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In this paper, a one-dimensional photonic structure is proposed for the realization of double Fano resonance
(DFaR), which can be tuned by an external magnetic field and temperature. The designed photonic structure is
composed of a Fabry-Perot cavity based on semiconductor material indium antimonide (InSb) and a sequence of
general photonic crystals. A single Fano resonance (SFaR) is generated by the Fabry-Perot cavity, and the or-
dinary photonic crystals added to the back of the Fabry-Perot cavity offer a continuous transmission spectrum as
a continuous state. The appearance of DFaR is ascribed to the interference phenomenon between SFaR and the
continuous state. The effect of different parameters on Fano resonance was simulated by the transfer matrix
method. The simulation results show that the interaction of the SFaR with the continuum spectrum leads to a
new Fano resonance (NFaR) with a higher quality factor. Furthermore, DFaR can have the function of multi-
physics tuning, controlled by the external magnetic field and temperature for the amplitude and frequency
point of transmittance due to the introduction of InSb material. Based on the characteristics of DFaR, these
obtained results can provide ideas for designing multi-measuring optical filters, lasers, slow light devices, and
multi-node optical switches.

Introduction

The Fano resonance (FR) [1-3] is a special resonance generated by
the mutual interference between broadband super-radiation mode
(bright mode) and narrowband sub-radiation mode (dark mode). When
there are two resonances in the structure at the same time, these two
resonances may interfere with each other to produce an asymmetric
linear FR. It can be said that the FR is a special new resonance generated
by the combination of two resonance modes. For a long time, FR has
been considered to exist only in quantum systems [4,5], and the FR
phenomenon was observed for the first time in an optical system is
Wood’s anomaly [6]. After calculation, Wood’s anomaly line type is
completely consistent with the Fano formula, so it is the FR phenomenon
in the optical system. The asymmetric line type of Fano profiles,
different from the traditional symmetrical Lorentz resonance line type,
has been researched widely and observed experimentally in many sys-
tems, including metamaterials [7-9], nanoclusters [10-12], photonic
crystals (PCs) [13-15], and so on [16]. As is known to all, for highly
integrated optical circuits, the array structure is usually too complex,
bulky, and loss is inevitably large. Compared with other systems, the PCs
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naturally have the advantage of low loss, which is more suitable for the
demands of large-scale integration in the future.

In the PCs, FR emerges from the interference between the broad
continuum and the narrow discrete response of the physical system, and
this process results in a sharp change in the reflection or transmission of
the incident light in the PCs. Considering the characteristics of PCs, the
photonic band gap is adopted as the continuous state, and the photonic
local characteristic is served as the discrete state. Resonance with the
shape of the Fano line will occur due to the coupling between the two at
a specific frequency band. Gao et al. [17] investigated a structure con-
structed from three one-dimensional (1-D) PCs and a defect layer, and
the experimental results demonstrated that the emerged FR can be
attributed to the weak coupling between a Fabry-Perot cavity mode and
a topological edge state mode provided by the topological PCs hetero-
structure. Because of its interference characteristics, FR has stronger
scattering characteristics and field intensity enhancement ability than
other symmetric line resonance. It is worth noting that the application of
resonances generated in PCs makes it play an irreplaceable role in
improving the performance of the sensors, such as quality factor and
sensitivity, specifically in ultra-high sensitivity temperature sensors
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[18-20], refractive index sensors [21-23], and biosensors [24-25].
Furthermore, it has important applications in optical instruments, such
as optical filters [26-28], nonreciprocal propagation [29-31], and slow
light devices [32-34].

In the last decade, the double Fano resonance (DFaR) [35-37] and
even multi-Fano resonance [38,39] have become more and more sig-
nificant and attracted the attention of researchers for the advantage of
enhanced biosensing, and other optical equipment. In order to obtain
the FR, a conventional method is to break the symmetry of the structure.
Qi et al. [37] proposed an asymmetric metal-insulator-metal (MIM)
waveguide structure consisting of a MIM waveguide and a rectangular
cavity to support DFaR and investigated the cause of the formation of
DFaR, which is derived from different mechanisms to achieve tunable
properties for DFaR. Li et al. [39] extended the MIM structure and
advanced the theory one step further on the basis of Qi et al. They
explain the tunable triple Fano resonances in the modified MIM struc-
ture based on the multimode interference coupled mode theory, which
provides a new direction for our understanding of the multi-Fano
resonance.

