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A B S T R A C T   

We have designed and analyzed the high quality-factor (Q-factor), multiple Fano resonances 
device on the basis of the all-dielectric metastructure. The unit structure consists of two rectan-
gular air holes etched within a silicon cube and periodically aligns on the substrate of silicon 
dioxide. The results demonstrate that four Fano resonances are achieved by integrating the theory 
of bound states in the continuum (BIC)and breaking the symmetry (width symmetry or depth 
symmetry) of two rectangle air holes, and the resonant wavelength can be modified by altering 
structural parameters. The sensing characteristics of the presented structure are studied. The 
sensitivity(S) of 304 nm/RIU, the maximal Q-factor of 2142 and the figure of merit (FOM) of 
515.3 are achieved while width symmetry is broken. Meanwhile, the sensitivity of 280 nm/RIU, 
the maximal Q-factor of 2517 and the FOM of 560 are gotted through breaking depth symmetry. 
The proposed metastructures can be used for the lasers, biosensing and nonlinear optics.   

1. Introduction 

Fano resonance has received a lot of attention for providing an effective way to achieve high Q-factors and suppress radiation 
losses, which are playing a significant part in the field of optoelectronics, such as nonlinear optics [1], biosensors [2], lasers [3], etc. 
The resonances are normally attributed to the interaction between a superradiant (highly radiative) mode and a subradiant (poorly 
radiative) mode, which can produce narrow resonance spectra to achieve high sensitivity [4-6]. The Fano resonance in some nano-
structures of plasmonic based on metal materials have been observed, however, it is hard to get Fano resonances with high Q-factor due 
to ohmic losses [7-9]. The all-dielectric structure is characterised by low losses and is compatible to Complementary metal oxide 
semiconductor (CMOS) processes, as well as supporting the Fano resonance with high Q-factor [10]. In addition, recent studies have 
shown that toroidal dipole (TD) resonances in the all-dielectric metastructure can be stimulated [11,12], which is characterised by the 
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flow of current over a toroidal surfaces or by the sequence of magnetic dipoles arranged along a closed pathway, and that Fano 
resonances with high Q-factors have been obtained by using low free space coupling [13,14]. Especially, non-radiative anapoles are 
produced when the TD resonance and the electric dipole (ED) resonance are superimposed at the identical scattering magnitude yet in 
different phase [15,16], and this can be employed for obtaining high Q-factor resonances. An effective method for realizing the Fano 
resonance of high Q-factor is based on bound states in the continuum (BIC) in all dielectric metastructure [17]. The ideal BIC is 
characterised by an exceptionally high Q-factor and an extremely thin linewidth. It is caused by an incompatibility from the mode’s 
space symmetry to the external radiated wave’s space symmetry. The ideal BIC is perturbed and switched into a quasi-BIC mode 
through the destruction of the symmetry that allows transmission into the external continuum, which leads to limitations on the 
linewidth and Q-factor of resonance. The research related to optical Fano resonance has expanded from mono-Fano resonance to 
multi-Fano resonances with the advancement of sensing technology [18-20]. 

Multiple Fano resonances can be used in a number of applications including multi-wavelength surface enhancement spectroscopy 
and multi-channel biosensors [21,22]. For example, Long et al. designed an all-dielectric metastructure composed by the couple with 
asymmetric nanorods for the realization of ultra-narrow-band Fano resonance [23]. Li et al. presented an all-dielectric metamaterial 
that breaks symmetry by varying the size of the semicircle radius, where TD-BIC can stimulate multiple Fano and display high Q-factor 
[24]. However, the multiple resonances are achieved by breaking only one-dimensional symmetry of the above structures. 

In this paper, the multiple Fano resonances devices with high Q-factor based on the all-dielectric metastructure is presented. The 
proposed all-dielectric metastructure is composed by periodic silicon nanocubes with two rectangular air holes that are etched in the 
centre between the nanocubes and periodically lay out on the SiO2 substrate in order to realize the TD response. The metastructure 
achieves multiple Fano resonances by breaking the width and depth symmetry, respectively. The metastructure I (MI) exhibit quasi- 
BIC of electric quadrupoles (EQ) resonance and magnetic dipole (MD) resonance through breaking width symmetry. The metastructure 
II (MII) displays quasi-BIC of TD resonance and MD resonance through breaking depth symmetry. High Q-factors are achieved for both 
metastructures. It’s theoretically demonstrated that the maximum Q-factor of MI can achieve 2142, the S and FOM can reach 304 nm/ 
RIU and 515.3, respectively. The maximum Q-factor of MII can achieve 2517, the S and FOM are 280 nm/RIU and 560, respectively. It 
is reasonable to believe that the presented metastructures can be used as the reference for medical, biosensor and non-linear optics 
applications. 

