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Abstract: We designed and simulated a nano-biosensor to work in wet chemical optical processes 
for the determination and analysis of gaseous or liquid media. For this purpose, the optical properties 
of materials have been studied, and by creating the relationship between the refractive index of 
materials and other optical parameters, the measurement process was carried out. In this work, an 
optical filter based on the photonic crystal (OFPC) was used. By creating an active environment for 
the interaction between the substance and electromagnetic light, a situation to measure the properties 
of available substances in that active environment could be provided. Considering that the defect 
created in the OFPC may cause disruption in its operation, so the volume of the environment should 
be limited. Creation of defects in the structure of the nano-biosensors can increase the accuracy and 
quality of measurements; finally by rearranging the created defects, the output will be placed in the 
appropriate scope. The accuracy is increased by applying the finite difference time domain (FDTD) 
modeling approach in order to analyze the wave equations governing the structure of the photonics 
crystal. 
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1. Introduction 

The rapid growth of the science and technology 
requires human to dominate over the environment. 
Therefore, it is necessary to make sensors with the 
high quality and precision. Different methods have 
been introduced to achieve this purpose [1–16]. One 
of these technologies is the use of photonic crystal 
structures [3–5]. Photonic crystals are periodic 
structures made of dielectric materials that are 
divided into three structures: 1D, 2D, and 3D based 
on their refractive index distribution functions [11]. 
Because 1D structures lack a complete band gap and 
it is too difficult to make 3D structures due to a 

small constant lattice [6], therefore, 2D structures 
are used because they have the complete band gap 
and easier to make the 2D structure rather than the 
3D one. Usually, there are two modes in 2D 
structures: air holes in a dielectric substrate and 
dielectric cylindrical rods immersed in air. Optical 
filters based on the photonic crystal are prepared by 
creating an environment for the formation of the 
resonance. This can be done by creating the defects 
in the photonic crystal structure [1]. By changing the 
filter parameters, structure characteristics such as the 
quality factor, output gain, and wavelength can be 
managed. S. H. Kwon et al. proposed a photonic 
crystal chemical sensor based on a cavity [12]. 
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There are two types of mechanisms to design 
biosensors: one method is homogeneous 
measurement by which changes in the environment 
refractive index are measured, and the other method 
is superficial measurement by which the thickness 
changes in the surface level due to the 
environmental changes are measured [7]. In optical 
sensors, the parameter of measurement sensitivity 
plays an important role in determining the 
measurement accuracy of the sensor [5]. This feature 
can be improved by increasing the quality factor of 
the sensor. The interesting features of photonic 
crystals for sensor designers are integrative 
capability, and there is possibility of design sensors 
in nano scales; so these structures can be used for 
bio-chemical applications such as measuring the 
characteristics of molecules, protein tissues, and 
DNA [17]. 

The goal of this study was to design a nano- 
biosensor for measuring the chemical processes. In 
order to do this, an optical filter based on the 
photonic crystal (OFPC) structure based on a cavity 
resonator was designed in the form of air holes in 
the dielectric substrate. To communicate between 
substances dispersed in space and electromagnetic 
waves using from the OFPC, an active environment 
within the resonance cavity was created. The 
wavelength chosen by the resonant cavity was a 
function of the dispersed substance in the active 
environment. The measurement accuracy increased 
by improving the active environment of the sensor. 
Considering that an extensive increase in the volume 
of this environment makes the output of filter 
unstable and non-linear, therefore a mediocre 
portion was considered. Using the critical data, the 
measurement process became linear; then the 
accuracy of sensor measurement was studied by the 
use of the finite difference time domain (FDTD) 
modeling. 

2. Theoretical modeling and data analysis 

The first step in designing optical filters is the 
optimal design of the band structure of photonic 

crystals [5]. This is achieved by determining the 
photonic band gap (PGB) [1]. The photonic band 
gap (PBG) is referred to a range of wavelengths 
according to their distributions of dispersion, and a 
range of electromagnetic waves don not propagate 
within their structures. This range is used for 
designing the OFPC. The design model is a 
hexagonal photonic crystal structure that contains air 
holes in the dielectric substrate with the effective 
refractive index of 2.53, dimensions of 25*25 cells, 
constant lattice of 570 nm, and radius of 180nm. The 
photonic crystal band structure is illustrated in Fig. 1. 
For the proposed structure, a PBG is found only for 
the TM polarization. It is shown that the PBG is in 
the range of 160 THz<F< 208 THz. 

 
Fig. 1 Band structure of the photonic crystal. 
Three following parts are formed by creating 

basic defects in the structure of the OFPC: 
(1) Input waveguide 
(2) Output waveguide 
(3) Resonance cavity 
Input and output waveguides in the OFPC 

structure transfer the waves from the input to the 
cavity and from the cavity to the output; this role is 
loaded on them because the input wavelength is 
placed in the realm of the PBG. The action of 
wavelength selection inside the cavity is done in a 
particular wavelength by creating resonance. The 
overall outlook of the OFPC after the exertion of 
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basic defects is illustrated in Fig. 2. One method for 
classifying different materials is to divide them 
according to their refractive indexes. 