The FR has been researched experimentally and verified theoreti-
cally by many approaches such as the quantum mechanical energy level
model [40,41] which reveals the nature of the matter in the objective
world, classically powerful and effective temporal coupled-mode theory
[42,43], intuitive and distinctly understanding coupled oscillator model
[44,45]. Considering the effect that the Fabry-Perot cavity can reflect
and enhance the electromagnetic waves (EMWs) in the cavity several
times, the Fabry-Perot cavity is mostly used for the existence and
enhancement of FR [17,46]. In this paper, a 1-D photonic structure
composed of Fabry-Perot cavity providing a strong trapped resonance
for the emergence of the FR and common PCs is proposed to investigate
FR due to the little research on DFaR in photonic structures and the low
loss of PCs and their suitability for future large-scale integration. The
DFaR in the proposed 1-D photonic structure is simulated by the transfer
matrix method making an analogy with the triple coupled oscillator
model [47,48] to reveal the principle of FR formation clearly. In the
Fabry-Perot cavity, the semiconductor material InSb [49-51] is intro-
duced as the defect layer to adjust the frequency point of FR in the
terahertz (THz) range. Wang et al. [52] proposed a tunable THz filter
based on InSb, and they found that the desired resonance frequency can
be selected and tuned conveniently in the THz region, which highlights
the excellent tuning of InSb in the THz region. The introduction of InSb
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in the proposed photonic structure provides an opportunity to tune the
location of the FR point in the THz region. The tuning of DFaR based on
the InSb-doped Fabry-Perot cavity is achieved, controlled by tempera-
ture T, magnetic field B. These calculation results can offer an approach
for the realization of multi-frequency optical switches and high-
performance sensors.

Structure design and simulation

The whole configuration of the proposed 1-D photonic structure with
InSb is schematically displayed in Fig. 1. The proposed structure consists
of a Fabry-Perot cavity (PC3) and the ordinary PCs (PC4) resting on the
xoz plane. A and C represent ordinary dielectric layers. Fabry-Perot
cavity adopted widely for promoting the formation of FR is made up
of two conventional mediums alternately arranged with the refractive
indices of np = 3, n¢c = 1, whose lengths are d; = 2 pm, dy = 2 pm, and
the semiconductor layer of InSb expressed as P layer with the thickness
of d3 = 4 pm. Moreover, PC4 as a continuous state forming a DFaR is
composed of dielectric layer C with the length of d4 = 6.5 pm, and D also
denotes a common dielectric layer signified as a part of PC4 with the
refractive index of np = 2 and its thickness is ds = 6.5 pm. Layers A, C,
and D, which served as an isotropic medium, are not affected by tem-
perature and magnetic field. In addition, the setting of the transverse
magnetic (TM) wave and coordinate axis are illustrated in Fig. 1. TM
wave enters the medium obliquely at an incident angle of 6, where the
magnetic field is perpendicular to the xoz plane. The structure of the
Fabry-Perot cavity is arranged in the order of “AC-P-CA”, and the repeat
number of “AC-AC” is N; = 2 with P layer adopted as a defect layer.
Likewise, PC4 is composed of “DC” media and arranged in the form of
“DC-DC” with the period number of Ny = 4. The corresponding initial
parameters for structure and external field are shown in Table 1.

As is known to all, the dielectric constant tensor ep of InSb is written
as [53],
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Fig. 1. The whole configuration of the proposed 1-D photonic structure composed of Fabry-Perot cavity including PC1 and PC2 and the ordinary PCs that produces

the continuum of states.
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Table 1
The initial parameters for structure and external field.
Object of the study Parameters
Structure dy =2 pm ny=3
dy, =2 pm ng=1
ds = 6.5 pm ne =
ds(dp) = 6.5 pm np=2
d; =4 pm
Ny =2
No=4
Incident angle 0=0
External field B=08T
T =300 K
“ ®)
& = € — Eo———
T o(w +ju.)
22
Jjorw,
£YZ = Eqo ? C)]

of( +jv.)’ - w?]

where the cyclotron frequency is w, = eB/m*. v signifies the collision
frequency of carriers with the expression: v = e/(pom*) = 0.1z THz,
where e is the electron charge, and m* is the effective mass of the carrier
with the value of m*=0.015m.. ¢, is a coefficient in front of the equa-
tion, denoted the high-frequency limit permittivity, whose value is
usually set to 15.68. w is the circular frequency of the incident EMWs,
and wp represents the plasma frequency[53],

wp = (Nlnsh€2/€omJ"')l/2 %)

where Npgp is intrinsic carrier density for InSb. gy is the free-space
permittivity. The expression of Npgp, is given by the following formula
[53],

Npsy = 5.76 x 10°T " exp[—0.26/(2 x 8.625 x 107 x T)] (6)

In general, the dielectric tensor of InSb exhibits strong dispersion and
gyrotropy characteristics, which depend to a large extent on the applied
magnetic field and temperature in the THz region.

