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High-Sensitive Mid-Infrared Photonic Crystal Sensor Using
Slotted-Waveguide Coupled-Cavity
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Abstract—In this paper, a novel high-sensitive mid-infrared photonic crystal-based slotted-waveguide
coupled-cavity sensor to behave as a refractive index sensing device is proposed at a mid-infrared
wavelength of 3.9 um. We determine the sensitivity of our sensor by detecting the shift in the resonance
wavelength as a function of the refractive index variations in the region around the cavity. Comparison
shows that mid-infrared photonic crystal-based slotted-waveguide coupled-cavity has higher sensitivity
to refractive index changes than mid-infrared photonic crystal-based slotted-waveguide. The sensitivity
can be improved from 938 nm /per refractive index unit (RIU) to 1161 nm/RIU within the range of n = 1-
1.05 with an increment of 0.01 RIU in the wavelength range of 3.3651 um to 4.1198 um by creating a
microcavity within the proposed structure, calculated quality factor (Q-factor) of 1.0821 x 107 giving a
sensor figure of merit (FOM) up to 2.917 x 105, and a low detection limit of 3.9 x 10~ RIU. Furthermore,
an overall sensitivity is calculated to be around S = 1343.2nm/RIU for the case of higher refractive
indices of analytes within the range of n = 1-1.2 with an increment of 0.05 RIU. The described work and
the achieved results by performing 2D-finite-difference time-domain (2D-FDTD) simulations confirm the
ability to realize a commercially viable miniaturized and highly sensitive mid-infrared photonic crystal-
based slotted-waveguide coupled-cavity sensor.

1. INTRODUCTION

Photonic crystals (PhCs), which can be considered as one of the most progressive recent photonic
technologies [1-4] were first proposed by Yablonvitch [5] and John [6]. Their theoretical inception
photonic crystals (PCs) have attracted important attention in the scientific community due to their
unique ability to guide and trap light in length scales of the wavelength of light [7]. Optical sensors
show immunity to electromagnetic interference, rapid response time, room temperature operation, and
offline monitoring where the signal can be monitored far from the sensing location [8,9]. Conventional
optical sensors own high selectivity, stability, and real-time detection capability. However, the photonic
crystal (PhC) based sensing technique takes a lead because of its compact structure and the possibility
to control and manipulate the properties of light [10-12].

An innovative player in the area of optical sensors is slotted photonic crystal [13-24]. Slotted
photonic crystals are usually fabricated in silicon-on-insulator substrates to squeeze light down into
very small volumes of air. This strong confinement and control of the propagation of light in the
air of the slot is the basic benefit of the slotted photonic crystal, as it improves strong light-matter
interactions [25] and achieves high detection sensitivity. Slotted-waveguides were first presented in 2004
by Almeida et al. [26]. They have seen much attention in various applications due to their unusual
optical properties. They permit strong spatial confinement of light within a narrow air-slot inside a
material of high refractive index by confining light in what is known as a “slotted-waveguide,” whereby
the discontinuity of the optical field at a dielectric interface is exploited to shift every guided mode of
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the photonic crystal waveguide towards higher frequencies and to pull the fundamental mode into the
gap [27].

Recently, integrated mid-infrared (mid-IR) photonics have gained considerable attention because
silicon is optically transparent from 1.1 pm to 8 um [28], and most of the gases have their characteristic
absorption peak in the mid-IR range [29], and as a result, Mid-IR photonic crystal can serve as an ideal,
with enormous potential for new applications in optical interconnects and sensing [28, 30-32].

In many previous works, the slotted photonic crystal in the near-IR telecom wavelengths around
1550 nm has been studied. Barrios et al. [33] have proposed an integrated biochemical sensor based
on a slot-waveguide microring resonator, and a linear shift of the resonant wavelength with an
increasing ambient refractive index of 212nm/RIU has been observed. Di Falco et al. [14] have
suggested slotted photonic crystal waveguides and cavities supporting resonant modes in air, and the
sensitivity of 585 nm/RIU has been attained. On the other hand, limited works have been dedicated
to studying slotted photonic crystals in the mid-IR. Among modern works, Mid-IR slotted photonic
crystal waveguides in silicon-on-sapphire working in the mid-IR regime have been well demonstrated
by Zou et al. [7,34-36]. A T-slotted photonic crystal sensor was designed and proposed by Turduev et
al. [37], and the sensitivity of 500 nm/RIU has been achieved. A mid-IR refractive index sensor based on
2D photonic crystal coupled cavity-two waveguides was also investigated in [38], and the sensitivity of
758 nm/RIU for a refractive index range of n = 1.01-1.04 and sensitivity of 500 nm/RIU for a refractive
index range of n = 1.33-1.331 have been attained. In this work, we propose a novel high-sensitive
mid-IR photonic crystal sensor with beyond 1000 nm/RIU sensitivity and Q-factor of more than 107.

