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Abstract— We have designed an ultra-high quality factor (Q) 

and sensitivity photonic crystal (PhC) Fano sensor. By 

engineering of Fano cavity within a typical Fano structure, the 

light modes penetrated into the lower index region of the Fano 

cavity and the sensitivity as well as Q is increased. The 

transmission spectrum of the presented sensor is calculated by 

FDTD simulation and the theoretical model of the structure is 

investigated. A sensitivity and Q of 528 nm/RIU and � × ��� 

have been demonstrated, respectively. To the best of our 

knowledge, this is the first device with figure of merit (FOM) of 

1820 that shows high sensitivity and ultra-high Q 

simultaneously, while using Fano resonance in output. 
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I. INTRODUCTION 

Optical sensors have been proven to be ideal candidates 
for the lab-on-a-chip experiments, because of the benefits of 
the ultra-small footprint, high sensitivity, robustness, low cost, 
and applicable for mass production and multiplexing [1], [2]. 
Various micro and nano-photonic devices have been used to 
develope ultra-packed optical sensors, such as micro ring 
resonators [3-7], Mach-Zehnder interferometers [8,9], surface 
plasmon resonators [10], [11], and photonic crystal (PhC) 
cavities [12-20]. For the employing as sensors, PhC cavities 
with strong light-matter interaction between the analytes and 
optical fields are desirable [12]. Especially in biochemical 
sensing, PhC cavity based devices are getting much attention 
due to the advantages of not requiring fluorescent labeling and 
ultra-small sample requirements [21]. In these resonator-
based sensors, a tiny disorder in the cladding refractive index 
causes a significant frequency shift of the resonant modes, 
which leads to providing an obvious measurable spectrum 
response. Considering Ultra-high sensitivity, high Q and low 
mode volume characteristics, PhC cavities can introduce 
unique advantages in optical sensing. However, there is a 
significant trade-off between sensitivity and Q. Indeed, the 
optical mode should be inserted more into the target analytes 
to have a higher sensitivity, whereas, in order to obtain a high 
Q, the confinement of the optical mode in the bulk medium 
has to be large [18]. For the typical PhC cavities [22], [23], the 
optical modes are strongly confined in the high refractive 
index material region. Therefore, the sensitivity for such PhC 
cavities is small [24], [17], because of the weak interaction of 
optical fields with the analytes. To address the issue, several 
designs have been presented. Low index-contrast polymeric 
PhC nanobeam cavity with the sensitivity of 386 nm/RIU has 
been proposed [25]. In the presented device, the number of the 
mirrors should be large enough to achieve the high Q, and 
therefore, the footprint of the device is around 110  ���. Very 
recently, Habib proposed a chemical sensing device using 

Photonic Crystal Fibers (PCFs) with very high relative 
sensitivity [26]. In another work, slotted PhC cavity sensors 
are introduced to improve the confinement of the optical field 
in the lower-index part [13], [14], [27], [28]. However, the Q 
of these designs is highly sensitive to the fabrication. Another 
way to improve the light matter interaction is to use the lower-
index-mode PhC cavities [29]. Indeed, the air-mode PhC 
cavity with large sensitivity (shown in [18]) should be 
suspended, which is very difficult to fabricate. High 
sensitivity up to 1500 nm/RIU and Q of 50000 has been 
reported by using the 2D PhC cavities [20]. Traditional nano- 
cavity sensors are often proposed to confine light within the 
high index region of the structure. However, only the light 
energy distributed outside the bulk region can interact with the 
analyte, which leads to a sensitivity limitation (∼200nm/RIU) 
[30]. In order to increase the light-matter interaction and 
sensitivity, nano-slot has been introduced into the 1D-PhC 
cavities. Yang. experimentally presented a PhC cavity sensor 
with a sensitivity about 451 nm/RIU by using a proper slotted 
quadra-beam PhC cavity [16]. Xu experimentally achieved the 
sensitivity around 410 nm/RIU By introducing a stack shaped 
slotted PhC cavity [13]. Zhang demonstrated a high-Q and 
high-sensitivity photonic crystal cavity sensor on the silicon-
on-insulator platform. They optimized the structure of the PhC 
cavity, in order to distributing the light in the lower index 
region and a Q of 1.3 × 10� and a sensitivity of 428 nm/RIU 
have been experimentally demonstrated in only 14.5×0.75 
��� [12]. To further reduce crosstalk between resonances and 
improve the performance, Fano resonance has been taken into 
account. Fano resonance results from the interference of two 
resonant modes. This effect can only occur if the energy in the 
discrete state locates within the energy range of the continuous 
state [31]. Fano resonance theory has been used in many 
optical systems, such as optical switches, [32]  lasers, [33] 
optical sensors, [34-36]  and optical filters [37]. 

