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In this work, we have designed and simulated a dual resonance self-referenced refractive index sen-
sor using two dimensional “silicon rods in air” photonic crystal. The proposed sensor uses two
wavelengths, namely sensing wavelength and the reference wavelength, to measure the change in
the transmission of light with respect to the change in refractive index. It is shown that a change
of refractive-index of the photonic crystal rods (in the range of 3.46-3.466) causes a significant
change in transmission of the sensing wavelength, while, transmission of the reference wavelength
remains almost same. This method of sensing is more efficient in gauging the impact of external
factors on the results generated by the sensor. The proposed sensor exhibits a fairly high sensitivity
and quality factor of 9912.85%/RIU and 708.17, respectively. The device is compact in size mak-
ing it portable and hence suitable for field applications. Most of the self-referenced refractive index
sensors use wavelength shift to measure different parameters but in the present paper we have used
the difference of transmission between two (sensing and reference) wavelengths at a particular re-
fractive-index to calculate the performance of the sensor.
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1. Introduction

The present decade has seen a rapid progress of optical technologies in the fields of
communication and sensing. Silicon based optical devices in particular have undergone
a lot of development in the past couple of decades [1-7]. Silicon photonic crystals (PhCs)
have emerged as very promising candidates for these optical devices mainly due to their
potential to realize highly compact devices with high accuracy. PhCs are uniform di-
electric nano structures and plenty of proposals on PhC based devices can be found in
literature [8-17]. Refractive index (RI) based optical sensors have become one of the
most useful devices in the past few years for the purpose of structural monitoring and
label free detection [ 18-24]. Factors like enhanced sensitivity, compact size, robustness
and immunity from electromagnetic interference make RI based optical sensors a very
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lucrative field of research and hence, a lot of recent research efforts are focused on
self-referenced RI sensing [25-38]. ZHANG et al. experimented with the idea of a self
-referenced biosensor as early as 2013 [31]. SRIVASTAV et al. investigated the possi-
bility of a surface plasmon resonance based self-referenced sensor using indium tin
oxide film in great detail and WANG et al. in 2017 experimented with the idea of a dou-
ble Fano resonance based self-referenced plasmonic sensor [28,35]. VERMA, SRIVASTAV
and Pan, SrivasTAv presented a work on plasmonic self-referenced refractive-index
sensor in the near infrared communication band [34,37]. SUN et al. examined the idea
of self-referenced sensing in all-dielectric structure in 2020 [38]. More recently
CHOWDHURY et al. have explored self-referenced sensing utilizing Tamm plasmon po-
lariton in photonic quasicrystals [26]. In case of self-referenced RI sensing, two wave-
lengths are used out of which one undergoes adequate changes, in terms of its
transmission or resonant wavelength with the variation in RI (referred as the reference
wavelength), while, the other frequency shows negligible change (referred as the ref-
erence wavelength). This method of sensing helps to gauge and compensate for exter-
nal factors (humidity etc.) without the requirement of any external reference [36].

In the present work, we have designed and simulated intensity based dual resonance
self-referenced RI sensor using 2D silicon (Si) rods in air type PhC. While most of the
self-referenced sensors uses shift of resonant wavelength to measure the different pa-
rameters, in the present work we have used the variation of transmission to gauge the
performance of the proposed device. Most of the self-referenced refractive index sen-
sors are for chemical and biological analyte sensing and they use plasmonic and quasi
photonic crystals, while, the proposed sensor in the present paper is a pressure and tem-
perature sensor designed on a dielectric PhC.

The proposed sensor shows a sensitivity of 9912.85%/RIU and a quality factor of
708.17. The sensitivity of the designed sensor is calculated using the transmission dif-
ference between two wavelengths, i.e. the sensing wavelength and the reference wave-
length for a change in the RI of the silicon rods, instead of measuring the resonant
wavelength shift. It is worth to mention here that most of the self-referencing structures
existing in the literature are layered structures, however, the structure proposed in the
present paper is a waveguide-cavity system.

2. Basic PhC structure

PhCs are nanometer dimension periodic structures with the period being smaller than
the wavelength of light. PhCs offer photonic band gap (PBG), the range of frequencies
which propagation is prohibited through them [39]. The concept of PBG can be un-
derstood as a destructive interference effect of multiple reflection of light at the inter-
face of two contrasting RI region, i.e region of high and low RI. The Maxwell’s
equation to describe light propagation through PhCs is given by [40]

VoIV -E0] = (2) e

c
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Here, ¢(r) denotes the dielectric function, r is the position vector, ¢ is the velocity of
light and w is the angular frequency.

The PBG of a structure is dependent on parameters like the lattice constant, lattice
structure, radius of the holes or rods and the RI of the material. Location and width of
PBG of a given structure is determined by inserting above mentioned parameters in
the Maxwell’s equation which also determines whether the structure allows for the
propagation of TE or TM waves. By introducing defects in the PhC structure, forbidden
frequencies can be guided to transmit through the structure.

