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ABSTRACT: The performance and response characteristics of simulated optical biosensor have been greatly enhanced in this work. The
results were obtained by evaluating three different structures, each varying in the number of holes surrounding the cavity. The guide-
cavity coupling’s structural and dimensional characteristics were varied for an effective comparative study. The high sensitivity quality of
this optical biosensor was achieved using large transmission rate. The results showed sensitivity around 800 nm/RIU in the first version,
800 nm/RIU in the second version, and 700 nm/RIU in the last version. Furthermore, the design parameters were optimized by finite

difference time domain (FDTD) method.

1. INTRODUCTION

hotonic Band Gap materials or photonic crystals are struc-

tures whose dielectric constant is periodically modulated.
These materials have frequency bands for which the propaga-
tion of electromagnetic waves is prohibited. Like electrons in
semiconductors, photons are distributed in transmission bands
separated by forbidden bands (band gaps), and this analogy
makes it possible to envisage the use of photonic crystals as
basic materials for the production of components for integrated
optics.

In recent years, the term “photonic crystals” has gained ex-
tensive recognition and undergone rapid development [1,2].
This periodic structure possesses distinctive electromagnetic
properties attributed to the presence of a Photonic Band Gap
(PBG) [3, 4]. Currently, photonic crystals are widely employed
in various applications, showcasing remarkable optical proper-
ties, including a photon band gap and the “slow photon” effect,
making them particularly valuable in solar cell design [5]. Ad-
ditionally, these crystals find widespread use in the design of
waveguides, sensors [6, 7], reflectors [8], filters [9], and other
devices. The unique structure, architecture, and shape of these
devices allow very precise control over the light flow [10].

Optical sensors play a pivotal role in promptly detecting and
quantitatively measuring biological analyses and diagnostics,
holding significant importance and promise. Their multifaceted
properties, such as safety in flammable materials and explo-
sive environments, immunity to electromagnetic interference,
superior performance, fast response, and capabilities in remote
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sensing, enhance their appeal. Furthermore, these materials ex-
hibit the ability to concentrate light within a small volume, fa-
cilitating substantial interaction with the optical material. This
phenomenon renders the sensor highly sensitive to even mi-
nor changes in the refractive index (RI) induced by biologi-
cal species adhering around the pores of the Photonic Crystal
(PhC) [11].

The sensing technique must be optimal, selective, and sen-
sitive in proportion to the concentration of the biological so-
lutions. Currently, different techniques for settings and con-
figurations are constantly being developed and improved to in-
crease detection performance and effectiveness.

Therefore, choosing the appropriate biosensor design is a
crucial task that must be handled with precision and care to ob-
tain reliable and accurate sensing. Various configurations and
designs of biosensors have been proposed, modified, and im-
plemented using different types of PhC structures such as small
cavities [12, 13], resonators [14], waveguides [15, 16], hole ar-
rays [17, 18], and heterostructures [19]. All of them exploit res-
onance conditions that are highly sensitive to directed modes
in PhC with respect to RI changes in the medium. Research is
constantly evolving to better discover our health disorders by
using modern, sophisticated and accurate devices. All of this is
aimed at the precise detection of diseases, their details, and the
study of their regular and irregular components by conducting
a set of biochemical examinations and tests.

Photonic crystals, characterized by high density, exhibit ex-
traordinary sensitivity and selectivity, coupled with real-time
monitoring capabilities. This compelling combination has pro-
gressively motivated researchers to broaden the scope and ap-
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plication areas of these crystals, particularly within the realms
of medicine and biochemistry. The periodic formation of these
materials is a crucial aspect that enables the creation of a pho-
tonic band gap, marking a pivotal feature [20]. This distinctive
characteristic has been crucial in identifying cancer cells [21].

In this paper, our primary goal is to develop and enhance
the capabilities of the sensor, particularly for detecting diseases
in the human body. We aim to achieve higher sensitivity and
accuracy than previous designs.