In this paper a tapering method introduced in [12] is used 
to boost the confinement of light mode in the analyte. In this 
structure, sensing is done by the discrete cavity in the Fano 
system. In presented method a 2-D symmetric scheme is 
employed to address the sensitivity problem. Thanks to 
asymmetric nature of Fano resonance, both the Q and 
sensitivity of the device are enhanced drastically. The paper is 
organized as follows: In section II, structure benefits and 
design procedure are introduced. Discussion is brought in 
section III.  Finally, conclusion is brought in section IV. 

II. STRUCTURE AND DESIGN 

In this paper, we proposed a PhC based sensor with high 
sensitivity and high Q cavity element. The structure of the 
presented PhC sensor is given in Fig. 1. The PhC structure 
consists of two Fano systems which are employed  



symmetrically. Both of Fano structures (under and above 
waveguide) have the same structure to make controllable and 
strong light confinement in the sensory system. In PhC based 
Fano resonator, a nano-cavity could stand for the discrete state 
while the waveguide stands for the continuum, and when the 
spectra of the states combine in certain frequencies, the Fano 
resonance will occur. A PhC nano-cavity-waveguide based 
structure employed here, is used for making better light 
confinement toward better interaction effects and then smaller 
and lower energy consumption device with high sensitivity. 
The resulted sharp and asymmetric transmission spectrum 
named Fano resonance, enables us to design ultra-low and fast 
devices. The two-state system which is required for making 
Fano resonance at the output, consists of two different cavities 
as shown in Fig. 1. Noted that as shown in Fig. 2, cavities do 
not have the same structure and are made by different 
mechanisms. However, regarding their position in the 
structure, they have different topological induced Qs. To be 
clear, the up cavity has weaker coupling to other components 
and therefore it has higher Q and the down cavity because of 
its vicinity to the waveguides and also up cavity, has lower Q. 
The down cavities are made simply by shifting of two near 
holes and next neighbors with 85 and 20 nm symmetrically. 
This shifting mechanism leads to good confinement of light 
with much lower loss to the clad due to 20 nm shift of two 
next holes. To create the mode gap effect, the radius of the air 
holes of the another type of cavity is quadratically modulated 
from ��0� in the center to ������� on the both sides (Eq. 1) 
[12].  

���� = ��0� + ���������� − ��0��/����
� ,  (1) 

where � increases from 0 to ����. 

In theoretical point of view, the coupled mode theory (CMT) 
is derived for the device [32]. The dynamic behavior of the up 
cavities is modeled by Eqs. (2) and (3) and also the down 
cavities by Eqs. (4) and (5). It should be noted that, the two 
sets of equations which describes the up and down cavities are 
completely similar to each other, because the cavities have the 
same physical structure. 
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In Eqs. (2)-(5), the resonance frequencies of continuum state 
cavities are at the same value and equal to �  and the 
resonance frequencies of the both discrete state cavities are 
equal to ��. Which $  and $+ are the field amplitude of the 
near cavities to waveguide and responsible for continuum 
while $�and $� are field amplitude of cavities  responsible for 
discrete states, also �  is coupling coefficient between first 
cavity and waveguide  which has the same value in both up 
and down sections, &'/2  is amplitude of half of light that 
couples to each section and -�'     is electric field decay rate . 
Due to the similar cavities,  -�  = -�+  and -��= -��  , and are 
calculated as: 

-� 
/ = -��

/ = -'0�
/ + -123

/ + -�45
/   (6) 

 Where -'0�  is intrinsic decay rate of the cavity, -123 is 
coupling decay rate and -�45 is absorption decay rate which is 
proportional to bulk material absorption. Also, by considering 
& 6 as incoming light, & /  as reflecting light and &�/  as 
transmitted light while the incoming light from output is 
considered to be zero, the relation between in and out waves 
will be: 

S / = S 6 − μ∗
 a       (7) 

S�/ = −μ∗
�a     (8) 

where  � = ;2/-123<=>�  ,  �� = ;2/-123<=>)  and  �%% =
2/-%% . ?  and ?�  are either 0 or @  depending on the 
symmetric or antisymmetric property of the cavity mode 
profile and -%%  can be calculated from A = �-/2 which A%% 
is the Q due to each two cavities coupling. 

 

Figure. 1.  Proposed Fano sensor structure used for refractive index 
sensing. The device consists two symmetric Fano systems located at up 
and down of optical waveguide. In each section, two cavities are made by 
different mechanisms to provide high Q and high sensitivity at the same 
time. 

