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ARTICLE INFO ABSTRACT
Keywords: We propose an ultra narrow-band filter in the mid infrared region (MIR) using artificial
Artificial metamaterials metamaterials (AMM), which is suitable for the design of on-chip photonic spectrometers. 2-D

Mid infrared region

rectangular holes with a cross-like layerout are adopted to enhance the filter’s efficiency and
Ultra-narrow band filter

precision. Considering the penetration depth of electromagnetic (EM) waves in the metal film,
we opt for multi-layer films composed of metal layers and dielectric layers, instead of a single
metal layer, to improve the structure’s performance in the MIR. This multilayer configuration
significantly enhances the efficiency and precision of the AMM structures in the MIR. The
transmission peak, with a full width at half maximum (FWHM) of 30 nm, can be achieved and
tuned in the wavelength range from 3.0 pm to 10.0 pm by changing the periods of the unit
cell (enlarging the unit cell from 3.0 to 10.0 um). The proposed AMM structures, with tunable
narrow band transmittance in MIR, exhibit promising potential in the fabrication of narrow band
photonic detectors and on-chip spectrometers.

1. Introduction

In contemporary applications, narrow-band detectors and on-chip spectrometers operating within the mid infrared region (MIR)
have garnered significant interest due to their promising potential across a wide array of fields [1,2]. The mid-infrared region,
spanning wavelengths from 3 to 30 um, holds a distinctive status as the molecular fingerprint region. In this range, vital information
about material structures is unveiled, offering indispensable insights for disciplines such as physical, chemical, and biological sciences
[3-5]. Consequently, the demand for high-performance MIR detectors and spectrometers has escalated, not only within the realm of
scientific research but also in everyday applications, military contexts, and even explorations beyond our planet. In these multifaceted
applications, certain critical considerations emerge, primarily concerning the volume, weight, and cost of the devices to align them
with their intended purposes. For applications in daily life, cost-efficiency is paramount, while in military deployments and space
missions, the compactness and weight of the devices become pivotal factors. Traditional MIR spectrometers, relying on structures
such as gratings or beam splitters within Michelson interferometers combined with optical dark cavities, have historically delivered
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high sensitivity and resolution. However, their inherent limitations, characterized by substantial volumes and high costs, render them
unsuitable for contemporary demands. To overcome these challenges, the spotlight has shifted towards narrow-band detectors and
on-chip spectrometers, marking these areas as vibrant areas of research [6]. Among these groundbreaking endeavors, ultranarrow
band filters and microstructures exhibiting super absorption properties have emerged as focal points [7-9]. These innovations promise
to revolutionize MIR detection and spectroscopy, offering streamlined, cost-effective, and portable solutions capable of meeting the
diverse needs of scientific exploration, everyday applications, military operations, and space ventures.

Artificial metamaterials (AMM) have attracted significant attention due to their unique properties, including negative refractive
indices [10], effective negative permeability [11], and perfect absorption effects spanning from the visible to THz regions [12-
15]. They also exhibit properties of selective absorption [16] and extraordinary optical transmission effects (EOT) [17,18]. These
effects arise from the resonance of optical modes, which typically feature narrow bands, enabling precise band selection in spectra.
This resonance phenomenon is attributed to localized surface plasmons (LSP), which significantly enhance transmittance [19]. For
instance, metamaterial-based perfect absorbers display exceptional absorption properties and tunable resonant wavelengths, making
them invaluable in crafting narrow-band mid-infrared (MIR) detectors. Their nearly complete absorption renders them ideal for
single-wavelength detectors [20,21] and thermal infrared (IR) detectors [22]. Fei Yi et al. [23] showcased multi-gas sensing using
nanoantenna-integrated narrowband IR detectors without dispersive components, enhancing both their refinement and affordability.
Additionally, Zao Yi et al. [14,24,25] demonstrated a multilayer nanodisc-structure solar absorber and thermal emitter with a
bandwidth of 2929 nm and an average absorption efficiency of 97.4%. Their work, incorporating multilayer structures, significantly
enhanced the absorption performance of nanodisc arrays. However, AMM structures exhibiting perfect absorption characteristics are
unsuitable for photonic detectors because incident photons are absorbed and dissipated as heat. MIR photonic detectors like PbSe,
HgCdTe, and InSb detectors rely on incident photons for efficient operation and thus require an alternative approach.

In this study, we introduce a nonpolarized and ultra-narrow band filter in the MIR based on a multi-layer AMM structure.
Simulation results highlight the significant impact of AMM structure thickness on filter performance due to the extensive penetration
depth of the electromagnetic field in the MIR. To enhance the quality of the AMM structures, we opt for multi-layers instead
of a single layer, a crucial design choice that ensures high-quality performance. Additionally, our AMM structure demonstrates
polarization-independent sensitivity and tunability across a broad wavelength range. Notably, Gao et al. [26] explored tunable
extraordinary optical transmission in the terahertz regime using a nested structure of graphene and metallic ring-rods, while Du
et al. [27] demonstrated exceptional optical transmission and sensing capabilities through metal nanohole and nanoparticle array
coupling. Qin et al. [28] showcased the extraordinary optical transmission properties of bi-layered plasmonic nanostructure arrays.
Our approach stands out by employing a multilayer architecture and rectangular holes, which introduce waveguide modes and shape
resonances, leading to higher transmittance and a narrower full width at half maximum (FWHM) of the transmission peak. These
findings hold promise for inspiring advancements in the development of single-wavelength detectors and on-chip spectrometers in
the MIR.

