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Abstract. In this study, a new ultra compact gas-sensor, based on a 2D photonic crystal
waveguide incorporating with tapered microcavity, is designed to detect small refractive index
changes. The refractive index (RI) sensor is formed by a point-defect resonant cavity in the
sandwiched waveguide on Si slab with triangular lattice. The properties of the sensor are
simulated by using the plane wave expansion (PWE) method and the finite-difference time-
domain (FDTD) algorithm. The transmission spectra of the sensor with different ambient
refractive indices ranging from n = 1.0 to n = 1.01 are calculated. The calculation results show
that a change in ambient refractive index of An=1x10"*s apparent. The proposed sensor
achieves a sensitivity (AAMAn) of 523.2 nm/RIU. It was found that the resonance wavelength is
a linear function of the refractive index in under study range. The sensor is appropriate for
detecting homogeneous media.

1. Introduction

Photonic crystal (PC) sensors attracted attention of many researches due to the locally confined
optical state into tiny volume [1, 2]. One among the types of optical sensors are refractive index-based
sensors whose application has become widely covering many functions, for instance, measurement of
parameters such as humidity [3], temperature [4], gas [5, 6], chemical composition|, and biosensing.
The refractive index (RI) biosensors have received substantial attention in the development of label-
free biomedical and biochemical measure. Accordingly, the target analytes can be sensed in their
natural forms with no need of any adjustments [7-9]. Besides, RI change is directly associated with the
concentration of liquids or gases, or their existence rather than the entire sample volume, therefore,
sensitive free-label detection with small sample volumes can be realized by the RI sensor.

Photonic crystal is a periodic dielectric structure with the potential of directing and manipulating
light at the optical wavelength scale [10]. Specifically, the periodic air hole microstructure of hole-
type PC is a natural candidate for housing target liquids or gases. PCs are appealing sensing platforms
since they provide strong light confinement. Unlike many platforms that use the interaction between
the small evanescent tail of of the electromagnetic field and the analyte, PCs can be designed to
localize the electric field in the low RI region which makes the biosensors extremely sensitive to a
small RI change produced by infiltrated analytes on the air holes [11].
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The quality factor Q of wavelength-sized microcavities in two dimensional (2D) photonic crystal
slab structures [12, 13] was formerly considered as being limited by vertical radiation loss. Yet, a
pletora of studies have indicated that these structures can achieve a high Q value [14, 15] in case of
using a proper design intended to decrease the perpendicular radiation. The PCs heterostructure
concept is used, a line-defect structure whose width is locally adjusted, to achieve high and ultrahigh
quality-factor cavities [16].

This study puts forward a novel ultra-compact gas-sensor based on new design for the microcavities
in a PCs;namely, a line-defect structure whose width is locally adjusted. The mode gap, existing in the
waveguide, results in the confinement found in the direction of a line defect. The mode gap’s location
can be changed by changing the geometrical parameters of line-defect waveguides [17-19], this
enables the creation of a local confinement potential within theoretically lossless waveguides. The
properties of the sensor are simulated using the plane wave expansion (PWE) method and the finite-
difference time-domain (FDTD) algorithm (RSoft Photonic Suite).

2. Structure design
First, a precise geometry of 2D photonic crystal Si slab infiltration is proposed, specifically, targeting
the waveguide where most of the mode energy exists as an optical detector.

We consider a 2D PC slab with a triangular array of air holes (n.i;= 1) in a silicon slab (ng= 3.42)
with h=230 nm of thickness, as illustrated in figure 1, making use of the triangular PCs is practically
important due to their large transverse electric band gap, which is expected to serve as a good platform
for photonic integrated circuits and ultra-compact optical sensors [20].The structure has holes of
radius=140 nm with lattice constant a=430 nm.
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Figure 1. The host structure of PC, 2D triangular lattices, consisting of air holes
with a lattice constant of a=430 nm, air hole radius r, is equal to 140 nm and size
of photonic crystal is 23x23.

To support the Si Slab, Silicon dioxide (SiO;) layer with a thickness of 1500 nm is used as a base.
The low index of SiO2 layer located underneath the high index of Si slab enables to confine light
within the cavity core, hence, avoiding optical losses into the lower substrate. Consequently, the light
confinement in the vertical direction is ensured by total internal reflection.

In 3D-FDTD calculation, CPU time and a large computer memory are requisite. Meantime, 2D-
FDTD calculation using effective RI approximation method notably cuts down both the computer
memory and the simulation times, leading to a reasonable estimation. In 2D-FDTD method, the
vertical confinement achieved in z direction is totally ignored; however, the magnitude of the loss in z
direction is very low. To reduce the computational efforts required for the full 3D calculations, the PC
is replaced by a 2D system with the background dielectric medium having the effective refractive
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index of 2.838 that corresponds with the efficient index of the fundamental guided TM mode at
wavelength of 1550 nm.

