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Abstract
Filter elements based on metamaterial structure are one of the essential schemes for researching the miniaturization of spec-
tral detection systems. The aim of this study is to meet the application requirements of different long-wave infrared signal 
frequency filtering and improve the detection efficiency of micro-filters. In this paper, a periodic micro-nano-cross-linked 
hole structure is designed, based on the surface plasmonic polariton resonance effect to realize the extraordinary optical 
transmission performance of 8 ~ 12 μm long-wave infrared. Based on the surface plasmonic polariton excitation mechanism 
of periodic micro-nano-structures, the tunable performance of the transmission spectra at five central wavelengths of 8, 9, 
10, 11, and 12 μm was achieved by changing the simulation period and the overall period of the model, and the optimal peak 
transmittance was 88.31% with a half-wave width of 1.31 ± 0.01 μm. The present study summarizes the tuning mode and 
rule of the micro-nano-cross-linked structure to realize the blue/redshift under the performance of the extraordinary optical 
transmission, which provides an important reference for the miniaturized structure design of infrared spectral detectors and 
tunable filtering research and is conducive to the application of broadband filtering spectral chips.

Keywords  Transmission spectroscopy · Metamaterials · Surface plasmonic polaritons · Micro-nano-optics

Introduction

With the rapid growth of the application space of spectrum 
analysis, the subject of miniaturization of spectral detector 
devices has become one of the research hotspots in the field 
of spectral technology [1]. The manipulation and adjustment 
of light by adjusting the structure size of electromagnetic 
metamaterials are an effective way to realize the miniaturi-
zation of spectral detectors [2–5]. However, there are few 
studies on long-wavelength infrared (LWIR) transmission 
optical filter. LWIR has better atmospheric transmission 
characteristics, and because the target itself will also radi-
ate infrared spectra and the vast majority of molecular bond-
ing in the band has an intrinsic mode of vibration, infrared 
spectral detectors are widely used in deep space exploration 

[6–8], camouflage identification [9–12], pathology [13–15], 
industrial monitoring [16, 17], and other fields.

In 1998, Ebbesen et al. first found that the transmission 
coefficients of periodic subwavelength metallic Ag thin-film 
hole arrays are many times larger than those predicted by 
the traditional Bethe classical diaphragm diffraction theory 
and named this optical phenomenon as optical extraordi-
nary optical transmission (EOT) [18]. This led research-
ers to expand the study of extraordinary transmission. In 
2019, Tavakoli et al. investigated different shapes of Au 
membrane layer hole arrays by theoretical computational 
simulation and analyzed the R. W. Wood EOT mechanism 
at 400 ~ 1400 nm [19]. In 2020, Park et al. researched the 
effect of triangular nano-hole structure parameter modula-
tion on extraordinary optical transmission-induced spectral 
shift in the visible range [20]. In 2021, Song et al. designed 
a hole-embedded hemispherical structure by the simulation 
to realize the far-infrared EOT model at 4 ~ 6 THz [21]. To 
further improve the detection efficiency, study the tunable 
characteristics of the frequency band. In 2018, Wang et al. 
prepared Au hole arrays and realized transmission spectral 
filters with transmission peak center positions from 3.5 to 
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approximately 13.5 μm by increasing the array period size 
[22]. In 2021, Lee et al. designed Al disk arrays and realized 
multi-period filter arrays with transmission-blocking band 
centers at wavelengths ranging from 2.5 to approximately 
10 μm by increasing the array period size [23]. Although 
these researches satisfy the EOT performance of the spectral 
structure, they still have shortcomings, such as single trans-
mission performance and weak tuning function.

In this research, based on the surface plasmon polari-
ton (SPP) resonance effect [26–29], to enhance the 
phenomenon of EOT, we designed a LWIR filter with 
a periodic micro-nano-cross-linked hole structure of 
EOT metamaterials [30], and through the modulation 
and by controlling the structural design of the metama-
terials to meet the plasma oscillation coupling mode of 
the interaction between the light and the surface of the 
micro-nano-metal structure, the frequency, intensity, 
and other propagation characteristics of the SPPs in the 
LWIR wavelength band can be adjusted to meet the per-
formance requirements of the tuning of the EOT filter. 
At present, the research of LWIR filters mainly focuses 
on metal–insulator-metal micro-nano-structure absorbers 
[31–33]. By detecting the thermal radiation of a specific 
band of the target, the absorbed optical signal is con-
verted into an electrical signal. There are few studies on 
LWIR transmission. The purpose of this paper is to study 
the micro-spectral filtering equipment, which transmits 
the optical signal of the target band to the underlying 
infrared detector of the metamaterial. Table 1 shows that 
in LWIR, this work has a higher transmission peak and 
a higher spectral bandwidth, which greatly improves the 
energy utilization rate of the miniature spectral filter. 
It provides an essential reference for designing min-
iaturized structures of infrared spectral detectors and 
researching tunable properties of filters.

