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ABSTRACT

Optical analysis of a circular photonic crystal structure consisting of a metal-dielectric layer
and a defect layer sandwiched between two dielectric layers has been carried out using the
Finite Difference Frequency Domain (FDFD) method and the Finite Difference Time Domain
(FDTD) method. The FDTD method can describe the propagation of electromagnetic waves
on the structure at any time, while the FDFD method can describe the characteristics of the
wave interaction with the structure in a steady state. We observed strong resonances at
certain wavelengths when using three different dielectric materials: BaTiOs, ZnSe, and
ZnTe. The simulation results show a change in the resonance peak in the sensing material
in the form of normal blood and blood-containing glucose in the defect layer for
concentration: 0 — 350 mg/dL. The use of three different dielectric materials produces
different sensitivity values. The highest sensitivity value when using ZnSe material that
produces a sensitivity value of 26.6063 at the refractive index intervals 2.499 — 2.72. The
simulation results can be used to build biomedical sensors that measure blood sugar levels.

Keywords: Circular photonic crystal, finite difference time domain, finite difference
frequency domain, biomedical sensor

1. INTRODUCTION

The simulation of electromagnetic wave propagation in photonic crystals has been intensely
investigated by researchers owing to their interesting applications in optics, such as waveguides
[1], solar cells [2], and sensors [3]. The emerging optical characteristics of photonic crystals,
namely changes in the transmittance peak [4] or shifts in the transmittance band [5] owing to
changes in the material's refractive index, have been directed toward optical biosensors. A
computational method was developed to design structures with adjustable materials and
thicknesses and to analyze the propagation of electromagnetic waves in these structures. Several
numerical methods have been used to simulate the propagation of electromagnetic waves in
photonic crystal structures, namely the finite-difference time-domain (FDTD) and finite-
difference frequency-domain (FDFD) methods. The FDTD method can describe the propagation
of electromagnetic waves on a structure at any time [6], whereas the FDFD method can describe
the characteristics of wave interactions on a structure in a steady state [7]. In previous studies,
the FDTD and FDFD methods were carried out separately on layered photonic crystal structures
[8], rod photonic crystals [9], and grating photonic crystals [10].

The proposed photonic crystal structure is a circular photonic crystal with a metal-dielectric layer
accompanied by channels to investigate the pattern of the transmittance wave when there is a
change in the analyte being sensed. Simulations were performed using the FDTD and FDFD
methods simultaneously to analyze the interaction of waves with circular photonic crystal
structures involving second-order differential equations. Previous research has been conducted
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on the propagation of electromagnetic waves in layered photonic crystal structures using
analytical methods to build concentration sensor devices [11]. The focus of the simulations carried
out in this research is the analysis of changes in the peak transmittance caused by changes in the
analyte's refractive index in the form of blood, which varies based on the sugar content. The results
of this research can be applied to optical-based biomedical sensors, which is a breakthrough
considering that sensor devices in the medical field are generally chemical-based [12].

2. MATERIAL AND METHODS
2.1 Finite Difference Method

Finite Difference Time Domain (FDTD) is a method that uses an approach to the time and space
domains. The FDTD method was first introduced by Yee in 1966 to analyze electromagnetic fields
[13]. The FDTD method alternately describes the propagation of electric and magnetic fields in
spatial coordinates at any time, at a single frequency. Optical phenomena, such as diffraction,
scattering, reflection, and absorption, can be clearly described when an electromagnetic field
interacts with a structure at any time. The finite-difference frequency-domain (FDFD) method is
a numerical solution for electromagnetic and acoustic problems. The FDFD method can solve
differential equations by forming eigenvalue equations to obtain field equations in the space,
frequency, and wavelength domains [14]. The FDFD method describes the propagation of the
electric and magnetic fields in spatial coordinates at each frequency in a steady state.

In FDTD, the electric and magnetic field discretization in the domain for the transverse magnetic
(TM) mode can be written as follows:
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Meanwhile, in FDFD, the discretization of the electric and magnetic fields in the frequency domain
for the transverse magnetic (TM) mode can be written as follows:
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The electric and magnetic fields that propagate in the computational space are limited by an
imaginary medium that absorbs waves called Boundary Conditions. The commonly used
boundary condition is the perfectly matched layer (PML) [15]. The field that passes through the
structure (transmittance) and the field that is reflected (reflectance) can be calculated using the
following equations:

T =[S, |2 <ktrn€r,trn> (5)
- trn

kincsr,inc

10



International Journal of Nanoelectronics and Materials
Volume 16 (Special Issue) December 2023 [9-16]

Where S;,, and k-,is are the transmittance coefficient and the vector of the transmittance
wavenumber, K., and &4 and & ., are the relative permittivity of the material at the
transmittance limit and the relative permittivity of the material at the source, respectively.

The sensor calculation was based on the change in the transmittance peak with respect to the
change in the refractive index of the material. If there is a change in the transmittance peak due
to a change in the refractive index of the material, the sensitivity calculation is calculated as
follows:

s=p (6)
dnd

Where T, is the value of the peak transmittance and n, is the refractive index of the sensing

material (analyte).

2.2 Design Structure

The corresponding device model is illustrated in Figure 1. The periodic metal-dielectric cylinder
is formed with parameters and sizes according to the design that has been made, and we
considered a periodic metal-dielectric cylinder with one defect cylinder of refractive index n in
the middle, which is considered as an analyte. The system is illuminated by a continuous
electromagnetic field from the center side, which is perfectly guided inside the dielectric cylinder
by the channel. The dielectric layers used were BaTiO; with a refractive index 2.472, ZnSe with
a refractive index 2.6123, and ZnTe with a refractive index 3.0631, which can be compared to
the optical response to changes in the refractive index of the analyte. The metal layer was gold
and had refractive indices following the Drude-Lorentz formulation [16].

