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Abstract: Background & Objective: In this article, a nano-cell coupled 2D photonic crystal 
waveguide bio- detection platform is proposed for the detection of organic liquids such as water, 
ethanol, glycerol, benzene and bromine for different refractive indices (n). The detection charac-
teristics are analyzed and obtained for the band diagram, before and after change of radius (r) as 
well as after the injection of liquids into the heart of the nanostructure cell at the resonant wave-
length (λ res). Also, we extracted variations from the power flow norm (P) to the resonance and 
the transmission (T) for each material. This nanostructure for different (n) materials used, gives 
(P) at different levels to the resonance. This explains the importance of the refractive index pa-
rameter (n) which plays a crucial role in the detection of materials.  

Conclusion: The proposed biosensor enables the detection of liquids. This is shown through the 
numerical results obtained. These results give a good observation of the different behavior of the sig-
nal in the presence of the liquids used which depend on their refractive indices 'n'. This parameter 'n' 
is very important for detection when it varies from material to material. The proposed biosensor can 
be used in several research areas, particularly in medical and environmental applications. 
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1. INTRODUCTION 
Optical biosensors have attracted much attention in re-

cent times [1]. They are many powerful detection and analy-
sis tools that have many applications in the healthcare, 
pharmaceutical industry, environmental monitoring, and 
food processing industries. A lot of detection techniques do 
not easily adapt to the planar lab on chip type systems be-
cause of their requirement of a large sensing area of the order 
of mm2 [2, 3]. 

Moreover, photonic crystals (PhCs) constitute a new re-
search direction in the field of optical sensing. PhCs are 
nano-sized periodic dielectric structures and devices with a 
refractive index that is modulated with the wavelength-scale 
periodicity in one two and three dimensions [4, 5, 6, 7]. This 
periodicity results in a wavelength region in which the prop-
agation of optical waves is prohibited. This wavelength  
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region is called the photonic bandgap (PBG) [8]. Due to the 
remarkable importance of PBG, many applications of PhCs 
depend on their PBG’s proprieties [9, 10]. Different optical 
devices based on PhC can be developed by creating appro-
priate defects. Various optical devices can be realized based 
on PhC such as splitters [11], logic gates [12], polarizers 
[13], triplexer [14], optical power dividers [15], optical 
waveguides [16], bandstop filters [17], optical converters 
[18], and optical sensors [19, 20]. We remove some rods or 
holes inside the PhC structure in order to obtain a ring or 
cavity shape. 

In this article, two-dimension photonic crystals are used 
due to their simplicity in shape and small size as well as the 
high confinement of light inside the device, which gives 
them a well- defined and accurate sensing platform [21].  

Photonic Crystals (PhCs) as well as circular ring photon-
ic crystals (PhCRR) based on sensors have been used for 
biosensing applications [22], chemical sensors [23], tempera-
ture sensors [24], cancer sensing [25], etc. 

In this work, we designed a biosensor based photonic 
crystal. We represented sensing characteristics such as the 
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propagation at resonant wavelength before and after chang-
ing parameters (such as the radius of photonic crystals), the 
power flow norm and transmission for water, ethanol, glyc-
erol, benzene and bromine. MATLAB and COMSOL simu-
lators are used to draw the band diagram, and determine the 
power flow and the transmission for the sensor. 

2. DESIGN PROCEDURE 

2.1. Structure Design Before Changing Rods 

Plane-wave expansion method (PWE) and finite-element 
(FEM) numerical methods have been used to obtain the pho-
tonic bandgap (PBG). Propagation, power flow norm and 
transmission for different organic liquids in structure were 
extracted using COMSOL software. We used the proposed 
photonic crystal-based liquid sensor to detect water, ethanol, 
glycerol, benzene and bromine. The biosensor, as shown in 
Fig. (1), was designed by using a two-dimensional photonic 
crystal (PhC) composed of 19X23 square lattice of dielectric 
rods immersed in the air with lattice constant a=523nm. The 
refractive index of the rods (Si) is 3.46 and for the air back-
ground, it is 1. The radius of rods of perfect PhC (with no 
defects) is ‘r=0.19*a’ which is 99.37nm. 

Firstly, we created a waveguide by removing some rods 
in the Γ-X direction and cell shape inside the two-
dimensional PhC by removing some rods. Photonic crystals 
control the light propagation inside the structure with the 
help of the defect line; that defect can be used for sensing 
applications [26].  

 
Fig. (1). The initial proposed structure without changed rods. (A 
higher resolution / colour version of this figure is available in the 
electronic copy of the article). 