The following procedure was the calculation of a photonic bandgap for TM polarization, which
ranges of1241.69nm to 1659.93 nm (figure2). It was calculated along the I'-K-M-I" edge for the
Brillouin zone using a 2D plane wave expansion (PWE) method of the RSoft (BandSOLVE) software
and the FDTD algorithm of the RSoft (full wave).

A PC slab waveguide can also be formed by removing one row of air holes in the 'K direction.
Light, which propagates in the waveguide with a frequency within the bandgap of the crystal, is
confined too, and can be directed along the waveguide (figure 3).

During the simulation process, the light source was positioned in the input line defect waveguide
head, as for the monitor, it was placed at the end of the output line waveguide. The normalized central
frequency of Gauss pulse source is centered around 0.26(2mc/a). Since there must be a careful
consideration of the boundary conditions at the spatial edges of the computational domain, one-spatial
unit thick perfectly matched layer (PML) encircling the simulated area is set to absorb the fields
enabling the simulated region to implement reflections.

The transmission spectrum of the PC waveguide, obtained by using of a 2D FDTD method, has
shown in figure 4. For PC structures, the nature of waveguide modes depends on its location in the
bandgap. One can observe that light with a frequency within the bandgap can propagate in the
waveguide.
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Figure 2. Photonic bandgap for TM Figure 3. Schematic view of the proposed

polarization, using PWE method of the RSoft
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Figure 4. Transmission spectrum for the PC
waveguide; using FDTD algorithm of the RSoft
(full wave).

Normalized Trasmission
o o o o

e R oo

NS S

o

4
°

T T T T T
1,25 1,30 1,35 1,40 1,45 1,50 1,55 1,60 1,65

wavelength pm



5th International conference on advanced sciences ICASS IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1046 (2021) 012001 doi:10.1088/1757-899X/1046/1/012001

(b)

Normalized transmission

00 T T
13 14 15

Wavelength pm

Figure 5. (a)The reference design of the proposed RI sensor.The hole’s radiuses are:
1a=0.442a nm, rg= 0.395a nmandrc=0.372a.(b)The transmission spectra of the designed
structure.

Sensors based on PC waveguides incorporating with microcavities hold numerous merits in
compactness, high quality (Q) factor and sensitivity, easy extension to sensor arrays and various
choices of materials, and in parallel measurement capacity [21-26]. Furthermore, a tapered-shift
structure along the line defect increases the quality factor of the cavity [27]. Thus, the proposed RI
sensor is created by means of two waveguide couplers and microcavity in the PC with a triangular
lattice of air holes (see figure?).

The microcavity is designed by changing of the size of 30 air holes in the center of the line defect.
The holes radiuses areas ra=0.442anm, rz3 =0.395anm an drc=0.372 anm. Another defect is realized by
increasing the waveguide width at the center of the microcavity by moving the surrounding holes A,
B, C away from the waveguide by a distance of -d, +d.

The FDTD method has been applied by the considered grid-size (Ax, Az) of 43 nm when the lattice
constant is 430 nm, so the resolution is set to 10 (that is, with a grid size of a/10, where a represents
the lattice constant). A Gaussian exciter has been used with a central wavelength of 1.550pum. Pulsed
light is launched from the left (arrow).The output is measured at the right (time monitor), and the time
step of 0.035 a/c is employed. All the simulations are carried out with the same mesh size and time
step for future equivalent results. The FDTD algorithm depends on structure meshing, accordingly, the
prominent impact to be noticed is the dependence of the results on mesh size. Reducing the mesh size
should bring the results to a given limit, however, reduction of mesh size can also reduce time step
which can lead to deviations in the comparison of the results. In the X and Z directions, when the
mesh is reduced from 43 to 21.5 nm (the half), the results remain almost constant indicating that the
method has converged.

3. Simulation results and discussion

The sensing principle is based on the shift of resonance wavelength A, which occurs due to the change
in RI of the sensor when the PC’s air holes are full of homogenous gas. The effective RI of the slab
and the RI contrast between the holes and the slab region are changed, by varying the local RI. Since
the transmitted wavelengths depend directly on the effective index of the slab [23], the device can be
used as a sensor by detecting the output transmission spectrum. With the presence of gas, the effective
RI changes and hence causes a shift in the cut-off wavelength or resonance wavelength A (waveguide
or waveguide incorporating with micro-cavities) of the output spectrum. This phenomenon can be
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analyzed by using the first-order electromagnetic perturbation theory. This latter is due to a small
perturbation Ae=~2nAn [28].
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Figure 6. Calculated transmission spectra for TM
polarization of the reference RI sensor.