The transfer matrix for InSb can be written as [54],

cos(ads) + ];Z“sin(k;dg AT (%)Z}Sin(kzdg
M, = o s kb @
—jnssin(k.ds) cos(k.ds) — ]g:sin(k,dﬁ

where the expression of the optical admittance is #3 = ng/cos6 for TM
polarization, and nj signifies the effective refractive index of InSb. The
inverse components of the wave vectors at x- and z-axis are k, =
ongsind/c and k, = ongcosd/c. c is the speed of light in a vacuum.

For common PCs, the transfer matrix can be represented as [54],

cosd; L sind;
Mi:A. C,D = ’/Ii (8)
—jn;sind; COsd;

where 5; = nj/cos; for TM polarization, §; = wn;dicosf;/c, n; indicates the
refractive index of the layer i. d; and 6; signify the thickness and the
incident angle of the layer i, respectively.

The field distribution which is attributed to dielectric layer i can be
expressed as [54],

E '\ _ E;
(5)+(5)

The transmission matrix of the whole configuration based on InSb
with the sequence (AC)*P(CA)(DC)* can be written as [54],
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After deriving the matrix, the reflection coefficient r and trans-
mission coefficient t can be given as [54],
(My1 + Miong)ng — (Moy + Moony)

;= an
(Myy + Myong)n, + (Mo + Mxn)

2
f— Mo 12)
(My1 + Muiang)ng + (Mar + Maon,)

where 5y = ng/cosfy for TM wave, ng stands for the refractive index of
air. The transmittance T1(w) can be expressed as [54],

Ty(w) = | 13)
Where the reflectivity R(w)=|r|%

Analysis and discussion

Analysis of the formation mechanisms of SFaR and DFaR

To illustrate the generation mechanism of SFaR and DFaR clearly,
the proposed structures are decomposed as PC3, made up of PC1 and
PC2, and PC4, respectively. When the EMWs are incident separately, the
appearance of asymmetric line patterns is judged from the observed
changes in transmittance and the distribution of the electric field.
Finally, a coupled harmonic oscillator model is used to analogize the
proposed structure to illustrate the formation mechanism of the DFaR.
As shown in Fig. 2(a and b), the Fabry-Perot cavity can form an asym-
metric FR line pattern with a transmission peak of 0.94 and a corre-
sponding frequency point of 10.25 THz, represented by a solid red line in
Fig. 2(b). Through the separation of the Fabry-Perot cavity, the trans-
mittance curves of PC1 and PC2 are obtained, as shown by the blue
dashed line and the red solid line in the figure, respectively. Since the
discrete state curve supported by PC2 is contained in the spectrum of the
continuous state, an asymmetric resonance can be excited at the fre-
quency of the discrete state. Especially, the proposed Fabry-Perot cavity
conforms to the following phase formula [55],

® = 2w a4

where n takes an integer and @ expresses the phase. Eq. (14) indicates
the phase at the resonant frequency should be an integer multiple of 2 if
the Fabry-Perot cavity is in resonance. As expected in Fig. 3, the phase is
0° (n takes 0) at the resonant frequency of 10.25 THz, and the trans-
formation of phase is more obvious at the resonance frequency.

As displayed in Fig. 4, when the EMWs are incident into the Fabry-
Perot cavity, the original electric field in PC1 and PC2 disappears
locally, and an obvious electric field localization occurs on the A layer,
which reveals that there is an appearance of new resonance in Fabry-
Perot cavity. Since the proposed Fabry-Perot cavity satisfies the phase
formula and makes the incident EMWs interfere multiple times in it, the
Fabry-Perot cavity regarded as PC3 can provide an appearance of SFaR.