By introducing some defects inside the structure, the 
PBG is broken; this allows the guided modes to propagate 
inside the PBG region. The defects (point/line) are used to 
design the proposed sensor. The guided modes are regulated 
by controlling the defect shape and size [27].  

Fig. (2). displays three PBGs for TM mode (yellow 
zone).The first TM PBGs range of wavelength ‘λ’ is 
[1215.99, 1809.68]nm, the second TM PBGs of wavelength 
‘λ’ is [693.206, 725.28] nm and the third TM PBGs wave-
length ‘λ’ is [577.83, 594.99] nm, knowing that the PBGs are 
large, medium and narrow, respectively. Only the first PBG 
in TM mode is large enough for covering the sufficient 

wavelengths for optical communication applications. In or-
der to have maximum compatibility with optical communica-
tion ranges, we took a= 523nm, where the wavelength will 
be in the range of 1215.99nm<λ<1809.68nm in TM mode.  

 

 
Fig. (2). The band structure for TM mode of the proposed structure. 
(A higher resolution / colour version of this figure is available in 
the electronic copy of the article). 

As explained above, to realize the proposed sensor in a 
fundamental platform, we first removed a row of dielectric 
rods from the middle of the structure at the Γ-X direction in 
order to have an input and output port. Secondly, we re-
moved some rods from the 11 X 7 arrays of dielectric rods at 
the appropriate place for creating a cell shape. The radius of 
the cell form is the same as the radius of all other rods in the 
initial PhC structure (Fig. 1). Then, we changed the radius of 
some rods in the heart of the cell for a new study.  

Figs. (3 and 4) represent the refractive index distribution 
along the proposed initial structure and the mesh that goes 
with it. 

 
Fig. (3). The distribution of the refractive index in the proposed 
structure. (A higher resolution / colour version of this figure is 
available in the electronic copy of the article). 

Fig. (5a and 5b) represent the electric field distribution of 
the proposed structure at Resonance, λ =1.39758 µm and at λ 
=1.3974 µm. 
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Fig. (4). The proposed structure with fine mesh. 

 

 

Fig. (5a). The electric field distribution of the proposed structure at 
Resonance, λ =1.39758 µm. (A higher resolution / colour version of 
this figure is available in the electronic copy of the article). 

 

 

Fig. (5b). The electric field distribution of the proposed structure at 
λ =1.3974 µm. (A higher resolution / colour version of this figure is 
available in the electronic copy of the article). 

2.2. Structure Design After Changing Rods 

In the next section, we changed the radius of some rods 
in the structure’s cell shape as depicted in Fig. (6). 

 
Fig. (6). The initial proposed structure with changed rods. (A higher 
resolution / colour version of this figure is available in the electron-
ic copy of the article). 

 
Figs. (7 and 8) illustrate the distribution of the refractive 

index of the proposed structure and its fine mesh associated 
with a small change on some rays inside and outside the cell 
where r_In = 63.37nm (blue color) and r_Out = 85.37nm 
(red color). 

 
Fig. (7). The distribution of the refractive index in the proposed 
structure after change rods. (A higher resolution / colour version of 
this figure is available in the electronic copy of the article). 

 
Fig. (8). The proposed structure after changed rods with fine mesh 

Fig. (9). displays the electric field distribution along the 
structure at resonance wavelength, λ=1.55µm. 
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Fig. (9). The electric field distribution of the proposed structure at 
resonance wavelength λ=1.55µm. (A higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article). 

 
Fig. (10). The final proposed structure (sensor) after changed rods. 
(A higher resolution / colour version of this figure is available in the 
electronic copy of the article). 

 
 

Fig. (11). The distribution of the refractive index in the sensor. (A 
higher resolution / colour version of this figure is available in the 
electronic copy of the article). 

 
Fig. (12c). The electric field distribution of the proposed sensor for 
water at resonance wavelength, λ= 1.55µm. (A higher resolution / 
colour version of this figure is available in the electronic copy of the 
article). 

 
3. BIOSENSOR DESIGN AND SIMULATION  

From Fig. (10), the final proposed structure (sensor) after 
changing the radius of some of the rods is represented by two 
waveguides and a cell resonator. The straight waveguide is 
created by introducing a defect line and a cell resonator by 
creating defects point and defects line. The radii of the inner 
rod and outer rod are 63.37nm and 85.37 nm, respectively. 
The proposed sensor overall size is 119.53µm2 

So, Fig. (11) shows the refractive index distribution along 
the sensor and Fig. (12c, 12d, 12e, 12f, and 12g) show the 
electric field distribution after the change of the radius for 
different liquids such as, (c) water, (d) ethanol, (e) glycerol, (f) 
benzene and (g) bromine at resonance wavelength, λ= 1.55µm.  

