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A biochip is made from a two-dimensional photonic crystal waveguide and a rhombus shape that 
acts as a resonator. This biochip is a sensor that can detect different concentrations of glucose with 
amounts of 10, 20 and 60% in water. Here, we studied and simulated the concentrations of glucose, 
which have a refractive index n of 1.3477, 1.3635 and 1.4394, respectively. To identify these quan-
tities, we have proposed a square lattice structure formed by silicon rods with a n = 3.46. With the 
help of these dielectric rods immersed in the air, it was possible to analyze the detection charac-
teristics. Our results are examined according to COMSOL software by using the PWE method and 
the finite element method in order to have the PBG and which helped us to create the structure and 
extract the propagation at resonance, the field norm, the total energy density (TED), the power flow 
norm (PFN), the transmission and the sensitivity. The concentrations of glucose in water answered 
yes to the variations for each of the E-field, the TED, the PFN and the sensitivity. These variations 
are due to the radius r and refractive index n of each concentration used. This structure can help 
with diabetes self-monitoring. 

Keywords: photonic crystals, pwe, biochip, glucose, diabetes. 

1. Introduction 

In 1962, Lyons and Clark, two researchers, invented the first optical sensor. This sensor 
in turn has opened up to optical detection mechanisms and dreew great attention in 
several fields such as: the military, environmental monitoring, viscosity and surface 
tension, medical diagnostics and control of industrial processes, etc. One of the mate-
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rials that can be detected through the optical sensor is glucose. This material has a con-
centration that is affected by the physical properties of viscosity, surface tension, 
specific gravity, and refractive index. Glucose plays an important role in the field of 
health, for example, in the case of diabetes where its concentration in the urine can 
infect the patient’s condition. Once the glucose level rises in the urine from the normal 
range, which is between 0 and 15 mg/dl, it is called glycosuria which represents its 
high level in the blood, knowing that normal blood sugar takes the interval between 
165 and 180 mg/dl and when the level is too low, it is known as hypoglycemia which 
means a lower range of 40 mg/dl. On one hand, if the interval varies between 270 and 
360 mg/deal, it means high blood sugar is known as hyperglycemia [1]. Another ex-
ample of the proper functioning of the body is the monitoring of the level of glucose 
in the blood, because its presence in the blood is in the form of a fundamental segment 
for the capacity of vitality, typical functioning of neurons and guide of metabolic ex-
ercises. Various techniques have been used to decide on the quantitative and subjective 
examination of the level of glucose in body fluid. Hence, they are various current sen-
sors, like pyroelectric sensor, piezoelectric sensor, electrical sensor, and optical sensor. 
Knowing that among the optical sensors there is one that is used in the localization of 
blood fluid glucose with the purpose of shielding against electromagnetic interfer-
ence (EMI) with light, high sensitivity and high accuracy [2]. Now, in order to develop 
ultra-compact optical sensors, different nano- and micrometer photonic structures have 
been used, such as optical decoders based on photonic crystal (PhC) [3], Mach–Zehnder 
interferometers (MZI) [4],electro-optical encoders based on PhC [5], surface plasmon 
resonators [6], micro-ring resonators [7,8], ultra-compact ultra-fast comparator based 
on PhC [9] and photonic crystal (PhC) cavities [10]. In order to use them as sensors, 
it is desirable to have PhC resonators with intense light/matter interaction between an-
alyst and optical fields. These PhC resonators are structures reported by different re-
searchers for detection purposes [11-18]. These resonator structures are most widely 
used as the ring cavity, which is very sensitive to IR variation and provides better sen-
sitivity compared to other optical devices. Micro-ring resonators (MRR) have  high  
transmission efficiency and high quality factors and small mode volume. PhC resona-
tors can introduce unique advantages in sensing applications to design different bio-
medical, chemical sensors, etc. Photonic crystal sensors (PhC resonators) have sparked 
critical interest in integrated sensing and the principle of cavity sensors [19] is based 
on the variation of the properties of the light whose refractive index (RI) of the analyst 
varies. In this case, optical detection is the current interest that can give both fast re-
action and accurate continuous identification of substances [20]. In addition, the re-
fractive index is among the relevant parameters for detection because its modification 
can infect the electromagnetic modes that come from different frequencies in the 
photonic forbidden band (BPG). By creating defects at the level of the structure by the 
omission of rods or holes such as the case of phonic crystals, the radiation will be al-
lowed to travel within the BIP at the recurrence of the deformation [21]. PhCs are pe-
riodic structures classified into one-dimensional (1D), two-dimensional (2D) and three 
-dimensional (3D) with the ability to control the propagation of electromagnetic (EM) 
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waves in frequency intervals called PBG (photonic band gaps). The creation of the 
photonic band gap is related to the contrast of refractive index n between the constituent 
materials [22]. In order to locate refractive index [23], high temperature [24], bio-sens-
ing applications [25], pressure [26], force/strain sensor [27], breast cancer [28]. The pro-
posed 2D-PhC structure is simple, small in size with high light confinement, and more 
convenient compared to one-dimensional and three-dimensional PhC. Thanks to this 
high confinement of light inside the device, our design will provide an accurate detection 
platform. Generally, the photonic crystal has a photonic band gap that can be broken by 
the creation of a point defect or by a line defect. Several optical devices based on PhCs 
have been reported by breaking defects such as: demultiplexer [29], switches [30], di-
rectional coupler [31], power splitter [32], logic gates [33], triplexer [34], electro-op-
tical modulators [35], add-drop filter [36], filter [37], and sensors [38]. 

