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An asymmetric hexagon structure is designed on the micrometer scale to fabricate a narrow-band reflection
filter in the long wavelength infrared band. By rotating the hexagon structure 20 degrees, a single narrow-band
resonance can be achieved at 7.99 pm with high reflectivity of 92% and Q value of 200 simultaneously. The
spectral resolution is 40 nm, and the average reflectivity exceeds 90%. By changing the size of the unit cell
through a scaling factor k, it can filter across 8-12 um (25 THz-37.5 THz). The dephasing time of the proposed
filter is 1.7 ps. We also studied the filtering properties of the proposed filter with significant figure of merit
and insertion losses. The average figure of merit can reach 300, and the insignificant insertion loss is only
0.4 dB. The subwavelength filter structure consists of a periodic array of dielectric substrates made of BaF, and
hexagon structure made of Ge with low intrinsic loss, which requires very few layers compared to traditional
filters with multilayer films. In addition, the proposed structure is independent to the angles of the incident
light. Moreover, it possesses a good tolerance of rounding issue in micro-fabrication process. The position of
the center wavelength of the spectra has hardly shift when the sharp vertices become round. The structure
can be applied in biosensor and hyperspectral imaging systems.

1. Introduction LWIR is required, traditional filters suffer from fabrication difficulties

and complexities due to dozens or more of layered thick films [3].

Long wavelength infrared (LWIR) radiation mainly comes from the
self-heating radiation of a normal-temperature object or molecular
chemical bond vibration. Narrow-band filters working in LWIR can
be used in biological sensing [1]. In addition, it can also be applied
in hyperspectral imaging systems to achieve high-sensitivity, high-
resolution hyperspectral imaging detection under certain circumstances
such as clutter zone targets and high background interference.

Traditionally, a narrow-band filter consists of dozens layers thin-
films even more than 100 layers with different thickness of each
layer [2]. Multiple reflections and transmissions on the interface of each
film are used to achieve optical interference and linear superposition
so that the in-phase components of the transmitted light intensify and
the reverse-phase components cancel. Therefore, to obtain a filter with
good performance, it is necessary to design a multilayer film system and
the thickness of each film is different. Failure to control the thickness
of any layer of these films will cause the failure of the traditional
multiple thin-films narrow-band filter. Thus, when operating in the

* Corresponding author.
E-mail address: liangzz@ciomp.ac.cn (Z. Liang).

https://doi.org/10.1016/j.optcom.2020.126264

In recent years, narrow-band filters working in the LWIR and analo-
gous devices have been possible to use the surface resonance modes of
subwavelength structures based on guided mode resonance (GMR) [4-
8] and surface plasmon resonance (SPR) [9-12]. Filters based on sub-
wavelength structures consist of less layers have the advantage of thin
thickness and low material cost, unlike thin-film filters. However, there
are usually multiple transmission or reflection peaks in a wide spectral
range when utilizing GMR and SPR with metal. In addition, due to the
strong absorption of light in the metal, filters utilizing SPR are usually
accompanied by a wide spectral linewidth, which is detrimental to nar-
rowband filtering. Recently, SPR such as Fano resonance using metal or
dielectric materials [13-15], electromagnetically induced transparency
(EIT) [16] and epsilon-near-zero (ENZ) modes [17] can realize narrow-
band reflection or transmission detection but they usually work in the
THz band or mid-wave infrared band other than LWIR. In addition, the
reflectivity or transmission are below 80%.
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In order to solve the above problems, metasurfaces based on a
high-refractive-index dielectric material becomes the better choice be-
cause of the low intrinsic loss and unique ability of controlling the
propagation and localization of light in LWIR.

A new hexagonal dielectric subwavelength structure is proposed
in this paper for narrow-band optical reflection filters working in the
LWIR. A two-layer structure of Ge-BaF, is designed on the micrometer
scale. It is thinner because two layers are required thus the process is
simplified. High reflectivity and high Q value can be achieved at the
same time in our proposed design. It shows additional advantages of
being independent to the angles of incident light. Based on changing
the scaling ratio k of the unit cell, a single high-Q resonance can be
obtained across the LWIR (8-12 pm) which makes the design of the long
wavelength infrared narrow-band filters possible.

