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  Optical biosensors have attracted the attention of researchers because they have a unique ability to control 

the dispersal of photons and detect the natural shape of biomolecules. The main component of blood is 

hemoglobin, whose main function is to transport oxygen to body tissues and remove carbon dioxide from them. 

This article aims to simulate biosensors that can detect hemoglobin concentration using photonic crystals. For 

this purpose, we have used two structures with TiN/m/Ti𝑂2 and AlXGa1-XN/𝑚/𝑇𝑖𝑂2.  The m layer is a dielectric 

such as glass or air, which has a different refractive index and can control light transmittance. Photonic 

crystals have a region called the photonic band gap (PBG), in which waves cannot propagate in the structure. 

layers inside the photonic crystal structure controlled and adjusted the defect modes and PBG properties. To 

find the best result, parameters such as the layer thickness, the light incident angle, and the refractive index 

have been optimally selected. After examining the proposed structures, it was determined that both structures 

are more optimal in a wide defect layer. The results show that the TiN/m/AlXGa1-XN structure has optimum 

sensitivity (S=780.0 nm/RIU), relative sensitivity (SR=0.729), and figure of merit (FOM=780.01/RIU) at a 

selected wavelength range.  
 

 

 

 

 

 

I. INTRODUCTION 

The peculiar features of the photonic crystal 

(PhC) structure are photonic band gaps and 

photon localization. The photonic band gap 

(PBG) is the frequency range where light of 

certain wavelengths cannot pass through the 

structure. These characteristics are the result of 

periodic modulation of dielectric functions, 

which significantly changes the spectrum of 

electromagnetic waves passing through it [1-3]. 

The photonic band gap in photonic crystals 

depends on the refractive index and thickness of 

the layers, the period of the photonic crystal, 

and the incident angle (and polarization) of 

light. PhC structures are the new technology for 

biosensor applications. Optical biosensors are 

considered analytical detectors that convert 

chemical, physical, or biological interactions 

into an optical signal. To use PhC as a 
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biosensor, it is crucial to change its structural 

arrangement to produce a resonant or defect 

mode in the transmission spectrum. The best 

way to form such a resonance mode is to create 

defects in the structure. Based on this, many 

optical devices such as optical filters, switchers, 

and photonic crystal fibers are produced [4-6]. 

PhC-based biosensors can detect biotoxins, 

veterinary drugs, microorganisms, pesticide 

residues, excessive additives, heavy metal 

compounds, and environmental pollutants [7-

13]. Hemoglobin (Hb) is the most vital 

component of blood, which is mainly 

responsible for transporting oxygen from the 

lungs to different body tissues and returning 

carbon dioxide from the tissues to the lungs. 

Any deviation in the blood hemoglobin 

concentration leads to fatal diseases, Such as 

polycythemia, anemia, diabetes, and thyroid 

dysfunction. Detection of blood hemoglobin 

concentration is one of the most serious and 

challenging concerns of medical scientists and 

researchers. The resonance slope in the 

spectrum and its change with hemoglobin 

concentration are the basis of our sensor design 

[7, 14, 15]. 

In recent years, further work has been done on 

a PhC for hemoglobin detection. El-Khozondar 

et al. developed a one-dimensional ternary PhC 

structure for hemoglobin measurement from 0 

g/L to 50 g/L concentration range, and the 

authors achieved a reported measurement of 

46/51 nm/RIU [16] A.K. Goyal et al. recently 

investigated a defective PhC based on the Bloch 

surface. By entering samples in defect regions 

with different concentrations, the authors 

calculated the angular shift and thus obtained a 

result of 69 deg./RIU. [17]. J. Hao and her team 

designed a superconductor-based, one-

dimensional PhC refractive index sensor to 

measure different concentrations of 

hemoglobin in human blood, with a sensitivity 

of 6.85 and 6.48 𝜇m/RIU at 80 K and 134 K  

[18]. Goyal et al. studied the reflectance of a 

one-dimensional PhC incorporating a porous 

defect layer for hemoglobin detection. The 

authors concluded the optimal sensitivity of 323 

nm/RIU and FOM of 517 1/RIU, respectively 

[19]. H.A. Elsayed et al. reported a one-

dimensional binary hemoglobin PhC sensor in 

which the authors used TMM to measure the 

shift in the resonance peak with respect to 

different hemoglobin concentrations and 

achieved a sensitivity of 167 nm/RIU [20]. 

