied by two researchers David and
Abrishamian. Their work is based on a multi-channel drop
filter with PhcRR using two different refractive indices in 2D
-PhC with a square grating [29].

In parallel another team of Mehdizadeh et al studied the
effect of several parameters such as the refractive index of
dielectric rods and so on ... which are important parameters for
the adjustment of the filter [30].

In this article, we will use the Channel Drop Filter (CDF)
design based on a new 2D photonic crystal-based ring
resonator setup to build a new sensor to detect three aromatic
compounds CgHsl, C¢HsF and Ce¢HsCl from the benzene
family (see Figure 1) [31-33].
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Figure 1. Chemical compound of Iodobenzene (CsHsl),
Fluorobenzene (CsHsF) and Chlorobenzene (CsHsCl)
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2. SENSOR DESIGN

Two methods are exploited in this study, one is the plane
wave expansion (PWE) to extract the photonic band gap (PBG)
and the other is a digital method integrated in the simulation
software COMSOL in order to have the following physical
parameters: the distribution of the refractive index 'n' and the
mesh along the structure. Also, the electric field for the various
organic compounds proposed. Next, we presented the total
energy density (TED) as a function of the cross section line x
for the three organic compounds. We end this study by
presenting the total energy density (TED) as a function of the
important parameter "n" for the three proposed materials.

Within the proposed structure some modifications have
been made in order to have a ring resonator. Figure 2 illustrates
the final shape of a resonator wedged between two parallel
waveguides; one is at the top created by removing a full row
of dielectric rods in the I'-M direction to create the bus
waveguide and the second below by removing a full row in the
I'-M direction to create the guide output waves.

The proposed sensor is made from the two-dimensional
photonic crystal of a square lattice form submerged in air from
which there are 35 dielectric rods horizontally and 28
dielectric rods vertically. Knowing that the dielectric constant
of the rods (er) is 11.9716 and for air is equal to "1" as well as
the radius of the perfect PhC rods (without defect) is r=0.19a.

Knowing that the refractive index 'm' and the dielectric
constant of the material ‘g, is linked by this formula:

—2 1
& =n Q)
<32(35)=>
PDl'tl 00EOD0ELEN0EED0080C000C00008000040
95590005050 s00ssacesasceacassscesd Port?
©020E903000ER0CEI0ECREEREEOTERTTRR
200020005006 00G050G00GI3000T00TA0 =
. ----------- C6HSF (Fluorobenzene)
500099009000000050C000EGT00T00TT ssoscssssssese O
200000000000000CCC00060EC0C0A000D o s =
A BOoBBOOEBT “sowvvasncas o . 0
U ssossocces cabccaccda s . ~
secosacca co56sasmaa s o o -
. socosoooao c oo cescoasoaa o P -
("Zs‘] EEECEEGEEL) ¢ o cevo0aDOad ) X a6 @ [9]
&9/ pooooncceo 66 ¢opcdanoda o o6 s . -
5ooooooooo c cooecacoca o PR I
Il 5008380000 : e socoasanna . P P
Y sooebToe oo ceoTdaD LD 2 H -]
T cepscancaa N . T
2800000000 c050005600 a e
Port4 tosccsosscos, covoaasooad POrt3 fessccsssssses® 5
DOoCoODOCODOCOBRECOODOCOEEOCOOCROOAC DAY "
bpocopocNoocOEREBER 00 E08R0GAR0GD =
"""""" C6HSI (Iodobenzen) &
T I I ™
DogdoDboEO00C600G600G600G60 R 0GAD 0 G
2000200000000800080008000350030003

Figure 2. The final sketch of sensor
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Figure 3. Photonic band gap of the sensor
For a good superior compatibility with optical

communications intervals, we have taken a=623nm from
where the study will be extended in a wavelength interval
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around 1415 nm and 1946 nm in TM mode.

As it was explained, to realize the sensor in a fundamental
platform, we suppressed a complete row of dielectric rods in
the direction I'-M, and some rods in the direction I'-M we
created respectively the guide of guide bus waves and the
waveguide output.

Subsequently, we created a resonant ring between the two
guides. So, we removed from a 15X15 array of dielectric rods
at the appropriate location of the rods to create a shape in the
heart of the resonator. We have not varied the radius within
this form and it will remain of the same value as in all the other
rods of the initial structure Phc. The final schematic diagram
of the proposed sensor is shown in Figure 3.

The sensor we have proposed has four ports rated from 1 to
4,
e The waveguide input port is marked as port (1);

The output waveguide is marked as port (2) and called as

the forward transmission terminal.

The waveguide of ports (3) and (4) are designated as

forward descent.

The optical waves entering the structure take a path which
goes from the port (1) to the exit of the port (2) and thanks to
the desired length this will allow them to take another path
passing through the resonator in resonant ring towards the last
name named port (4).

In addition, as shown in Figure 1, the refractive index of the
frame surrounding the resonator has been changed by various
organic compounds of the benzene family such as,
fluorobenzene (CsHsF) [32], chlorobenzene (C¢HsCl) [34] and
iodobenzene (C¢Hsl) [35, 36]. The modified refractive indices
are in red as shown in Figure 1.