In this context, to contribute to the works already done in the burgeoning range of mid-IR (at
3.9 um), a novel mid-IR photonic crystal-based slotted-waveguide coupled-cavity refractive index sensing
in mid-IR range design has been proposed. As our idea promises to improve the sensitivity, high
sensitivity of S = 1343.2nm per refractive index unit (RIU) has been achieved within the range of
n = 1-1.2 with an increment of 0.05 RIU. The behavior of the designed sensor is analyzed using the
2D-finite-difference time-domain (2D-FDTD) method from the RSoft software package.

2. DESIGN OF THE SLOTTED-WAVEGUIDE COUPLED-CAVITY STRUCTURE

In order to explore the photonic crystal-based slotted-waveguide coupled-cavity for mid-IR optical
refractive index sensing, we propose a structure that consists of a hexagonal lattice with a size of
photonic crystal of (49 x 29), arranged periodically with a lattice constant (a) equal to 1.1 pm, and
the effective index profile of the silicon slab has been calculated to be 2.654 by the effective index
method [39], while the ratio of the radii of air holes (r) and lattice constant is 0.29.

3. NUMERICAL RESULTS AND DISCUSSION

The designed photonic crystal structure having a photonic bandgap in the wavelength range of 3.3651 pm
to 4.1198 um for TM-polarized wave is shown in Figure 1, which is calculated by 2D Plane Wave
Expansion (2D-PWE) method. In Figure 1, the used symbols I, M, K signify the edges of Brillouin
zone. The photonic band structure principally depends on the radius of holes and the lattice constant
of the structure.

The photonic crystal-based slotted-waveguide is realized by removing a single row of air holes along
the 'K direction, thus creating a W1 waveguide and replacing it with a narrow air slot due to which
the interaction of optical mode with the analyte increases because of the reduced group velocity and
thereby achieves further improvement in the sensitivity [25]. The width and length of the air slot are
0.27a and 44a, respectively (Figure 2).

Since full three-dimensional calculations require a great amount of memory space and consume a
very long time, 3D simulations are reduced to simpler approximated two-dimensional simulations. In
this paper, 2D simulation has been done using the effective index of the structure to preserve enough
accuracy [40]. 2D FDTD simulation with a grid size of 0.05 of the proposed structure’s result is shown
in Figure 3. Figure 3(a) illustrates the evolution of the normalized transmission spectrum as a function
of wavelengths for different refractive indices ranging from n = 1 to n = 1.05, and the increase of the
refractive index shifts the transmission spectrum to longer wavelengths. The evolution of the cut-off
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Figure 1. Band structure diagram of the connected photonic crystal structure.

Figure 2. Schematic of the photonic crystal-based slotted-waveguide sensor, for which the optimized
Rc = 0.56a.

wavelength shift as a function of the refractive index is shown in Figure 3(b). We can clearly notice
that the shift is linear and equal to 51.9nm for a refractive index of n = 1.05. A shift in the resonance
wavelength of 9.38nm for An = 0.01 and consequently, sensitivity of 938 (nm/RIU) is observed, and
the high sensitivity can be explained by the strong optical field confinement and the correspondingly
improved light intensity on the slotted-waveguide.

It is verified that the proposed structure has the potentiality to maintain a sensitivity over a wide
refractive index ranging from n = 1 to n = 1.2. The results show that the sensitivity of the proposed
structure could be up to 899 nm/RIU. Figure 4(a) given below shows the evolution of the normalized
transmission spectrum as a function of the wavelengths for different refractive indices, and the curves
show that with the increase of the refractive index, the position of the transmission spectrum shifts to
higher wavelengths. It can be noticed from Figure 4(b) that as the refractive index increases, there is
a corresponding shift in the cut-off wavelength and consequently, and the sensitivity of 899 (nm/RIU)
is observed.