2. Model and simulation 

Fig. 1(a) demonstrates the unit cell of the MI is placed on a silicon dioxide substrate, which is composed of a silicon square with two 
rectangular air holes in the middle. The top view of a unit cell, as shown in Fig. 1(b). The width of two rectangle air holes are k1 and k2, 
respectively, and L means the length of them. The asymmetry parameter △1 is defined as Δ1 = k2 − k1. The depth of the two air holes 
is H and the distance between them is expressed as d1. Fig. 2(a) shows the unit cell of the MII is composed by a square with two 
rectangular air holes of depth H and h in the middle being etched. Top view and side view of a unit cell, as shown in Fig. 2(b) and (c). 
The distance between the two stomata is denoted as d2, k2 is the width of rectangle air holes and L denotes the length of them. The 
asymmetry parameter △2 is defined as Δ2 = H − h. The unit structural cycle is Px and Py along the x and y axes respectively and are set 
to Px = Py = 760 nm. Numerical simulation is conducted using the finite-difference time-domain (FDTD) solutions software. Both x and 
y directions are set as periodic boundary conditions and the perfectly matched layers (PML) can be used in the z-direction to absorb the 
incident wave energy. As shown in Figs. 1(a) and 2(a), there is an electric field polarised along the x-direction for a vertical incident 
plane wave whose vector of propagation lies in the z-direction. In addition, the mesh size of simulation area is set to 8 nm to ensure 
simulation precision. We have used the finite difference time domain method to analyze the transmission spectra and electromagnetic 
field distribution for the designed structures. Refractive indexes for both Si and SiO2 materials can be found in the Palik Refractive 
Index database values [25]. 

Fig. 1. Schematic diagram of the metastructure being proposed width-asymmetric MI. (a) The unit cell of the metastructure is placed on a silicon 
dioxide substrate and is composed of a silicon square with two rectangular air holes in the middle. (b) Top view of a unit cell, in which the 
geometrical parameters are set to Δ1 = k2 − k1, x = y = 600 nm, Px = Py = 760 nm, d1 = 40 nm, and H = 160 nm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3. Results and discussion 

The metastructure of different dimensions are analyzed by introducing symmetry breaking., where Δ1 and Δ2 are defined as the 
introduced width and depth asymmetry parameter, respectively. At Px = Py = 760 nm, x = y = 600 nm, L = 300 nm, H = 160 nm and 

Fig. 2. Schematic diagram of the metastructure being proposed depth-asymmetric MII. (a) The unit cell of the metastructure is a nanocube with two 
rectangular pores etched in the middle with depths H and h respectively. (b)–(c) Top view and side view of a unit cell, in which the geometrical 
parameters are set to Δ2 = H − h, x = y = 600 nm, Px = Py = 760 nm, d2 = 55 nm, and k2 = 150 nm. 

Fig. 3. Transmission spectra of the proposed structures at different symmetry parameters. (a) MI. (c) MII. The quality factors of the four resonance 
modes with different asymmetry parameters Δ1 and Δ2. (b) Δ1. (d) Δ2. 
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d1 = 40 nm, the transmission spectra for metastructure breaking different symmetries are shown in Fig. 3. It can be seen that there are 
two Fano curves appear at λ = 1052 nm and λ = 1177.7 nm, respectively, arise while k1 = k2 = 150 nm, H = h = 160 nm (Δ1 = 0 nm, 
Δ2 = 0 nm). Due to the fact that the period of the metastructure (760 nm) is smaller compared to the operation wavelength, the 
structural symmetry breaking generates a zero-level radiation channel, which allows the BIC to leak and switch to the quasi-BIC mode. 
When breaking the width symmetry, i.e., Δ1 = 60 nm (k1 = 90 nm, k2 = 150 nm) or the etching depth symmetry, i.e., Δ2 = 50 nm (H 
= 160 nm, h = 110 nm), new Fano resonances are derived. The symmetry in the metastructure plane is disturbed by the difference 
between width or depth, thus, radiation channels are established among the free-space continuum and the non-radiative bound states 
that are available for identification and analysis according to the quasi-BIC model. 

