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In this work, a two-dimensional ring-shaped photonic crystal structure is proposed. The proposed 
structure is consisted of 28*25 silicon rods situated in air medium. Fundamental properties of the 
proposed structure (acting as a biosensor) are investigated through photonic bandgap (PBG) and 
field distribution diagrams. The proposed structure is considered for diagnosis of cholesterol and 
creatinine levels in blood samples. Proposed structure is designed to operate as a 2:1 multiplexer 
(also functioning as a biosensor). Thus, by inserting incident signals with specific wavelengths (placed 
in TE PBG region) to input0, input1 and select ports, light wave can be transmitted to output port. 
Cholesterol concentrations in blood sample can be detected by considering input0 (I0 = 1), input1 (I1 = 0) 
and select (S = 0). For cholesterol following bio sensing factors will be calculated. Q: (45.4–52.88), 
S: 2673.4 nm/RIU, DL: (0.00125–0.00143) RIU, FOM: (80.91–82.06) RIU−1. Creatinine levels in blood 
samples can also be diagnosed by considering input0 (I0 = 0), input1 (I1 = 1) and select (S = 1). For 
creatinine, Q: (101.1–109.4), S: 3582.7 nm/RIU, DL: (4.98e−4–5.26e−4) RIU and FOM: (199.01–201.3) 
RIU−1 will be calculated. Finally, proposed system can effectively help physician in early and precise 
prognosis of hypercholesterolemia and acute kidney injuries.
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Recently, optical configurations have been extensively considered in the designation process of different 
structures (with various applications like bio-optical1, bio-chemical2 and other configurations). The progressing 
and considerably increasing usage of optical configurations are due to their very compact size (integration), lower 
cost (total fabrication cost in large amounts compared with conventional structures), remarkable high capacities 
and processing speeds (due to properties of light). The mentioned advantages mainly occur due to the existence 
of photons in optical-based structures (as known in electronic-based devices electron play the main role while 
in optical one’s photons are responsible for the operating principles)3–5. Therefore, designation, fabrication and 
utilization of optical-based devices have been extensively increased. Thus, in order to design an optical-based 
device, all of the its elements should be operated based on the optical principles (should be designed based on 
basic structures like plasmonic6, graphene7, plasmonic-graphene8, photonic crystal9 and other configurations). 
As a result, all circuit elements like transmitters, receivers, filters, gates, sensors and multiplexers (MUX) would 
be designed based on different optical configurations10–12. There are many optical configurations that can be 
considered for the designation process like plasmonic13, graphene14, photonic crystal and other structures. 
Photonic crystal (PhC) based devices have been interesting to scientist due to their simplicity (operation and 
fabrication), low cost and remarkable efficiency15. Photonic crystals are made of periodic dielectric, plasmonic-
dielectric or graphene-dielectric microstructures or nanostructures that can affect electromagnetic wave 
propagation in the structure. PhC structures can be found in nature, like the iridescent colors seen in certain 
butterflies and opal gemstones (opal is made of 3D PhCs based on small particles of hydrated silica)16.

