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A B S T R A C T   

We design and numerically analyze a Fano resonance device based on periodical all-dielectric “lucky knot” 
shaped nanostructure in the mid-infrared region with high sensitivity, which is insensitive to polarization and 
incident angle. The proposed nanostructure is sensitive to the change of the refractive index of the substance to 
be tested. We established the correspondence between the change of the refractive index and the peak position of 
the reflection spectrum. And then we propose an optical refractive index sensor with a sensitivity of 986 nm/RIU, 
and a maximum figure of merit of 32.7, which is much higher compared to the sensor based on metallic ma-
terials. The maximum Q-factor can reach 520. This study may provide a further step in optical sensing, bio-
sensing and environmental monitoring.   

Introduction 

Mid-infrared spectroscopy is capable of detecting and identifying 
many kinds of molecules, such as DNA, protein and lipid, which are 
induced by various vibrational modes of material microstructures [1–2]. 
Due to the detecting label-free features, sensors based on metamaterials 
working in the mid-infrared region have been proposed in many fields of 
molecular vibrational modes sensing, bio-chemical sensing, RI index 
sensing and temperature sensing [3–7]. For example, a plasmonic met-
al–insulator-metal waveguide mid-infrared sensor was proposed with a 
sensitivity (S) of 5140 nm/RIU in 2019 [6]. The sensitivity of it may 
higher than most of plasmonic sensors, but the oscillation of free elec-
trons in metallic materials such as gold and silver will cause strong ra-
diation loss and local heating [8–9], which will broaden the resonance 
linewidth [10–11] leading to extremely low figure of merit (FoM) and 
quality (Q) factor, and may also alter the composition of the substance to 
be tested [12]. Moreover, metals are prone to oxidation and corrosion 
under high temperatures which limit their applications in harsh envi-
ronments [13]. Due to the dielectric materials can avoid ohmic loss, all- 
dielectric nanostructures with much narrower linewidth stand out as 

strong candidate for sensing as a consequence. For instance, an asym-
metric silicon nano-bar pairs based on Si are proposed in 2013, which 
exhibits a sharp resonance in the near-IR wavelength range [14]. Then 
in 2014, the author proposed split bar resonators based on Si with a 
potential sensitivity of 525 nm/RIU as an optical refractive index sensor 
[15]. In 2019, a nanocavity-based elliptical-hole photonic crystal 
composed of silicon for mid-infrared liquid sensing was suggested [7]. 
The Q factor of 104 can be achieved however the sensitivity is only 285 
nm/RIU simultaneously. Recently, mid-infrared sensors with angle 
modulation based on graphene layers seem to be the best choice which 
leads to better sensitivity and spectral resolution with reduced absorp-
tion loss [3,16]. However, the production of graphene is immature and 
the cost is high, which seriously restricts their practical application 
[13,17,18]. Not only that, most of the sensors are sensitive to the po-
larization directions and incident angle of the light. Improving these two 
characteristics will be more conducive to the realization of portable fast 
sensing. Therefore, the focus of current research is designing a mid- 
infrared sensor with improving S and FoM, which is insensitive to po-
larization and incident angle simultaneously. 

The Fano resonance-based metamaterials, due to their excellent 
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optical properties such as narrow linewidth and large local field 
enhancement, which can greatly improve the performance of the de-
vices, have gradually become a development trend in the field light 
regulation [19–23]. Most Fano resonance are realized in the nano-
structure of metal materials, and their spectral response is in the visible 
and near-infrared bands instead of mid-infrared region [24–26]. 
Recently, Fano resonance based on all-dielectric nanostructure has also 
attracted great attention [27]. These nanostructures not only have lower 
losses but also can excite the strong magnetic dipoles besides the electric 
dipoles. The optical field is mainly bound inside the device, which is 
beneficial to enhance the interaction between the optical field and the 
dielectric material achieving higher field enhancement [28]. In addi-
tion, the fabrication process of all-dielectric nanostructures can be 
simpler, which makes it possible to provide a new way for the realization 
of high-performance, miniaturization and high-integration photonic 
devices [29]. 

Based on the above situation, we designed a “lucky knot” shaped 
nanostructure based on all-dielectric materials, and analyzed resonance 
characteristics through FDTD method. Combining the narrow resonance 
line-widths, we proposed an optical refractive index (RI) sensor which 
can maintain a sensitivity (S) of 986 nm/RIU and a maximum FoM of 
32.7 in the mid-infrared region. It shows additional advantages of being 
insensitive and independent to the polarization and the angle of the 
incident light. This study may provide a further step in the development 
of optical sensing, biosensing, safety inspection, environmental moni-
toring and other fields. 