Fig. 3(a) shows the transmission spectra of MI with Δ1 = 60 nm (k1 = 90 nm, k2 = 150 nm). At λ = 1263.2 nm (R3) and λ = 1518.8 
nm (R4), the new sharp Fano resonance peaks that correspond with the quasi-BIC model are excited. The initial two Fano resonance 
peaks displayed redshift at λ = 1070.7 nm (R1) and λ = 1194 nm (R2) respectively. The quasi-BIC mode of Fano resonance has finite 
but high Q-factor, which can strengthen the interactions between light and material in the structure. Consequently, the periodic all- 
dielectric metastructure can be analyzed for its transmission spectrum by means of the Fano model using the equation: 

T(ω)=

⃒
⃒
⃒
⃒a1 + ia2 +

b
(ω − ω0 + iγ)

⃒
⃒
⃒
⃒

2

(1)  

in which ω0 is the resonant frequency and ω is the variable, a1, a2 and b are defined as invariant real numbers, as well as γ being the 
damping rate of the structure. To calculate the Q-factors of the Fano resonances in the transmission spectra, simulated spectra can be 
fitted to Equation (1) and then they can be calculated by using Eq. (2): 

Q=
ω0

2γ
(2) 

When the asymmetry parameter Δ1 = 60 nm, the Q-factors of R1, R2, R3 and R4 resonances can reach about 45, 299, 2142, 1022, 
respectively. The Q-factors change of the four resonance modes under different asymmetric parameter Δ1 are shown in Fig. 3(b). 
Besides, it is evident that each of the four Fano resonances is characterised by a high modulation depth. The modulation depth 
(difference between the Fano peak and the Fano valley in the transmission spectra, i.e., Tpeak − Tdip) at the R2 and R3 resonances can 
reach nearly 100%, as well as 91% and 92% at R1 and R4, respectively. Similarly, the transmission spectra of MII with Δ2 = 50 nm (H 
= 160 nm, h = 110 nm) is shown in Fig. 3(c). The new resonances at λ = 1278.38 nm (R3′ ) and λ = 1494.03 nm (R4′ ) appear in the 
transmission spectra that correspond to the quasi-BIC mode. The initial two Fano curves are red-shifted to λ = 1054.5 nm (R1′ ) and λ =
1233.2 nm (R2′ ), respectively. The calculated Q-factors correspond to 81, 2517, 426, 1992, successively. Fig. 3(d) shows the Q-factors 

Fig. 4. When Δ1 = 60 nm, the near-field distribution of the normalized electric and magnetic fields corresponding to the four resonance peaks. (a) 
The coloured plots represent the distribution of Ez (Hz) at the location of the resonance peaks. Electric (magnetic) field vector distributions (small 
black arrows) and electric field directions (white arrows) at R2, R3 and R4 (R1) resonance modes. (b) The corresponding magnetic field amplitudes | 
H/H0| (coloured plots) and magnetic field directions (indicated by black arrows). 
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of the four resonance modes with different asymmetry parameter Δ2. The Fano resonance mode has nearly 100% modulation depth at 
R2′ and R3′ , and the modulation depth at R1′ and R4′ also exceeds 91% and 97%, respectively. Hence, we can draw the conclusion that 
by breaking the symmetry in different dimensions of the metastructure multiple Fano resonances are excited, and that these resonance 
peaks have excellent performance indicators of high Q-factor and high modulation depth. 

In order to visually analyze the Fano resonance, the near-field distributions of the electric and magnetic field inside a structure that 
breaks the symmetry of different dimensions and normalized to the incident electromagnetic field, as shown in Figs. 4 and 5. The 
electromagnetic field distributions of MI in the x - y plane and x - z plane at Δ1 = 60 nm are shown in Fig. 4(a) and (b), respectively. For 
the resonance mode at R1, the magnetic field creates two opposite circuits in the x-y plane and the magnetic field in the y–z plane is 
nearly a linear polarisation in the y direction, which results in MD resonance mode. In the R2 resonance mode, two electric field loops 
rotating on the x-y plane in contrary directions are presented, while the magnetic field on the y-z plane forms two opposite arrows and 
can form a complete loop, this can be recognized as a TD response in the x direction. In comparison to conventional electric dipoles 
(ED) and magnetic dipoles (MD), the TD response has a unique radiative characteristic which is a local electromagnetic excitation. At 
the R3 resonance mode, the distribution of the displacement current vector in the x - y plane presents an electric quadrupole (EQ) 
mode. The bright mode is characterized by dipole resonance, and the quadrupole resonance is a typical role as a dark mode feature. At 
the R4 resonant mode, a large current loop is formed in the x - y plane as well as a magnetic field oriented downwards in the y - z plane, 
so that the resonant mode is excited as MD and oscillates in the z direction. A more pronounced energy of the confined electric field can 
be observed in the gaps on both sides and around the structure. 