2. DESCRIPTION OF THE STRUCTURE

In our study, Figure 1(a) elegantly illustrates the 2D photonic
crystal (PhC) in the x-z plane, featuring a meticulously crafted
two-dimensional hexagonal lattice with dimensions of 40 x 23.
This intricate structure comprises a silicon (Si) slab with a re-
fractive index of ng; = 3.48, on which air holes have been en-
graved. The air holes, each with a radius of 7 = 0.3 X a, where
‘a’ represents the lattice constant (¢ = 0.35 um), contribute to
the overall design of the photonic crystal. After making sev-
eral modifications to the period, we finalized it, with the value
a = 0.35 um representing the maximum length of the range.
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FIGURE 1. (a) Schematic structure of 2D PhC formed by triangular
network. (b) Dispersion diagram and band gap for the TM polariza-
tion of the structure based on of air holes patterned in silicon (Si) slab
(nsi = 3.48), a = 0.35 pm with r = 0.3 X a.

One of the paramount characteristics of this photonic crys-
tal is its band gap, a crucial factor in its optical properties.
The band diagram, initially calculated for the PhC structure
with circular air holes and devoid of defects, delineates the
Edge I'-M-K-I" path within the Brillouin zone. The precise
calculation is facilitated by the Plane Wave Expansion (PWE)
method of the Band Solve software. The plane wave expan-
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sion method [22, 23] stands out as the prevalent technique for
computing the PBG. In this method, the electromagnetic field
is systematically expanded through plane waves, and the mag-
netic field/electric field along with the dielectric constant is de-
termined through the superposition of these plane waves, em-
ploying Fourier transform and Bloch theorem. Subsequently,
the solutions to Maxwell’s equations [24] are derived through
this process.

In our numerical simulations, we adopted a comprehensive
approach, utilizing the effective index method [25]. This ap-
proach amalgamates both the 2D Plane Wave Expansion (2D
PWE) and the 2D Finite Difference Time Domain (2D FDTD)
methods, both seamlessly accessible through the RSoft soft-
ware.

The results of our study, as depicted in Figure 1(b) showcase
a pronounced wide band forbidden region centered around a
normalized frequency (a/\) of 0.2395. This distinctive band
predominantly appearing in the TM mode is evident, occupy-
ing the normalized frequencies of 0.274(a/\) to 0.205(a/\).
These frequencies correspond to a wavelength range from
1.277 um to 1.707 um, underscoring the significant optical
characteristics of the studied photonic crystal.

3. NUMERICAL SIMULATION AND ANALYSIS

Figure 2(a) provides a clear representation of the refractive in-
dex profile through a contour map of the hole and slab, incorpo-
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FIGURE 2. (a) Contour map of the refractive index profile of the hole
and slab with a linear waveguide along the z-axis (the color bar indi-
cates the refractive index ranging from 1.501 to 3.48). (b) Distribution
of the electric field through the guide W1 and the structure of the cav-
ity in the z-z plane.

Www.jpier.org



Progress In Electromagnetics Research C, Vol. 146, 111-117, 2024

PIER C

L] . LA LALLLAL]
DR RRRRRRRRRRRRRRRRR RO RO RRRERRY

A AR A
.8 l..l..m

(@

LU LT
LLLUULCURLLLLT
LU LT
LLLLLLLLUTLLLLL LT L)

TN

FIGURE 3. Schematic diagram of the biosensor structure indicating the number of functionalized holes around the resonant cavity. (a) 25 holes, (b)

47 holes and (c) 43 holes. (d) Detail of the structure.

rating a linear waveguide along the z-z plane. The accompany-
ing color bar facilitates an easy interpretation of the refractive
index values, spanning from 1.501 to 3.48. In Figure 2(b), a
detailed illustration is presented, showcasing the electric field
distribution along the guide W;. Additionally, the structure of
the cavity is revealed in the x-z plane, offering a comprehensive
view of the electromagnetic characteristics within the designed
system.