Design & theoretical analysis 

The schematic of the designed “lucky knot” shaped nanostructure is 
shown in Fig. 1. The nanostructure is formed from a periodic unit cell 
made of crossed rods resonator and four ring resonators, both formed 
from Si. As shown in Fig. 1(b), P is the length parameter of the periodic 
“lucky knot”, where P = 6μm. L1 and L2 are the length and width pa-
rameters of the crossed rods respectively, where L1 = 0.6μm, L2 = 5.6μm. 
R and r are the outer and inner radius of the rings structure respectively, 
where R = 1μm, r = 0.5μm. The heights of the rods and rings are equal, 
which expressed as t = 1μm. The designed “lucky knot” nanostructure is 
fabricated on a BaF2 substrate (due to the transmittance of BaF2 is 90% 
in the mid-infrared region and its loss is small), and the RI of BaF2 is 
1.43. In order to evaluate the performance of the designed “lucky knot” 
structure, we adopt a finite-difference time-domain (FDTD) method to 
simulate the reflection spectrum. The dielectric function of simulated Si 
is taken from the empirically defined values by Palik [30]. The reflection 
performance is evaluated from a plane wave, which is incident on the 

surface of the “lucky knot” with the electric field polarized along x-axis 
as shown in Fig. 1(a). Perfectly matched layer (PML) boundaries are 
employed along z-axis and periodic boundaries are employed for the ×
and y axes. The unit cell geometry is approximated using a tetrahedral 
mesh. The simulated reflection spectrum is shown in Fig. 1 (c), where 
the inset is zoomed in at the narrow reflection band. It shows clearly that 
the proposed nanostructure can achieve perfect reflection at the wave-
length of 7.3 μm with a bandwidth of 14 nm resulting in a Q factor as 
high as 520. 

The High-Q resonance is realized by employing Fano resonance, 
which is relied on a “bright” mode resonator and a “dark” mode reso-
nator [28]. The simulated near-field distribution at the resonance 
wavelength (7.3 μm) using FDTD method is plotted in Fig. 2. The crossed 
rods resonator couples strongly to free-space excitation with the incident 
E-field. The collective oscillations of the crossed rods resonators form 
the “bright” mode resonance. The rings are less-accessible from free 

Fig. 1. (a) Schematic diagram of the proposed “lucky knot” shaped nanostructure and the incident light polarization configuration. (b) Top view of the “lucky knot” 
structure. The structure consists of a periodic array of dielectric substrates made of BaF2 and the “lucky knot” shaped structure made of Si. The geometrical pa-
rameters are P = 6 μm, L1 = 0.6 μm, L2 = 5.6 μm, R = 1 μm, r = 0.5 μm, and t = 1 μm. (c) The reflection spectrum of the “lucky knot” at incidence of a plane wave 
with the electric field oriented along x-axis (when the incident angle is 0 degree). Insert shows an enlarged view of the resonance. 

Fig. 2. Schematic diagram of near-field distribution at the resonance wave-
length. Electric-field distribution in the x-y plane (a) when the electric field of 
incidence oriented along x-axis and (b) when the incident angle is 45 degrees. 
Magnetic-field distribution in the x-y plane (c) when the electric field of inci-
dent light oriented along x-axis and (d) when the incident angle is 45 degrees. 
Magnetic-field distribution in the x-z plane (e) when the electric field of inci-
dent light oriented along x-axis and (f) when the incident angle is 45 degrees. 
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space but they can couple to the bright-mode crossed rods resonators. 
They can support a magnetic dipole mode and interact through near- 
field coupling, resulting in collective oscillation of the resonators, 
forming the “dark” mode of the system [31]. These two resonances are 
brought in close proximity in both spatial and frequency domains 
resulting in an extremely narrow reflection window as shown in Fig. 1 
(b). 

Fig. 2 (a), (c) are the electric-field and the magnetic-field distribution 
at 7.3 μm on the x-y plane respectively when the electric-field of the 
incident light polarized along the x-axis. And Fig. 2 (e) shows the 
magnetic-field distribution on the x-z plane. Unlike the localized surface 
plasmon using metallic, there is only electrical resonance and the field 
enhancement is mainly concentrated on the surface of the structure. 
High-RI dielectric particles exhibit magnetic and electric dipole and 
higher order Mie resonance when the incident electromagnetic wave 
irradiate. And due to the array effect of the period array structure, the 
far-field radiation of electromagnetic wave is hindered, so that the en-
ergy can be tightly bound inside the nanostructure. Fig. 2 (b) (d) (f) 
shows the electric-field and magnetic-field distribution at 7.3 μm when 
the polarization angle of the incident light is 45 degrees. Due to the 
rotational symmetry of the “lucky knot” structure, the resonance of the 
designed all-dielectric nanostructure is insensitive to the polarization 
direction of the incident light. In addition, it is independent to the 
incident angle of the light too. We define the incident angle is zero as the 
light shown in Fig. 1 (a) and it’s for TM wave at oblique incidence. We 
simulate the incident angle changes from 0 to 45 degrees with a step of 
5. It can be seen from the Fig. 3 that the peak position of the reflection 
spectra hardly changes when the incident angle changes. The full width 
at half-maximum (FWHM) of the reflection spectra is shown in table. 1. 
As the incident angle increases, the FWHM does not change signifi-
cantly. And at the same time, the reflectance is maintained at approxi-
mately 95%. 