PhC based structures can be periodically (circular, hexagonal and cubic) considered in one, two or 
three dimensions and are consisted of two or more media (mostly dielectric)17. Refractive indices introduce 
characteristics of utilized media in PhC based structures (define behavior of light in defined media)18. PhC 
based structures can be considered by defining periodic cells (rods) in a specific substrate (background which is 
mostly made of air). The periodicity (the distance between the center of one rod to another (adjacent rods)) can 
be introduced by a defined factor named as lattice constant19. Photonic band gap (PBG) is an essential parameter 
for defining functionality of a PhC based structure. This factor which can be extracted from the PBG diagram 
can indicate the permitted (guided) and non-permitted (forbidden) transmitting regions (indicating frequencies 
or wavelengths). In fact, in the permitted wavelengths, light can move in the structure while in the forbidden 
regions it can’t be transferred. PBG figure can be achieved through applying PWE method to the designed 
system. Incident light waves have different behaviors in the allowed and non-allowed wavelength ranges. In 
guided region (wavelengths), light wave would be transferred along PhC system. It will be gradually dispersed 
(very low amounts of incident light wave can reach the output). In another case, in non-allowed region, light 
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wave cannot be transferred along PhC system. It will be reflected when touching any rod (reflection process 
would be continuously happened along the PhC structure). This phenomenon (which happens for the forbidden 
wavelengths) can be considered as the total internal reflection (TIR) effect which defines signal movement in 
optical based deceives with very low losses (like PhC, plasmonic, graphene and other configurations)20–24. As 
stated, all of the device’s elements should be considered based on optical configurations for designing optical 
integrated circuits (OICs). As known, PhC-based systems can be experimentally fabricated and implemented25. 
Deep ultraviolet lithography, e-beam etching, nano-replica molding and embossing with a template are some of 
the fabrication methods. Nano-replica molding method is the most economical, effective and flexible fabrication 
method26. Fabrication process steps can be defined in the following part. First, silicon grating template should 
be prepared. In the second step, surface treatment of the silicon template with hydrophobic silane (or other 
materials) would happen. After that, spin-coating PDMS would take place. Then, PDMS nano grating would be 
done. Finally, high refractive index grating film layer through e-beam evaporation would be applied26.

Optical biosensors can be considered as important and essential elements in optical-based devices. They are 
extensively utilized in OICs due to their compatibility, integrability, high speed and other specifications27. Optical 
biosensors can be considered based on PhC structures for detection of different bio molecules28,29. As stated, 
concentrations of biological elements such as cholesterol, glucose, hemoglobin, creatinine and other biomolecules 
could be detected by optical biosensors. Hemoglobin and glucose concentrations can help researchers for 
prognosis of anemia and diabetes30. Unusual levels (high) of cholesterol and creatinine will enhance risks of 
hypercholesterolemia (which can cause heart diseases and strokes) and acute kidney injuries31. Thus, diagnosis 
of cholesterol and creatinine in blood could aid researchers and patients in prevention, prognosis and treatment 
of mentioned diseases effectively and with very low costs. In research32, by considering a 1-D hyperbolic 
PhC, cholesterol detecting sensor was proposed. Sensitivity, detection limit and FOM of 469 nm/RIU, 0.0091 
and 125 RIU−1 were obtained. Research33, by considering an octagonal PhC fiber (PCF) detected cholesterol 
concentrations. In34, cholesterol could be detected by considering a biosensor based on GO/PPy/PANI/ZnO 
nanocomposite. Acceptable sensitivity, detection limit and FOM were obtained. In31, a biosensor for detection 
of creatinine concentration was proposed in the shape of 1-D PhC based structure made of MgF2 and CeO2 
materials. Maximum sensitivity of 306.25 nm/RIU was achieved. In35, a system made of silver, phosphorous and 
graphene in various shapes (T-shaped, U-shaped and split ring-shaped waveguides) was designed for prognosis 
of creatinine in blood samples. Suggested biosensor showed sensitivity of 1562.5 nm/RIU. In this research, an 
applicable, highly functionalized and easy fabricated structure (2:1 MUX) based on 2-D PhC system is designed 
for diagnosis of cholesterol and creatinine in blood. Proposed structure is consisted of 28*25 silicon rods in air 
background. Refractive indices of silicon and air are 3.5 and 1, respectively. In the proposed structure, only linear 
rods (with various radii) are utilized which facilitate the fabrication and designation processes.

PBG spectrum and field distribution diagrams will be extracted. Finally, designed MUX will be utilized as 
a bio-sensing device for diagnosis of cholesterol and creatinine. It should also be noted that, fast and precise 
detection of mentioned biological elements in a very simple and efficient configuration with remarkable 
specifications (sensitivity, DL, FOM and Q-factor) can be stated as the advantages and novelties of the proposed 
structure. This work is organized in 3 sections. The first is attained to the physical principle and methodology. 
The second one considers the simulations and results and the final section discusses the conclusions.

Physical principle
The proposed PhC based device is made of 28*25 rods made of silicon (situated in air medium). PhC designation 
is in the form of situating silicon rods in air background. In order to calculate and extract PBG and field 
distribution spectra, Maxwell’s equations can be utilized (for evaluating applicability of designed device)36:

	
∆ × H = ∂D

∂t
+ je� (1)

	
∆ × E = −∂B

∂t
− jm� (2)

In which E (electric field), H (magnetic field), D (displacement) and B (magnetic induction). je and jm stand for 
electric and magnetic current sources.