The Maxwell’s equation can be solved using the frequency domain or time domain
methods like the finite difference time domain (FDTD) [40] or the plane wave expan-
sion (PWE) [41] methods. While, FDTD is used for simulation of light propagation
through the considered structure, the PWE is used to calculate the PBG of the structure.
The basic platform/structure in the present work is the periodic arrays of silicon rods in
square lattice with air as the background material as shown in Fig. 1. The high contrast
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Fig. 1. Basic photonic crystal structure considered here.
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Fig. 2. Band diagram of the considered photonic crystal structure.
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between the silicon (RI = 3.46) and air (RI = 1) allows for strong confinement of light
in the structure making the device very compact. In case of 2D (two dimensional) PhC,
the RI contrast takes place along the xz-plane and remains unchanged along the y-axis,
so the light is confined in the xz-direction. The other parameters are chosen as the lattice
constant @ = 0.62 pm and the radius of the rods » = 0.15 pm. The chosen parameters
result in the band diagram of the basic structure (obtained using RSoft-CAD software)
as shown in Fig. 2. It can be observed in the figure that the structure offers two band-
gaps for TE modes. The first bandgap lies in the range 0.259 < a/1 < 0.36 while the
second in the range 0.48069 < a/A < 0.5433. The wavelength of our interest lies in the
first band. What follows is the details of the sensor structure created on the above-men-
tioned basic platform.

3. Sensor structure

The sensor structure consists of two defect waveguides WG1 and WG2 coupled
through a PhC cavity (encircled) as shown in Fig. 3. These defect waveguides are
formed by removing the Si rods as shown. The cavity is formed by changing the radius
of five PhC rods labelled as r,, r,, . and r4 as shown. Here r, = 0.35 pm) are the scat-
tering rods. The structure has one input port at WG1 and one output port at WG2 as
shown. The chosen radii of the other rods of the cavity are r, = 0.09 pm, r, = 0.07 um
and r4 = 0.05 pm.
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Fig. 3. Structure of the proposed sensor.

4. Numerical investigations and results

Numerical investigations are performed using the 2D-FDTD method. A perfectly
matched layer (PML) of 500 nm is assumed to avoid the problem of back reflections
from the boundary of the simulation domain. RSoft-CAD software is used to carry-out
the required simulations. From the band diagram (Fig. 2) it is clear that the structure
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allows for the propagation of TE modes. Further, no propagation takes place in the
y-direction (0/dy = 0), therefore only three components i.e., E,, H,, H, are considered
for the 2D-FDTD simulations.

In the first step of our investigations, a wide spectrum Gaussian pulse is considered
to be lunched in to the input port and its spectral response is noted at the output port.
The sensing wavelength 4, and the reference wavelength 4. are chosen which are cor-
responding to the two peaks of the of the spectral response.

In the second step, the chosen wavelengths are considered to be injected into the
structure and the change in their transmission with variation of RI is monitored.
The RI of the silicon rods are varied from 3.46 to 3.466 in the steps of 0.001.

The formula used to measure the transmission function is [11]

0.5real(p( /)™ ) ds
input power

T(f) =

where T( /) is a function of wavelength, p( f) is the Poynting vector and ds is the sur-
face normal. A grid size of @/20 = 31 nm and time step of A¢#=0.0195 has been used
to perform the FDTD simulations. The time-step is calculated using the following for-
mula [18]

-1
At < |:CJ ! + 1 }
(Ax)*  (Ay)

The sensitivity of the proposed RI sensor is calculated using the formula S = AT/An,
here AT 'is the transmission difference, AT = | T, — T, | where I and [ are the intensities
of the /1y and the Ag at a particular RI. The quality factor Q of the sensor is calculated
using the formula Q = A,/FWHM [18], FWHW represents the full width at half max-
imum.

The spectral response obtained, in the range 1.76 to 1.845 um, with considered pa-
rameters is as shown in Fig. 4.

There are two peaks in the spectral response, one is very sharp, while the other is
very broad. We chose wavelength corresponding to the sharp peak as our sensing
wavelength A , while the same corresponding to the broad peak is the reference wave-
length A.. It can easily be anticipated from Fig. 4 that the sharpness of the sharp peak
decides about the sensitivity of the sensor, while, broadness of the broad peak decides
that the extent the self-referencing remains unperturbed with the external factors.
Therefore, sharp peak of very high-quality factor is always desirable. The above men-
tioned will be clearer in the following part of the discussion. It is worth to mention
that sensors with higher and higher sensitivity need optical sources of more and more
stable output (lesser and lesser output fluctuations).

The parameters chosen here result in the sharp peak of the spectral response with
highest quality factor. To show it, we present the effect of change of (i) lattice constant
(if) radius of scattering rods, and (iii) RI of all the rods on the spectral response.
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Fig. 4. Spectral response of the proposed sensor in the range of 1.76 to 1.845 pm.

