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Abstract— In this paper, a Fano structure based on Photonic 

Crystal (PhC) consisting of nanocavities for simultaneously 

measuring the analyte refractive index and environment 

temperature is investigated. Compared to the structure of prior 

sensors, the proposed sensor, in addition to measuring 

temperature and refractive index, has a Fano output spectrum that 

improves the detection process. The transmission spectrum of the 

presented structure is simulated by FDTD method. 
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I. INTRODUCTION 

Todays, the use of fast sensors with high accuracy and 
sensitivity for diagnostic processes in industrial and medical 
applications is significant [1]. For this reason, in recent 
decades, the use of optical sensors has received much attention 
[2]. PhC's as periodic dielectric structures with the ability to 
conduct and control light [3], were introduced in 1987 by 
Yablanovich [4]. PhC's can be employed in designing optical 
sensors due to their advantages, such as the possibility of 
implementing defects within the structure [5]. 

The optical sensors based on PhC's among the other 
sensors have a wide range of applications because of the lack 
of requiring fluorescent labeling and easy analytics detection 
[2]. These sensors are very suitable due to their ultra-compact 
volume, high measurement accuracy, ability to design 
complex structures and integrate with other optical 
components on a chip [6]. PhC sensors have been developed 
in a wide range of sensing applications such as biochemical 
[7], gas [8], liquid [9], temperature [10], stress and humidity 
[11] sensors. 

The performance of this type of sensor is based on the 
change of resonance frequency due to the refractive index (RI) 
of the analyte and temperature (T) [11]. To achieve 
simultaneous measurement of T and RI, it is necessary to 
design a structure to measure both parameters. The structure 
presented in this paper will make it easier to measure the two 
parameters simultaneously. Considering the simultaneous 
measurement of RI and T, the output spectrum of cavities may 
interact with each other, which is called crosstalk. Also, it will 
further reduce the crosstalk between cavities using Fano 
resonance [2]. Fano resonance is based on the theory of the 
Fano phenomenon, which is the interference of discrete mode 
with the continuum of modes [12]. Fano resonance is very 

prevalent in many optical systems such as sensors, switches, 
and lasers due to their proper response. 

II. STRUCTURE 

A. PhC Sensor Based on Lorentzian Resonance 

According to [8], the RI photonic crystal sensor is created 
based on silicon (Si) membrane with periodically placed 
triangular air-holes, c.f. in Fig. 1. This structure has a lattice 
constant of a = 0.35 µm and hole radius r = 0.3a = 0.105 µm, 
which is designed on a membrane with RI of 3.48 and 
dimensions of 36µm × 11µm and thickness h = 0.6a = 0.21µm. 
In this structure, the waveguide is created by removing a row 
of air-holes. The cavity will also be created by changing the 
radius of 6 holes in the structure's center. Indeed, this cavity 
will be formed by increasing the radius of the holes (red holes) 
from r = 0.3a to r1 = 0.46a. 

 

Fig. 1. Structure of RI sensor based on Lorentzian resonance [8] 

The photons will be transmitted from the source on the left 
side of the waveguide to the output through the cavity. The 
corresponding transmission spectrum at the end of the 
waveguide will be detected by the spectrometer. This structure 
has a TE band gap in the range of 1.09 μm < λ <1.42 μm. The 
transmission spectrum in the structure of Fig. 1 is a Lorentzian 
diagram in the band gap range. In this structure, red holes are 
filled with Cryptophan E, which absorbs methane gas. The 
Red holes refractive index changes from 1.45 to 1.40 by 
absorbing methane gas according to the relation RI = 1.448-
0.46C; Where C is the concentration of methane gas as a 
percentage. Therefore, due to changes in the cavity RI, the 
cavity resonance frequency also changes. The cavity radius 
can be determined so that the sensor has a higher sensitivity to 
the RI. Besides, by increasing the holes around the cavity and 
also optimizing the radius of the hole inside the cavity, the 
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quality factor (Q) obtained from the following equation 
increases significantly [5]. 
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ω0 is cavity resonant frequency, and Δω is full width at 
half maximum (FWHM) of the output spectrum. 

Therefore, the hole radius inside the cavity is considered 
to be r2 = 0.39a, and we increase the number of holes around 
the cavity to the extent that it does not prevent the light 
coupling from the input waveguide to the cavity or from the 
cavity to the output waveguide. The distribution of the electric 
field within the structure is shown in Fig. 2. As shown in      
Fig. 2, the light is well coupled into the cavity and then 
transmitted to the output waveguide. Cavity transfer capability 
is about 85%. 

 
Fig. 2. Distribution of the electric field within the structure of RI sensor 
based on Lorentzian resonance 

Due to its material and structural parameters, this sensor 
can measure RI from 1.40 to 1.45. The sensor output spectrum 
for the RI of 1.40 to 1.45 is shown in Fig. 3. 

 

Fig. 3. The transmission spectrum of RI sensor based on Lorentzian 
resonance for different RI at 300° k 

The ratio of wavelength changes to RI in Fig. 3 is 
expressed according to the following equation [13]: 
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where ∆n is cavity RI changes, n0 is cavity initial RI, λ0 is 
the wavelength in the initial RI of the cavity and Δλ is the 
wavelength ratio changes. In the proposed sensor structure, 

the dependence of ∆n and Δλ is expressed by the following 
equation [13]: 

 S nλ∆ = × ∆  (3) 

S is the sensitivity of the structure and a constant number 
expressed in proportion to the structure of the PhC. By 
changing the analyte within the cavity, the RI and wavelength 
of the cavity resonance will change, and therefore the 
relationship between Δλ and Δn is linear. 