122, (7)
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where A, is the plasma wavelength, and A, is the collision wavelength. The values of 1, and 4,

for gold were 1.6826 X 107’m and 8.9342 X 10~®m respectively. The thicknesses of the
dielectric and gold layers were the same, namely 400 nm. The wavelength is given in the visible
light range of : 1, = 400 — 700 nm or the frequency range in THz is f, = 0.4 — 0.7 THz. The use
of frequencies in the terahertz range is a very special and interesting part of the electromagnetic
(EM) spectrum. In the simulation, we used 200 X 200 meshes, where each mesh had dimensions
of dx = dy = 20 nm. For the time step we set 1.67 X 10~ 14,
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Figure 1. Metal-dielectric cylinder structure.
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Transmittance analysis is based on changes in the transmittance profile with variation in the
refractive index value of the analyte. Based on ref [17], the refractive index of blood is
approximately 1.341. In the presence of glucose in the blood, the refractive index of the blood
changes according to the concentration of glucose in the blood, according to the table obtained
from ref [18].

Table 1 Refractive index for blood

Glucose concentration in mg/dL Refractive index
0 1.333
50 1.59950
100 1.77718
150 1.99929
200 2.16135
250 2.32469
300 2.71999
350 2.98384
400 3.27384

3. RESULTS AND DISCUSSION

The sketch model is shown in Fig. 1 which is homogeneous in the z-direction. In this simulation.
We used seven layers of dielectric and metal periodically circularly, with a defect in the middle.
The resulting electric field distribution shows that the field cannot penetrate the metal layer,
spreads only in the channels, and is distributed in the dielectric layer (Fig. 2). Waves traveling
through channels are guided waves. At time 6.68 X 10~ 12s, the wave reaches a steady state, and
the transmittance is calculated based on the wave value at the end of the channel against the input
waveform.
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Figure 2. Metal-dielectric cylinder structure.

One of the optical responses that can be analyzed in the development of optical devices is the
transmission profile. The transmittance curve for the proposed structure shows the existence of
a resonance mode at several wavelengths at different positions according to the selection of the
dielectric material used. For the simulation results in Figure 3, the highest resonance is at a
wavelength 432 nm when using the dielectric material BaTiO3, is on the wavelength 455 nm
when using the dielectric material ZnSe, and is on the wavelength 609 nm when using the
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dielectric material ZnTe. The difference in the position of the resonance mode is based on the
difference in the refractive indices of the two photonic crystal layers.

100
80
o, 0 _)

% N

(i
20 '”h —~—— ]

om0 w0 w0 e 0 0
A (nm)

(a)

1
10
I —

0
400 450 500 550 600 650 700

A (nm)
(b)
100
80
60 \
%T
% |‘
|
|
2 I
\i Il W
EOU 450 500 ARD AOD 650 700
A (nm)
(@

Figure 3. Transmittance profiles for different dielectric materials: (a) BaTiO;, (b) ZnSe, (c) ZnTe.

Changes in the refractive index of the test material cause changes in the resonance peak, which
can be developed on the sensor. For the sensing material, the refractive index 1.341. Simulation
results for changes in one of the resonance peaks for normal blood and glucose-containing blood
sensing materials at concentrations of 50 mg/dL (n = 1.59950), 150 mg/dL (n = 1.99929),
and 250 mg/dL (n = 2.32469) in the defect layer are shown in figure 4. The resonance changes
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significantly at a wavelength 431 nm for the material BaTi0Os, is on the wavelength 455 nm for
material ZnSe, and 604 nm for material ZnTe.
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Figure 4. Transmittance profiles for different dielectric material with a change in the refractive index
of analytes: (a) BaTiOs, (b) ZnSe, (c) ZnTe.

The response of changes in the transmission peaks to changes in the refractive index of analytes
corresponding to changes in blood sugar levels is shown in Figure 5. In the refractive index range
of 1.333 — 2.7199, the transmittance value changes nonlinearly for the material: BaTiO3, ZnSe,
and ZnTe. However, within a certain range of the refractive indices, a linear range was obtained
for these materials. For the dielectric material BaTiOs, a linear response is produced over a range
of refractive index 1.777 — 1.999 at a wavelength 431 nm with a sensitivity 21.982. For the
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dielectric material ZnSe, a linear response is produced over a range of refractive indices 2.499 —
2.72 with a wavelength 459 nm and a sensitivity 26.6063. For the dielectric material ZnTe, a
linear response was produced over a range of refractive index 1.999 — 2.161. on a wavelength
604 nm with a sensitivity 11.2963. These results are important for selecting a dielectric material
for a given structure to develop sensors that can measure sugar content over a specific

wavelength range.
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Figure 5. Transmittance response to changes in the refractive index of glucose-containing blood for
different dielectric materials: (a) BaTiOs, (b) ZnSe, (c) ZnTe.
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4. CONCLUSION

The electromagnetic wave propagation on circular photonic crystal structures with metal-
dielectric layers was simulated using the FDTD and FDFD methods. The simulation results show
that wave propagation occurred through the dielectric channel. The differences in the dielectric
materials used are BaTiOz;, ZnSe and ZnTe produce an optical response, namely, the
transmittance at different wavelength positions. Changes in the refractive index of the sensing
material cause changes in the transmittance peak at certain wavelengths. The simulation results
for material sensing in the form of blood containing glucose produced a transmittance peak that
changed linearly in a certain wavelength range according to the dielectric material used. The
highest sensitivity value when using ZnSe material that produces a sensitivity value 26.6063 at
refractive index intervals 2.499 — 2.72
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