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ABSTRACT— In this paper, we introduce and analytically demonstrate a novel biosensor based on the light-

matter interaction in a classic topological photonic crystal (PC) heterostructure, which consists of two opposite-

facing 5-period PCs separated by a microfluidic channel. Because of the excitation of topological edge mode 

(TEM) at the interface of the two PCs, the strong coupling between incident light and TEM produces a high-

quality resonance peak, that can be used to detect very small changes in the refractive index of biomaterials 

such as Jurkat Cells inside the microfluidic channel. The proposed biosensor has a sensitivity as high as 240 

nm/RIU and figure of merit (FOM) higher than 250. 
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I. INTRODUCTION 
Sensors are the results of a fast-growing 

discipline in the areas of biological, chemical, 

and physical sciences with a wide range of 

applications in engineering and computer. For 

example, electrochemical biosensors [1,2], 

thermal biosensors [3], resonant biosensors [3], 

optical biosensors [4-6], refractometry 

biosensing [7-10] and so on, are various types 

of biosensors with diverse operational range . 

Sensors have been used in medicine and life 

sciences for monitoring patients, and 

diagnosing deseas, in order to improve the 

health care [11]. Many innovative sensors have 

been developed in response to the demand for 

the early disease detection and diagnosis, as 

well as in the minimally invasive detection 

technologies [12]. Clinical diagnosis relies 

heavily on the sensitive detection of 

biomolecules or chemicals, especially in the 

case of illnesses, where early discovery might 

improve recovery and survival chances. Optical 

biosensors have gained increasing attention for 

their capacity to identify early diseases such as 

Alzheimer's [13], cancer [14], and biomolecular 

assay measures due to their simplicity and high 

sensitivity. In this type of biosensors, the 

information is gathered by the measurement of 

photons (rather than electrons as in the case of 

electrodes). It is ideal to utilize optical 

biosensors to identify cancer since cancer cells 

have a higher refractive index than healthy cells 

due to the increased amount of protein in their 

nuclei. 

Additionally, from both theoretical and 

practical viewpoints, manipulating light-matter 

interactions in the weakly and strongly coupled 

nanostructures, have gained too much attention 

[15–17]. Optical microcavities [18–19], 

plasmonic  nanostructures   [20–22],   

multilayered structures [23–27], and metallic 

nanostructures [28–30] are examples of hybrid 

systems with strong coupling. Because of their 

unique energy transfer and larger modulation 

properties , it is ideal for studying light-matter 



M. Sharifi, et al. Designing real-time biosensors and chemical sensors based on symmetrical … 

22 

interactions. Photonic topological insulators 

have recently received a lot of attention in the 

integrated optics due to their unique properties 

of topologically protected edge states [31]. 

Many schemes for constructing topological 

photonic modes have been proposed. The one-

dimensional (1D) topological PC structure [32-

34] is favored among all of those structures 

because of its advantages in having a simple 

design and fabrication properties. These 

findings suggest that a 1D PC heterostructure 

with robust topological features can be 

developed to excite topological edge mode, 

thus, consequently increasing light-matter 

interaction. 

In, this paper, we have developed a novel 

optical biosensor by manipulating the strong 

light-matter interaction in a 1D topological PC 

heterostructure with a microfluidic channel in 

between. With proper design, TEM excited at 

the interface between the two opposite-facing 

PCs, so a perfect transmission peak is observed 

when the incident light is perfectly coupled to 

the TEM. We demonstrated that the perfect 

transmission can be tuned by varying the 

thickness of the microfluidic channel in order to 

detect changes in the refractive index of the 

biomaterials inside the channel. The TEM-

induced high-quality resonance is used to 

design a supersensitive biosensor with 

sensitivity as high as, S=240 nm/RIU, and 

figure of merit higher than 250. It is worthy to 

note that, we tested our optical biosensor with 

the Jurkat cells [4]. This biological cell is a 

reference cell for diagnosing leukemia [35]. 

Leukemia is a progressive and malignant 

disease of the body's hematopoietic organs, and 

can affect the brain, blood cells, Affect the 

lymph nodes, and other parts of the lymphatic 

system. If diagnosed early, it can cure up to 

90% of cases. 