The photonic crystal-based slotted-waveguide coupled-cavity sensor is more sensitive near the region
of the narrow air slot, where the electromagnetic field is the most intense, and the region near the slot
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Figure 3. (a) Normalized transmission spectrum of the proposed design as a function of wavelength
for different refractive indices ranging from n = 1 to n = 1.05 with an increment of An = 0.01, (b)
shifts in the cut-off wavelength of the proposed structure with changes of the refractive index values,
bring on sensitivity of 938 nm/RIU.
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Figure 4. (a) Normalized transmission spectrum of the proposed design as a function of the wavelength
for different refractive indices ranging from n = 1 to n = 1.2 with an increment of An = 0.05, (b) shifts
in the cut-off wavelength of the proposed structure with changes of refractive index values, bring on
sensitivity of 899 nm/RIU.

has been modified in order to obtain higher sensitivity [41]. Several approaches are used to create a
cavity resonance such as increasing or reducing the radius of particular holes [42]. In the modified
design (Figure 5), a microcavity was created within the structure by increasing the radius of the black-
colored defected holes to confine light within the cavity, and by shifting (in the z-direction) in the
opposite direction the microcavity. Such displacement allows achieving a smoother transition between
the slotted waveguide and the defected holes, hence, resulting in a high-quality factor. The air hole
shift S, is scanned from a shift of 0.05¢ to a maximum shift of 0.15a with a step of 0.05 in order to
enhance the sensitivity of the device.

Normalized transmission spectrum with and without a microcavity as a function of the wavelength
is presented in Figure 6(a). As previously mentioned, creating a microcavity in the vicinity of the air
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Figure 5. The modified photonic crystal-based slotted-waveguide coupled-cavity sensor where the holes
(showing in black color) forming a resonant cavity to accomplish higher sensitivity.
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Figure 6. (a) Normalized transmission spectrum with and without a microcavity as a function of the

wavelength, (b) relationships of the sensitivity of the improved device to the defected holes radius for
different values of the lattice shift .S,.

slot improves the light-matter interaction level.

Figure 6(b) shows the sensitivity of the improved device versus different values of the defected holes
radius ranging from 0.29a to 0.34a with a step of 0.01. For different values of the lattice shift S, the
resonant frequency between the resonant cavity and the air slot will shift. A shift in the resonance
wavelength of 11.61nm for An = 0.01 is attained, and a comparatively much higher sensitivity of
1161 (nm/RIU) is achieved. As expected, by increasing the defected holes radius, an improvement in the
sensitivity of the device is observed. As the radius of defected holes is increased, shifting the two centered
holes in the microcavity slightly in the opposite direction altogether provides an improved coupling
between the slotted waveguide and the defected holes leading to enhancing the device performance.

Q-factor measures the selectivity level of the sensor, and the desired resonant peak should be as
sharp as possible to enhance the Q-factor [43]. In this paper, the simulation of the Q-factor is carried out
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by 2D FDTD method combined with fast harmonic analysis using the @-finder model in RSoft software.
The calculated Q-factor of the resonant mode is as high as 1.0821 x 107 which is sufficiently high for
sensing applications. The figure of merit (FOM) of the device for sensing is extremely high (2.917 x 106)
because of the high sensitivity and @Q-factor of the sensor. A summary of all the aforementioned results

is presented in Table 1.

Table 1. List of sensitivity, Q-factor, and FOM values for the improved device.

Radius of the Lattice Sensitivity
defected holes shift S, (nm/RIU) (-factor FOM

0.05a 1041 1.821 x 107 | 2.917 x 109

0.29a 0.1a 922 41604 9886.31
0.15a 783 12035 2412.28
0.05a 1080 2.4734 x 10° | 6.9266 x 10*

0.30a 0.1a 939 2.47 x 10° | 4.9646 x 10*
0.15a 822 44268 9338.4
0.05a 1121 1.1192 x 10° | 3.25 x 104

0.31a 0.1a 1000 1.87 x 10° 5.58 x 10°
0.15a 862 48296 10710.63
0.05a 1140 44354 13132.23