The schematic provides a side-sectional view of the biosen-
sor under design. The device comprises two waveguide cou-
plers and a singular cavity. The formation of the two waveg-
uides involves the removal of a single row of air holes in the
z-direction. These waveguides serve the purpose of facilitating
the coupling of light into and out of the photonic crystal (PhC)
cavity [26]. It is commonly understood that the periodicity of
the dielectric function of a PhC is disrupted when defects are
introduced into its regular lattice structure. Consequently, the
waveguide W1 is created by excluding a row of air holes in the
photonic lattice in the I' K direction [27].

In the context of this research, we relied on existing stud-
ies and data related to the structure of the cavity, its dimen-
sions, and the number of holes surrounding it. It is worth
noting that Hocini et al. previously achieved a sensitivity of
588.77 nm/RIU, as shown in Figure 3(d) [32]. Hence, we used
their findings as a basic reference point, with the aim of en-
hancing sensitivity in our work. The highest sensitivity values
0f 609.25 nm/RIU, 737 nm/RIU, 720 nm/RIU, and 496 nm/RIU
were obtained by Tayoub et al. [28], Rahman-Zadeh et al. [29],
Danaie and Kiani [30] and Zaky et al. [31], respectively. The
results were obtained for total infiltration, where all the air holes
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around the cavity are infiltrated. However, based on these re-
sults and their conclusions, we have assigned RC' = 0.39 X a
and RL = 0.49 x a. We have proposed three different shapes
for the gap in terms of the number of holes: 25, 47, and 43, and
we proposed new and ideal dimensions for the radius of all the
holes in the edge of the carrier w1, as shown in the picture in
two colors, RG1 = 0.9 x r and RG2 = 0.7 X r, to improve
the performance and sensitivity of the sensor and reach better
and larger values than before.

In our study, we examined a variety of solutions with their
own refractive index, namely benzene (n = 1, 501), cedar oil
(n = 1,516), ethyl salicylate (n = 1,523), chlorobenzene
(n 1,525), and methyl salicylate (n = 1,538). The in-
vestigation focused on the impact of altering the number of
the holes surrounding the cavity, on both the output ratio and
sensor sensitivity. The obtained results reveal distinct trends
based on the number of modulated holes. Notably, configura-
tions in Figure 3(a) with 25 holes and Figure 3(b) with 47 holes
demonstrated superior sensitivity performance, reaching up to
800 nm/RIU. The output ratio consistently remained around 1,
and the wavelength closely matched the telecom wavelength
of 1550 nm. Meanwhile, Figure 3(c) achieves a sensitivity of
700 nm/RIU, which is remarkably high and comparable to the
rates observed in the preceding figures. We have created the
two figures below to facilitate careful analysis of the results
obtained. In Figure 4(a), the presentation of the ideal reso-
nance wavelength serves to enhance our understanding of the
wavelength that is most conducive to achieving optimal sen-
sor performance. The resonance wavelength refers to the spe-
cific wavelength at which the sensor’s sensitivity and respon-
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FIGURE 4. (a) Variation of wavelength as function of refractive index. (b) Variation of sensitivity as function of refractive index.

TABLE 1. Sensitivity of the biosensor 25 holes for different liquid.

Réfractive index (n1)  Réfractive index (n2) A1 (nm) A2 (nm)  Sensitivity (nm/RIU)
n = 1.501 n =1.516 1575.7 1582 420
n =1.516 n =1.523 1582 1583.7 242.85
n = 1.523 n =1.525 1583.7 1585.3 800
n = 1.525 n = 1.538 1585.3 1590.3 384.61

TABLE 2. Sensitivity of the biosensor 47 holes for different liquid.

Réfractive index (n1)  Réfractive index (n2) A1 (nm) Ao (nm)  Sensitivity (nm/RIU)
n = 1.501 n = 1.516 1621.2 1628.2 466.66
n =1.516 n = 1.523 1628.2 1630.2 285.71
n = 1.523 n = 1.525 1630.2 1631.8 800
n = 1.525 n = 1.538 1631.8 1637.3 423.07

TABLE 3. Sensitivity of the biosensor 43 holes for different liquid.