Also, Fig. (13h, 13i, 13j, 13k and 13l) show the power 
flow norm going from port 1 to port 2 through the cell shape 
for different liquids namely, (h) water, (i) ethanol, (j) glycer-
ol, (k) benzene and (l) bromine, respectively at resonance 
wavelength λ= 1.55µm depending on the cross-section line. 

4. DISCUSSION OF BIOSENSOR RESULTS 

The numerical results are obtained from the finite ele-
ment method (FEM) using the COMSOL software [28]. In 
the first section, we first presented and studied a two-
dimensional square lattice nanostructure based on silicon-
based (Si) photonic crystals in the air. At the heart of this 
structure is a cell shape wedged between two waveguides in 
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Fig. (12d). The electric field distribution of the proposed sensor for Etha-
nol at resonance wavelength, λ= 1.55µm. (A higher resolution / colour 
version of this figure is available in the electronic copy of the article). 

 
Fig. (12e). The electric field distribution of the proposed sensor for Glyc-
erol at resonance wavelength, λ= 1.55µm. (A higher resolution / colour 
version of this figure is available in the electronic copy of the article). 

 

Fig. (12f). The electric field distribution of the proposed sensor for Ben-
zene at resonance wavelength, λ= 1.55µm. (A higher resolution / colour 
version of this figure is available in the electronic copy of the article). 

 

Fig. (12g). The electric field distribution of the proposed sensor for Bro-
mine at resonance wavelength, λ= 1.55µm. (A higher resolution / colour 
version of this figure is available in the electronic copy of the article). 

 
Fig. (13h). The power flow norm distribution of the proposed sen-
sor for water at λ= 1.55µm depending on the cross-section line. (A 
higher resolution / colour version of this figure is available in the 
electronic copy of the article). 

 
Fig. (13i). The power flow norm distribution of the proposed sensor 
for ethanol at λ= 1.55µm depending on the cross-section line. (A 
higher resolution / colour version of this figure is available in the 
electronic copy of the article). 
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Fig. (13j). The power flow norm distribution of the proposed sen-
sor for Glycerol at λ= 1.55µm depending on the cross-section line. 
(A higher resolution / colour version of this figure is available in 
the electronic copy of the article). 

 

Fig. (13k). The power flow norm distribution of the proposed sensor 
for Benzene at λ= 1.55µm depending on the cross-section line. (A 
higher resolution / colour version of this figure is available in the 
electronic copy of the article). 

 

Fig. (13l). The power flow norm distribution of the proposed sensor for Bromine at λ= 1.55µm depending on the cross-section line. (A high-
er resolution / colour version of this figure is available in the electronic copy of the article). 

 
the Γ-M direction. The radius (r) of the rod is the same in the 
whole structure, which is 93.37nm and the lattice constant 
“a” is 493nm. 

Figs. (3-5) show the distribution of the refractive index 
and the fine mesh along the proposed structure before chang-
ing the radius (r) at the heart of the resonator cell as well as 
the distribution of the electric field at different wavelengths 
(Fig. 5a at resonance λ=1,39758µm and Fig. (5b) at non res-
onance, λ=1,3974µm). Whereas, in Figure.6, the same previ-
ous results are presented but with a change in the radius of 
the resonator cell (see Fig. 7-9) at λ=1.55µm. 

Subsequently, the study of our bio-sensor focused on the 
base of the structure shown in Fig. (6) by injecting liquids 
inside the cell (see Fig. 10) such as, water (H2O), ethanol 
(CH3-CH2 -OH), glycerol (C3H8O3), benzene (C6H6) and 
bromine (Br2), which have the following refractive indices: 
1.333, 1.361, 1.4729, 1.501 and 1.659, respectively at λ = 
1.55µm. On the one hand, the result obtained, such as the 
distribution of the refractive index of the sensor is shown in 
Fig. (11) and for the different injected liquids, the results are 

depicted in Fig. (12c, 12d, 12e, 12f and 12g), which show 
the electric field distribution at the resonant wavelength. On 
the other hand, Fig. (13h, 13i, 13j, 13k and 13l) represent a 
clear picture of the power flow norm from port 1 to port 2 
through the resonator cell for the different liquids used pre-
viously. 