Recently, K. M. Abohassan and his team have 

extensively investigated one-dimensional PhC 

structures by studying the reflection properties 

via TMM for various biosensing applications. 

[21-24]. 

In this work, we designed and simulated a 

highly sensitive biosensor structure based on 

1D-PhC with a defect layer. We calculate the 

transmission of polarized light (s) using the 

transmission matrix method (TMM) to measure 

the transmission of the mentioned structures 

and study the effect of some parameters to 

achieve the highest performance of the sensor 

configuration. The proposed sensor is efficient 

in measuring hemoglobin concentration. 

Various parameters such as figure of merit 

index (FOM), sensitivity (S), and full width at 

half maximum (FWHM) have been introduced 

to evaluate and compare the performance of 

biosensors. These parameters are numerically 

derived and are comparable with many of the 

reported values   of photonic crystal-based 

biosensors [25-30]. 

 

II. METHOD 

A schematic diagram of our proposed biosensor 

based on a one-dimensional defect PhC is 

shown in Fig. 1. 

 
Fig. 1 Schematic representation of biophotonic 

sensor structure 

In our design, the periodic structure consistsf 

three different dielectri terials abeled th 

thickness  d1, 𝑑𝑚, d2  and refractive index 

 n1, , nm  and n2  respectively. Ternary one-

dimensional structures have more exactly 

controlled photonic band gaps compared to 

binary structures. The N and D are the periodic 



   

 

 
 

47 

IJBBE 
  International Journal of    

 Biophotonics & Biomedical Engineering                              Vol. 5 , No. 1, Spring-Summer, 2025 

layer numbers and the defect layer with 

thickness 𝑑𝑙  and refractive index 𝑛𝑙 . The PhC 

structure is surrounded by a substrate (S) layer 

at one end and air at the other. The surrounding 

medium and PhC determine the physical and 

optical characteristics of the biosensor. The 

transfer matrix method can be used to analyze 

the reflectance or transmittance properties. 

According to Abel's theory, the periodic 

structure matrix of one layer, for example (a) 

layer, can be described by 𝐹(𝑎)  matrix, [31-

33]. 

𝐹(𝑎) = (
𝑔11 𝑔12

𝑔21 𝑔22
)                                          (1) 

Elements g11, g12, g21 and g22 represented by: 

𝑔11 = 𝑐𝑜𝑠 𝛿1 𝑐𝑜𝑠 𝛿2 −
𝑝2

𝑝1
 𝑠𝑖𝑛 𝛿1                    (2) 

𝑔12 =
−𝑖

𝑝1
𝑠𝑖𝑛 𝛿1 𝑐𝑜𝑠 𝛿2 −

𝑖

𝑝2
𝑐𝑜𝑠 𝛿1 𝑠𝑖𝑛 𝛿2   (3) 

𝑔21 = −𝑖𝑝1 𝑠𝑖𝑛 𝛿1 𝑐𝑜𝑠 𝛿2 −
𝑖𝑝2 𝑐𝑜𝑠 𝛿1 𝑠𝑖𝑛 𝛿2                                                 (4)  

𝑔22 = 𝑐𝑜𝑠 𝛿1 𝑐𝑜𝑠 𝛿2 −
𝑝1

𝑝2
 𝑠𝑖𝑛 𝛿1 𝑠𝑖𝑛 𝛿2        (5) 

That: 

𝛿1 =
2𝜋𝑑1

𝜆
𝑛1 𝑐𝑜𝑠 𝜃1 

𝛿2 =
2𝜋𝑑2

𝜆
𝑛2 𝑐𝑜𝑠 𝜃2                                         (6) 

𝑝1 = 𝑛1 𝑐𝑜𝑠 𝜃1 

𝑝2 = 𝑛2 𝑐𝑜𝑠 𝜃2                                                    (7) 

And for period N, the matrix is: 

𝐹(𝑁𝑎) = (
𝐹11 𝐹12

𝐹21 𝐹22
)                                      (8) 

𝐹11 = 𝑔11𝑢𝑁−1(Ѱ) − 𝑢𝑁−2(Ѱ)                      (9) 

𝐹12 = 𝑔12𝑢𝑁−1(Ѱ)                                         (10) 

𝐹21 = 𝑔21𝑢𝑁−1(Ѱ)                                         (11) 

𝐹22 = 𝑔22𝑢𝑁−1(Ѱ) − 𝑢𝑁−2(Ѱ)                   (12) 

Ѱ =
1

2
(𝑔11 +  𝑔22)                                         (13) 