 Cavity 

Output WG 

Input WG 
 

Fig. 2 Overall outlook of the OFPC after the exertion of 
basic defects. 

Thus, if a chemical optical process for designing 
the biosensor uses the homogeneous measurement 
mechanism [4], the nature of materials can be 
recognized according to their optical characteristics. 

In the OFPC structure, the wavelength selection 
is done by specific parameters chosen from the 
resonance cavity. In other words, by controlling 
these parameters, scattering inside cavities will 
change, and this will result in a shift in the 
resonance wavelength inside the cavity [1]. For 
instance, some of these parameters are mentioned 
below: 

(1) The geometry of the resonance cavity and 
topological position in accordance with the input 
and output waveguides. 

(2) A part of cavity: by changing its refractive 
index, the output wavelength changes. 

Thus, if we can create an environment in the 
active area of the cavity, by preserving the stability 
of the OFPC, which can affect scattering of 
electromagnetic waves, the wavelength output of the 
OFPC and the environments’ inner material will be 
related to each other, and the selected wavelength 
will be a function of the effective refractive index 
nanalysis and active area of ∆s: 

Λoutput≈ ∆s*nanalysis          (1) 

where nanalysis is the complex refractive index, which 
can be written as nR+ikI, where the real part nR is the 
conventional index, and the imaginary part kI is the 
optical extinction coefficient [19]. Considering the 
changes in the material and the related changes in 
the refractive index which will result in the changes 
in the output wavelength, for the accurate operation 
of the chemical optical process, these changes 
should be linear. Since the OFPC response is linear 
just for some limited wavelengths, the chemical 
optical process should be designed only for that area. 
Thus, it is just used for measuring materials which 
have special refractive indexes. The refractive 
indexes of different materials are shown in Table 1. 

Table1 Values of background refractive index. 

Substance Wavelength (μm) Refractive index 

Water 

Ethanol 

Methanol 

Chloride 

Butane 

Toluene 

1.55 

1.55 

1.55 

1.55 

1.55 

1.55 

1.326 

1.3575 

1.322 

1.425 

1.3802 

1.5 
 

Due to the difference in refractive indexes of the 
materials listed in Table1, by creating the active area 
of the OFPC cavity and placing different materials 
in this area, the effect of changing different 
materials in the active region on the shift in the 
output wavelength will be studied. For this aim, the 
nano-biosensor structure will be optically simulated. 
One of the methods of photonic structure 
simulations is the FDTD. This method, which is a 
scalar method for the Maxwell equations, was first 
introduced in 1966 by Dr. Yee. In this method, after 
discretization, the Maxwell equations will be solved 
in the time and space domains; time steps and space 
steps should be appropriate. This proportion is 
known as the covariant stability condition. 
According to this condition, if a plane wave is 
distributed in the FDTD network, in each time step, 
every point of the wave should not pass more than a 
cell [16]. In the FDTD in each time step, waves just 
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can pass from one cell to the next one. For achieving 
the time step, an orientation will be considered by 
which the wave in that orientation passes the most 
cells in the time unit, and this orientation will be 
perpendicular to the FDTD surface network. For the 
2D network dimension, if all dimensions have the 
same length, width, height of ∆u, and the  
maximum distribution speed mentioned as V, thus 
the time period ∆ t will be obtained from this 
relationship: 

uv t
d

∆
∆ ≤ .             (2) 

For the 2D structure in the general state, it is 

2 2

1
1 1

( ) ( )

v t

x z

∆
+

∆ ∆

≤ .         (3) 

Generally, the results of the equation are 
acceptable, and the results that are smaller than ∆t 
will not be acceptable. Considering that the 
measurement process takes place inside the cavity, 
the active area in the cavity should have a proper 
stability in sensor’s output measurement limit. So 
the dimensions of the cavity should not be bigger 
than a particular quantity. The placement and 
dimensions of the active area of the cavity are 
shown in Fig. 3. As shown in Fig. 3, the volume of 
the cavity should be 2*10–11

 nm2, and it should be in 
the center of the cavity. If we want to put the 
nano-biosensor output in the proper measurement 
limit, we should adjust the place of the output peak, 
measurable refractive index limit, output gain, and 
quality factor via creating defects in the OFPC 
structure; for this purpose, Ra, Rb, and Rc defects in 
the OFPC structure will be created. The important 
parameter that determines the resonance wavelength 
in the resonant cavity is the radius of introduced 
defects inside them. The diameters of defects are 
defined as Rc and Rb. The sensor output wavelength 
area will be specified in the cavity, so by changing 
the cells radius Rb, the output wavelength is 
controlled, and its placement will change in order of 
different substances in the active area of the cavity. 