3. RESULTS AND DISCUSSION

We started with the extraction of the PBG then the
propagation of the electric field (E) and the calculation of the
total energy density (T.E.D) using the PWE method and the
finite element method (F.E.M). Basically, solving Maxwell's
equations (E.M) allowed us to study the propagation of
electromagnetic waves in a photonic crystal structure where
the form of the magnetic field is written as:
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The angular frequency is ‘®’, the speed of light in vacuum
is noted ‘c’ and &(r) is relative permittivity of material.

The FEM calculation is applied for the dispersion relation
of square lattice pattern for TE and TM polarizations and on
the (xy) plane of the square lattice structure the light
propagates. The PBGs of the Phc with aforementioned values
is depicted in Figure 2. In the following part, our simulations
are adapted to the proposed structure based on a 2D photonic
crystal ring resonator called sensor.

Figure 3 illustrates the photonic band gap (PBG) of the
sensor for TE and TM modes. We observe three PBGs, one for
the TE mode which is narrow (green color) and two other
bands of the TM mode (black color). These last two bands
have a medium and wide opening. The three bands are in an
interval of 0.85 <a /A <0.86 for the TE mode and for the TM
mode, the middle band is at 0.77 <a/A<0.78 and the band
largest at 0.32 <a/A <0.44.



The widest band gap of the TM mode will be of interest
because it is large enough to cover sufficient wavelengths for
optical communication applications.

Our numerical results are extracted using COMSOL
software, as they are generated by the finite element method
which is integrated into this software. Through this study, we
have illustrated the distribution of the refractive index as well
as the mesh along the structure followed by the study of the
distribution of the norm of the electric field. And the total
energy density (TED) as a function of the transverse line plus
the TED as a function of the refractive index "n" for the three
organic compounds which are fluorobenzene (CgHsF),
chlorobenzene (C¢HsCl) and iodobenzene (C¢Hsl)) in a two-

dimensional square lattice structure based on photonic crystals.

The plane of propagation of the electromagnetic wave is (xz).
This wave is the telecommunications wavelength, 1.55um.

Figures 4-6 show the distribution of the refractive index (n),
the mesh over the entire structure as well as the distribution of
the electric field at resonance (A = 1.550um) for the following
different organic compounds: CsHsF, C¢HsCl and CgHsl,
respectively.
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Figure 4. Distribution of the refractive index 'n' along the
sensor

Figure 5. The sensor with mesh
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Figure 6. Electric field distribution for different refractive
index of (a) Fluorobenzene (C¢HsF), (b) Chlorobenzene
(C6HsCl) (c) lodobenzene (CsHsl), respectively at A =
1.550pm

The function expression of time average total energy
density is:
Wy = W™ + Wip” (3)
where, W, represent time average electric energy density
and its expression is:

1
W = 2 R(E D) )

And W2 represent time average magnetic energy density
and its expression is:

1
Wrgv = ZRE(HZ ' Bz) Q)

Then:

1 1
Waw ZZRe(E'D*)‘l'ZRe(Hz'Bz) (6)

where, the unity of W, is J/m>.

In addition, from Figure 7, we show the behaviour of the
total energy density (TED) of the three proposed organic
compounds which are fluorobenzene (CsHsF), chlorobenzene
(CsH;sCl) and iodobenzene (CsHsl) at resonance (A = 1.55um)
with refractive indices 1.4626 for flurobenzene, 1.5226 for
chlorobenzene and 1.6196 for iodobenzene. Note that the three
curves obtained will reach maximums. The greatest total
energy density transferred from port 1 to port 2 is that of
chlorobenzene for a maximum of 2.08*10°"5 J/m?. Then, the



total energy density of iodobenzene will be just below for a
maximum of 1.83*1073J/m? and the last curve which will be a
little lower concerns fluorobenzene for a maximum of
1.736*10°° J/m3?. These are three maximum curves that
coincide with the same cross section line at 1.06*10 m.
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Figure 7. The total energy density of: Fluorobenzene
(CeHsF), Chlorobenzene (CsHsCl) and Iodobenzene (C¢Hsl)
versus cross section line

Figure 8 illustrates the total energy density (TED) curve for
the different materials used as a function of their refractive
index. This figure can express a relevant idea on how to detect
these organic compounds. So, high energy density
Chlorobenzene is the first organic compound to be detected for
an average refractive index (n = 1.5226) then it will be
followed by lodobenzene which has an average energy density
for a high refractive index (n 1.6196). And finally,
Fluorobenzene manifests itself by a very low total energy
density for a low refractive index too (n = 1.4626) compared
to other materials.
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Figure 8. The total energy density of: Fluorobenzene
(C¢HsF), Chlorobenzene (CsHsCl) and Iodobenzene (CsHsl)
versus refractive index

4. CONCLUSION

In this work, we proposed a 2D photonic crystal-based
sensor for the detection of organic compounds. For this we
hollowed out in the initial structure two horizontal waveguides
plus a resonator which is located between these two guides.

338

Then, the silicon resonator rods were replaced each time by
the organic compounds studied such as fulorobenzene (CsHsF),
chlorobenzene (C¢HsCl) and iodobenzene (C¢Hsl) which has
the refractive indices 1.4629, 1.5226 and 1.6196 respectively.
From the simulation results obtained, we were able to observe
total energy density (TED) curves which vary according to the
indices of the proposed materials. This variation in physical
quantities (TED) is due to the refractive index "n" which varies
from one organic compound to another. This “n” index
appears to be an important parameter for the detection of
organic compounds. Therefore, it will be authorized as
biosensors in several research fields such as: medical,
environment, etc.
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