At the same time, the proposed all-dielectric nanostructure is sensi-
tive to changes in the RI of the surrounding environment. In the next 
part of this paper, we discuss the potential application of the proposed 
nanostructure for optical RI sensors. 

Results and discussion 

Due to the extremely narrow line width, one of the applications of 
this nanostructure design is optical RI sensor. The all-dielectric “lucky 
knot” shaped nanostructure proposed in this paper is sensitive to the 
changes in the RI. Fig. 4 shows a schematic diagram of the substance to 
be tested. By using FDTD method, we characterize the performance of 
the proposed RI sensor utilizing parameters including RI range and 
sensing resolution, sensitivity (denoted by symbol S), figure of merit 

(FoM), quality factor (Q) and dephasing time. Then we listed the per-
formance between the RI sensor proposed in this work and sensors based 
on Fano resonance in the last five years. 

RI range and sensing resolution 

Firstly, we investigate the RI range and sensing resolution of the 
proposed sensor. Fig. 5 (a) shows the reflection map as a function of the 
resonance wavelength and RI of the substance shown in Fig. 4 changes 
from 1.33 to 2.0 and an enlarged view from 1.33 to 1.40 in Fig. 5 (b). As 
observed from reflection maps, the wavelength of maximum reflectance 
has a significant increase as RI of the substance enlarges from 1.33 to 
2.0. The higher the RI, the more obvious the movement of the wave-
length. This feature can be observed more explicitly by the map shown 
in Fig. 5 (b) that is the RI of the substance has a liner relationship with 
the wavelength of the resonance. Compared with other RI sensors, our 
proposed sensor has a larger RI range, and it is worth noting that the RI 
range is not limited to the above. In addition, the sensing resolution of 
the proposed RI sensor can be lower than 0.001. As shown in Fig. 5 (c), a 
slight change in the RI can also cause a clearly shift in the resonant peak 
position. 

Sensitivity 

Generally, an important parameter to describe and compare the 
performance of optical RI sensors is sensitivity (S), which represents the 
shift of the resonance peak position per unit RI change, which is usually 
defined by the following formula [30]: 

S =
Δλ
Δn

(1)  

where Δn represents the change in RI, and Δλ represents the shift of the 
peak position of the resonance. By using FDTD method, we simulated the 
reflection spectra of the RI of the substance to be tested from 1.33 to 1.40 
with a change step of 0.005. The result is shown in Fig. 6 (a). As RI of the 
substance to be tested increases, the position of the resonance peak 
shows a significant red shift phenomenon and the reflectance maintains 
above 98% at the same time. According to the results obtained in Fig. 6 
(a), the movement of the peak position with the change in RI is shown in 
Fig. 6 (b). 

The blue dotted line in Fig. 6 (b) is the relationship between RI and 
the peak position of resonance obtained by simulation, and the red 
dashed line is the fitted curve. It can be known that the RI has a linear 
relationship with the peak position of the resonance. According to the 
equation (1), the slope of the fitted curve is the sensitivity of the 
designed RI sensor. And the sensitivity is 981 nm/RIU which is much 
higher than the nanostructure based on metal materials. In addition, 

Fig. 3. The reflection spectra when the incident angle changes from 0 to 45 
degrees with a step of 5. 

Table 1 
The full width at half-maximum (FWHM) of the reflection spectra at different 
incident angle.  

Incident Angle (◦) 0 5 10 15 20 25 30 35 40 45 
FWHM (nm) 14 14 14 14 14 14 14 14 14 15  

Fig. 4. Schematic diagram of the substance to be tested.  

Y. Zhang et al.                                                                                                                                                                                                                                   



Results in Physics 24 (2021) 104129

4

according to Fig. 5 (a), the sensitivity can increase when RI of the sub-
stance getting larger. 

Figure of merit and Q factor 

Aside from sensitivity, other important parameters to evaluate the 
performance of a RI sensor is the figure of merit (FoM) and Q factor, 
which are determined by the full width at half-maximum (FWHM), the 
sensitivity (S) and the wavelength of the resonance (λ) [32]: FoM = S

FWHM 
and Q = λ

FWHM. Generally larger FoM and Q factor is desired. Fig. 7 shows 
the FoM and Q factors of the RI sensor proposed in this paper. 