𝑢𝑁(Ѱ) =
(𝑠𝑖𝑛(𝑁 + 1) 𝑐𝑜𝑠−1 Ѱ)

√1 − Ѱ2
                (14) 

In the next step, the defect matrix (D) was 

employed: 

𝐷(𝑑𝑑) = [
𝑐𝑜𝑠 𝛿𝑑

−𝑖

𝑝𝑑
𝑠𝑖𝑛 𝛿𝑑

−𝑖𝑝𝑑 𝑠𝑖𝑛 𝛿𝑑 𝑐𝑜𝑠 𝛿𝑑

]          (15) 

were: 

𝛿𝑑 =
2𝜋𝑑𝑑

𝜆
𝑛𝑑 𝑐𝑜𝑠 𝜃𝑑 

𝑝𝑑 = 𝑛𝑑 𝑐𝑜𝑠 𝜃𝑑                                                (16) 

The total characteristic matrix is the product of 

three matrices: 

𝑀(𝜔) = (𝑀𝑎𝑀𝑚𝑀𝑏)𝑁𝑀𝐷(𝑀𝑏𝑀𝑚𝑀𝑎)𝑁  

𝑀 = (
𝑀11 𝑀12

𝑀21 𝑀22
)                                         (17)  

Where the first one (Ma𝑀𝑚Mb)N describes the 

periodic structure on the left, and the last one 

(Mb𝑀𝑚Ma)N describes the periodic structure 

on the right, and between them, there is a defect 

layer matrix denoted by MD. From these three 

matrices, we obtain the entire characteristic 

matrix of the structure, which allows us to 

calculate the reflection and transition 

coefficient (r). 

𝑟 =
(𝑀11 + 𝑀12)𝑗0 − (𝑀21 +  𝑀22)

(𝑀11 + 𝑀12)𝑗0 + (𝑀21 +  𝑀22)
         (18) 

That: 

𝑗0 = √
𝜀0

𝜇0
𝑛0 𝑐𝑜𝑠 𝜃0                                         (19) 

Finally, reflectance and transmittance are 

represented by: 
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R= 𝑟2                                                                 (20) 

𝑇 = 𝑡2 = 1 − 𝑟2                                            (21) 

we have used glass as a substrate with refractive 

index  𝑛𝑠 = 1.524 . In a perfect, defect-free 

photonic crystal, it is observed a pure band gap, 

and when a defect is introduced, it leads to the 

localization of the defect states and a certain 

mode in the reflection spectrum is obtained. An 

example of the defect introduced is a 

hemoglobin solution. Different concentrations 

of the refractive index of hemoglobin solution 

depend on its concentration, and these changes 

are taken from a model function from reference 

[34]. The efficiency of the sensor is an 

important factor that determines sensitivity, 

which can be calculated from the following 

equation. 

S =
∆ λres

∆ n
                                                        (22) 

The FOM is obtained by considering the ratio 

of the S to the FWHM. 

𝐹𝑂𝑀 =
𝑆

FWHM
                                               (23) 

The quality factor is also calculated from the 

following formula: 

𝑄 =
𝑅𝐹

FWHM
                                                     (24) 

III. CONCLUSION  

A. Structure 1 

The first part aims to find the optimal state of 

the TiN/m/Ti 𝑂2  layer. We use an optical 

biosensor based on a one-dimensional photonic 

crystal to detect the hemoglobin concentration. 

In the first part, da(TiN)=100, db( 𝑇𝑖𝑂2) =
109 𝑎𝑛𝑑 𝑑𝑚 thicknesses are 0, 60 and100 nm, 

N=3, 5, 7, 9  and dl= 2, 5, 10 𝜇𝑚 were assumed 

for the number of ternary layers and the 

thickness of the defect layer, respectively.  TiN 

is a metal-semiconductor composed of 

Titanium and Nitrogen. This chemical 

compound is used as a resilient coating on the 

surfaces of sensors due to its favorable optical 

properties, mechanical strength, exclusive 

electronic properties, and structural robustness 

[35]. An obtained state will be optimal if the 

obtained mode has a higher height, a sharper 

width, and a band gap with maximum width. 

Below, we will check the results obtained for 

different N and 𝑑𝑚 to find the optimal state for 

these variables. To carry out this research, we 

consider 0.0001 accuracy in all three cases. [36-

38] The refractive index of hemoglobin was 

considered 1.380 and 1.365 in wavelength 

range 820 to 1300 nm [21, 39]. 