Model Design and Simulation Method

The periodic metal micro-nano-structure model designed in 
this paper is shown in Fig. 1a which shows the hole design 
of the micro-nano-cross-linked structure, and Fig. 1b shows 
the traditional circular hole structure. h is the thickness of 
the metal film layer, H is the thickness of the substrate, L is 
the periodicity of the structure of the two arrays, R1 is the 
micro-nano-cross-linked structure’s hole design radius, and 
R2 is the conventional circular hole. This structure takes the 
circular hole as the design reference and makes the circum-
scribed square of the circular structure. We call this circle 
as the center circle, then take the four vertices of the square 
as the center of the circle to make every circle radius equal 
to the radius of the center circle. The resulting graphics are 
hollowed-out patterns of holes.

Copper metal with good electrical conductivity as well 
as low cost is chosen for the upper metal layer, and semi-
conductor silicon is selected for the lower substrate. The 
refractive index database of metallic copper in this paper is 
derived from optical constants of Cu, Ag, and Au revisited 
by Babar and Weaver, published in 2015 [34]. Based on the 
Drude model, the relationship between the refractive index 
and the dielectric constant of the metal copper in the LWIR 
band, as well as the relationship between the real and imagi-
nary parts of the metal dielectric constant, the relationship 
is calculated concerning the variation of the copper dielec-
tric constant with electromagnetic wavelength. As shown in 
Fig. 2, the real and imaginary parts of the dielectric constant 
fit well with the FDTD model data [35].

Both unit structures use periodic boundary conditions 
in the x–y plane; a perfectly matched layer is used in the 
z-axis direction. The incident light is a planar electromag-
netic wave propagating in the negative z-axis. The direc-
tion of the electric field of the incident wave is along the 

Table 1   Comparison of structural design schemes of LWIR metamaterial filters

Research study This work Ref. [22] Ref. [23] Ref. [24] Ref. [25]

Wavelength region (μm) 8 ~ 12 3 ~ 14 2.5 ~ 10 8 ~ 16 8 ~ 10
Tuning ability Tunable Tunable Tunable Untunable Untunable
Arrangement of arrays Square Hexagon Hexagon / Square
Model types Holes Holes Discs Grating Discs
Peak transmission in LWIR 88.31 80.06 71.23 64.25 96.92
Full width at half maximum (μm) 1.31 ± 0.01 1.04 ± 0.19 / / /
Preparation technology Standard lithography Electron beam 

lithography
Nano-imprint 

lithography
/ Standard lithography
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x-axis, and the background on the upper surface of the 
metal film layer and in the holes is the air medium during 
the simulation. The accuracy of the mesh is set to x–y 5 

nm and z 2 nm, respectively. Currently, the target band for 
the design of the EOT structure is mainly from the visible 
to the mid-infrared. In contrast, the LWIR metamaterial 

Fig. 1   Periodic metal micro-nano-structure model: a cross-linked hole structure; b traditional hole structure
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Fig. 2   Fitting of the a real and b imaginary parts of the dielectric constant of metal Cu to the FDTD model
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structure is primarily a perfect absorber, which is based 
on the perfect absorption performance of the LWIR 
metal–insulator-metal structure [31–33], by eliminating 
its bottom metal, which is much larger than the skinning 
depth of incident wave designed to prevent electromag-
netic wave transmission.

The dielectric constant of the free electron reaction 
inside the metal under the excitation of electromagnetic 
waves is expressed as follows:

The real and imaginary parts of the dielectric constant 
of the metal are

When the frequency of the incident electromagnetic 
wave is less than the plasma frequency, the optical fre-
quency region 𝜔P > 𝜔 ≫ 𝛾 . The real part of the dielectric 
constant 𝜀R < 0 , and the imaginary part �I will become 
extremely large, so that the incident light electric field 
decays rapidly inside the metal. At this time, the trans-
verse oscillation wave is quasi-totally reflected, and there 
is only longitudinal oscillation of the free electron collec-
tive attenuated by single electron reception in the metal.