2. Structure design and methods

The theory of bound states in the continuum (BICs) was first pro-
posed in quantum mechanics. In 1929, von Neumann and Wigner
showed that Schrdédinger’s equation can have bound states above the
continuum threshold that manifest themselves as resonances that do
not decay [18]. A true BIC is a mathematical object with an infinite
Q value and a vanishing resonance width, and it can exist only in
ideal lossless infinite structures or for extreme parameter values [19—
21]. Recently, it has been recognized that a BIC is essentially a wave
phenomenon and therefore is not limited to the field of quantum
mechanics. BICs have been shown to occur in many different areas
of wave physics, including acoustics, microwaves, and nanophotonics.
By using a cavity that supports multiple standing waves, the structure
of the cavity can be tuned until the system most closely meets the
conditions required for a BIC in the corresponding infinite system. At
this point, a BIC can be realized as a quasi-BIC, which is also known as a
supercavity mode [22]. Although the Q value and resonance width are
limited [23,24], a high-Q quasi-BIC can still be achieved in photonic
crystal plates [20,22,25,26], coupled optical waveguides [27-30] and
even isolated dielectric particles [31].

The realization of a quasi-BIC relies on the distortion of the
symmetry-protected bound state in the continuum. That is, when the
in-plane reverse symmetry of the unit cell is destroyed, a true BIC is
transformed into a quasi-BIC. At this time, the magnitude of the Q value
is related to the material, structure and asymmetry parameters of the
unit cell and can be expressed as [32]:

Q=Qpa~? 'e))

Here, a is an asymmetry parameter that has different meanings for
different structures, but its value is between 0 and 1. The value of Q,
is determined by the design of the metasurface, being independent on
a [32].

In this paper, we design a two-layer periodic structure on the
micrometer scale shown in Fig. 1. The in-plane reverse symmetry of
the unit cell is destroyed by rotating the structure. The asymmetry
parameter here is the angle g between the y axis and the long axis of the
hexagon. The ideal structure supports a symmetry-protected BIC [33]
at f=0°. By breaking the in-plane inversion symmetry (x, y)—(-x, -y),
it transforms into a quasi-BIC, achieving a high-Q reflection peak at
7.99 pm.

In the two-layer structure, the bottom layer is a BaF, substrate
(due to the transmittance of BaF, is 90% in the LWIR and its loss
is small), and the refractive index of BaF, is n’=1.43. The material
of the hexagonal structure is Ge (due to its high refractive index(real
part) in the LWIR, low extinction coefficient and cost), and k is the
scaling ratio of the unit cell. As shown in Fig. 1, X and Y are the length
and width parameters of the periodic structure respectively, where
X=5.6 pm and Y=3.2 pm. A and B are the length parameters of the
hexagonal structure, where A=2.8 pm and B=1.3 pm. The value of h,
the thickness of the hexagon, is set to 0.7 pm. g is the angle between the
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Fig. 1. Schematic diagram of the proposed LWIR reflection filter. The structure consists
of a periodic array of dielectric substrates made of BaF, and hexagon structure made of
Ge. X and Y are the length and width parameters of the periodic structure respectively,
where X=5.6 pm and Y=3.2 pm. A and B are the length parameters of the hexagonal
structure, where A=2.8 pm and B=1.3 pm. The value of h, the thickness of the hexagon,
is set to 0.7 pm. g is the angle between the long axis of the hexagonal structure and
the y axis, and p =20 degrees.

long axis of the hexagonal structure and the y axis, and the value is set
to 20 degrees. g is the parameter that destroys the inversion symmetry
of the structure, and its relationship with the asymmetry parameter «
in this structure is:

a = sin(f) (2)

According to Eq. (1), the Q value of the reflection peak designed in
this paper is:

Q = Qqlsin()]1™> 3)

Here, the value of Q, is determined by the design of the structure,
regardless of « [32]. According to Eq. (3), although there are many fac-
tors affecting the Q value, the main influencing factor is the asymmetric
parameter, which even causes the Q value to be different in magnitude.