The triple coupled oscillator model is a good tool to intuitively and
qualitatively explain the microscopic origins of DFaR, and the corre-
sponding coupled oscillator model is shown in Fig. 5. A triple coupled
oscillator model, motivated by external excitation f, can be described by
the following set of differential equations of motion [47,48],

)‘C’] + }’1)51 -+ a)fxl + g1x2 :fef””
B+ 12 + 030 + gix1 + g% = 0 (15)
¥+ 730 + 0303 + gox, =0

where y; (i = 1, 2, 3) expresses the frictional parameter, w; (i = 1, 2, 3)
signifies the natural frequency (eigenmode) of each oscillator without
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Fig. 2. Schematic diagrams of the transmittance of each part of the proposed structure. (a) The transmittance obtained when electromagnetic waves are incident on
PC1 and PC2, respectively. (b) SFaR is produced by Fabry-Perot cavity. (c) SFaR is in the spectral range of a continuum state of PC4. (d) DFaR is formed by the

combination of PC3 and PC4.
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Fig. 3. The phase diagram of Fabry-Perot cavity served as PC3.

damping. The coupling strength between adjacent oscillators is deter-
mined by the spring constant g (i = 1, 2, 3), related to the coupled
lengths ds, and dy. Each oscillator corresponds to PC1, PC2, PC4
respectively.

As portrayed in Fig. 5, PC1, as a continuous state, is able to act
directly with the external forces (EMWs), and the transfer and exchange

of energy with the outside materials take place in this process. As for
PC2, which is taken as an excited narrow resonance in the Fabry-Perot
cavity, it is able to interfere with the broad resonance to form an
asymmetric transmission spectral line in the spectral range of the con-
tinuum state. Also, PC4 provides a wide resonance containing SFaR, so
that the DFaR appears under the excitation of three different resonances.
In DFaR, it is defined that the extreme point of the FR where SFaR is
generated as original Fano resonance (OFaR) with the point of O, and
the other asymmetry profile resembling that of FR is called as new Fano
resonance (NFaR) with its extreme value as point N. It can be seen from
Fig. 2(c and d) that a NFaR with N (8.29, 0.96) is achieved on the left of
the point O (10.25, 0.92), and the extreme value of point O is smaller
than that of SFaR, but the extreme value of the newly generated FR
(point N) is larger than the two. Compared SFaR plotted with the red
solid line with DFaR displayed by the orange solid line, superimposing a
continuous transmission spectrum based on SFaR leads to a larger FR,
and the extreme value at OFaR drops a little. According to the expression
of quality factor, i.e. fo/Af, where f; signifies the center frequency, and
Af denotes the full width at half maxima. The quality factor of the SFaR
in Fig. 2(b) is 29 from the expression of the quality factor, and the
quality factor of the NFaR (quality factor = 65) is larger than that of the
OFaR (quality factor = 28), which reveals that the interaction of the
SFaR with the continuum spectrum results in a NFaR with the highest
quality factor. From the above analysis, it is concluded that NFaR is
easier to modulate than OFaR, and NFaR has a higher transmission
efficiency.



T. Zhang et al. Results in Physics 35 (2022) 105417

y |E| (V/nil) |E| (V/m)
x10 x10
1
()] !
PC1 09 0.9
0.8 0.8
0.7 0.7
0.6
0.6
05
0.5
0.4
03 04

|E] (V/m)
x10*

13
12
11
1

0.9
0.8
0.7
0.6
05
04
0.3

Fig. 4. The distribution of the electric field of the Fabry-Perot cavity. (a) PC1 at 10.25THz. (b) PC2 at 10.25THz. (c) at 10.25THz.

2 _ Jjot
X X o x + g x, = fe
2
X, +),% + @0, %, + g X + g,x, =0
Xyt 73X +a)32x3 +g,x,=0

PC1 PC2 PC4

external excitation

s

Fig. 5. Effective and intuitive mechanics model: triple coupled oscillators model, and corresponding photonic structures.

The effects of different parameters on the proposed structure The diagrams of SFaR for the structure of PC3 with different ds are given
in Fig. 6. Fig. 6(a and b) plot the transmittance curves of the Fabry-Perot

Before studying the DFaR generated by the proposed structure with cavity with different thicknesses of the coupled layer ds, and its trajec-
different parameters, the length of the coupled layer needs to be tory of the frequency point transformation at the maximum trans-
investigated first to illustrate the effect of coupling distance on the FR. mittance. As can be seen from the alteration of ds3, the transmission
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Fig. 6. (a) The transmittance curves of the Fabry-Perot cavity with different thicknesses of the coupled layer ds, and (b) its trajectory of the frequency point
transformation at the maximum transmittance. (c) The transmittance curves of the proposed structure with the variety of dy, and (d) its trajectory of the frequency

point transformation at the maximum transmittance.