In addition, the internal electric field of the metal 
E = E

0
exp

(

−k k
0
⋅ r
)

 under the action of the electromag-
netic wave of the wave vector k

0
 ; r is the displacement of 

the damped harmonic oscillator. The size of the excited 
electric field decays exponentially with the increase of the 
incident depth of the surface plasmon:

where �I is the imaginary parts of the complex permittivity 
of the metal and, �d is the complex permittivity of silicon; 
based on formulas (3) and (4), the plasmon propagation 
depth of copper film in LWIR band is ~ 24 nm. In this paper, 
the thickness of the metal film is h = 80 ≫ 𝛿m , so the SPP 
mode on the upper surface of the metal film will not be 
directly coupled with the SPP mode on the substrate.

Due to the structural model adopting a periodic square 
array, the reciprocal lattice vector of its arrangement is 
expressed as follows:
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where L is the period of the structure of the array, x and y are 
the unit vectors in the axial direction, respectively.

Here, we perform SPP effect analysis on an ideal circu-
lar hole [18, 36, 37]:

where KSPP is the wave vector of surface plasmonic polari-
tons, Kinc is the component of the incident plane wave vec-
tor on the x–y plane, and m and n are integers. For the x–y 
plane, under the condition of normal incidence of electro-
magnetic wave, Kinc = 0 . The size of KSPP in the x-direction 
is KSPP,x = ±n

2�

L
x , and in the y-direction is KSPP,y = ±m

2�

L
y.

When the two diffraction waves satisfy Eq. (8), the two 
equal amplitude diffraction waves will propagate in the 
opposite direction in the x- or y-direction, resulting in their 
respective SPP models. Therefore, the two-dimensional 
SPP standing wave will be formed on the x–y plane. In the 
case of the fundamental mode m = n − 1 , the period of the 
standing wave in the y-direction is equal to the period of 
the circular hole array; that is, the incident wave forms an 
optical lattice with the same period as the array period L 
above the metal film circular hole array.

The excitation wavelengths of the SPPs can be derived:

where �
1
 and �

2
 are the modeled copper metal and substrate 

silicon dielectric constants, respectively. In the following, it 
is necessary to consider the wave vector matching between 
the micro-nano-structure and the incident electromagnetic 
wave during the interaction process. Wave vector is a con-
cept that describes the spatial characteristics of the phenom-
enon of fluctuations, and it can be used to represent the 
propagation direction and speed of fluctuations. If the wave 
vectors of two fluctuations are the same or similar in size 
and converge in direction, a resonance enhancement phe-
nomenon will occur between them. The wave vector match-
ing condition is given by

where k
SPPs

 is the wave vector of surface plasmonic polari-
tons and k

0
 is the wave vector of incident electromagnetic 

wave. Through the momentum conservation theorem, it can 
be deduced that the wave vectors of the incident light and 
the wave vectors of the SPPs that satisfy the wave vector 
matching condition have the same component perpendicular 
to the interface direction, which ensures that the energy of 
the electromagnetic wave is transferred to the SPP modes.

The micro- and nano-structures’ optical properties and 
electromagnetic field distributions are simulated using 

(6)KSPP = Kinc ± nux + muy
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Ansys Lumerical FDTD software, which is mainly based 
on time-domain discretization and differential computation 
of electromagnetic wave numerical simulation methods for 
solving electromagnetic problems. The method is discretized 
in both time and space, and the propagation and interaction 
of electromagnetic waves are simulated and computed by 
solving Maxwell’s system of equations and using a time-
stepping algorithm.

