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Abstract: In this paper, we design and characterize a novel small size four-channel biosensor based 

on the two-dimensional photonic crystal with introducing waveguides and nano-cavities in the 
hexagonal lattice of air pores in the silicon slab. By removing a group of air pores, waveguides are 
achieved, and nano-cavities are shaped by modifying the radius of air pores. Highly parallel 
operation of this biosensor due to the special architecture is the capability of the designed structure. 

The biomaterials which are suspended in a liquid medium inside nano-cavities cause effective 
refractive index changes which lead to the resonant wavelength shift in the output terminal. 
According to results, with increasing the refractive index of nano-cavities, resonant wavelengths 
shifts to longer values. For biochemical sensing like DNA molecule and protein and for the refractive 

index detection, this novel designed biosensor can be utilized. 
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1. Introduction 

Photonic crystals are the periodic dielectric 

structures, containing the array of air pores in the 

silicon slab which have the light localizing 

capability. A forbidden frequency range that is called 

the photonic band gap (PBG) is one of the most 

important properties of these structures [1–4]. 

Photonic crystal sensors have applications in a wide 

measurement range of physical properties such as 

temperature, pressure, refractive index, bio-sensing 

[5–8]. Defects in the photonic crystal which break 

the periodicity of the structure are important for 

sensing applications because they help for localizing 

light and promoting the interaction of the light beam 

[9]. There are two basic schemes in optical sensing: 

the first one is fluorescent based sensing, and the 

second one is label-free sensing [10–12]. 

Label-free photonic crystal sensors are utilized 

for measuring the refractive index variation due to 

high manipulating of light propagation. For 

label-free detection, bio-molecules do not label with 

fluorescent tags, whereas the effective refractive 

index variation near the active sensing surface 

occurs in this way. This process is a way to measure 

the presence of the bio-molecules [13, 14]. The 
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presence of the biochemical material within selected 

holes especially defects, causes a spectral shift. 

Defects such as micro-cavities or nano-cavities 

based on photonic crystal structures reveal different 

sensitive and high quality factor sensors [15]. 

Two types of the sensing mechanism exist for 

the bio-sensing application. There are homogenous 

sensing and surface sensing schemes. In 

homogenous sensing, the effective refractive index 

(ERI) variation is due to the covered medium 

refractive index change. And in surface sensing, the 

binding mechanism changes the thickness of the 

sensing hole which leads to ERI modification [16]. 

S. H. Kwon et al. proposed a photonic crystal 

chemical sensor based on a cavity [17]. Also Wang 

et al. designed a refractive index sensor for biolayers 

and chemical sensing, consisting of a microcavity 

and two waveguides [18]. Hsiao and Lee 

investigated a photonic crystal nano-ring resonator 

as the biochemical sensor based on the single defect 

hole [15]. In order to overcome the single purpose 

operation of the sensor and amount of detected 

target molecules in a special time, a four-channel 

biosensor is regarded. On the contrary of other 

structures which can be utilized for sensing 

bio-molecules with one specific refractive index in a 

certain time, our novel designed biosensor can be 

used for sensing four specific refractive indices in a 

certain time; so a multichannel biosensor is 

constructed. 

The photonic crystal biosensors are not 

interesting only for having the high sensitivity to 

local and bulk refractive indices (Δλ/Δn). But rather, 

the small mode volume makes them more sensitive 

to the total mass amount which is important 

especially in bio-sensing applications. The small 

mode volume requires the small mass amount to 

reflect the resonant wavelength shift (Δλ/N), where 

N is the number of functionalized holes for sensing 

[19]. D. Q. Yang et al. proposed a photonic crystal 

sensor array with optimized 6 functionalized holes 

based on micro-cavities with a few mass sensitivity 

[19]. The advantages of nano-cavity to micro-cavity 

resonators are the highly localizing electromagnetic 

field and high quality factor and improvement in the 

light-matter interaction due to the small mode 

volume of the analyte. 

In this paper, a four-channel biosensor based on 

the two-dimensional photonic crystal is proposed by 

introducing waveguides and nano-cavities. We 

present the structure analysis for bio-sensing 

applications based on the single sensing hole within 

the nano-cavity for each channel. With a system, the 

analyte is induced to nano-cavities in the 

two-dimensional photonic crystal. By flowing the 

analyte through selected holes, the refractive index 

of the nano-holes will change, and the transmission 

spectra of the structure vary which can be measured 

to determine the properties of the analyte. In this 

research, we designed an ultra small size novel 

multichannel biosensor with optimized geometry 

parameters based on nano-cavities. 