The microcavity gives a shift of 3.667nm, equivalent to the sensitivity of 366.7 nm/RIU for a
change in RI value of 0.01. (figure6). concerningRI measurements, the sensitivity (S) is calculated as
the ratio of the resonance wavelength Ao shift and the change in the RI and its unit is given by nm/RIU.
Thus, equation can be written as:

S=A Ay/An 2)
whereAn=n-no and no=1.

To improve the sensitivity of the sensor, we present a new design (figure7 (a)). It is necessary to
highlight here that ring-shaped holes configuration does not only offer more flexibility, indesigning
new structures compared to circular shaped ones, but also enhance the optical field confinement and,
hence, the light-fluid (gas) interactions within the ringed low-dielectric material area[9,29,30].
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Figure 7. (a)The design of the proposed RI sensor. (b) The transmission spectra of the designed
device for Rj;=0.325a.

The optical free-label detection properties of the designed structure has been quantitatively
estimated by the sensitivity parameter S (AMAn), which is defined as the ratio of shift in the
wavelength (Ako) to the change in the RI due to gas infiltration (An). According to the obtained results
the output resonant wavelength is red-shifted due to the increase in the ambient RI of the sensing area
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(figure 7 (b)), which confirms the gas identification. A change in the RI of An=0.01 results in a
spectral red-shift of 5.225 nm which corresponds to a RI sensitivity of 522.5 nm/RIU.
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Figure 8.(a)The sensitivity and the resonant wavelength variations according to the change of
the inner radius (Rin) from 0.255a to 0372a. (b) The quality factor Q as afunction of the inner
radius change (Rin).

Table 1.Resonant wavelength (L), sensitivity (S) as function of Refractive index (RI).

RI Ao (Lm) S (nm/RIU)
1 1474625
1.000139 1.474700 539.56
1.00026 1.474750 480.76
1.00047 1.474870 521.27

The sensor, additionally, needs to have high transmission efficiency and high Q factor, which can
increase the detection feasibility and make it easier. The transmission efficiency can be denoted
asAo/Ai, where Ay is the output amplitude of magnetic-field at resonance peak, A; is the input
amplitude of magnetic-field at the same frequency. The Q factor is defined as wo/®x, where ®y is the
full width at half-maximum (FWHM) of the resonator’s Lorentz a response, and ®o, is the resonance

frequency [38].

Table 2. Comparison of the proposed gas sensor with various PC designs.

References Sensing structure Sensitivity Q factor Detection limit
(nm/RIU) (RIU)
Photonic crystal waveguide utilizing
[34] width modulated microcavity 80 40 000 107
[35]  Photonic crystal microcavity 433 3000 107
[36]  Air-slot Photonic crystal nanocavity 510 2.6 x10* 107
RI biosensor formed by two
Waveguide and one microcavity
[37] (Double-Hole Defect) 500 1.7 890 10* 0.0001
Photonic crystal waveguide utilizing
This work width modulated microcavity 539 1.773510° 1073

Figure 8a shows the sensitivity and the resonant wavelength variations according to the change of
the inner radius (Ri,) from 0.255a to 0372a and the Figure 8b shows the quality factor as a function of
Rin,which enlarges as the inner ring radius (Rin) from 0.256a to 0.372a and reaches its maximum of
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6.388x10° at the resonant mode located at 1.47425nm for Ri,=0.302a,then followed by a sharp
decrease. The increase in the inner radius value is goes along with the decrease of the annular air area.
When the Risreaches a value that is more than 0.302athe rings area becomes seriously thin. This results
in a reduction in the light confinement within the cavity area and a significant performance of the
optical leakages, which have a negative effect on the photon lifetime within the cavity area that results
in a sharp decrease in the Q factor value.
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Figure 9. Resonant wavelength changes of the designed sensor as function as a
function of changes in the refractive index corresponding to the three
infiltration states of gas.

To assess the sensing potential of the sensor, we expose the sample to the gases of different
refractive indices, such as, He (1.000139), N> (1.000270), and CO> (1.000407) [31-33]. The refractive
index values were obtained in an atmospheric pressure and were recalculated for A=1570 nm in room
temperature T=20° C using the ideal gas model [35]. The FDTD simulation result show that the
resonance wavelength shifts upped by the change of the gas refractive index (figure9).

4. Conclusion

In summary, we have simulated an ultra-compact RI sensor based on tapered-shift defect microcavity
introduced to the center of waveguides in the 2D triangular lattice of air holes. A 5.225 nm resonance
wavelength shift was observed corresponding to a sensitivity 0f522.5 nm/RIU for a change in RI value
of 0.01.The high-enough sensitivity makes this design useful for realizing photonic crystal-based
refractometric and biochemical sensors. And because of the minimized size of the proposed RI sensor,
it can be used for measurement in some harsh environments and exceptional conditions.
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