Simulation Process and Results

Firstly, the transmission performance of these two models in 
Fig. 1 is simulated and compared. As shown in Fig. 3, a is 
the transmission spectra of the micro-nano-cross-linked struc-
ture, and b is the transmission spectra of the traditional hole 
structure, and after optimization of the model parameters, they 
both satisfy the EOT filtering performance. Much research 
has shown that the larger the hole area of the periodic unit  
structure, the more light transmission it will provide. Therefore, 
the simulation control by control variable method is used: the 
two models have the same metamaterial parameters as well as 
medium environment parameters, and the same hole area is set 
in the tuning; i.e., with the structural parameters of R1 = 0.5 μm, 
R2 = 0.91 μm, and h = 80 nm set, by expanding the simulation 
period of L1 = 2.40 μm, L2 = 2.76 μm, L3 = 3.20 μm, L4 = 3.70 
μm, and L5 = 4.26 μm, respectively, the transmission peaks of 
the micro-nano-cross-linked structure at five wavelengths λ = 8, 
9, 10, 11, and 12 μm. As shown in Table 2, a comparison of the 
transmittance and half-peak full-width parameters of the metal-
lic micro-nano-cross-linked structure and the conventional hole 
structure under the same structure duty cycle design, the local-
ized surface plasmon resonance (LSPR) [38] main transmission 

peak and the plasmon resonance secondary transmission peak 
of the micro-nano-cross-linked structure have better transmis-
sion performance in each band, in which the transmittance of 
the main transmission peak is improved by 20.99% on average, 
and the full width at half maximum (FWHM) is improved by 
0.48 ± 0.02 μm on average.

Then, the electromagnetic field distributions of these two 
models are comparatively analyzed. The intensity distribu-
tion of these electric fields is returned to the result in a nor-
malized form. As shown in Fig. 4a and b, in the electric field 
distributions in the x–y plane of the micro-nano-cross-linked 
structure and the conventional hole at the λ = 8.15-μm trans-
mission peak, the periodic metal micro-nano-cross-linked 
structure in a resonates at this excitation wavelength, and 
the two SPPs of Cu-Air and Cu-Si modes can be maximized 
to obtain the maximum resonance coupling effect. At the 
same time, the SPPs excited at the interface of the two 
media above and below the metal Cu will compensate for 
the energy loss in the hole so that the electric field inside the 
hole will be significantly enhanced. Ultimately, the energy 
of the infrared electromagnetic wave transmitted through the 
micro-nano-metal structure is enhanced. Compared with the 
other positions of the structure, the counter plot in the center 
region shows a dark red color, and the field strength reaches 
an extreme value. Meanwhile, an excellent resonant coupling 
effect of SPPs is also generated at the boundary center posi-
tion of the structure with the adjacent micro-nano-structured 
cells, which will also propagate along the neighboring cells.

When transmitted to the hole, the electromagnetic wave 
will interact with the metal particles inside: part of the elec-
tromagnetic wave energy will be reflected and absorbed dur-
ing transmission. This phenomenon is mainly affected by 
the inner wall of the circular arc inside the circular hole and 

Fig. 3   Comparison of transmittance spectra of periodic a micro-nano-cross-linked structure and b traditional hole structure in 8 ~ 12 μm
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the characteristic size of the structural tip, which changes 
the propagation path of the electromagnetic wave inside the 
hole. The other part of the electromagnetic wave may have 
tunnel effect [39–41]. The multiple scattering and diffrac-
tion interactions in the hole cause the excited air/Cu mode 
plasmon to the tunnel to the other side of the structure and 
propagate the energy of the electromagnetic wave to the 
lower surface of the metal film.

The conventional hole structure in Fig. 4b also obtains 
two SPP resonance modes, Cu-air and Cu-Si. Due to the 
different structure shapes, the excitation wavelength to sat-
isfy the maximum resonance coupling effect is also different 
from that of the metallic micro-nano-cross-linked structure, 
and the center wavelength of its transmission peak is 8.65 

μm. Because the simulation model adopts the plane wave 
incidence, the TM electromagnetic wave, compared with 
the multi-featured dimension design of the metallic micro-
nano-cross-linked structure, will produce a more substan-
tial electric field enhancement effect in the x-direction of 
the hole, with the extreme value of the same field strength 
occurring at the center of the structure. On the other hand, 
its electric field strength is obviously weakened in the other 
direction, and the whole electric field is distributed in an 
elliptical shape.