B. Results of structure 1  

 

Fig. 2 represents the intensity of transmitted 

light of TiN/m/Ti𝑂2 structure for a different 

number of periods N. 

 

 

Fig. 2 Optimizing the number of periods (N) 

concerning wavelength. a: The effect of the number 

of triple layers (N), b: The height and width of the 

peaks 
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The result of Fig. 2 and numerical calculations 

shows that the system has a good bandgap 

width, and N=5 is the optimum state. Because 

at this value, the optimal situation is that more 

height and sharper width, and a band gap with 

maximum width are possible. Fig. 3 shows the 

transmitted light intensity for different values of 

𝑑𝑙 =2 , 5 and 10 𝜇𝑚. 

  
Fig. 3 Transmitted light intensity for 𝑑𝑙 =2 , 5 and 

10 𝜇𝑚  

Figure. 3 shows that the number of modes 

increases and the intensity of some modes 

decreases with increasing defect layer 

thicknesses. Table 1 shows the numerical 

calculations for different values of 𝑑𝑙  for the 

refractive index of hemoglobin. The parameters 

RW and 𝑆𝑅 =
𝑆

𝑅𝑊
 are the wavelengths of the 

peak of the defect mode ( resonant wavelength) 

and relative or dimensionless sensitivity, 

respectively. 

Table 1 Numerical calculations for 𝑑𝑙  = 2  , 5 and 

10 𝜇𝑚 for hemoglobin (structure 1). 

FOM 

)1/RIU

( 
SR 

 S 

)𝑛𝑚 /RIU( 

 RW 

(𝑛𝑚)   
𝑑𝑙(𝜇𝑚) 

364.5 0.53 546.7 1087.0 2  

465.5 0.69 698.3 1051.0 5   

780.0 0.73 780.0 1091.0 10 

 

As it is clear that, 𝑑𝑙=10 𝜇𝑚 is optimal due to 

the appropriate peak size and considering other 

effective components (band gap, width, 

sensitivity, etc.). The table denotes that dl=10 

𝜇𝑚  has optimum sensitivity (S=780.0 

nm/RIU), relative sensitivity (SR=0.729) and 

figure of merit (FOM=780.01/RIU) at 

resonance wavelength RF=1091.0 nm 

respectively. Fig. 4 shows the results obtained 

with different light incident angles θ. 

According to the previous sections, here we 

also calculated the results numerically.  

 
Fig. 4 Transmitted light intensity for θ = 00 , 300 , 

600 degrees    

As the angle increases, the width of the modes 

increases, such that at an angle of 60 degrees, a 

small band gap with wide modes is produced. 

By examining these results, θ=0o is the most 

optimal possible mode. While the light incident 

is tuned to θ = 00, the structure has a vast band 

gap and narrow, sharp modes. It can be 

observed from Fig. 5 that minor changes in the 

refractive index of hemoglobin can 

appropriately shift the mode. 

 
Fig. 5 Mode shifts of biosensor in two different 

hemoglobin refractive indices (nl) 
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In this part of the work, the effect of the 

refractive index of the middle layer (nm) is 

investigated. For comparison, we considered 

the values of 1, 1.5, 2, and 2.5.  

 
Fig. 6 Transmitted light intensity for different 

refractive indices of the middle layer (nm)  

Figure. 6 shows that the glass layer (nm=1.5) is 

the most optimal possible state. On the other 

hand, the structure could be practically 

fabricated based on glass, and such a structure 

would be easier to access scientifically. In Fig. 

7, we considered the thicknesses of the middle 

layer values of 0, 60, and 120 nm. 

 

Fig. 7 The effect of thicknesses of the middle layer (dm)  

Our analysis shows that dm = 60 is the most 

optimal state. According to the obtained 

results, the important parameters such as the 

width of the band gap, FWHM, resonance 

wavelength, quality factor, sensitivity, and 

FOM are 466.8 nm, 2 nm, 1181 nm, 590.5, 

800 nm/RIU and 400, respectively.  

C. structure 2 

In this section, instead of layer a (TiN), in the 

first section, the AlXGa1-XN layer was replaced. 

Aluminum Gallium Nitride is a III-Nitride 

semiconductor. This process alters the chemical 

composition by changing the ratios of 

aluminum (Al), gallium (Ga), and nitrogen (N). 

This flexibility allows for the tuning of its 

optical and electronic properties. The visual 

characteristics of AlxGa1-xN semiconductor 

quantum dots can be altered by varying the 

composition percentages of Al and Ga. 