 

Figure. 2. Procedure for making different types of cavity used in presented 
structure. Red cavities are Fano cavities and they are made by tapering 
scheme discussed here in Eq. 1, while blue cavities are simple typical 
cavities proposed in literature. 
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The finite-difference-time-domain (FDTD) approach is 
employed for simulations.  As shown in Fig. 1, the bulk 
photonic crystal, is made up of a triangular air hole photonic 
crystal slab with air hole radius of 0.25a and thickness of 0.4a 
[38], [39]. The wavelength of light in the structure is the one 
that typically used in optical communications. The waveguide 
width correctly defined (760 nm) to provide low reflection as 
well as good optical confinement in the waveguide, also the 
waveguide will be remained proper for single mode operation. 
To keep the resonant wavelength of the PhC cavity near 1550 
nm.  After optimization process, we find that high sensitivity 
sensors are obtained when the radius of holes near the Fano 
cavity region (up) are maximum. This can be obviously 
explained since for the PhC cavities with larger nearby holes, 
the confinement of the resonant optical mode in the bulk 
material is weaker. Therefore, more electric field will place in 
the lower-index area, and the light matter interactions between 
the optical mode and the analytes are boosted. On the other 
hand, the Q of the PhC cavity rises with the decrease of R of 
related holes to Fano cavity. This is understandable because 
the light mode is substituted in the higher index region. 
Indeed, the best way to make low-index cavity region in 
sensor applications is using tapering method. The presented 
method puts cavity in low-index mode while the mirroring 
principles of 2-D PhC structures are not broken. According to 
above, the parameters of the PhC sensor are chosen to be 
a=460 nm, ������� = 230 B�, R(0)=115 nm and number of 
tapered holes are considered 6 on each side. 

 In order to investigate the RI sensitivity of the presented Fano 
sensor structure, the RI of the analyte is changed from 1 to 
1.048 at a constant temperature of T=300K, and the 
corresponding shift of transmission spectra is shown in Fig. 3. 
The resonant wavelengths shift with the analytes’ RI for the 
Fano cavities at 300K is shown in Fig. 4. It is shown that there 
is linear relationship between resonant wavelength and RI.. 
With the RI of the analyte varying between 1 and 1.048 RIU, 
the resonant wavelengths changes from 1539.75 to 1564.98 
nm. 

III. DISCUSSION 

The Fano structure used in this paper, is a Fano optical device 
with ultra-high Q and enhanced LMI cavity [32]. In this 
device, the second cavity, i.e. Fano cavity is engineered to 
enhance the non-linear effect in the non-linear high-index 
material for making ultra-low energy device. 

 In this paper, for getting benefits of described device, we 
used some kind of tapered cavity to make device sensitive to 
analyte material instead of bulk (high-index material). The 

maximum radius for making holes in the Fano cavity of 
presented structure is used as �������  to make place for 
analyte in the cavity. Consequently, the maximum interaction 
between light and analyte will be the result. However, the 
down cavities of the Fano system which have the role of 
continuum are as same as typical Fano device presented in 
[39-41]. Different mechanisms employed in cavities makes 
required detuning between cavity modes to make Fano 
resonances. As shown in Fig. 5, the field distribution of 
presented PhC sensor shows that there are four resonant 
modes which trap the light in the structure. According to [32], 
up and down sections have the same structures and the 
symmetric structure is used for enhancing the Fano effect at 
the output. Thus, by employing new type of cavities in place 
of Fano cavity (up cavity) in each section, the interaction 
region with the analyte is doubled and consequently the 
sensitivity of the device is enhanced drastically. Note that, the 
ultra-high Q cavity is formed due to topological induced effect 
of Fano cavity and trade-off between sensitivity and Q still 
exists. Computations show that a high sensitivity as well as 
high Q can be obtained by the proposed PhC sensor. Thanks 
to scale invariance property of the electromagnetic fields, the 
wavelength shift of the PhC Fano cavity that varies with the 
background indices shown in Fig. 4 could be used to design 
sensor for operating in different analytes.  Regarding to 
maximum simulated sensitivity of 528 nm/RIU of the sensor, 
the FOM is measured by Eq. 9.   

CDE = FG05'�'H'�I
∆K = 1820,   (9) 

The proposed structure, has better characteristics in 
compare with previous work on 1-D PhC Fano sensor [42], 
when refractive index is measured. 

IV.  CONCLUSION 

In this paper, we presented a PhC Fano cavity sensor with 
ultra-high Q and sensitivity. By increasing the nearest holes of 
the Fano cavity in a Fano structure, the sensitivity of the PhC 

 

Figure. 3. Resonance shift of spectrums when analyte refractive index 
changes from 1 to 1.048 with 0.009 RIU step. 

 

 

Figure. 5. Field distribution of presented PhC sensor. 

 Fig. 4. Fano cavity resonance shift with analyte refractive index change. 
As show the relation is completely linear. The slop is 526 nm/RIU. 



Fano cavity sensor can be greatly increased. An ultra-high Q 
of � × ��� has been demonstrated. The sensitivity of the PhC 
Fano cavity sensor is measured by consuming different mass 
concentration of the analyte, and the sensitivity is about 528 
nm/RIU, which is greater than previous works on PhC Fano 
devices with existing trade-off between sensitivity and Q. 
Considering the ultra-high Q and sensitivity, the proposed 
PhC Fano cavity sensor can be ideal candidates for the lab-on-
a-chip experiments. 
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