Figure 4c shows the normalized difference of the electric 
field strengths of the two structures in the x–y plane. It can 
be found that the periodic metal micro-nano-cross-linked 
structure also produces a stronger electric field enhancement 

Table 2   Comparison of 
transmittance and FWHM 
parameters of micro-nano-cross-
linked structure and traditional 
hole structure

3* and 4* are the SPP resonance peaks of the micro-nano-structure’s third and fourth subtransmission 
spectral lines

Transmission peak 
number

Transmission (%) FWHM (μm)

Micro-nano-cross-linked 
structure

Traditional 
hole structure

Micro-nano-cross-linked 
structure

Traditional 
hole structure

1 88.31 72.92 1.31 ± 0.01 0.40 ± 0.01
2 79.69 54.01 0.78 ± 0.05 0.40 ± 0.02
3 69.30 44.08 0.94 ± 0.05 0.49 ± 0.03
3* 34.54 33.67 0.29 ± 0.01 0.26 ± 0.01
4 55.39 31.77 1.34 ± 0.05 0.65 ± 0.01
4* 30.27 20.03 0.30 ± 0.01 0.26 ± 0.01
5 34.16 19.12 0.82 ± 0.02 0.65 ± 0.02

Fig. 4   Under the condition 
of vertical incidence. a, b 
The x–y plane electric field 
distribution of the cross-linked 
structure and the classical hole 
at the transmission peak of λ 
hole at the transmission peak 
of λ = 8.15 μm. c The differ-
ence between the normalized 
electric field strength of the x–y 
plane of the two structures. d, 
e The z-direction electric field 
distribution of the cross-linked 
structure and the classical hole 
at the transmission peak of 
λ = 8.15 μm. f The difference 
between the normalized electric 
field strength in the z-direction 
of the two structures
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effect in the x-direction. The energy is slightly larger than 
that of the conventional hole structure. At the same time, 
the micro-nano-cross-linked structure obtains a significant 
enhancement in the y-direction on both sides. As shown in 
the concise schematic diagram of the transport mechanism 
in Fig. 5, the micro-nano-holes rely on the characteristic 
structural design of the combination of four circular holes to 
provide more efficient SPP coupling and transport enhance-
ment in the same cell area.

Figure 4d and e shows the electric field distributions of 
the micro-nano-structure and the conventional hole structure 
in the z-direction at the λ = 8.15-μm transmission peak; it 
can be observed that the two structures excited air/Cu mode 
SPPs of each characteristic structure at the interface above 
the edge of the holes and at the center of the holes, respec-
tively. When the energy is transmitted to the Cu-Si inter-
face, it was found that the electric field energy generated by 
the electromagnetic wave inside the silicon dielectric was 
again enhanced. This is the result of the coupling of air/
Cu mode and Cu/Si mode SPPs excited by the upper and 
lower surfaces of the metal film. At the same time, since 
the electrons of the metal inside the hole are affected by the 
oscillating electric field, the electrons that satisfy the elec-
tric field oscillation frequency will obtain enough energy to 
cross the hole structure barrier. This means that a part of the 
electrons will pass through the metal hole through the tun-
neling effect and escape to the other side of the hole, which 
in turn enhances the electric field energy of the incident 

electromagnetic wave propagating to the lower surface of 
the metal film.

Figure 4f shows the difference between the normalized 
electric field strengths in the z-direction of the two struc-
tures. Unlike the conventional holes, the monitor in Fig. 4d 
also observes the electric field enhancement effect on both 
sides of the micro-nano-cross-linked structure. The extreme 
point of the electric field strength is located below the sharp 
corner region formed by the two neighboring circular holes 
composing the micro-nano-cross-linked structure in the 
x-direction, i.e., in the silicon medium below the character-
istic structure that generates the structure LSPR in Fig. 5. 
This phenomenon arises because the periodic layout of the 
holes induces a diffraction effect of light. According to 
Fraunhofer’s law of diffraction, when light passes through 
the holes, the direction of light propagation changes, and a 
diffraction pattern is formed in the silicon medium. The size 
and distribution of the diffraction pattern will usually depend 
on factors such as the period and shape of the hole. Also, the 
edges of the holes scatter the incident electromagnetic wave. 
The structure has a longer pattern edge length compared to 
a circular hole of the same area, which will produce more 
scattering centers and thus change the incident electromag-
netic wave vector. The incident electromagnetic wave can 
be further compensated because the scattered light contains 
some components more significant than the SPP wave vec-
tor. The feature design of the micro-nano-hole structure is 
more complex than that of the conventional hole structure; 

Fig. 5   Schematic diagram of the transmission enhancement mecha-
nism in the micro-nano-cross-linked hole structure. It represents 
the propagation direction of the incident electromagnetic wave, and 
the dotted line with arrows represents the coupling effect between 
periodic structures. The straight line with arrows represents the 

propagation direction of the incident electromagnetic wave, and the 
dotted line with arrows represents the coupling effect between peri-
odic structures. (The red light means the near-field optical surface 
enhancement effect of SPPs and LSPRs. The blue arrow indicates the 
coupling effect at the feature structure)
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thus, more interference and scattering phenomena will be 
induced during the transmission of electromagnetic waves.