Introducing these quantum dots into the 

biosensor can allow for the modification of 

optical characteristics, thereby enhancing key 

biosensor features such as sensitivity, figure of 

merit, and quality factor. The obtained state 

(AlXGa1-XN/m/ 𝑇𝑖𝑂2) will be optimal if the 

obtained mode has a higher height, a sharper 

width, and a band gap with the maximum width 

[40-42].  

D. Results of structure 2  

The important parameters in this section that 

should be determined are the fraction of 

aluminum composition (x), and some important 

parameters were investigated in section B. First, 

we examined the changes of x for x=0, 0.4, 0.8, 

and 1. Fig. 8 shows that a band gap only in the 

case of x=1 is suitable and wider than other 

values, because the peak corresponding to this 

value is narrower and the mode is thinner.  
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Fig. 8 (a) Transmittance for different values of aluminum 

fraction (x). (b) Shifts of modes by changing the 

aluminum fraction x   

Figure. 9 shows the transmission spectrum of 

the biosensor concerning the thickness of the 

defect layer. In this structure, such as structure 

1, it is clear that dl=10μm is the suitable 

selection, as shown in Fig. 9: 

 
Fig. 9 Intensity of light passing through the biosensor 

according to the thickness of different defect layers  

Figure. 10 shows some optimized modes 

located at approximately 1055 and 1095 nm. 

These modes have appropriate intensity and 

FWHM for detection purposes. 

 
Fig. 10 Some optimized local modes in dl=10 µm. 

 

Fig. 11 The effect of thicknesses of the middle layer (dm)  

As can be deduced from Fig. 11, the 60 nm 

thickness is optimal for structure 2. Fig. 12 

shows the intensity of light passing through the 

biosensor according to the hemoglobin 

refractive index.  
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Fig. 12 the effect of thicknesses of the middle layer (dm)  

Table 2 shows the numerical calculations for 

different values of 𝑑𝑙 for the refractive index of 

hemoglobin. 

Table 2 Numerical calculations for 𝑑𝑙 = 2 , 5, 10 𝜇𝑚 

for hemoglobin (structure 2). 

FOM 

)1/RIU

( 
SR 

 S 

)𝑛𝑚 /RIU( 
 RF (𝑛𝑚)   𝑑𝑙(𝜇𝑚) 

300.0 0.55 600.0 1094.0 2  

183.3 0.64 733.3 1134.0 5   

400.0 0.70 800.0 1135.0 10 

 

Figure 13 shows the comparison of sensitivity 

and FOM values for different thicknesses of the 

two structures. 

 

Fig. 13 The comparison of sensitivity and FOM values 

for different thicknesses of two structures. 

The simulated biosensor exhibits sensitivity 

to refractive index variations of hemoglobin 

through apparent variations in the bandgap 

region, mode characteristics, and value of 

detection parameters. We have analyzed 

articles from various references to evaluate 

and compare the results obtained from the 

proposed structure.  Table 3 demonstrates the 

sensing performance parameters of our 

biosensor compared to those reported in 

previous studies in wavelength range (WR). 
 

Table 3. Assessing the sensitivity of the suggested 

sensor in comparison to other biosensing designs. 

 

REFEREN

CE  (  

FOM 

)1/RIU( 
S )𝑛𝑚 /RIU( WR) 𝑛𝑚) 

[16] - 46.51 800-1200 

[18] - 6480 2300-3100 

[17] 517 323 1630-1644 

[20] 0.63 167 590-650 

[7] 10916 1962 480-1800 

THIS 

WORK 
400 800 950-1300 

 

Discussions 

 

In this paper, we have established the 

theoretical studies of the ternary 1D-photonic 

crystal biosensor that enables enhanced 

sensitivity to small changes in the refractive 

index, to detect hemoglobin. Based on the 

presented findings, the proposed method has 

several advantages, including the ability to 

facilitate detection by increasing performance 

parameters, selecting optimal mode heights, 

and observing the effects of quantum dots, 

gallium nitride. Two similar structures were 

investigated, which, by using quantum dots 

instead of TiN layers, increased the sensitivity. 

Investigation shows that the photonic band gaps 

have sharp and suitable detection modes. This 

structure has suitable performance parameters 

such as Sensitivity, Figure of Merit, and 

Wavelength Ranges of 800 nm/RIU, 400, and 

950 -1350 nm, respectively. We distinguished 

two hemoglobin samples. These efforts will 

advance future research and enhance 

knowledge in this field. 
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