	 D(x, z, t) = ε0εr(x, z)E(x, z, t)� (3)

	 B(x, z, t) = µ0H(x, z, t)� (4)

where εr (relative permittivity of the material), ε0 (permeability) and μ0 (permittivity).
PWE and FDTD are the numerical techniques which are used for producing PBG and field distribution 

spectra37. As known, some parameters are essential for investigating properties of a designed sensor. Quality 
factor is a useful biosensing defining parameter38.

	
Q = λ0

∆λF W HM
� (5)

in which λ0 is the resonant wavelength and ΔλFWHM is the spectral with of half maximum for the central 
transmission spectrum. Sensitivity (S) also defines sensor’s application.
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S = ∆λ

∆n
(nm/RIU)� (6)

In which Δλ and Δn stand for displacement of transmission spectra and RI variation. Detection limit (DL) which 
indicates the lowest possible detecting amount is also an important parameter shown in Eq. (7).

	
DL = λ

10SQ
(RIU)� (7)

λ, S and Q indicate the wavelength related to resonance, S and Q parameters, respectively.
Another vital factor is FOM.

	
F OM = SQ

λ
(RIU−1)� (8)

λ, S and Q represent wavelength, S and Q parameters, respectively38.
Designed PhC structure is depicted in Fig. 1
A 2:1 PhC based MUX based on 28*25 silicon rods in air medium is presented in Fig. 1. Refractive indices 

of silicon and air are 3.5 and 1, respectively. In designed structure, linear rods are considered for facilitating the 
fabrication and designation processes. In the presented structure, point defects (rod with various radii) were 
considered for filtering specific wavelengths. All of the rods are made of silicon with RI = 3.5 and only their radii 
differ (radii are mentioned in Table 1).

As seen in Fig. 1, dark blue and dark red rod’s radii are different from other rod’s radii. These rods operate 
as confining media for sensing application (reflect rods, which are in touch with the analyte). They can filter 
and guide resonant wavelengths (they guide light wave with different resonant wavelengths considering select 
signal).

Yellow rods can also operate as the coupling rods; being able of leading applied light wave to output port 
(depending on the analyte, resonant wavelength and signal applied to select port, dark blue or dark red rods can 
confine the incident light waves of inputs 0 and 1). Geometrical factors of Fig. 1 are stated in Table 1.

Parameter Value

Red rod’s radius 0.1 μm

Dark blue rod’s radius 0.14 μm

Dark red rod’s radius 0.12 μm

Yellow rod’s radius 0.08 μm

Lattice constant (a) 0.45 μm

Refractive index of rods 3.5

Refractive index of air 1

Table 1.  Geometrical parameters of Fig. 1

 

Fig. 1.  Designed 2-D PhC structure.
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As known, multiplexer (MUX) is mostly referred to as data selector. MUX is a structure that can select 
among various conditions of input signal; guiding a specific input (according to the select port) to an output 
port. Therefore, in the 2:1 MUX designation, two input ports, a select and an output port are required39. Table 2, 
tabulates the logical status of designed 2:1 PhC MUX.

For studying functionality of designed system, PBG spectrum could be extracted. This spectrum indicates 
guided and non-guided band gap regions. PBG diagram is seen in Fig.2.