The finite-difference time-domain method (FDTD) is widely used
in optical calculations. And FDTD method was used to simulate the
continuous array of BIC-based structures proposed in this paper. Per-
fectly matched layer (PML) boundaries were employed along the beam
propagation direction (z-axis) and periodic boundaries were employed
for the x and y axes. The unit cell geometry was approximated using a
tetrahedral mesh and a plane-wave pulse served as a long wavelength
infrared source. The dielectric function of simulated Ge was taken from
the empirically defined values by Palik [34].

3. Results and discussion

Fig. 2(a) shows the reflection spectra of the designed structure
under the normal incidence and an enlarged view of the resonance.
According to Fig. 2(a), the reflectivity can reach 92% at 7.99 pum
(which means the characteristic frequency of the filter we proposed
is 37.5 THz) with a full-width at half-maximum (FWHM) of 40 nm,
while the reflectivity at other wavelengths in the range of 7.5-12 pm
is maintained at approximately 10%. In addition, the Q value of the
reflection peak is as high as 200. These results suggest that the proposed
structure can be used as a narrow-band reflection filter working in the
LWIR. The electric field distribution of the structure at 7.99 pm is shown
in Fig. 2(b).

The supercavity resonance [22] caused by the Ge structure results
in the formation of a “trapped mode” [35] weakly coupled to free space
due to the symmetry of the dielectric structure. In Fig. 2(b), it can be
observed that the electric field is concentrated at the sharp vertices of
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Fig. 2. (a) The reflection spectra of the filter at normal incidence. Inset shows enlarged view of the resonance. (b) The electric field distribution of the structure at 7.99 pm.

the hexagons and reached a larger amplification of the near field [36]
compared to the structure without sharp vertices such as ellipse. So we
choose hexagon to design not ellipse or others.

Fig. 3(a) shows the simulated reflection spectra and related Q value
obtained by changing the length of A without changing B to get the
proper A/B parameters of hexagon. It can be seen from the red dotted
line in Fig. 3 that as A/B increases, the Q value decrease from 381 to
119. Moreover, the reflectivity of the resonance gradually increases,
which can reach up to 98%, and the position of the resonance has a
redshift. In order to meet the requirements of high reflectivity and high
Q of the filter in this paper, B = 2.8 um is selected as the parameter
of hexagon. Fig. 3(b) illustrate the dephasing time and the figure of
merit (FoM) of the resonance as a function of A. 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 [37]. It is
a critical parameter that can be defined by taking to account of the
resonance narrowness as following [38]:

T =2n/s “@

Here, 7 is the reduced Planck’s constant and § is the homogeneous
linewidth of the resonance. For the resonance at 7.99 um (37.5 THz),
the dephasing time is estimated as 1.7 ps. FoM is an important indicator
of the filtering properties of the notch filters. It is given by,

FoM = 00/Aw %)

where w is the center frequency of the resonance and Aw is the 3 dB
bandwidth of the resonance. According to Fig. 3(b), both dephasing
time and FoM decreased with increasing A.

According to BIC theory, the quasi-BIC mode caused by the asym-
metry of the unit cell is the key to achieving the high Q value of
the resonance. The asymmetry of the dielectric structure proposed in
this paper is caused by the rotation angle of the hexagonal structure.
Moreover, according to Eq. (2), changing the rotation angle will greatly
change the magnitude of the Q value. Fig. 4(a) shows the simulated
reflection spectra for different rotation angles and their relationship
with the Q value. We only change the rotation angle f and keep
other parameters unchanged. The vertical placement of the hexagonal
structure is defined as a rotation angle of zero. The hexagons are
simultaneously rotated clockwise and counterclockwise by the same
angle. The angle varies from 2.5 to 45 degrees. As shown in the red
dotted line diagram in Fig. 4(a), the Q value of the resonance exhibits
a decreasing trend with an increase in the angle of rotation, and the
trend of the change approximates the shape of a hyperbola. When the
rotation angle is 2.5 degrees, the Q value is as high as 1370; when the
angle is 5 degrees, the Q value of the reflection peak decreases to 412.