Fig. (14) summarizes the results of Figs. (13) which is a 
comparison of the degree of biosensor power flow norm be-
havior with the presence of the liquids used as a function of 
the cross-section line. 

In Fig. (14), it can be observed that the benzene (Br2) of 
n=1.501 reaches the highest power at 9.41nW/m2 (magenta 
color) followed by water (cyan color) and glycerol (green 
color) with the refraction index 1.333 and 1.4729 for maxi-
mum values: 9.1nW/m2 and 8.97nW/m2, respectively. After 
that, ethanol (black color), which has a refractive index of 
1.361, manifests itself with a considerable maximum equal 
to 8.25nW/m2. In addition, low power of 0.4923nW/m2 is 
observed at the level of bromine (blue color) which has a 
refractive index of 1.659. Finally, we also represented on the 
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same graph a curve (red color) before the injection of organ-
ic liquids in the cell, which is the refractive index of silicon 
is 3.46. It is observed that the power before the injection of 
its liquids is almost non-existent. In this case, it can be said 
that the power could reach different maximums along the 
path from port 1 to port 2 in the presence of the organic liq-
uids used. Knowing that these maximums intersect in the 
same cross-sectional line at 5.754 µm. 

 

Fig. (14). The power flow norm distribution of: Water (H2O), etha-
nol (Ch3-Ch2-OH), glycerol (C3H8O3), benzene (C6H6) and bromine 
(Br2) versus Cross-Section line. (A higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article). 

 

Fig. (15). Transmission for water (H2O), Ethanol (CH3-CH2-OH), 
glycerol (C3H8O3), benzene (C6H6), bromine (Br2) versus wave-
length. (A higher resolution / colour version of this figure is availa-
ble in the electronic copy of the article). 

From Fig. (15), the transmission in dB of the structure is 
represented depending on wavelength. We can see that for 
the different materials used, the transmission coefficient 
passes through maximums. 

In the case of benzene (C6H6), it is clear that the trans-
mission coefficient reaches a value of -51.93dB for a wave-
length λ = 1.337µm, for water (H2O), it is 44.29dB at a 
wavelength of 1.308 µm and for glycerol (C3H8O3), the 
transmission coefficient reaches a value of -53.41 dB at the 
wavelength λ = 1.331 µm. For the last two materials, ethanol 
(CH3-CH2-OH) transmission coefficient reaches a value of -
73.22dB at λ = 1.312µm and bromine (Br2) transmission 
coefficient is -61.56dB at a wavelength equal to 1.371 µm. 
This difference in transmission coefficient and wavelength is 
due to the refractive index which varies with respect to each 
material. 

 

Fig. (16). The power flow norm versus the refractive index of: Wa-
ter (H2O), Ethanol (CH3-CH2–OH), glycerol (C3H8O3), benzene 
(C6H6), bromine (Br2) and Silicon (Si). (A higher resolution / col-
our version of this figure is available in the electronic copy of the 
article). 

Fig. (16) depicts the variation in the power flow norm in 
the function of the refractive index of all the materials used 
in this study. It was observed that benzene (C6H6) reached a 
high power followed by water (H2O) and glycerol (C3H8O3). 
Then, ethanol (CH3-CH2-OH) was also expressed with con-
siderable power. In addition, the bromine (Br2) reached a low 
power and finally in the absence of liquids in the cell, the 
power is almost non-existent as in the case of silicon (initial 
state). These power variations are due to the variation in the 
refractive index of each organic material used and the behav-
ior it shows. 

CONCLUSION  

In this paper, we = proposed a biosensor based on pho-
tonic crystals in order to detect certain liquids, namely water, 
ethanol, glycerol, benzene, and bromine. The biosensor con-
sists of a nanostructure composed of a resonator cell between 
two waveguides that are on the same line. This biosensor is 
designed using two-dimensional photonic crystals with a 
square array of rods embedded in the air. The range in which 
the biosensor operates is from 1215.99nm to 1809.68nm. 
The surface of the biosensor is 11.506nm x 9.414nm 
≈108nm2. The numerical results of the propagation and the 
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power flow norm obtained by COMSOL facilitate good ob-
servation of the different behaviors of the signal in the pres-
ence of the liquids used, which depend on their refractive 
indices 'n'. The parameter ‘n’ is very important in terms of 
detection when it varies from one material to another. The 
proposed biosensor can be used in several fields of research, 
particularly, medical and environmental applications. 
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