As indicated in Fig. 2, TE (Transverse Electric) and TM (Transverse Magnetic) modes could be calculated 
for proposed 2:1 MUX. TE modes can be achieved in wavelength region of 1.25  μm < λ < 2.08  μm and 
0.909 μm < λ < 1 μm. TM modes can be achieved in wavelength region of 0.83 μm < λ < 1 μm. As shown in Fig. 2, 
TE PBG are the most dominant ones due to their wider wavelength regions. Therefore, further simulations 
would be conducted considering TE PBG wavelength ranges (in these wavelengths, signal can be guided along 
waveguides according to TIR effect). TIR effect happens when signal with wavelengths situated in TE PBG 
range would be applied to the structure. In these wavelengths, signal would be reflected after hitting each rod 
(propagating along the waveguide). Thus, very low amounts of input signal would be dispersed (wavelengths 
situated in TE PBG mode ranges). For evaluating characteristics of the designed system (Fig. 1) as a biosensor 
(2:1 MUX) for detection of cholesterol (diagnosis of hypercholesterolemia) and creatinine (diagnosis of acute 
kidney injuries), simulations considering various wavelengths (central wavelength of the light wave) would be 
conducted. It should be noted that, proposed structure would be simulated by RSoft Photonic Device Tools. In 
order to simulate the system, Full-Wave and Band-Solve modules would be utilized. The Band-Solve module 
considering PWE method would be applied for generating band structures. The Full-Wave module considering 
FDTD method would also be used for calculating field distribution. In FDTD simulation, Δt (time step that 
should be less than λ/10), and Δx = Δz (mesh sizes in both x and z directions) are considered as 0.2  fs and 
100  nm, respectively. It should also be stated that, blood samples would be considered as analyte. Analyte 
would be introduced considering their refractive indices (as known, blood samples include various elements 
like cholesterol and creatinine; which have specific refractive indices for different concentrations). Finally, 
considering the obtained results, concentrations of specific blood components could be detected.

Fig. 2.  Schematic of PBG of the designed system.

 

State Select Input0 Input1 Output

1 0 0 0 0

2 0 0 1 0

3 0 1 0 1

4 0 1 1 1

5 1 0 0 0

6 1 0 1 1

7 1 1 0 0

8 1 1 1 1

Table 2.  Logic table of the proposed MUX biosensor.
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In the following sections, simulation at various wavelengths (situated in the TE PBG range) would be 
considered. Signal with λ = 1300  nm would be applied to the select port (according to Table 2). In order to 
consider different states mentioned at Table 2, signals with λ = 1580 nm, λ = 1890 nm, would be applied to the 
system. Finally, detection of cholesterol and creatinine would be considered. In the last step, important bio-
sensing parameters (Q, S, DL and FOM) would be calculated.

Simulations and results
In the current section, functionality of the designed structure would be studied (states mentioned in Table 2 
will be testified). Field distribution and transmission diagrams for various wavelengths (of incident light wave) 
would be considered. The first state of table 0.2 (Select (S) = 0, Input0 (I0) = 0, Input1 (I1) = 0) wouldn’t lead to 
signal propagation. Thus, no output would be obtained. Therefore, states 2 to 8 would be investigated.

S = 0, I0 = 0, I1 = 1
The second state of Table 2 is S = 0, I0 = 0, I1 = 1, which would be considered in this part. For studying functionality 
of designed system at this state, incident field with λ = 1890 nm (which is in the TE PBG region) would be applied 
to I1 port. Field distribution spectrum can be seen in Fig. 3.

According to Table 2 and functionality principle of 2:1 MUX, when S = 0, signals applied to I0 would be 
transferred to output port. As a result, by considering state # 2, (I0 = 0), no signal is propagated in the waveguide. 
Therefore, no signal is transmitted to output port.

S=0, I0=1, I1=0
The third state of Table 2 is S = 0, I0 = 1, I1 = 0, which would be studied in this section. For studying functionality 
of designed system at this state, input signal with λ = 1580 nm (which is in the TE PBG region) would be inserted 
to I0 port. Field distribution diagram is depicted in Fig. 4.

According to Table 2 and functionality principle of 2:1 MUX, when S = 0, signals applied to I0 would be 
transmitted to output port. Thus, for state # 3 (I0 = 1), incident light wave would be propagated in the waveguide. 
Result is in accordance with truth table (Table 2). This state of 2:1 MUX can be considered for bio-sensing 
application. Thus, designed system can be applied in bio-optical OICs. For this purpose, various concertation 
of cholesterol in blood would be introduced as the analyte32. Transmission-wavelength spectrum can be seen in 
Fig. 5.