0.32a 0.1a 1039 50053 13481.37
0.15a 900 28173 6538.95
0.05a 1161 64121 19339.84

0.33a 0.1a 1078 8.03 x 10° | 2.2467 x 10*
0.15a 939 26870 6521.18
0.05a 1160 2.2841 x 10° | 6.8843 x 104

0.34a 0.1a 1119 1.1583 x 10° | 3.3662 x 10°
0.15a 978 36822 9325.64

Extensive simulation results demonstrate that the modified photonic crystal-based slotted-
waveguide coupled-cavity sensor can possess high sensitivity, and a high Q-factor (S = 1343.2nm/RIU
(Figure 7) and a high Q-factor of 15913 are the best-optimized case for n = 1.1) for the optimized
parameters, with radius of the defected holes equal to 0.34a and a lattice shift S, of 0.05a. These
results confirm the viability of the modified sensor in the mid-infrared for the case of higher refractive
indices of analytes within the range of n = 1-1.2 with an increment of 0.05 RIU.

To study the performance of the proposed sensor, methane (CHy) gas sensing was considered. CHy
sensing is essential in both environmental and industrial scopes [44]. It is chosen as the target gas, since
it is the main component of natural gas and has absorption features in several regions of the infrared
spectral range (0.75-14 pm) [45].

The refractive index of each gas was selected for the mid-Infrared wavelength. Figure 8 illustrates
the transmission spectrum of the slotted photonic crystal waveguide immersed in air (n = 1.000265),
and methane gas CHy (n = 1.0004365) for a radius of defected holes equal to 0.34a and a lattice shift S,
equal to 0.15a. The shift in the wavelength corresponds to the high sensitivity of 1224.48 (nm/RIU), high
Q-factor of 1.0397 x 10, and low detection limit of 2.25 x 10~% RIU. The achieved results confirm that
the proposed mid-infrared photonic crystal-based slotted-waveguide coupled-cavity sensor is well-suited
to act as a mid-infrared gas sensor.

A brief comparison between our results and some of the results already published in scientific
research papers in the last five years is represented in Table 2. The proposed sensor showed remarkable
higher sensitivity, high Q-factor, low detection limit, and high figure of merit (FOM) due to the increase
in light-matter interaction.
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Figure 7. Normalized transmission spectrum  Figure 8. Transmission spectrum of the photonic
of the proposed design as a function of the crystal-based slotted-waveguide coupled-cavity
wavelength for n =1 and n = 1.1. sensor immersed in air (n = 1.000265), and

methane gas (n = 1.0004365).

Table 2. Comparison between the literatures and the proposed sensor.

Sensing structure Sensitivity (nm/RIU) | Detection limit (RIU) | Year
[30] Mid-IR gas sensor based on

point-defect PhC nanocavities 2020
H1 PhC cavity 234 8.84 x 1074
L3 PhC cavity 268 1.50 x 1074
[46] Mid-IR RI sensor formed by o
slotted PhCW 1150 2017
[37] Mid-IR T-shaped PhC for 1040 o 9017

optical RI sensing
Mid-IR PhC sensor using
slotted-waveguide coupled-cavity

1343.2 3.9x%x 1076 —

4. CONCLUSION

As we draw a conclusion to this article, the design and simulation of a mid-infrared photonic crystal-
based slotted-waveguide coupled-cavity for refractive index sensing has been profitably presented. The
best-calculated sensitivity of the proposed slotted photonic crystal sensor operating at mid-IR (around
A =3.9um) is equal to 938 nm/RIU within the range of n = 1-1.05 with an increment of 0.01 RIU, and
equivalent to 899 nm/RIU within the range of n = 1-1.2 with an increment of 0.05 RIU. Additionally,
an improved sensitivity equal to 1161 nm/RIU within the range of n = 1-1.05 with an increment of
0.01 RIU, and as good as 1343.2 nm/RIU within the range of n = 1-1.2 with an increment of 0.05 RIU
can be obtained by creating a microcavity in the area near the air slot by changing the radius and
the position of specific holes in the structure. Additionally, using the proposed sensor for methane gas
sensing in the mid-infrared application reveals high sensitivity of 1224.48 (nm/RIU). The reported results
show the improvement in the limit of detection with high sensitivity, high Q-factor, high transmittance,
and small size. Consequently, our enhanced sensor is well-matched for applications in mid-IR sensing,
and it would be a great potential platform for realizing mid-IR lab-on-chip photonic circuits.
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