II. STRUCTURE AND BASIC 

EQUATIONS 
 

The proposed structure, (AB)NF(BA)N, consists 

of a microfluidic channel F, sandwiched 

between two opposite-facing 5-period PCs, to 

sense small changes in the refractive index of 

the fluid (see figure 1(a)). A, B consists of Si 

and SiO2 layers, respectively, with refractive 

indices being nA= 2.82 and nB = 1.46 [36]. The 

thickness of the unit cell is Λ= λc/4nA + λc/4nB, 

where the central wavelength is λc= 700 nm. 

The thicknesses of Si and SiO2 are set to dA = 

0.4 Λ and dB = 0.6 Λn respectively. For ease of 

the calculations, the TE polarized light with 

normal incidence to the surface is considered. 

The electric field equations in layers can be 

written as: 

 
( ) ˆ

, ( ) x zj yi k xk z e

jE x y E z e  (1) 

Where 0 sinxk k  , 0 /k c , 
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0 (1 sin / )zj j j j jk k µ µ     , and θ being 

the angle of the of the incident light beam. 

Inside the layers, the electric field is governed 

by the Helmholtz equation [37]: 
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with subscript j denoting the number of the 

layers. At the interface between two layers, we 

can apply the boundary conditions [38]: 
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Therefore, by applying the boundary conditions 

in the interfaces between layers, we can employ 

the transfer matrix to combine the electric field 

at z and z + Δz [39, 40]: 
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Here, 1,2, ,l N  , where N is the total 

number of the layers in the structure. So, the 

global transfer matrix can be written as, 

1

( )
N

g

l j

l

M m z


  . The tangential components 

of the electric and magnetic fields at incident 

site 0z   and the transmitted site z L  are 

related by the following matrix equation: 
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Finally, the transmission can be obtained as 
*T tt , where 

11 22 12 212 / ( )g g g gt p pM M M M     and 

cosp  . The subscript “j” in equation 4 

represents the linear layer (A, B, F), with the 

thicknesses of dA, dB and dF. 

 
Fig. 1 (a) Schematic of the proposed biosensor. The blue 

and green layers are A and B layers, and transparent 

faded blue in the center is a microfluidic channel, F. (b), 

(c) The transmission spectra of symmetry ((AB)5(BA)5) 

with dF=0, and typical PC ((AB)10). 

III.  RESULTS AND DISCUSSION 
According to the Figure 1, the band gap 

position of the symmetry PC is the same as that 

of the typical PC. However, due to the inverse 

arrangement of a unit cell, the two PCs have 

different topological properties. Thus, the TEM 

can be excited in these two gaps simultaneously 

by constructing an interface with PC on one 

side and symmetry PC on the other side. In 

other words, simple photonic crystals have 

these well-known photonic band gaps in 

specific frequency ranges (Fig. 1 (c)), and by 

engineering the geometry (merely changing the 

order of the layers), the distinct TEM can be 

excited through the specific band gaps (Fig. 1 

(b)). According to previous research [33, 41, 

42], the TEM can be excited at the interface of 

a 1D PC heterostructure when the two PCs have 

different topological properties [41, 42] in the 

overlapping gap. Another important feature of 

these symmetric structures is that their photonic 

band gaps do not move, and their band gaps 

correspond exactly with simple photonic 

crystals but with TEM through some of them 

(Fig. 1 (b)). Figure 1(b) clearly shows the TEM 

in the transmission spectrum of the proposed 

structure without a microfluidic channel (dF=0). 

When an incident light irradiates the suggested 

multilayer structure, TEM can be excited at the 

interface of a topological PC heterostructure. 

The incident light and TEM can be strongly 

coupled, resulting in a sharp peak in the 

reflection (or transmission) spectrum. 

Furthermore, the resonant point can be 

manipulated by changing the thickness of the 

defect layer. The refractive index of the fluid 

inside the channel is set to nF = 1.35, which is 

the refractive index of healthy Jurkat Cells [4]. 