The tunability study of the center wavelength of the trans-
mission spectra is presented below; the relation spectra of the 
transmittance spectra varying with the design radius of the 
structure at a simulation period of 2.4 μm are shown in Fig. 6. 
As the design radius R1 of the micro-nano-cross-linked struc-
ture increases, the overall transmission peak center wavelength 
is blueshifted, and the transmittance gradually increases. This 
is because a larger aperture radius allows much more light 
to pass through, reducing the effect of scattering due to the 
micro-nano-aperture structure and the material loss to the inci-
dent electromagnetic wave, which in turn increases the trans-
mittance. In the process of increasing the design radius R1, the 
structure will provide a larger effective surface area, increasing 
the interaction of the light field with the structure’s surface and 
making it easier to match the excited plasma to the wavelength 
of the incident light. The coupling efficiency between the inci-
dent light and the free electrons in the structure is enhanced, 
enhancing the plasma excitation resonance strength.

Finally, in this study, the overall period of the structure 
is tuned under the condition that other structural parameters 
remain unchanged. The parameters set for the entirety period 
of the tuned structure are shown in Table 3, and the varia-
tion of the transmittance spectra with the overall period is 
shown in Fig. 7.

With the increase of the period of the structure as a whole, 
the tuning of the transmission peaks of the micro-nano-
cross-linked structure was also realized near the five wave-
lengths of 8, 9, 10, 11, and 12 μm in this section of the study. 
According to Eq. (7), the reason for achieving the tuning is 
related to the excitation wavelength of the square-periodic 

array structure which is proportional to the period L ; thus, 
the center wavelength of the transmission peak moves toward 
the long-wave direction as the period increases. The increase 
of the overall period of the structure implies the increase of 
the unit simulation area and the increase of the area of the 
structural holes. Although the hole duty cycle of the unit 
area is guaranteed, the spacing between the holes weakens 
the resonant coupling between the surfaces of the neighbor-
ing units of the structural array above the effect of the EOT, 
and thus, the transmittance of the main transmittance peak 
shows a gradually decreasing trend.

As shown in Fig. 8, increasing the overall period of the 
metallic micro-nano-cross-linked structure array, it can 
be found that the electric field strength distribution in the 
x–y plane undergoes a slight weakening in the x-direction 
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Fig. 6   In the 8 ~ 12-μm band, the relationship between the transmis-
sion spectrum of the periodic micro-nano-cross-linked structure and 
the design radius of the structure

Table 3   Structural parameters for blueshift/redshift of periodic metal 
micro-/micro-nano-cross-linked structure

Transmission 
peak number

Center 
wavelength 
(μm)

Transmission 
(%)

Micro-nano-cross-linked 
structure characteristic 
parameter

Structural 
design radius 
(μm)

Hole 
period 
(μm)

1 8.00 88.31 0.50 2.40
2 9.08 81.51 0.60 2.90
3 9.97 74.03 0.70 3.40
4 10.94 64.03 0.88 4.20
5 11.95 33.93 1.02 4.90

n
oissi

ms
nar

T

Wavelength(μm)

8μm

9μm

10μm

11μm

12μm

Fig. 7   In the 8 ~ 12-μm band, the relationship between the transmis-
sion spectrum of the micro-nano-cross-linked structure and the peri-
odic of the entirety structure and the relationship between the trans-
mittance spectral lines of the tuned micro-nano-cross-linked array 
period are shown
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and acquires a slight enhancement in the y-direction; in the 
z-direction, the electric field strengths underneath the aper-
tures and underneath the featured structure of the LSPR in 
Fig. 5 acquire an enhancement. This is because the change of 
the period and the radius of the holes affects the individual 
and multi-level resonance modes of the hole structure, which 
modifies the coupling effect of the light field in the unit 
structure to the electrons in the metal film layer and weakens 
the surface plasmonic polaritons resonance coupling effect 
between the individual holes. The increase in the overall 
period of the array also leads to the increase in the size of the 
characteristic structure of the LSPR so that the surface plas-
monic polariton resonance effect at the tip position obtains a 
significant enhancement. At the same time, the feature design 
of the micro- and nano-aperture structures also enhances the 
diffraction effects of the structures, leading to a wider dif-
fracted light spot. These diffraction effects will also affect 
light’s propagation direction and energy distribution [42].