A new technique for detection is proposed for a silicon (Si) based biochip. It uses 
two-dimensional (2D) photonic crystals to detect changes in the refractive index (RI) 
of various percentages of glucose concentration in water. The proposed platform is 
a PhC-2D structure. It is designed with 21×25 air-immersed silicon rods. A rhombus 
shape at the heart of this design was created by omitting a few rods. In addition, of the 
two waveguides at the ends of this rhombus are introduced by omitting some rods along 
the Γ-X direction. Thanks to this defect that we created, the photonic crystals are in 
a position to control the propagation of light within the structure. This defect plays 
a key role in detection applications. The distance between each rod is known by the 
dielectric constant a which is 523 nm. The refractive index n of rods plus air is 3.46 
and 1, respectively. Moreover, the radius of the rods r in the initial structure is 0.19a 
which means 99.37 nm. Due to the simplicity, i.e. small size and shape as well as the 
strong confinement of light at the heart of the device which gives them a well-defined 
and precise detection platform, photonic crystals are the best answer to this field [39]. 
Furthermore, other sensors based on photonic crystals (PhCs) or based on circular rings 
based on PhC called (PhCRR) have been used for biodetection applications [40], tem-
perature sensors [41], detection of cancer [42], chemical sensors [43], etc. 

In this study, a photonic crystal was designed to be based on a biosensor. Therefore, 
for this we presented the detection characteristics such as the photonic band gap for 
the TM mode, the distribution of the dielectric constant εr along the structure, the elec-
tric field norm E with the lattice at resonance (before and after changes in on the radius 
of the rods) as well as for the following glucose concentrations, 10%, 20%, and 60% 
in water within the structure. Next, we illustrated the total energy density, power flow 
norm, and transmission for the proposed glucose concentrations. Our numerical sim-
ulation results are obtained using MATLAB and COMSOL software. 

2. Materials and methods 

Several strategies exist, such as the finite difference method (FDTD), the finite volume 
method, the finite element method (FEM) [44], and the plane wave expansion (PWE) 
method [45]. In each method, there are certain disadvantages and advantages. 
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First, FEM and PWE are particularly used because of their efficiency, which meets 
the requirements of PC-based devices. Then, the use of the PWE could offer the the-
oretical analysis of the photonic crystal structures and the eigenmodes at the heart of 
the periodic structures because it illustrates a superposition of a group of plane waves. 
And finally, one of the approaches used is the resolution of Maxwell’s equations (EM) 
in order to estimate both the propagation of the electric field (EM) and the transmission 
via the FEM method. 