Also, the detection limit (C) of the RI sensor based on 
photonic crystal cavity (PCC) can be calculated by measuring 
the sensitivity (S) and quality factor (Q) of the PCC according 
to the following equation [11]: 
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Therefore, the cavity quality coefficient is equal to               
Q = 11×103, and the sensitivity is S = 310 nm/RIU. Also, the 
detection limit of the sensor is equal to C = 3.37×10-5 RIU-1. 

B. PhC Sensor Based on Fano Resonance 

Since the structure shown in Fig. 1 is based on a Si 
membrane, and because optical devices based on Si cannot be 
integrated with optical sources, in this paper, a RI sensor based 
on a photonic crystal on InGaAsP membrane is designed with 
a RI = 3.334. Another design purpose of this structure is to 
measure the T and the effect of T in the process of detecting 
the gas RI. In the structure shown in Fig. 4, 13 cavities are 
used. This structure is very similar to the optical switch 
structure in Ref [14] and is designed to inspire from it. 

Only the three main cavities will perform the measurement 
process, and the other cavities play an essential role in 
improving the output power spectrum.  

 

Fig. 4. Structure of RI sensor based on Fano resonance 

Cavity 1 is created by changing the radius of the cavities 
to rc1=0.5a. Cavity 2 and Cavity 3, which are H0-type, are 
formed by moving holes of 85 nm and 79 nm, respectively, as 
shown in Fig. 5. Noted that, as illustrated in Fig. 4, the 
structure is symmetrical, and each of cavities 2 and 3 is 
repeated twice in the structure. This symmetry will 
significantly increase the output power and reduce the 
structure losses [14]. 
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Fig. 5. Create cavity 3 in the Structure of the RI sensor based on Fano 
resonance 

This structure with thickness h = 0.48a and r = 0.25a has a 

TE band gap in the wavelength range 1.38 µm < λ <1.6 µm. 
The structure consists of two Fano resonances in the bandgap 
range, which show better performance in the detection process 
than Lorentzian resonance. 

The output spectrum of the sensor in interaction with the 
analyte is shown in Fig. 6. The output spectrum is shown for 
different RI at 300 k. Considering the holes RI of the structure 
equal to 1, the resonance at λ = 1.562 µm is related to         
cavity 3, and also the resonance at wavelength λ = 1.577 µm 
is related to cavity 1. The sensitivity of cavities 1 and 3 to RI 
changes is 317.2 nm/RIU and 266 nm/RIU, respectively. 

 

Fig. 6. The transmission spectrum of RI sensor based on Fano resonance 
for different RI at 300° k 

The RI of the PhC, which is made of InGaAsP, changes 
due to changes in environmental temperature. According to 
[15], T coefficient for this material is equal to                      
KT,InGaAsP = 2.15×10-4 RIU/K for 1.55 µm < λ <1.6 µm. The 
simulation of the sensor in a gas-free environment at different 
T is shown in Fig. 7. The sensitivity of cavities 1 and 3 to 
environment temperature is 92 pm/K and 95.4 pm/K, 
respectively. 

 

Fig. 7. The transmission spectrum of RI sensor based on Fano resonance 
for different T in a without analyte environment 

We observe that both Fano resonances are sensitive to RI 
and T changes. According to the following equations, 
considering the displacement rate of the two Fano resonances, 
we can calculate the environment temperature and the analyte 
RI. 
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Δλ1 and Δλ3 are the resonance wavelength ratio changes of 
cavities 1 and 3, SRI1 and ST1 is the RI and T sensitivity of 
cavity 1, respectively.  Similarly, SRI3 and ST3 is the RI and T 
sensitivity of cavity 3, respectively. Then, by placing the 
sensor parameters in the above relations, we reach the final 
relation below: 
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Due to the distance between the two Fano resonances in 
the output spectrum, it is necessary to calculate the crosstalk 
(α) between the two cavities; obtained from the following 
equation [16]: 
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A is equal to the minimum transmission rate of the cavity 
at the resonance frequency. Ai is equal to the transmission rate 
of the other cavity at the same resonance frequency. The 
crosstalk of both cavities is more diminutive than -11 dB in 
different conditions, which is very desirable. However, 
according to Fig. 6, the crosstalk of cavity 3 over cavity 1 will 
increase for RI greater than 1.05. Cavity 3 can only detect the 
RI in the range of 1 to 1.05 due to the band structure range. 
Therefore, it is not possible to detect a RI outside the range of 
1 to 1.05 by any of the cavities. 

III. CONCLUSION 

In this paper, we have investigated a photonic crystal 
sensor to measure the refractive index. In this sensor, cavity 
quality factor, RI sensitivity, and detection limit are equal to 
11×103, 310 nm/RIU, 3.37×10-5 RIU-1, respectively. Also, a 
new structure has been presented, which has two Fano 
resonances for simultaneous detection of temperature and 
refractive index, which has a better performance than using 
Lorentzian resonance in the detection process. By changing 
the RI of the analyte and the environment temperature, a linear 
relationship was obtained between these two parameters and 
the resonance wavelength of the cavities. For cavity 1, the 
sensitivity of RI and T was equal to 317.2 nm/RIU and             
92 pm/K, respectively. Also, for cavity 3, the sensitivity of RI 
and T was calculated to equal to 266 nm/RIU and 95.4 nm/K, 
respectively. Also, the crosstalk between the two cavities was 
calculated, which is smaller than -11 dB in different 
conditions, which is very desirable. 
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