The spectral response obtained for different lattice constants is shown in Fig. 5 and
corresponding quality factors in Fig. 6. It is observed in Fig. 5 that the curve of the
spectral response shows a redshift as the lattice constants is varied from 0.6 to 0.63 pum.
We found that the quality factor of 708.17 of the sharp peak is obtained for the lattice
constant of 0.62 pm which is highest among the same obtained for other lattice con-
stants. Figure 7 shows spectral response for different radii of the scattering rods. It is
evident in the figure that sharp peak of the spectral response is sharpest when the radius
of the scattering rods is 0.35 um. Hence, our chosen parameters (see Fig. 3) are justified
as the most suited parameters giving us best possible spectral response (as in Fig. 4).

To investigate refractive index sensing, we investigated the effect of change in RI
of the all the rods on the spectral response. The result is as shown in Fig. 8. Figure 8
shows shift in the spectral response of Fig. 4 with change in RI.

0.8 : T T T T
] —0.60pm
0.7 —0.61pm
1 0.62pm
0.6 : ——0.63um
= 1 /|
2 0.54 ! i
2 ]
£ 0.4- / 1
£ 03 / /
= J d
| 1 ¥
= 0.2 [
0.1 i
0-0 T T T T T T -
1.72 1.74 176 178 1.80 182 1384 186

Wavelength()

Fig. 5. Spectral response for different lattice constants.
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Fig. 9. Light propagation in the structure for 1.7637 um (4;) when (a) RI = 3.46, and (b) RI = 3.466.
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Fig. 10. Light propagation in the structure for 1.8033 um (4,) when (a) RI = 3.46, and (b) RI = 3.466.

The functioning of the sensor can easily be understood from the Fig. 4 and Fig. 8.
The sharp peak of Fig. 4 has a quality factor of 708.17, while, the broad peak of 54.15.
Clearly a small shift in the spectral response (due to change in the RI of 0.003) should
cause a significant change in transmission of A, while there would be hardly any
change in transmission of 4. To confirm our anticipation, we injected 1, = 1.7637 pm
and 4, = 1.8033 um chosen from the first and second peak of Fig. 4. Figure 9 and 10
show simulation snapshots of propagation of A, and 4., respectively, through the sensor
structure for RI = 3.46 and 3.466.

Figure 9 clearly shows reduction in output transmission of 4, =1.7637 um when
the refractive index is varied from 3.46 to 3.466 in steps of 0.001.

Figure 10 clearly shows no change in output transmission of 4, = 1.8033 pm when
the refractive index is varied from 3.46 to 3.466.

Figures 11 and 12 show the changes in transmission with the variation of refractive
index. We can clearly see from these two figures that the proposed sensor shows a vivid
change in transmission with RI variation when the light of wavelength 1.7637 um is
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Table. Comparison of the proposed sensor with the other structures.

Reference Authors Quality factor
[41] A. Parapurath, F. Alpeggiani, L. Kuipers, E. Verhagen 486

[42] H. Alipour-Banaei, M. Jahnara, F. Mehedi Zadeh 707

[43] M. Wu, Y. Yang, H. Fei, H. Lin, X. Zhao, L. Kang, L. Xiao 679.3

[44] Rupali, S.K. Sahu, G. Palai, B.A. Kumar, B.K. Mishra 650

This work N. Ghosh, P. Sharma, S. Medhekar 708.17

injected in the structure, while we observe no such change when the light of wavelength
1.8033 um is used as input signal.

Figure 13 shows the change in the transmission difference between 4, and 4, with
the variation of RI. The designed sensor exhibits a sensitivity of 9912.85%/RIU and
a quality factor of 708.17.

Therefore, the considered structure can act as a dual resonance self-referenced re-
fractive index sensor.

The Table presents a comparison of the proposed sensor with the other structures.

The advantage of the proposed sensor lies in the fact that it does not require another
device to measure the effect of external factors (humidity etc.). The additional refrac-
tive index change due to these external factors can be measured from the transmission
variation of the reference wavelength. The intensity variation in the case of reference
wavelength will start increasing if the external factors come into play and by measuring
those changes we can accurately measure the effect of these factors on the reading of
the sensing wavelength and subtract it from the required data. So we can see that this
type of sensor can be deployed in harsh environment without the need of any extra sup-
porting equipment.

5. Conclusion

In the present work, we have designed and simulated intensity based dual resonance
self-referenced refractive-index sensor in a 2D photonic crystal-based waveguide-cav-
ity system. This method of sensing nullifies the effect of external factors increasing
the accuracy of the results. The proposed sensor shows a sensitivity of 9912.85%/RIU
and quality factor of 708.17. The sensitivity of the sensor is calculated by measuring
the variation of the relative intensity difference with varying refractive-index. Being
a very compact, the proposed sensor can easily be integrated in any system. However,
the proposed sensor cannot sense biological and chemical analytes. The proposed sen-
sor structure exhibits Fano-like spectral response and should have potential applica-
tions in different functionalities similar to applications of Fano resonance which should
be a matter of further investigations.
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