As mentioned, high concentrations of cholesterol might lead to hypercholesterolemia (increase risks of heart 
diseases and strokes). As seen in Fig. 5, this structure can help detect cholesterol levels in blood samples. RIs of 
different Cholesterol levels in blood can be considered as (n = 2.59 for 200 mg/dl, n = 2.62 for 220 mg/dl, n = 2.80 
for 240 mg/dl and n = 3.06 for 260 mg/dl)32.

As known, appropriate cholesterol levels must be less than 200 mg/dl (5.17 mmol/L). Therefore, cholesterol 
level higher than 200 mg/dl can cause risks of different diseases32,40. As depicted in Fig. 5, enhancing RI increases 
peak wavelength of transmission diagram (wavelength is red-shifted)41,42.

Resonant wavelength shift occurs due to the dependency of analyte’s RI to position. In fact, mobility can be 
defined by the condition of standing wave31. Following equation indicates this dependency.

	 ∆ = mλ = nG� (9)

Fig. 3.  View of field distribution for state #2.
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in which Δ (path difference), m (integer), n (RI) and G (geometric path difference). According to Eq. 9, by 
increasing n (refractive index of analyte), λ (transmission wavelength) would also be increased (as shown in 
Fig. 5).

Important factors indicating functionality of a sensor are calculated in the following part.
Q: (45.4–52.88), S: 2673.4 nm/RIU, DL: (0.00125–0.00143) RIU, FOM: (80.91–82.06) RIU−1. Considering 

obtained results, designed 2:1 MUX at mentioned state can be utilized as an efficient biosensor and can help 
physicians in early and precise prognosis of hypercholesterolemia.

S = 0, I0 = 1, I1 = 1
The fourth state of Table 2 is S = 0, I0 = 1, I1 = 1, that would be investigated in this section. In order to study 
functionality of designed system at this state, signals with λ = 1890 nm and λ = 1580 nm would be inserted to I1 
and I0 ports. Field distribution diagram is shown in Fig. 6.

According to Table 2 and functionality principle of 2:1 MUX, when S = 0, signals inserted to I0 would be 
transmitted to output port. Therefore, by considering state # 4, (I0 = 1), input field would be transferred to output 
port. Result is in accordance with truth table (Table 2).

Fig. 5.  Transmission-wavelength spectrum for different cholesterol concentrations.

 

Fig. 4.  View of field distribution for state #3.
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S=1, I0=0, I1=0
The fifth state of Table 2 is S = 1, I0 = 0, I1 = 0, that would be studied in this section. For studying functionality of 
designed system at this state, incident field with λ = 1300 nm (which is in the TE PBG region) would be applied 
to S port. Field distribution diagram is depicted in Fig. 7.

According to Table 2 and functionality principle of 2:1 MUX, when S = 1, signals applied to I1 would be 
propagated in the structure. Thus, by considering state # 5, (I1 = 0), no signal is propagated in the waveguide. 
Therefore, as seen in Fig. 7, no signal is transmitted to output port.

S=1, I0=0, I1=1
The sixth state of Table 2 is S = 1, I0 = 0, I1 = 1, that is considered in this part. In order to investigate functionality 
of designed system at this state, signals at λ = 1890 nm and λ = 1300 nm would be applied to I1 and S ports, 
respectively. Field distribution diagram is depicted in Fig. 8.

As previously mentioned, in a 2:1 MUX, when S = 1, signals applied to I1 would be transferred to output port. 
As a result, by considering state #6, (I1 = 1), incident light wave would be propagated in the waveguide. Result 
is in accordance with truth table (Table 2). This state of 2:1 MUX can be utilized for bio-sensing application. 
Therefore, designed system can be applied in bio-optical OICs. For this purpose, different amounts of creatinine 
in blood samples would be introduced as the analyte. Transmission-wavelength diagram is shown in Fig. 9.

Fig. 7.  Schematic of field distribution for state #5.