2. Designing multi-channel biosensor 

According to Fig. 1, the biosensor is constructed 

by modifying three parts, which is mentioned as 

follows. The first: by removing a row of air pores, 

the main waveguide which is called the bus 

waveguide [20] is created that is utilized for 

applying the Gaussian pulse and actuating resonant 

modes of any nano-cavities. 

 

Fig. 1 Two-dimensional four-channel photonic crystal 

biosensor structure. 
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The second: four nano-cavities which are filled 

with different refractive indices of n1, n2, n3, and n4, 

respectively, are used for trapping the special 

wavelength in proportion to the injected 

bio-molecule, as shown in Fig. 1. 

The third: four waveguides which are called 

drop waveguides [20] are formed in order to detect 

trapped resonant modes in any nano-cavity. The 

biosensor is designed by the hexagonal array of air 

holes with the lattice constant of a, 400 nm and the 

radius of 140 nm with the refractive index n of 1 in 

the silicon slab with n of 3.45. The nano-cavities 

sizes are optimized for achieving the high quality 

factor, high transmission efficiency, and reasonable 

sensitivity. The two-dimensional finite-difference 

time-domain (2-D FDTD) method and plane-wave 

expansion (PWE) approach are used for analyzing 

this sensor. The photonic band gap range for 

transverse electric (TE) modes for the periodic 

structure obtained by the PWE method is 0.22054 to 

0.32550 as shown in Fig. 2. 

 

Fig. 2 Band structure of the two-dimensional four-channel 

photonic crystal biosensor. 

This is a forbidden frequency range which 

cannot propagate through the structure. But after 

introducing defects like refractive index variation or 

hole radius modifying which break the periodicity of 

the structure, an allowable frequency range is 

created that can propagate through the structure 

within the PBG. This property is utilized for sensing 

applications in the study of the resonance 

wavelength value and calculation of the sensitivity 

and quality factor, which are shown in the next 

simulations. 

For having the high performance, the perfectly 

matched layer (PML) with the 500-nm width is 

considered. The grid size in the x- and z-directions 

are set to 20 nmx z∆ = ∆ = . For achieving the 

stability condition, the time step is determined by [9] 

2 2

1

1 1
t

c
x z

∆ =
   +   

∆  ∆  

         (1) 

where c is the speed of light in the free space. 

3. Evaluating the biosensing characteristics 

In the bio-sensing application, the device is not 

utilized for measuring bulk refractive index 

variations of the around ambient, whereas it is 

utilized for measuring local refractive index 

variations. Hence, when we regard that the refractive 

index (RI) of the nano-cavities has been changed, it 

means that the target molecules flow in an aqueous 

medium. The presence of target molecules varies the 

ERI of the sensing hole. The change in the ERI is 

utilized to calculate the presence of target molecules. 

This sensing mechanism is based on homogenous 

sensing. So the output spectrum is changed. As a 

result, the spectral shift is afforded due to ERI 

variations of the defect. 

In this section, we suppose n1=1.25, n2=1.5, 

n3=1.75, and n4=2. With the variation of the 

nano-cavities size between 78 nm and 88 nm, the 

resonant wavelength changes with respect to the RI 

variation as shown in Fig. 3(a). The output 

transmission efficiency and quality factor of the 

four-channel biosensor are respectively shown in 

Figs. 3(b) and 3(c). 

As depicted in Fig. 3(a), with increasing the 

defect size, the slope of the diagram that shows the 

sensitivity increases so that the lowest dashed curve 

which is the characteristic of Rc=88 nm has the high 

sensitivity in comparison with others, and the 

highest dashed curve for Rc=78 nm has the lower 

sensitivity. Also, the length of waveguides, size of 
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the crystal, numbers of periods between the 

nano-cavity and the waveguides are selected so that 

the high quality factor and transmission efficiency 

have been achieved. 

 
(a) 

 

(b) 

 
(c) 

Fig. 3 Illustration of (a) the resonant wavelength variation 

with respect to the refractive index, (b) the transmission 

efficiency, and (c) the quality factor of channels for the 

nanocavity size of Rc in unit of nm. 