Thus, the most proper measurement wavelength 
should be selected in order to have the best status. 
The coupled optical powers from the input 
waveguide to the cavity and from the cavity to the 
output waveguide are specified by Ra and Rc. By 
designing the proper radius and their placement, the 
output power of the sensor quality factor is 
controlled, and the best condition will be selected. In 
this sensor, the measurement sensitivity is so 
important in its efficiency and determines the 
measurement accuracy. 

 
Fig. 3 Placement topology of the active environment in the 

resonance cavity. 
Considering the measurement method in this 

sensor, by increasing the output wavelength quality 
factor, the measurement accuracy and stability will 
be improved, and a little change in the substance 
type could be identified in the output. The cells 
radius Rc is one of the elements of specifying quality 
factor in this nano-biosensors which is determined 
by the situation and measurement limit. 

The location and size of defects created in the 
nano-biosensor structure are shown in Fig. 3. In this 
part by injecting different substances in the active 
area of the cavity, the optical simulation is done, and 
by coupling electromagnetic waves in the input 
waveguide, the electromagnetic waves with a range 
of the wavelengths by considering the substance 
inside the active area of the resonance cavity are 
coupled to the output waveguide. By changing the 
substance inside the cavity, the output peak will 
change, and a specific characteristic of the substance 
is sensed. The measurement process is shown in  
Fig. 4. 
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Fig. 4 Measurement process: (a) substance injection method 
in the nano-biosensors and (b) blue shift of the optical spectrum 
induced by pore filling with the substance. 

3. Results and discussion 

In this part, the designed nano-biosensor was 
tested. For this job, different organic and nano 
organic substances in liquid or gaseous state were 
used, and all the changes in the output peak should 
be noted. Considering the measurement process 
shown in Fig. 4, the nano-biosensor input range is in 
a relatively wide range of wavelengths (90 nm); by 
considering the output wavelength which passes to 
the exit, the substance could be specified. If testing 
substances are modeled in the nR+ikI material, in 
other words, both the reflective index and optical 
losses are taken into account, the quality of 
measurement will increase. Since the continuity of 
the output curve of the nano-biosensor is in 
accordance with different refractive indexes, as 
shown in Fig. 4(b), in this state, 2 measurable 
substances combined in the working range of the 
nano-biosensor are used; considering the ratio of 
powers of the output peaks of two substances is 
between the peaks of the measurement states of first 
and second substances, thus the amount of the shift 
in the output wavelength will be related to the 

percentage of components according to the 
calibrated and established standard states in Fig. 5, 
also the output figure of the sensor is shown 
according to various models of the nR+ikI material 
[18]. 

The results for the novel designed nano- 
biosensor are listed in Table 2. According to this 
table, λ0 is the central wavelength, and ΔλFWHM is the 
full width at the half-maximum (FWHM) of the 
output which indicates the behavior of the narrow 
band biosensor. According to λ0 and ΔλFWHM, the 
value of quality factors for the nano-biosensor is 
calculated as λ0/ΔλFWHM, and the transmission 
efficiency is defined as the division of the output 
magnetic field amplitude to the input magnetic field 
amplitude. 
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Fig.5 Measurement sensitivity via output wavelength 

according to normalized refractive indexes. 

Table 2 Simulation results of the nano-biosensor with 
different refractive indexes. 

Refractive index λ0 ΔλFWHM Quality factor Efficiency (%) 

1.275 1525 0.38 4013 45 

1.315 1529 0.4 3822 51 

1.35 1533 0.46 3332 56 

1.4 1537.5 0.49 3137 60 

1.415 1542 0.52 2965 58 

1.45 1546.5 0.54 2863 54 

1.475 1551 0.55 2820 51 

1.5 1554 0.5 3108 40 
 

The optical sensing system was tested with 
different organic and non-organic solutions used in 
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the gaseous or liquid state. As an example, the 
matching curve of the sensitivity of various organic 
materials is shown in Fig. 6. 

 
Fig. 6 Matching curve of sensitivity of the nano-biosensor 

with various organic materials. 

4. Conclusions 

The purpose of our study was to design an 
optical nano-biosensor for the intrusive measurement 
in wet chemical optical systems. Since this 
nano-biosensor’s design was based on the OFPC, 
this structure was designed, and particularly, the 
parameters were embedded in it for managing the 
output; so that the OFPC’s quality and accuracy 
could be controlled via these parameters. In this job, 
the parameters were modified in a way that in the 
output, the maximum efficiency was achieved by an 
appropriate quality factor. By creating an active 
environment in a part of the resonance cavity, an 
environment for the interaction between substances 
and electromagnet wave in the measurement process 
was designed. In continued, different materials in 
liquid or gaseous state were modeled as nR+ikI 
material. The obtained results were analyzed, and 
the optimum working range for the nano-biosensor 
was determined. 
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