 
Fig. 2 (a) Transmission spectra of the system as a 

function of wavelength with different microfluidic 

channel widths (b) 3D representation of Transmission 

spectra as a function of wavelength while the thickness 

of the microfluidic channel continuously changing from 

0-100 nm. 

Figures 2(a) and 2(b) show how transmission 

varies with incident wavelength under different 

microfluidic channel thicknesses. High-quality 

resonance is observed, and the resonant 

wavelength can be tuned continuously with a 

small change in the thickness of the fluidic 

channel, dF. The transmission peak produced by 

the strong coupling of incident light and TEM 

approaches 100%, and the full width at half-

maximum (FWHM) of the resonant peak is less 

than 1 nm. The normalized electric field 

intensity distributions at 700.6 nm and 818.8 

nm when d = 0 and 100 nm are shown in Figs. 

3(a) and 3(b) to better illustrate the TEMs 

excited in the multilayer system. It is revealed 
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that the majority of the electric field's energy is 

concentrated near the interface between the two 

opposite-facing PCs, allowing for strong light-

matter interaction. The fine-tuning of the 

structure (changing the thickness of the 

microfluidic channel) does not affect the 

transmission performance, and the electric field 

distribution is the same as before. These results 

show that the topological properties of the 

structures and their associated edge states are 

very robust to structural disturbances. 

 
Fig. 3 Normalized electric field profile distributions at 

700.6 nm and 818.8 nm when dF = 0 and 100 nm. 

As previously stated, when TEM is excited, the 

majority of the field energy is concentrated in 

the microfluidic channel, and any change in the 

channel (e.g., thickness and refractive index) 

affects the resonant wavelength. As a result, the 

proposed optical biosensor will have extremely 

high sensitivity due to its ultra-narrow 

transmission line bandwidth. The sensing 

capability was evaluated by computing the shift 

in the resonant wavelength per unit change in 

the refractive index, S = Δλ/ΔnF.  

 
Fig. 4 Transmission spectra of the system (a) as a 

function of wavelength for healthy (nF=1.345) and cancer 

(nF=1.395) Jurkat cells, (b) when nF continuously 

changes from 1.3 to 1.7, in this figure sensitivity of sensor 

evaluated as high as 240 nm/RIU, while dF = 500 nm. 

Figure 4(a) depicts the system's transmission 

spectra (dF = 500 nm) for two different values 

of the biomaterials refractive index, which 

corresponds to healthy (nF=1.345) and cancer 

(nF=1.395) Jurkat cells [4]. We can see that the 

resonant wavelength is positively correlated 

with nF and increases linearly with nF. (See 

figure 4b). The slope of the fitted curve 

indicates that the sensitivity S is 240 nm/RIU.  

 
Fig. 5 Calculated (a) FWHM, and (b) FOM values of the 

resonant mode as a function of the refractive index of the 

microfluidic channel. 

To calculate the FOM of the proposed structure, 

which can be defined as the sensitivity to 

FWHM ratio, FOM = S/FWHM, the FWHM of 

the resonance peak shown in Fig. 5(a) is used. 

The FOM surpassed 250 (see Fig. 5(b)), which 

can be attributed to the ultranarrow linewidth of 

the resonance peaks (less than 1 nm), as shown 

in Fig. 5(b). It should be noted that,because of 

the numerous advantages of the proposed 

heterostructure, including the robustness of the 

topological properties of the structures and their 

associated edge states, very high light-matter 

interaction between the two opposite-facing 

PCs as a result of the electric field's energy 

concentration near this interface, and very 

narrow TEM with high Q-factor, this device's 

sensing capability exceeds many sensors 

reported in the literature [43–45]. 

IV. CONCLUSION 
In this study, we introduce and analyze a novel 

biosensor based on light-matter interaction in a 

classic topological photonic crystal (PC) 

heterostructure. Because of the strong coupling 
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of light and TEM at the interface of the two 

PCs, a high-quality resonance peak (high 

transmission, narrow bandwidth) occurs in the 

configuration, and this excellent transmission 

response was used to design a super highly 

sensitive biosensor with a sensitivity of 240 

nm/RIU and FOM higher than 250. 
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