In this study, the numerical results are obtained using the finite element method (FEM) 
under COMSOL software [46] and the PBG was calculated by the PWE method. In 
a first place, we studied and illustrated a two-dimensional square lattice structure based 
on silicon (Si) photonic crystals immersed in air. Within this structure, a rhombus sand-
wiched between two horizontal waveguides is formed. These guides represent a line 
defect that is used to manipulate the propagation of light. The impact of the defect 
created (point or line) to design the proposed sensor is observed on the photonic for-
bidden band (PBG). It in turn breaks allowing the guided modes to propagate inside 
this PBG region. Guided modes are regulated by controlling the shape and size of the 
defect [47]. In addition, the resonant wavelength, total energy density and power flow 
norm of the sensor can be changed by varying the refractive index (RI). The electro-
magnetic equations of Maxwell (1) used can prove that the functions of a photonic 
crystal are similar to those of the sensor [48].The radius r of the rod is 0.09937 µm, 
as it remains the same throughout the structure with a lattice constant, a which equals 
0.523 µm. 

1-------------  H  r  
ε r 

2ω = ------- H  r (1) c  

where c, ε, H and ω represent, the speed of light, the permittivity, the magnetic field 
and the resonant frequency, respectively. Photonic band gap (PBG) extraction uses 

(a) (b) 

Fig. 1. (a) The initial proposed structure before changing the rods, and (b) after changing the rods. 
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plane wave expansion (PWE) method which can be implemented to study the dispersion 
behavior of photonic crystals and transmission spectra. The element method implement-
ed in COMSOL software was used to get the distribution of the dielectric constant εr 
on the structure and its mesh, the propagation at resonance of the electric field norm 
at different concentrations of glucose (10%, 20% and 60%) in water, the total energy 
density  (TED), power flow  norm (PFN) and transmission (T).  The  proposed sensor 
based on photonic crystals is useful for detecting the three concentrations of glucose 
in water. Therefore, the creation of this structure is done by photonic crystal rods on 
a 2D dimension. It extends towards the X direction (horizontally) with 25 rods and to-
wards the Y direction (vertically) with 21 rods, forming a square network of 21×25. 
We know that the rods are immersed in air and the lattice constant a of the lattice is 
0.523 µm. 

In addition, the two refractive indices of silicon rods and air are 3.46 and 1, respec-
tively, and the radius of the rods at CPh without defects (perfect) is 99.37nm, calculated 
according to the following relationship: 

r = 0.19a (2)

In order to create the rhombus shape at the heart of the two-dimensional structure, 
we cut some rods and for the guide by removing some rods also along the Γ-X direction. 
That is to say, we created defects that are the cause of the control of light inside the 
proposed design. This defect is used as an application for detection [49]. 

3. Results and discussion 

According to the Fig. 2, three phonic band gaps (PBGs) are observed for the TM mode. 
They are located according to the interval mentioned in Table 1. 

From the above diagram of the photonic band gap (Fig. 2), we obtain three band gaps 
in TM  mode which is:  a wide  band  which is located in this interval 0.2890 ≤ a/λ 
≤ 0.4301, a narrow band that locates in this range 0.7211 ≤ a/λ ≤ 0.7544 and a very 

Fig. 2. The band structure for TM mode of the proposed sensor. 
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 T a b l e 1. Three photonic band gaps of the TM mode with their intervals. 