According to the above results, the whole extraordinary optical 
transmission effect is divided into five processes: (1) SPP mode 
of air/Cu interface, (2) LSP energy aggregation effect at the char-
acteristic structure, (3) tunnel effect in the hole, (4) SPP mode of 
Cu/Si interface, and (5) array effect of micro-nano-hole structure.

According to the tuning of the transmission peak achieved 
by the simulation period, the structural design radius and the 
period of the structure respectively in Figs. 3, 6, and 7, we 

integrate the transmission peak tuning spectrum of the micro-
nano-cross-linked metamaterials in the LWIR as shown in 
Fig. 9 and give the structural design parameters in Table 4.

Fig. 8   Tuning the overall period 
of the micro-nano-cross-linked 
structure array. a, c a = 2.90 μm, 
R1 = 0.60 μm, λ = 9.08-μm trans-
mission peak at the micro-nano-
structure x–y plane and 
z-direction electric field distribu-
tion; b, d a = 4.20 μm, R1 = 0.88 
μm, λ = 10.94-μm transmission 
peak at the micro-nano-structure 
x–y plane and z-direction electric 
field distribution

Fig. 9   The transmission peak tuning spectrum of the micro-nano-cross-
linked structure in the LWIR band. The blue spectral line is tuned by 
controlling the radius of the structure design; the red spectral line is 
tuned by controlling the periodic radius of the structure. The blue spec-
tral line is tuned by controlling the radius of the structure design; the red 
spectral line is tuned by controlling the periodic radius of the structure
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Table 4 shows the transmission peaks of periodic metal 
micro-nano-structure LWIR corresponding to different 
structural design parameters. The overall tuning trend is 
divided into redshift and blueshift and is distinguished by 
color in Fig. 9. In summary, we can find the tuning law 
of the transmission peaks of the micro-nano-cross-linked 
structure in the LWIR band. Tuning the design radius of the 
structure will lead to the center wavelength moving to the 
short-wave direction, while the transmittance of the structure 
increases with the increase of the hole duty cycle; tuning the 
simulation period will lead to the center wavelength mov-
ing to the long-wave direction, while the transmittance of 
the structure decreases. Therefore, we can obtain the opti-
mal transmittance performance at this location by tuning 
the simulation period of the structure and the radius of the 
structure design. Therefore, this study can realize the modu-
lation function of any transmission spectral line under the 
LWIR band, which provides theoretical and data support 
for designing multi-channel aperture array filter structures.

Based on the above research on the spectral characteristics 
of the micro-nano-cross-linked structure in LWIR, the mini-
mum feature size of this structure is a circular structure with a 
diameter of 1 μm. After investigation, the standard lithography 
process can meet the preparation requirements. For the peri-
odic multi-size structure design in this paper, in order to meet 
the performance requirements of different frequency bands 
and low-cost batch preparation, in the subsequent work, we 
plan to use lithography mask preparation and lift-off process 
for structure fabrication.

Conclusion

This paper focuses on the characterization of the spectra of 
LWIR EOT metamaterials. Firstly, compared with the tradi-
tional periodic metal circular hole structure, a periodic metal 
micro-nano-cross-linked hole structure is designed, with an 

average enhancement of 20.99% in peak transmission and 
0.48 ± 0.02 μm in half-wave width, which provides an impor-
tant reference for the structural design of miniaturized infrared 
spectral detectors. Secondly, based on the parameters of the 
simulation period, structural design radius, and overall period 
of the structure, the important index of tunability in 8 ~ 12 μm 
LWIR EOT spectra is realized, further improving the detec-
tion efficiency of LWIR spectral devices. Finally, the modula-
tion law of this structure is summarized: expanding the design 
radius to achieve a blueshift and expanding the simulation 
period to achieve a redshift. It can realize the modulation func-
tion of any transmission spectral line under the LWIR band. 
The subsequent research will mainly focus on the micro-nano-
fabrication process to prepare micro-nano-structured spectral 
filter devices to promote the application of infrared spectral 
chips further.
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