As p selects the maximum rotation angle of 45 degrees, the Q value is
only 62. The change of g produced an order of magnitude change in the
Q value. These trends are consistent with Eq. (2). Fig. 4(b) illustrate the
dephasing time and FoM as a function of g. Although Q value and FoM
is higher for a smaller angle, the small angle also causes the reflectivity
to decrease rapidly. Considering the influence of the rotation angle on
these parameters, we choose 20 degrees as the angle parameter for the
filter design.

The simulated reflection spectra obtained by changing the material
of the hexagon (changing the refractive index of the material) is shown
in Fig. 5(a). As the refractive index of the material increases, the Q
value of the resonance fluctuates around 240, increasing and decreasing
with different amplitudes. In addition, the position of the resonance
produces significant redshift and the reflectivity also increases with
increasing refractive index. The related FoM is shown in Fig. 5(b).
Although the FoM is decreased as the index increased, it still remained
above 300. To design a narrow-band reflection filter working in LWIR
with high reflectivity and high Q value, the refractive index should be
as high as possible according to Fig. 5. The refractive index of Ge is up
to 4 in the LWIR(and low extinction coefficient and cost), which makes
it the best choice in this paper.

The reflection filter we proposed can reject light at any certain
wavelength between 8-12 pm (25 THz-37.5 THz). The position of the
resonance is determined by the scaling factor k. We will discuss the
effect of k on resonance, the angle-independent performance in the
next part and the rounding issue of the sharp vertices contained in the
hexagon structure inherent in micro-fabrication process.

3.1. The scaling factor k

In this paper, k is defined as a scaling factor to scale the unit
cell designed. When k takes a certain value, the value of A, B, X,
Y will take the value in Fig. 1 and multiply by k. The filter we
proposed can effectively work at 7.99 um. By modulating k, the range
of the proposed reflection filter could effectively cover a wide range
of operation wavelengths, from 8 pm to 12 pm (25 THz to 37.5 THz).
Fig. 6(a) shows the simulated reflection spectra for the scaling range of
1-1.55. It can be found that the scaling of the unit cell can enable an
adjustment of the position of the resonance. As k increases, the peak
position of the resonance is redshifted. In addition, the scaling factor
exhibits a linear relationship with the peak position of the resonance,
which can be seen from the blue curve in Fig. 6(b). The red curve in
Fig. 6(b) shows the relationship between the Q value and the scaling
factor k. With the change in k from 1 to 1.55, the Q value is fluctuating
up and down near 190, and the change is relatively stable. This is
consistent with the influence of the Q value mentioned above; that is,



Y. Zhang, Z. Liang, D. Meng et al.

1.8 2.4 AlM) 4,
1.0 : . 400
0.8}
. {300
g 0.6 o
=
Zoaf 1200
0:2 VAN - {100
0.0 8 9 10 1
Wavelength(um)

(a)

Be)
-20 0 20 40
1.0 T r = 1500
——Q _400
0.8 350
= 30 11000
2 250
5 0.6f ‘ 200
= | —= lso0 "
13} | —100 |
x 0.4 e
0.2 \ : - 2.50
e \\: o 0
0.0 - - .
7 8 9 10 1
Wavelength(um)

C)

Optics Communications 475 (2020) 126264

3l ——dephasing fime_ 400
m ——FoM
(="
-4 e
=
<, 1300
F z
2 \‘ €5
= 1200
a 1t

24 26 28 3.0 32
A(pm)

(b)

Fig. 3. (a) The reflection spectra and associated Q values as A changes. (b) The dephasing time and FoM of the resonance as a function of A.
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the main influencing factor of the Q value is the asymmetry parameter,

so the magnitude of the Q value does

not vary appreciably.