The electromagnetic field distributions of MII in the x - y plane and x - z plane at Δ1 = 60 nm are shown in Fig. 5(a) and Fig. 5(b), 
respectively. For the resonant mode at R1′ , where the magnetic field is formed in two opposite loops in the x-y plane and the two loops 
are oriented in the opposite orientation to that formed at R1, the linear polarisation of the magnetic field in the y-z plane is also 
oriented in the opposite direction to R1, which also leads to the MD resonant mode. In the R2′ resonance mode, the currents are 
reversed in the top and the bottom of the x - y plane, creating two vortex electric fields in the equal direction on the left and right sides. 
Meanwhile, two magnetic field reverse loops are formed in the y-z plane. Here, R3′ and R4′ are the same as the R2 and R4 resonance 
modes corresponding to the previously analyzed breaking of width symmetry, TD and MD, respectively. According to the above 
analysis we can conclude that not only can all new Fano resonance peaks be generated when different dimensional symmetries are 
broken, but the resonance peaks generated may also correspond to the same type of resonance. 

To examine the effect of different variations of the geometrical parameters in the metastructure on the transmission spectra, we 
observed the transmission spectra for different variations of the geometrical parameters under the conditions at Δ1 = 60 nm and Δ2 =
50 nm, as shown in Figs. 6 and 7. All parameters are identical to those employed in Fig. 2, apart from the variable parameters indicated 
in each graph. The transmission spectra are distinct redshifted at the R1, R3 and R4 resonance peaks as the structure period changes 
from 750 nm to 770 nm, as illustrated in Fig. 6(a), while R2 generates a slight redshift. Fig. 6(b) displays the thickness of the silicon (i. 

Fig. 5. When Δ2 = 50 nm, the near-field distribution of the normalized electric and magnetic fields corresponding to the four resonance peaks. (a) 
The coloured plots represent the distribution of Ez (Hz) at the location of the resonance peaks. Electric (magnetic) field vector distributions (small 
black arrows) and electric field directions (white arrows) at R2′ , R3′ and R4′ (R1′ ) resonance modes. (b) The corresponding magnetic field am-
plitudes |H/H0| (coloured plots) and magnetic field directions (indicated by black arrows). 

L. Bi et al.                                                                                                                                                                                                               



Heliyon 9 (2023) e12990

6

e., the etch depth of the rectangular hole) H increases to 165 nm from 155 nm and the transmission spectra are significantly redshifted 
at all resonance peaks, which is due to the effective refractive index of the structure MI contact increasing as a result of the increase in 
etch depth, but with minimal impact on the FWHM and Q-factor of the resonance peaks. It can be noticed that as the gap d1 increases 
the shift of the R3 and R4 resonance peaks in the transmission spectra is hardly noticeable, as shown in Fig. 6(c), while the resonance 
peak R2 is found to be significantly redshifted it can be easily adjusted by the gap. As shown in Fig. 6(d), it is evident that all four Fano 
peaks are red-shifted when the asymmetry parameter Δ1 is increased to 70 nm from 50 nm. Simultaneously, the FWHM of the R1 and 
R4 resonance peaks widen with the increase in the asymmetry parameter, so that the Q-factors corresponding to the resonance peaks 
are significantly reduced. 

Fig. 7(a) shows the transmittance spectra of the unit cell at different periods P. Simultaneously, it is observed that at the two 
resonant peaks of R3′ and R4′ , the linewidths decrease slightly as the period P increases. As displayed in Fig. 7(b), as the width k2 of the 
rectangle air holes increases to 155 nm from 145 nm, a clear blueshift is produced at four resonance peaks in the transmission spectra. 
Fig. 7(c) shows that the reduction in interactions with increasing gap d2 can be found to result in a slight redshift of R2′ and R3′ , while 
R4′ experiences a significant blueshift. As shown in Fig. 7(d), it can be found that R1′ and R2′ are insensitive to the asymmetry 
parameter Δ2 and produce only a slight redshift, but both R3′ and R4′ undergo a significant redshift. Meanwhile, the linewidth of R3′