With regard to Fig. 3, when the defect sizes are 

80 nm and 88 nm, their transmission efficiency in 

one of channels is very small, and also for Rc=78 nm, 

although the structure has the high quality factor, the 

transmission efficiency and sensitivity are low, so 

these radii could not be selected. Among Rc=86 nm, 

84 nm, and 82 nm, we select Rc=84 nm as the 

optimum radius because for Rc=86 nm, the 

sensitivity is larger than Rc=84 nm and 82 nm but the 

Q-value is low, and for Rc=82 nm, the Q-value is 

larger than Rc=86 nm and 84 nm but the sensitivity is 

low. 

In this research, with regard to simulation results, 

Rc= 84 nm was selected as the optimum radius of 

nano-cavities, because for this radius the favorite 

outputs were achieved with the high quality factor, 

good transmission efficiency, and reasonable 

sensitivity which could make detection of 

bio-chemicals easy and possible. The resonant 

wavelength of nano-cavities when no analyte was 

filled within the holes was obtained as 1.3724 µm. 

The transmission spectra of four-channel outputs 

are depicted in Fig. 4. According to Fig. 4, with 

increasing the refractive index of nano-cavities, the 

transmission spectrum shifts to longer wavelengths. 

 

Fig. 4 Transmission spectra of the designed four-channel 

biosensor with the defect size Rc=84 nm. 

The results for the novel designed multi-channel 

biosensor are listed in Table 1. According to this 

table, 
0λ  characterizes the central wavelength of 

each channel, and 
FWHMλ∆  is the full width at the 
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half-maximum (FWHM) of the output which 

indicates the narrow band biosensor behavior. 

According to 
0λ  and 

FWHMλ∆ , the values of quality 

factors for each channel are 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. 

And also Δλ is the resonant wavelength shift from 

the reference state (no analyte is filled within the 

holes) that shows the mass sensitivity. 

Table 1 Simulation results of the biosensor with the defect 

size Rc= 84 nm. 

Channel Channel 1 Channel 2 Channel 3 Channel 4 

Refractive index n1 = 1.25 n2 = 1. 5 n3 = 1.75 n4 = 2 

0 ( m)λ µ  1.3837 1.3999 1.4198 1.4381 

FWHM (nm)λ∆  0.7 0.7 0.4 0.3 

Quality factor 1976.71 1999.86 3549.5 4793.6 

(nm)λ∆  11.3 27.5 47.4 65.7 

Efficiency 76.59% 61.27% 59.53% 62.13% 

 

 
Fig. 5 Resonant wavelength with respect to the refractive 

index for each channel. 

Figure 5 indicates the resonant wavelength with 

respect to the RI for the defect size of Rc=84 nm. It is 

shown that with increment of the RI, the resonant 

wavelength shifts to longer wavelengths. Therefore, 

we can calculate the sensitivity that is defined as the 

wavelength shift per refractive index unit (Δλ/Δn) 

equal to 65.7 nm/RIU. In previous researches, the 

structure of the multi-channel biosensor was based 

on micro-cavities and waveguides, our present 

structure is based on nano-cavities and waveguides 

in a wide measurement range. The small and 

compact structures are necessary because generally 

the amount of bio-materials in bio-sensing 

applications is low. Also miniaturization sensing 

elements allow implementing compact and optical 

integrated chips. 

4. Conclusions 

In conclusion, a novel compact four-channel 

biosensor has been designed. Single purpose 

operation of the sensor and amount of detected 

target molecules were limitations which motivated 

us to design a multi-channel biosensor. The channels 

of this sensor can measure four different refractive 

indices in a special time. The structure has been 

assumed to be embeded in a micro-fluidic channel 

for inducting the analyte. The biosensing mechanism 

is based on the effective refractive index change of 

the sensing hole. The bio-molecules have been filled 

in a special hole within the nano-cavities and caused 

the ERI variation of the hole and resonant 

wavelength shift in the output terminal. The 

structure has been optimized in characteristics of the 

high quality factor, high transmission efficiency, and 

reasonable sensitivity with the approprate mass 

sensitivity. By filling an analyte into the nanocavity, 

the resonant wavelength shifted, and this process 

was utilized for determining the properties of the 

analyte. The results revealed that by increasing the 

radius of the nanocavity, the sensitivity was 

improved, and by decreasing this radius, the quality 

factor was increased. Therefore, we have choosen an 

optimum state. 
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