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In the present study, we have obtained a blood hemoglobin (Hb) sensor using binary defective 

one-dimensional photonic crystal. The structure is composed of Air/Diamond/SiO2)
NHb 

/Diamond/SiO2)
S/SiO2 and the defect layer is filled by hemoglobin solution. The numerical 

calculations are based on transfer matrix method (TMM). The defect peak showed well shifting of 

the defect peak frequency by increasing the hemoglobin concentration; the wavelength shifted due 

to the change of hemoglobin concentration; from 679.5 nm at the 0g/dL to 682.3 nm at 28.7 g/dL. 

The presented idea is very simple, and can potentially attract a wider audience when one considers 

the fact of constantly rising interest of the scientific community (especially biologists and 

physicians) in the diagnostic methods utilizing different types of the optical phenomena.    

 

1. Introduction  

 
 The wave’s propagation through complex media plays a critical role in many areas of 

physical sciences [1]. A good example of these media is photonic crystals. The term photonic 

crystal (PCs) was formed in 1987 after Yablonovitch [2] and John [3] had their first meeting in 

Princeton. PCs are micro/Nanostructures which composed of spatial, periodic arrangement of 

dielectric materials with the high variation of refractive index. According to the geometry of 
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structures, there are three types of PC structures are one-dimensional (1D), two-dimensional (2D) 

and three-dimensional (3D). 1D PCs or called multilayer structures have a periodicity of refractive 

index in one direction but homogeneous in other two directions [4-9]. 1D PCs have a large number 

of applications by embedded one or more defect layers through periodic layers [10-15].2D PCs 

are structures in which refractive index is varied in two directions while there is no variation in 

the third direction .3D- PCs are those in which periodicity of refractive index is in three directions. 

PCs take their importance from the creation of photonic band gaps (PBG) in which frequency 

ranges of incident light are prohibited inside PCs. A large PBG is the backbone for various 

applications such as the omnidireoctional high reflectors, high-Q microcavities, low threshold 

lasers, optical switches, and optical transistors [16, 17]. 

   In the biological/chemical analysis, PCs play an essential role as label-free sensor since any 

changes in refractive index and /or thickness of the composing materials effect on the interaction 

of the PCs with analyte/fluid to be identified [18, 19]. Many devices of label-free sensor based on 

1D, 2D, and 3D PCs are designed by using different materials such as Silicon, TiO2 [20, 21]. For 

example, 1D silicon photonic crystal with an air defect is designed by M.Mohebbi [22] to oscillate 

at a single mode with a high-quality factor, allowing for refractive index sensing of gases with a 

high sensitivity. Photonic crystals are indeed a promising sensor platform. Since they can be used 

for analyzing liquid systems PCs are interesting for biosensing. Hb is one of the substances of 

general interest; hence the aim of the paper is justifies both additional efforts and publication. In 

recent days different types of PCs are used in biosensing field such as gene chips [23,24], blood 

glucose sensor [25], diabetes and blood disorders [26]. It is worth mentioning these devices have 

many advantages are low cost, used low energy and provide measurements directly, in contrast, 

conventional methods which take a long time [27]. 

  In this paper, we design a biosensor device based on 1D-defected binary PCs which is composed 

of ten periodic dielectric layers with hemoglobin solution as defect layer. It’s known that a unique 

features of PCs caused by the variations in index of refraction of constituent materials. As a result, 

we used Diamond and Silicon dioxide layers with high and low refractive index respectively and 

the defect layer of biological material sandwiched between them. The refractive index of the 

hemoglobin solution is affected by its concentration, so by changing hemoglobin concentration 

the propagation of EM waves through 1D-defected PCS is changed.   
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2. Theoretical Methods 

Let’s assume that designed label-free sensor based on defected binary-1D PCs (Figureure 1) 

composed of N-periodic layers of two different materials with different refractive indices and 

different thicknesses which denoted by n1,n2 and d1 ,d2 respectively. As well the defect layer is 

embedded in the middle of structure with refractive index nD and thickness dD.   

 

Figure.1. show schematic diagram for 1D defected periodic structure in which the thicknesses of 

layers that is composed of periodic layers and defect layer are d1, d2 and dD respectively. Also the 

corresponding refractive indices are n1, n2 and nd respectively. The refractive indices of air and 

substrate are n0 and ns respectively. 

The transmission and reflection for propagation of EM waves through binary-1D periodic layered 

system are calculated by transfer matrix method (TMM) in which the amplitudes of plane waves 

at different layers are given by:[ 28-31] 

( ) ( ) 
N N

A B D A BM M M M M M=
                                                                                                   

( )1
 

Where, 

( ) ( )

( ) ( )

cos sin

    sin cos

j j

j
j

j j j

i

pM

i p

 

 

 
− 

=  
 −
                                                                                           

( )2
 

As,
( )

2
  cos  

j

j j j

d
n


 


=

, 

( )0

0

    cosj j jp n





=

 for TE mode, each layer j has refractive index jn
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.  Meanwhile, j can be  j = A, B and D. Then, j  is the angle of incident 

electromagnetic wave with wavelength   and the transmission coefficient t  can be given by:- 
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Finally , the transmittance can be given by:- 

2

0

fp
T t

p
=

                                                                               
( )4

 

In the present structure the defect layer is filled with hemoglobin solution were carried out at PH 

7.4, a temperature of 21.5٥c and 100% oxygen saturation. Depending on the refractive indices and 

therefore dielectric constants for different concentrations of Hb solution, the diffusion of light will 

vary within photonic crystal periodic structure. For estimating spectrum of the real part of the 

refractive index for each hemoglobin concentrations between 0 and 29 g/dl we used a model 

function which formulated by Moritz Friebel and Martina Meinke [32].   