Mode TM Interval λ [µm] 

First PBG [1.21599, 1.80968] 

Second PBG [0.693206, 0.72528] 

Third PBG [0.5778, 0.59499] 

narrow band which is in the following range: 0.879 ≤ a/λ ≤ 0.905. That is to say, the 
first band obtained is the widest wavelength λ which goes from 1.21599 up to 
1.80968 µm. Then, we find the second narrow forbidden band where it covers a range 
of wavelength λ which gets along from 0.693206 to 0.72528 µm. And finally, we have 
the very narrow forbidden band which floats in a wavelength range between 0.5778 
and 0.59499 µm. Knowing that these ranges were calculated this way, we have: 

a / λn = fn (3)

fn < a /λn < f (4)

where a is the lattice constant, n is a natural number, λ is the wavelength, and f is the 
frequency. 

Since the PBGs are respectively wide, narrow and very narrow, only the first PBG 
in TM mode is large enough to cover sufficient wavelengths for optical communi-
cation applications. In order to have a maximum of compatibility with the ranges of 
optical communication, we took a = 523 nm where the study will be in the range of 
1.21599 µm < λ < 1.80968 µm in TM mode. 

For this initial platform to be realized and operational, we first omitted along the 
Γ-X direction of the structure, a row of dielectric rods from the center in order to have 
an input port 1 and a port 2 of exit. Second, to design the rhombus shape, we removed 
11×7 rods from the lattice of the initial structure. In addition, we made some changes 

(a) 

Fig. 3. (a) Dielectric permittivity and (b) mesh zoomed in the sensor study area 
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(b) 

Fig. 3. Continued. 

on the radius of some rods in the center of the rhombus in order to study the proposed 
sensor for glucose concentrations (Fig. 1(b)). 

Figure 3(a), represents the distribution of the dielectric permittivity of silicon rods 
(εr (Si)  = 11.972) immersed in air (εr (air)  = 1) as well as (b), the mesh on the structure. 

Figure 4 illustrates the electric field norm distribution at resonance, λ = 1.3542 µm  
(structure in the initial state). Then, we represented the distribution of the electric field 
norm E before and after changing the radius for different concentrations of glucose 
(10%, 20% and 60%) in water at the resonance wavelength, λ = 1.55 µm (see Fig. 5). 

The next step of our work consists in modifying the radius in some rods which con-
stitute the rhombus in the structure. The values of the radii which one touched are 
outside and inside the rhombus from where rout becomes 0.08537 µm (radius in red) 
and rin becomes 0.0637 µm (radius in green), see Fig. 1(b). 

The final proposed structure (sensor) after modifying the radius of some of the rods 
is represented by two waveguides and a rhombus-shaped resonator and the overall size 
of the proposed sensor is 131.29 µm2. 

Fig. 4. Electric field norm distribution at the resonance, λ = 1.3542 µm. 
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Fig. 5. The electric field norm distribution of the proposed sensor for three concentrations of glucose 
(10%, 20%, and 60%) in water at resonance wavelength, λ = 1.55 µm. 

Fig. 6. The proposed sensor. 

In order to explain our approach in this study, we presented three structures (see 
Fig. 6). Each structure will be modified according to the refractive index of each con-
centration of glucose introduced into the heart of the rhombus-shaped resonator. For 
example, the first structure has been modified by introducing a concentration of 10% glu-
cose, hence the refractive index is 1.3477 (color move). 

The second concentration of glucose introduced is 20% (see the resonator in green 
color) for a refractive index of 1.3635. Then, 60% glucose concentration was used in 
this rhombus for a refractive index, n = 1.4394 (orange color). 