and R4′ become significantly wider as the asymmetry increases and the corresponding Q-factors are significantly lower. 
The proposed metastructures can be used as a refractive index sensor for achieving high sensitivity because of its low radiation loss, 

high Q-factor and local field enhancement. Figs. 8 and 9 show the transmission spectra of the four resonance peaks when the MI and 
MII are covered by liquids with different refractive indexes. It is evident that a distinct shift in the location for the Fano resonance peak 
is achieved in spite of the minimal amount of change in refractive index. For the analysis of the sensing properties of the metastructure, 
the two key performance indicators S and FOM for sensing inspection can be calculated. Herein, S = △λ/ △ n (nm/RIU), where △λ 
and △n are the shift in wavelength corresponding to the resonance peak and the index of refraction change difference. Then the FOM 
is calculated by equation FOM = S/FWHM, which shows the sensitivity (S) to full width at half maximum (FWHM) ratio of the 
resonance peak. As shown in Fig. 8(a)-8(d), the transmission spectra exhibit clear redshifts in R1, R2, R3, and R4 resonance peaks when 
the MI is covered by the liquids with refractive index change from 1.02 to 1.08. Fig. 8(e) shows the wavelength shift of the four 

Fig. 6. Transmission spectra of MI for different parameters of the asymmetric array. (a) Different periods P, (b) Different etch depths H, (c) Different 
gaps d1 and (d) Different asymmetry parameters Δ1. 
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resonance peaks at different refractive indexes. The spectral shift sensitivity of R1, R2, R3, and R4 resonances can reach about 127 nm/ 
RIU, 170 nm/RIU, 304 nm/RIU, 100 nm/RIU, and the corresponding FOM reaches 22, 42.5, 515.3, and 67, respectively. 

Fig. 9(a)-9(c) show the transmission spectra of R1′ , R2′ , R3′ and R4′ when the MII is covered by the liquids with the different 
refractive indexes. Fig. 9(d) shows the wavelength shift of the four resonance peaks of MII as the refractive index change from 1.02 to 
1.08. Sensitivity of the R1′ , R2′ , R3′ and R4′ resonant modes are 120 nm/RIU, 280 nm/RIU, 180 nm/RIU, 80 nm/RIU, and the cor-
responding FOM reach 8.8, 560, 60, and 107, respectively. The variation of these Fano resonance sensitivities is due to the differences 
between the local field distributions. 

The sensitivity and FOM calculated in this paper are compared with the corresponding values in the literature, as shown in Table 1, 
and it can be observed that the presented structure achieves high FOM and sensitivity. Breaking depth symmetry gives a narrower line 
width and a higher FOM, so it is considered that breaking depth symmetry alone is more suitable for sensing applications. 

4. Conclusion 

In summary, the proposed metastructures can generate four resonance peaks and produces different modes of resonance peaks by 
breaking different dimensional symmetries. The resonance modes from MI and MII are analyzed separately in the paper. The Q-factors 
of MI and MII can reach 2142 and 2517, respectively. In addition, the Q-factors of both are changed by tuning the asymmetric pa-
rameters of MI and MII. The S can reach 304nm/RIU and 280 nm/RIU, the FOM reach about 515.3 and 560, respectively. The proposed 
metastructures allow for the adjustment of the position of single or multiple resonance peaks by varying the parameters, which make 
them better suited to the application and to provide excellent optical performance indicators. The proposed sensor has extensive 
applications in multi-band bio-detection and non-linear optics as well as other opto-electronic devices. 

Fig. 7. Transmission spectra of MII for different parameters of the asymmetric array. (a) Different periods P, (b) Different width k2 of the rectangle 
air holes, (c) Different gaps d2 and (d) Different asymmetry parameters Δ2. 
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Fig. 9. (a)–(c) Transmission spectra of R1′ , R2′ , R3′ and R4′ when the MII is covered by the liquids with different refractive indexes, respectively. 
(d) The wavelength shifts corresponding to the four resonance peaks as the refractive index changes from 1.02 to 1.08. 

Table 1 
Comparison of sensitivity and FOM among different kinds in sensors.  

Sensor Type S (nm/RIU) FOM (RIU− 1) 

Two-dimensional metal circular-hole [26] 1131 175 
Double square hollow [27] 287.5 389 
Semicircular holes [24] 300 440 
Si split-ring [28] 452 56.5 
U-shaped silicon cylinder [29] 203 29 
MI 304 515.3 
MII 280 560  
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