curves shift towards low frequencies, and the peaks become stronger.
Additionally, the transmittance peaks within the area of the OFaR get
improved distinctly in Fig. 6(c and d). However, the peaks of the region
of NFaR moves to the low frequency for meeting the phase-matching
condition due to the amplification of the effective refractive index. It
is worth noting that the OFaR changes very little, called independent
tuning, while the NFaR gradually becomes a symmetric Lorentz type
curve as it moves away from the SFaR, which can also be interpreted as
the collapse of the FR caused by the weakening of the interaction be-
tween the SFaR and the continuum state provided by PC4 as the distance
from the SFaR becomes farther away.

Next, since the variation of DFaR is influenced by SFaR, distinct
parameters (B, T, and 6) are discussed on SFaR and DFaR below.
Introducing PC4 as a continuous transmission spectrum, the original
SFaR is associated with the interference of the continuous state, result-
ing in a more violent NFaR on the left side, thus forming DFaR. To
present the impacts of B on SFaR and DFaR, the diagrams of their
relationship for the proposed photonic structure with different B are
given in Fig. 7. Fig. 7(a and b) show that the transmittance curves of the
SFaR move to the lower frequencies with the increase of B. If B=0.4T,
B=0.6T,B=0.8T, and B = 1.0 T, the maximum values of curves can
reach 0.77, 0.89, 0.94, and 0.96 at the frequencies of 10.27 THz, 10.26
THz, 10.25 THz, and 10.22 THz, respectively. It is seen from formula o,
= eB/m* the variety of B can change the plasma cyclotron frequency w,
resulting in a transformation in the value of the transmittance, revealing
that B can affect the SFaR. Moreover, it can also be considered that the
extreme value changes precipitously and becomes larger as B rises with
little shifts of extreme frequency point, which is favorable for the tuning
of magnitude in optical facilities.

The diagrams of DFaR for the composite structure of PC3 and PC4
with different B are presented in Fig. 7(c). It can be seen thatif B=0.4 T,
B=0.6T,B=0.8T, and B =1 T, the coordinates of point N are (8.23,
0.89), (8.26, 0.92), (8.29, 0.96), (8.35, 0.97), respectively. Moreover,
the point O can be found at 10.27 THz, 10.26 THz, 10.24 THz, and 10.22
THz, whose extreme values are 0.79, 0.88, 0.92, 0.94, respectively.
DFaR can be tuned by changing T analogous to that of SFaR, while the
effect on the OFaR is similar. The computed results also show that when
B is strengthened, the extreme values of NFaR are enhanced. In addition,
since the introduction of PC4, the NFaR is generated on the left side of
the OFaR, and the extreme value of the NFaR is significantly larger than
the OFaR. Not only a new FR but also a stronger FR can emerge in the
whole system. The stronger FR results from the interference between the
state of the OFaR and a new continuous transmission state. To better
compare the difference between the OFaR and the NFaR, the rainbow
diagram of DFaR with a continuous transformation of B from 0.1 T to
1.2 T is offered in Fig. 7(d). When B continuously increases, the
maximum value of NFaR shifts to high frequencies, while the maximum
values of OFaR move to the lower frequencies and are proportional to B.
The area where NFaR is produced is significantly narrower than that of
OFaR. In fact, the quality factor of NFaR is higher than that of OFaR.
Generally speaking, the effect of B can enhance the transmittance of
NFaR and OFaR, and the generation of NFaR with a higher quality
factor.

The diagram of SFaR for the structure of PC3 with different T is given
in Fig. 8(a). The transmittance curves of the SFaR move to the higher
frequencies as the increase of T. When T=295K, T= 300K, T= 305K,
and T = 310 K, the maximum values of the SFaR can arrive at 0.97, 0.94,
0.84, and 0.64 at the frequencies of 9.57 THz, 10.25 THz, 10.88 THz,
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Fig. 7. (a) The diagram of SFaR for the structure of PC3 with different B, and (b) the zoomed view of the extreme values of the FR. (c) The diagrams of DFaR for the
composite structure of PC3 and PC4 with different B. (d) The rainbow diagram of DFaR with different B ranging from 0.1 T to 1.2 T.