The results obtained by simulation showed that the electric field norm at resonance 
(λ = 1.55 µm) of Fig. 5 for the initial case (before changing the radius and introducing 
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Fig. 7. The total energy density of the proposed sensor for three concentrations of glucose (10%, 20%, 
and 60%) in water at resonance wavelength, λ = 1.55 µm versus cross-section line. 

the concentrations) is almost zero (= 1.362×10–6  V/m). Once the change takes place 
on the radius, we obtain a curve whose maximum is at 6.236×10–5 V/m. As soon as one 
begins to introduce the three concentrations of glucose (10%, 20% and 60%) into the 
rhombus-shaped resonator, one notices that the three new curves obtained have reached 
the maximum. These maximums are 17.01×10–3, 16.3×10–3, and 16×10–3 V/m for wa-
ter glucose concentrations of 60%, 20%, and 10%, respectively, which coincide with 
the cut line at 6.286 µm. This can well explain the influence of the radius of the rod r 
on one side and on the other side of the refractive index at each introduced glucose 
concentration, on the maximum level of the norm intensity of the electric field which 
can be can reached. 

In addition, another result that could be extracted is that of the total energy density 
(TED) before (and after) change of radius and without consultation as well as after the 
change of radius with the presence of the three concentrations of chosen glucose 
(Fig. 7). Therefore, the total energy density of the structure in the initial state is al-
most zero (green curve). Once the modifications are made to the radius of the rods 
that form the rhombus, a curve is observed with a maximum total energy density of 
3.577×10–20 J/m3 (cyan curve). Similarly, as soon as the first concentration of glu-
cose at 10% is introduced, the curve changes and reaches a maximum density of 
2.172×10–15 J/m3 (black curve). The same goes for the concentrations of 20% and 60% 
which reach maximum total energy densities of 2.245×10–15 J/m3 (blue curve) and 
2.426×10–16 J/m3 (red curve), respectively. 

After the study of the TED, we illustrated the power flow norm (PFN), withits max-
imums in Table 2. 

From Fig. 8, the variations in the maximums of the power flow norm (PFN) before 
(after) and in the presence of the concentrations of glucose in water on the structure 
were observed. According to Table 2, the power is almost zero (≈ 3.483×10–19 W/m2) 
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T a b l e 2. The maximum power flow norm (PFN) before and after changing the radius of the rods and 
after the injection of the concentrations of glucose in the water. 

Before After Glucose (10%) Glucose (20%) Glucose (60%) 
changing rods changing rods in water in water in water 

Max of power 
flow norm [W/m2] 

3.483×10–19 2.261×10–15 7.152×10–9 7.853×10–9 1.063×10–8 

Fig. 8. The power flow norm distribution of the proposed sensor for three concentrations of glucose (10%, 
20%, and 60%,) in water at resonance wavelength, λ = 1.55 µm versus cross-section line. 

when the structure is in the initial state where the refractive index of rods is 3.46 (green 
curve). It begins to appear once the rods that form the rhombus change (cyan curve) 
where there is an increase to the maximum of PFN ≈ 2.261×10–15 W/m2. As soon as 
the heart of the structure (rhombus) is replaced by 60% glucose (red curve) with a re-
fractive index of 1.3477, the structure becomes sensitive and gives a maximum of 
10.63×10–8 W/m2. Once the concentration is divided by 3, i.e., 20% (blue curve) for 
a refractive index n = 1.3635, there is a decrease in the maximum power which tends 
towards 0.7853×10–8 W/m2. On the other hand, for a glucose concentration of 10% 
with a refractive index n = 1.4394 (black color), we notice there is a small decrease 
on the maximum of the power flow norm for a value of 0.7152×10–9 W/m2. This gives 
us an insight into the impact and influence of the radius r and the concentration of glu-
cose in water on the structure for the different doses used which can reach different 
maximums along the path from port 1 to the output of port 2. Knowing that the peaks 
of these curves intersect on the same line at 6.266 µm, we have: 

The last parameter that we treated is the transmission according to the wavelength, 
see Fig. 9. 

From this Fig. 9, the transmission is illustrated in dB. The results obtained show 
that the concentration of glucose at 10% (n = 1.3477) reaches a transmission value of 
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Fig. 9. Transmission for different concentrations of glucose with 10%, 20% and 60% versus wavelength. 