It can be seen from Fig. 5 that the FoM of the designed RI sensor can 
reach up to 32.7 RIU− 1. As the RI increases, the FoM decreases, but the 
average value remains stable at 29 RIU− 1. The FoM of the RI sensor 
based on the local surface plasmon resonance of metallic nanoparticles 

is generally very low, mostly less than 5 RIU− 1 due to the inherent loss of 
the metallic material. Dielectric materials instead of metal materials in 
our design can effectively improve the FoM value. An average Q remains 
220 as the RI of the substance increases. The decrease of Q is due to the 
slightly increase of the FWHM caused by substance. 

Dephasing time 

In addition to the parameters mentioned in the section 3.1–3.3, we 
also calculated the dephasing time of the proposed dielectric nano-
structure. Microscopically, the dephasing time is controlled by coupling 
of the resonance to the electron-hole pair continuum, and by radiation 
damping, which is important in large particles above a radius of ca. 10 
nm [33]. It is a critical parameter that can be defined by taking to ac-
count of the resonance narrowness as following [33]: T = 2ℏ/δ. Here, ℏ 
is the reduced Planck’s constant and δ is the homogeneous linewidth of 
the resonance. For the resonance at 7.3 μm (41.1 THz), the dephasing 
time is estimated as 1.8 ps. 

In order to better analyze the performance of our proposed RI sensor, 
we list several RI sensors based on Fano resonance in the last five years, 
which is shown in Table.2. According to table.2, most of the RI sensors 
work in the visible and near-infrared bands, while the RI sensor we 
proposed works in the mid-infrared region, which is the vibration 
fingerprint band of molecules. For RI sensors based on metal materials 
such as gold and silver, the FoM is usually relatively low even less than 
20 due to the existence of ohmic loss according to Ref. [25,26,34,44]. 
The FoM is improved in Ref. [24,28,35]-[38,45] but it is usually 
accompanied by a decrease in the sensitivity. It is maintained the high S 
and FoM value of the sensor in Ref. [39] but the resonance strongly 
depends on the incident angle, while the sensor we proposed is incident 
angle-independent. The FoM* of the Ref. [40] can be as high as 13,500 

Fig. 5. Reflection map of the proposed sensor for the RI of substance changes from (a) 1.33 to 2.0 and (b) 1.33 to1.40 respectively. (c) The reflection spectra when 
the RI changing step is 0.001. 

Fig. 6. (a) The reflection spectra when the RI changes from 1.33 to 1.40. (b) The curve of peak position with RI changes (blue dotted line) and fitted curve (red 
dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. The FoM and Q factor of the RI sensor as a function of RI.  
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because of the different calculation methods. The FOM* is defined as 
FOM* = ΔT

(TΔn) where T denotes the transmittance of the proposed struc-
ture [40]. In summary, the RI sensor based on “lucky knot” nano-
structure of dielectric materials proposed in this paper can effectively 
improve the FoM (32.7 RIU− 1) and Q (520) value while maintaining 
relatively high sensitivity (986 nm/RIU) compared to the optical RI 
sensors based on metallic materials. At the same time, it is insensitive to 
polarization and incident angle of the light. 

RI of glucose solution at different temperatures 

Based on the above-mentioned RI sensing performance, we simu-
lated the RI changes of a 20% glucose solution at different temperatures 
from 25 to 60 degrees as shown in Fig. 8. It can be seen from Fig. 8 that 
the RI sensor designed in this paper can easily detect the change in RI of 
the glucose solution as temperature rises. Since the mid-infrared band is 
molecular vibration band, the nanostructure designed in this paper may 
provide a further step in biosensors. 

Conclusion 

In this paper, we propose and discuss the resonance characteristics of 
the “lucky knot” shaped nanostructure based on all-dielectric materials 
using FDTD method. The interaction of the cross-rods structure and the 
ring structures in the “lucky knot” can achieve high-Q Fano resonance in 
the mid-infrared region. The dielectric nanostructure proposed in this 
paper is sensitive to changes in the RI of the environment. By analyzing 
the reflection spectra and near-field electromagnetic distribution, we 
find that the sensing sensitivity is as high as 986 nm/RIU, the maximum 
Q factor is as high as 520, the maximum FoM is 32.7 RIU− 1 and the 
dephasing time is only 1.8 ps. In addition, it is insensitive to polarization 
and incident angle. When the polarization and the incident angle of the 
light is changed, the resonance is still there with a high reflectance and a 
narrow linewidth. Due to the use of dielectric materials, the FoM which 
is usually low when using metallic materials is improved, and it is 
compatible with the developed CMOS process, making it hopeful for 
large-scale integrated production. This research can be applied to other 
devices such as optical sensors, biological sensors and environmental 
monitors. 
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