 

Fig. 6.  Schematic of field distribution for state #4.
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RIs utilized in Fig. 9b as 2.565, 2.589, 2.610, 2.639, 2.655 and 2.661 are related to different concentrations 
of creatinine in blood (n = 2.565 for 85.28  μmol/L, n = 2.589 for 84.07  μmol/L, n = 2.610 for 83.3  μmol/L, 
n = 2.639 for 82.3 μmol/L, n = 2.655 for 81.43 μmol/L and n = 2.661 for 80.9 μmol/L31). As can be seen in Fig. 9, 
RI increment can shift peak wavelength to higher values41,42. According to Fig.  9 and Eqs. (5–8), following 
biosensing parameters can be calculated. Q: (101.1–109.4), S: 3582.7  nm/RIU, DL: (4.98e−4–5.26e−4) RIU, 
FOM: (199.01–201.3) RIU−1. Considering designed structure at state #6, acute kidney injuries can be effectively 
diagnosed by physicians in early stages.

S=1, I0=1, I1=0
The seventh state of Table 2 is S = 1, I0 = 1, I1 = 0, which is studied in this section. For studying functionality of 
designed system at this state, incident fields at λ = 1580 nm and λ = 1300 nm would be inserted to I0 and S ports. 
Field distribution spectrum is shown in Fig. 10.

According to Table 2 and functionality principle of 2:1 MUX, when S = 1, signals inserted to I1 would be 
transmitted to output port. Therefore, in this case, (I1 = 0), no signal is transferred to output port. Obtained result 
is in accordance with truth table (Table 2).

Fig. 9.  Transmission-wavelength spectrum for different creatinine concentrations.

 

Fig. 8.  Schematic of field distribution for state #6.
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S=1, I0=1, I1=1
The eighth state of Table 2 is S = 1, I0 = 1, I1 = 1, that is investigated in this section. For studying functionality of 
designed system at this state, signals with λ = 1890 nm, λ = 1580 nm and λ = 1300 nm would be applied to I1, I0 
and S ports. Field distribution diagram is shown in Fig. 11.

According to Table 2 and functionality principle of 2:1 MUX, when S = 1, signals applied to I1 would be 
transferred to output port. Therefore, for this case, signal applied to I1 would be transmitted in the structure. 
As seen, all of 2:1 MUX states mentioned in Table 2, were considered in designed system (obtained results were 
similar to Table 2). Moreover, two states were utilized as biosensors with considerable bio-sensing factors for 
detection of cholesterol and creatinine. Therefore, designed structure can be an appropriate candidate for bio-
sensing applications in OICs. In order to indicate functionality of designed system, obtained results of proposed 
structure (as biosensors for detection of cholesterol and creatinine) are compared with previously reported 
works. Results are tabulated in Table 3.

Conclusion
In the presented work, an efficient ring-shaped PhC based biosensor made of 28*25 silicon rods was proposed. 
Proposed structure was designed in the form of three ring-shaped waveguides and was supposed to function as a 
2:1 MUX. In the designation process, circumferences of two upper ring-shaped PhCs were covered by dark blue 
and dark red rods (with different radii) for fulfilling interfering and scattering phenomena. These phenomena 
occurred due to TIR effect; guiding incident light waves to output port. The whole structure was then considered 

Fig. 11.  View of field distribution for state #8.

 

Fig. 10.  View of field distribution for state #7.
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as a biosensor for detecting various concentrations of cholesterol and creatinine in blood samples. By inserting 
a drop of blood sample in the structure and applying signals to Input0, Input1 and Select ports (in specific 
conditions), various concentrations of cholesterol and creatinine could be detected. The simulation process 
for obtaining PBG and field distribution diagrams were conducted by considering PWE and FDTD methods 
in RSoft Photonic Device Tools. Finally, bio-sensing parameters of the proposed structure were calculated 
and reported. For cholesterol by considering (I0 = 1, I1 = 0 and S = 0), Q: (45.4–52.88), S: 2673.4 nm/RIU, DL: 
(0.00125–0.00143) RIU and FOM: (80.91–82.06) RIU−1 were calculated. For creatinine, by considering (I0 = 0, 
I1 = 1 and S = 1), Q: (101.1–109.4), S: 3582.7 nm/RIU, DL: (4.98e−4–5.26e−4) RIU and FOM: (199.01–201.3) 
RIU−1 were obtained. Designed structure could be an appropriate candidate for bio-sensing applications (early 
and precise diagnosis of various diseases related to cholesterol and creatinine) in bio- optoelectronic systems.

Data availability
All data generated or analysed during this study are included in this published article.
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