and 11.47 THz, respectively, which reveals that changing T can result in
the shifts of SFaR. It can be seen from Egs. (6) and (5) that changing T
will affect the intrinsic carrier density Npgp, then, the variety of Npgp
makes a difference in plasma frequency w,. There is no doubt that the
transformation of T can indirectly affect wp, and the variety of T is the
main factor that causes the movement of SFaR. In general, the effect of
the temperature can make it play an irreplaceable role in SFaR. Fig. 8(b)
shows that the curve of SFaR tends to move to high frequencies as T
increases continuously, indicating that the transmittance value at the
extreme value declines and the position of FR can be tuned over a certain
frequency range by the varying temperature of InSb, which is consistent
with the analysis result above. The maximum of SFaR at 9.57 THz for T
= 295 K shifts to 11.47 THz for T = 310 THz with an increase in the
temperature.

Similar to studying the effects of T on SFaR, the influences of T on
DFaR are explored by changing T depicted in Fig. 8(c and d). As is shown
in Fig. 8(c), when T=295K, T=300 K, T=305K, and T = 310 K, the
maximum of NFaR can reach 0.79, 0.96, 0.70, 0.41, which expresses the
values of NFaR grow first, then decrease, analogous to the OFaR. The
coordinates of point O are (9.78, 0.77), (10.24, 0.92), (10.87, 0.86),
(11.47, 0.64), respectively. NFaR shifts from 8.65 THz to 8.06 THz, and
OFaR develops from 9.78 THz to 11.47 THz. Moreover, the maximum of
not only the NFaR but also the OFaR is optimal at T = 300 K. It is worth
noting that as OFaR and NFaR gradually move away from each other,
the asymmetric line shape of NFaR slowly diminishes until it de-
generates into a Lorentz type curve due to the weakening of the coupling
between OFaR and NFaR. By changing the values of T, DFaR can move
left and right in the corresponding frequency band, which broadens the
range of tuning range of DFaR, which facilitates the expansion of the
tunability for the optical devices.

Finally, the changes of SFaR and DFaR to the angle of incidence are
shown in Fig. 9. The simulation results exhibit that the variety of  also

plays a distinct role in SFaR and DFaR. As displayed in Fig. 9(a), when ¢
=0°,60=20°6=40° 60=60°, the maximum of SFaR reaches 0.94, 0.88,
0.79, 0.87, respectively. As 0 increases, the maximum values of the FR
first decrease and then become larger. When 6 = 40°, the shape of the
SFaR changes significantly. This phenomenon can be explained that the
loss of incident electromagnetic wave in the medium rises with the in-
crease of 6 and the transmittance is not as large as that of § = 0°. As
plotted in Fig. 9(b), NFaR can appear normal with 6 = 0° and 6 = 20°,
and the coordinates of NFaR are (8.29, 0.96), (8.58, 0.97), respectively.
However, there is the only appearance of SFaR if § = 40° and 6 = 60°
with the extreme value of 0.63, and 0.80 at the frequency of 10.27 THz,
and 10.28 THz, respectively. When 6 increases, NFaR will disappear, and
the DFaR will degenerate into SFaR, which exhibiting the appearance of
DFaR is sensitive to the angle. This can be explained by the reason that
the decrease in quality factor resulting from the reduced transmittance
of the SFaR and the larger linewidth, leading to a lower probability of
DFaR.

Conclusion

In summary, a 1-D photonic structure consisting of a Fabry-Perot cavity based on InSb and
common PCs is applied to achieve the realization of DFaR. The effects of the properties for
InSb (B, T), structure parameters, and incident angle on SFaR and DFaR are investigated,
respectively. Changes in the magnetic field will cause transformation in the extreme values of
SFaR and DFaR, and a variety of T will lead to the movement of frequency points, where NFaR
evolves from 8.65 THz to 8.06 THz, and the frequency points of OFaR transfer from 9.78 THz
to 11.47 THz. Moreover, it is observed that the quality factor of NFaR is larger than that of
OFaR, which provides more favorable tuning for the NFaR. The simulation shows that DFaR is
very sensitive to the change of incident angle. When the incident angle exceeds 40°, the DFaR
disappears and evolves into SFaR, which can be explained by the weakening of the coupling
between SFaR and DFaR due to the increase of the incident angle leading to the decrease of the

quality factor. The proposed structure based on the tunability of magnetic field and
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temperature of InSb can offer potential applications for multi-measuring optical filters, lasers,

slow light devices, and multi-node optical switches.
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