–39.7 dB for a wavelength of 1.571 µm (curve in black) and the concentration of glu-
cose at 20% (n = 1.3635) reaches the value of –35.78 dB at the wavelength of 1.573 µm 
(curve in blue). In addition, for the 60% glucose concentration where n = 1.4394 (red 
curve), the transmission reaches a value of –51.57 dB at a wavelength of 1.583 µm. 
This small wavelength shift for different concentrations of glucose in water proposed 
is 10 nm between 20% and 60%, 2 nm between 10% and 20% and 12 nm between 10% 
and 60% concentration. This difference in transmission and wavelength λ is due to the 
refractive index n which varies from one concentration of glucose to another. 

Figure 10 summarizes the results obtained from the two curves which are the total 
energy density and the power flow norm as a function of the refractive index of the 
glucose concentrations used at 10%, 20% and 60% for the proposed biochip. It is noted 

Fig. 10. The power flow norm and the total energy density versus refractive index of glucose concentration 
(10%, 20% and 60%) in water. 
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that the power flow norm and the total energy density increase together with the in-
crease in glucose in the water for the concentrations of 10%, 20% and 60% hence their 
refractive index 1.3477, 1.3635 and 1.4394, respectively. Knowing that in the absence 
of glucose concentrations in the structure (initial state), the power and the energy den-
sity are almost zero. 

This almost linearity obtained shows how the parameters r and n are very important 
for the sensitivity of the sensor that is proposed. 

One of the important parameters for our sensor is the sensitivity. Sensitivity is de-
fined as the level of a change in signal flow at a sensor in response to a change in re-
fractive index of a glucose concentration. It is defined as follows: 

S = Δλ /Δn (5)

where Δλ is the transmission spectrum displacement and Δn is the refractive index 
changes. 

From Table 3, we could display the Fig. 11. This figure represents different glucose 
concentration solutions offered at 10%, 20% and 60% whose refractive index is 1.3477, 
1.3635 and 1.4394, respectively. 

These concentrations are used to determine the sensitivity S of the sensor which 
comprises a resonator in the shape of a rhomboid. Increasing the concentration with 
the refractive index n for each solution caused the resonance peaks λres in the spectra 

T a b l e 3. Sensitivity S and resonance wavelength λres as a function of proposed refractive indices of 
glucose. 

n [nm]λres S [nm/RIU] 

Glucose (10%) 1.3477 1571 – 

Glucose (20%) 1.3635 1573 127 

Glucose (60%) 1.4394 1583 132 

Fig. 11. Resonant wavelength plotted as a function of refractive index n. 
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to shift to longer wavelengths (Fig. 11). The obtained offset ∆λ can in a small range 
of refractive indices ∆n be approximated by a linear fit. The linearity of Fig. 11 shows 
a sensitivity of 132 nm/RIU for the highest sensitivity peak. 

4. Conclusions 

In this work, we proposed the study and the simulation of glucose concentrations 
through a biochip based on two-dimensional photonic crystals. In order to detect 
these concentrations for doses of 10%, 20% and 60%, we proposed a structure com-
posed of two waveguides which sandwich a rhombus-shaped resonator that is on a hori-
zontal line. This so-called chip structure is made from silicon (Si) rods immersed in air. 
The area of this structure is 114 µm2. The core of our numerical results are obtained 
thanks to the two-simulation software MATLAB and COMSOL. They are able to help 
extract the photonic band gap (BIP), electric field norm (E), power flow norm (PFN), 
total energy density (TED), transmission (T) and deduce the sensitivity by using the 
resonant wavelength curve which is plotted as a function of refractive index (n). These 
numerical results give a clear observation on the behavior of this platform in the presence 
of the proposed glucose concentrations and the important role played by the radius r 
and the refractive index n in each material used. These two parameters are relevant 
factors for detection. Such a device, which makes it possible to measure the concen-
trations of glucose in human saliva, is applicable to the monitoring of diabetes. It can 
also be applied in the environment as well as the measurement of biological substances. 
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