Réfractive index (n1)  Réfractive index (n2) A; (nm) A2 (nm)  Sensitivity (nm/RIU)
n = 1.501 n = 1.516 1542.8 1550.8 533.33
n = 1.516 n = 1.523 1550.8 1554.2 485.71
n = 1.523 n = 1.525 1554.2 1555.6 700
n = 1.525 n = 1.538 1555.6 1562.2 507.69

siveness are maximized. By identifying this wavelength, re-
searchers can fine-tune the sensor’s design and operation to en-
sure that it operates efficiently and effectively within desired
parameters. Overall, Figure 4(a) not only presents the reso-
nance wavelength but also aims to elucidate its significance in
achieving peak sensor performance. This understanding is cru-
cial for advancing sensor technology in various fields such as
spectroscopy, biomedical diagnostics, and environmental mon-
itoring.

Figure 4(b) meticulously explores the influence of three dis-
tinct sensor shapes on contrast sensitivity, particularly in re-
sponse to varying refractive indices of chemical solutions. This
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analysis not only deepens our comprehension of sensor perfor-
mance but also directly guides the refinement of sensor designs
for applications demanding precise optical detection capabili-
ties. This analysis plays a pivotal role in advancing sensor tech-
nology by guiding the design of more effective sensors capable
of precise optical detection across a wide range of applications.
The pictures were created based on the results presented in Ta-
bles 1, 2, and 3, respectively.

Figure 5 illustrates the output spectrum of a proposed sensor
under varying configurations of modulated holes surrounding
the cavity, (a) 25 holes, (b) 47 holes, and (c) 43 holes. These
results highlight the significant influence of adjusting both the
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FIGURE 5. The transmission spectrum of the proposed sensor for a different number of modulated holes around the cavity. (a) 25 holes, (b) 47 holes

and (c) 43 holes.

diameter and number of holes on sensor performance, with par-
ticular emphasis on achieving optimal sensitivity with config-
urations employing 25 and 47 holes. This analysis underscores
the importance of meticulous design optimization to achieve
optimal sensitivity and enhance the overall effectiveness of op-
tical sensors in practical applications. Table 4 was created to
compare our work with previous similar studies.

TABLE 4. Comparison of the proposed biosensor with various similar
PhC designs.

References  Sensitivity (nm/RIU)
[28] 609.25
[29] 737
[31] 496
[30] 720
[11] 462.61
In this work
Design A 800
Design B 800
Design C 700
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4. CONCLUSIONS

This study has focused on the design and characterization of
three different biosensors with varying numbers of holes around
the cavities. The objective was to investigate the impact of the
number of holes on the sensitivity of the biosensors. Through
extensive simulation and analysis, the obtained results clearly
demonstrate the significant effect of the number of holes on
biosensor sensitivity.

By applying different solutions and calculating the wave-
length of transmission for each solution, we were able to quan-
tify and compare the sensitivity of the biosensors. The findings
revealed a strong correlation between the number of holes and
the sensitivity of the biosensors, with an increase in the number
of holes leading to higher sensitivity.

These results underscore the significant potential of these
biosensors for a multitude of applications that demand high sen-
sitivity. The capability to fine-tune and optimize sensitivity by
adjusting the number of holes offers a promising strategy for
customizing biosensor performance to meet specific require-
ments.

Additionally, this study highlights the successful develop-
ment of biosensors that exhibit both high sensitivity and robust

WWwWw.jpier.org



PIER C

Ghezal et al.

performance. The precise detection and measurement capabil-
ities of these biosensors demonstrate their applicability in di-
verse fields such as medical diagnostics, environmental moni-
toring, and food safety.

This research not only enhances the understanding of biosen-
sor technology but also underscores the critical importance of
optimizing design parameters, such as the number of holes, to
improve sensitivity. The achieved results pave the way for
further advancements and broader applications in the field of
biosensing, setting a foundation for future research in this dy-
namic and rapidly evolving area. The insights gained from this
study open new avenues for developing highly sensitive biosen-
sors tailored to specific needs, thereby expanding their utility
across various scientific and industrial domains.
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