In addition, we also calculated the insertion loss of the proposed fil-
ter. In optical systems, insertion loss can be defined [39,40] as I L(dB) =

where T},

—101og 10(| Tpax s

is the transmittance at peak position. Thus

the insertion loss for the proposed filter can be determined as ~0.4 dB,

which is negligible.
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3.2. The angle-independent performance

In most filter designs, angle-independent performance is paramount.
Therefore, we simulate the effect of angle of incidence on the device’s
performance. The angle at normal incidence is defined as 0°. Although,
the reflectivity has decreased with the increasing angle according to
Fig. 7(b), it can be seen from Fig. 7(a) that the center wavelength of the
spectra has hardly shift during the angle of incidence changes from 0°
to 45°. In addition, the Q value remains almost unchanged at 200. The
filter proposed in this paper can accurately reflect light at any expected
wavelength even the angle of incidence is greatly deviated. Therefore,
the proposed filter is independent to angles of incident light.

3.3. Rounding issue in micro-fabrication process

The hexagon structure proposed in this paper contains several sharp
vertices. Due to these sharp vertices, the near-field magnification is
reached [36]. But it is difficult to experimentally realize due to round-
ing issues inherent in micro-fabrication process. As shown in Fig. 8,
these sharp vertices will be rounded in the experiment, so we also
simulated this situation. Inset shows an enlarged view at rounded
corners and R is the radius parameter of the arc.

The simulated reflection spectra is shown in Fig. 9(a), as can be
seen, when R < 0.1 pum, the position of the center wavelength of the
spectra has hardly shift. As R continues to increase, a slight blueshift
occurs in the center wavelength of the spectra. The reflectivity and
relating Q values both decrease when R increases according to Fig. 9(b).

However in a micro-fabrication process in real-world, it is possible to
achieve R < 0.1 pm. So the filter we proposed is not required to change
in experimental realization.

4. Conclusions

In this paper, a long wavelength infrared reflective narrow-band
optical filter is designed based on asymmetric hexagons structure made
of dielectric material. We numerically demonstrate that, by changing
the scaling ratio k of the unit cell, the range of the proposed filter
could effectively cover a wide range of operation wavelengths, from
8 pm to 12 pm (25 THz-37.5 THz), with the reflectivity reaching above
90%. And k exhibits a linear relationship with the position of the
center wavelength of the resonance. The subwavelength filter structure
we proposed consists of a periodic array of dielectric substrates made
of BaF, and the hexagon structure made of Ge. Because of the low
intrinsic loss of Ge, a single resonance with high reflectivity and high
Q value can be achieved at 7.99 pm. The Q value reached 200 and
the reflectivity achieved 92% at the same time. Moreover, it is verified
that the value of Q factor of the resonance is mainly affected by the
asymmetry parameter, and the range of influence can reach orders of
magnitude. By changing the asymmetry parameter, the maximum Q
value can reach 1370. And the dephasing time of the proposed filter
is 1.7 ps. We also studied the filtering properties of the proposed filter
with significant FoM and insertion losses. The average FoM of the
proposed filter can reach 300, and the insignificant insertion loss is only
0.4 dB. In addition, it is proved through simulation that the proposed
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Fig. 8. Schematic diagram of the proposed device under experimental constraints. Inset shows enlarged diagram at rounded corners. R is the radius parameter of the arc.
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Fig. 9. (a) The reflection spectra when the sharp vertices is rounded in the experiment. (b) The reflectivity and relating Q values when sharp vertices become rounded in the

experiment.

filter is independent to angles of incident light. As the angle of the
incident light changes from O degree to 45 degrees, the position of
the center wavelength of the resonance hardly changes. The filter we
proposed can also be used in biological sensing and hyperspectral imag-
ing systems to achieve high-sensitivity, high-resolution hyperspectral
imaging detection under certain circumstances, providing a reference
for designing similar functional devices.
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