𝑛𝐻𝑏(𝜆, 𝐶𝐻𝑏) = 𝑛𝐻2𝑂
(𝜆)[𝛽(𝜆)𝐶𝐻𝑏 + 1].                                                                                      

( )5
 

This function is valid for wavelength range from 250 to 1100nm. The refractive index of 

hemoglobin solution nHb is dependent on wavelength and hemoglobin concentration (𝐶𝐻𝑏), 𝑛𝐻2𝑂 

(λ) is the refractive index of water which is dependent on wavelength. The specific refractive 

increment is β (λ) which is dependent on wavelength and its dependence on the wavelength which 

is shown in figureure 2.  

 

Figure.2. illustrates the specific refractive increment (β) dependent on wavelength range 250nm 

to   1100nm. 
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3. Results and discussion  

Now, we treat the numerical results for the propagations of TE waves through the defective binary-

1D PCs through wavelength ranges from 300nm to 1100nm. The present structure is composed of 

two different dielectric periodic materials which are called Diamond ( n1 = 2.4168, d1 = 73 nm) 

and SiO2 ( n2 = 1.46, d2 = 120 nm ) besides embedded the defect layer which is filled with 

hemoglobin solution. This structure is surrounded by air and SiO2 substrate with refractive indices 

are no = 1 and ns = 1.46 respectively. The transmittance spectrum for our design with Hb solution 

with concentration of 28.7 g/dL is shown in figureure 3. 

 

Figure.3. Illustrate the transmission for defected binary-1D photonic crystal for hemoglobin 

solution with concentrations equal to 0, 10.4, and 28.7 g/dL. 

As the results of our calculations, we noticed the creation of photonic band gap (PBG) which is 

shown in Figureure 3 and this PBG appeared founded at the wavelength ranges from 600 nm to 

near 900 nm. We can explain from Figureure 3 that appearance of the defect peak approximately 

around on 680nm. Therefore, we will focus on transmittance study around this wavelength as 

shown in Figureure 4.  
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Figure.4. the transmittance spectra for defected binary – 1D PC with defect layer from Hb 

solution with different concentrations of hemoglobin solution. 

 

The results depicted in figureure 4 shows that a shift in the wavelength of defect peak which is 

observed as the Hb concentrations increases. Where the wavelength of the defect peak are 682.3 

nm, 681.1 nm, 680.5 nm , 679.9 nm and 679.5 at hemoglobin concentration 28.7 g/dL 16.5 g/dL, 

10.4 g/dL, 4.6 g/dL and 0 g/dL respectively. When the thickness of defect layer is 125 nm, the 

relation is linear between a wavelength of the defect peak and Hb concentration as shown in 

figureure 5. By using the same design of the present structure, we can obtain the relation between 

the wavelength of defected peaks in binary-1D PC with the defect layer thicknesses from 110nm 

up to 140 nm at 28.7 g/dL concentration of Hb solution as shown in figureure 6. It is clear that an 

evident change in the wavelength of the defect peak has a linear relation with the thickness of the 

defect layer. 

The peaks mode appears due to the wave localization inside the defect layer which breaks the 

structure periodicity. Moreover, the position of this peak mode is located at the central wavelength 

and could be controlled according to the quarter wavelength. As the defect layer is filled with the 

glucose solution of concentration, the position of the defect mode is shifted toward the longer 

wavelength regions as shown in figureures. Here, we introduced in different results the sensitivity 

of the peaks mode characteristics to the variation of the refractive index of glucose solution due to 

the change of its concentration. The results show that the increase of the refractive index has a 

pronounced effect on the position of the resonant peak. However, the intensity of the defect mode 

is unaffected. The present structure could be suitable to act as a sensor for the detection of glucose 
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concentration with high sensitivity and high accuracy. As the defect layer is filled with the glucose 

solution, the peak is shifted to a new wavelength. In other words, the central wavelength is shifted 

to a new position due to the variation of the refractive index. Therefore, the value of the refractive 

index of the glucose solution can be obtained using the quarter wavelength equation.  

 

Figure.5. illustrates relation between wavelengths of the defect peaks for defected binary-1D PC 

with defect layer thickness 125 nm versus concentration of Hb solution. 

 

Figure.6. illustrates relation between wavelengths of the defect peaks defected binary-1D PC 

with defect layer thickness from 110nm up to 140 nm at 28.7 g/dL concentration of Hb solution. 

4. Conclusions  

We have investigated the label-free sensor which is based on defected binary -1D photonic crystal 

air [(Diamond/SiO2)
 N Hb (Diamond/SiO2)

 S] SiO2. The present calculations are based on transfer 

matrix method (TMM). The wavelengths of the defect peaks are increased by increasing the 

hemoglobin concentrations. The peak (half) bandwidth provides important independent 

information.  Bio-substances tend to form a biofilm which would influence peak position. The 
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present work is intent to present and answer an interesting question of light propagation through a 

1-dimensional photonic crystal structure, with a localized defect in the form of hemoglobin with 

different concentrations. The presented idea is simple, and can potentially attract a wider audience 

when one considers the fact of constantly rising interest of the scientific community (especially 

biologists and physicians) in the diagnostic methods utilizing different types of the optical 

phenomena.  The proposed design can be used as a label free sensor to determine the hemoglobin 

concentration in human blood in order to detect anemia and other diseases which is caused by 

hematological disorders such as leukemia and hemophilia.  
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