2. Simulation models and methods

Klein Koerkamp’s research delved into the impact of hole shape on extraordinary transmission through periodic arrays of subwave-
length holes [29]. Both experiments and calculations demonstrated that transitioning from circular to rectangular holes significantly
increased transmittance (EOT) by an order of magnitude in the visible range. This enhancement was attributed to the shape reso-
nances of rectangular holes. In our study, we conducted a comparison of transmittance between circular, square, and rectangular
holes in the MIR, as illustrated in Fig. 1(c). The circular and square holes had diameters and lengths set at 0.9 pm, while the rectangu-
lar hole’s length (L) and width (W) were set at 1.1 pm and 0.9 pm, respectively. Surprisingly, despite the rectangular hole being only
1.2 times and 1.6 times larger in area than the square and circular holes, its transmittance surpassed theirs significantly. Specifically,
the transmittance of the rectangular hole was 3.7 times and 13.3 times larger than that of the square and circular holes, respectively.
To ensure nonpolarized characteristics of the AMM structures, we adopted a cross-like layout with symmetrically positioned rectan-
gular holes in both the x and y directions. The schematic of the AMM structure is depicted in Fig. 1(a), where the hole’s length (L)
and width (W) are denoted. Fig. 1(b) reveals the partially enlarged details of the AMM structure, which is marked with a rectangular
box in Fig. 1(a). The lattice period (P) is uniform in both x and y directions, with the distance (d) from the hole’s center to the unit’s
center also indicated. Recognizing the significance of thickness in the z direction, we incorporated metal layers (M) and silica layers
(S) to form the multi-layer MSMS..SM structure. Each layer had a thickness of 0.2 pm, contributing to the three-dimensional intricacy
of the AMM design.

The optical properties of the AMM were computed using the three-dimensional (3D) finite-difference time-domain (FDTD)
method. Fig. 1(d) displays the simulated transmission spectra of various metal materials employed as the metal layers in the three-
layer AMM structures. Among these materials, silver (Ag) exhibited the most optimal performance. Consequently, in subsequent
studies, we employed Ag as the default metal layer unless otherwise specified.

3. Results and discussion

Under normal incidence conditions, we calculated the transmission spectra and electric field intensity distributions. As depicted in
Fig. 2(a), the blue, red, and black lines represent the transmission spectra of single, triple, and five-layer AMM structures, respectively.
The AMM structure parameters were set at L=1.0 pm, W=0.9 um, d =1.2 pm, and P =4.0 pm. For single and double-layer structures,
the transmission spectra exhibited a Fano-like line shape [30]. The transmittance at the non-resonant band was high, and the FWHM
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Fig. 1. (a) illustrates the three-dimensional schematic of the proposed AMM structure. (b) delineates the specific parameters of the AMM unit cell, where P, and P,
denote the periods of the unit in the x and y directions, W and L represent the width and length of the hole, and d signifies the distance between the centers of the hole
and the unit cell. (c) showcases the transmission spectra of arrays consisting of circles, squares, and rectangular holes. Lastly, (d) exhibits the simulated transmission
spectra of different metal materials utilized as the metal layers.

of the transmission peak was large. Consequently, single and double-layer AMM structures were unsuitable for fabricating single-
wavelength filters. In contrast, triple and four-layer AMM structures exhibited higher peak transmittance (50%) compared to single,
double, and five-layer structures. This enhancement was attributed to the resonance of waveguide modes [31]. The FWHM of the
triple-layer structure (30 nm at 4.0 um) was smaller than that of the four-layer structure (58 nm at 4.2 um). Notably, a redshift was
observed in the two and four-layer structures. This redshift could be attributed to changes in localized surface plasmon (LSP) modes
due to the absence of the metal layer cover, as depicted in Fig. 2(c, e) and (h, j). However, increasing the number of layers led to a
rapid decrease in transmittance. In the case of the five-layer AMM structure, the peak transmittance decreased to 20%. Consequently,
triple-layer structures exhibited the best performance. Fig. 2(b, g), (c, h), (d, i), (e, j) and (f, k) illustrate the electric field at the xy and
xz directions at the resonant wavelength for each AMM structure, respectively. Strong electrical oscillations between the hole walls,
attributed to LSP resonance, were observed in (b, c, d, e, ), causing extraordinary optical transmission effects [32]. Additionally,
resonances from waveguide modes, leading to narrowed transmission peaks [33], were observed in Fig. 2(g, h, i, j, k). Taking the
electric-magnetic field distributions of the triple-layer structure as an example, Fig. 2(d) illustrates the accumulation of opposite
charges on the symmetrical edge, leading to a strong electric field in the y-direction on the inner wall of the rectangular hole. This
accumulation results in electric dipole resonance. In Fig. 2(i), a strong coupling effect between the two silver layers induces electric
dipole resonance, causing reverse currents to enter the two silver films, forming magnetic dipoles. These magnetic dipoles generate
a robust magnetic resonance in the intermediate dielectric layer. The interaction between electric and magnetic dipoles reduces
the energy loss of incident electromagnetic waves during transmission. Generally, the localized surface plasmon (LSP) generated
by collective oscillations of conducting electrons is coupled to electric and magnetic dipoles. This coupling enhances the intensity
of the local electromagnetic field and leads to the localization of the electromagnetic field, resulting in an extraordinary optical
transmission (EOT) effect. Based on these calculated results, we adopt the triple-layer artificial metamaterial (AMM) structure in our
subsequent work unless otherwise specified.

In Fig. 3, we calculated the transmission spectra of artificial metamaterial (AMM) structures with varying widths (a) or lengths
(b) within the unit cell, while keeping the other parameters constant. In Fig. 3(a), the period of the AMM structures, the length of
the hole, and d were set at 4.0 um, 1.1 um, and 1.15 um, respectively. The width of the hole was varied from 0.7 to 1.1 pm. The
positions of the transmission peaks exhibited a slight redshift. However, the transmittance in the short-wavelength band (3.0-3.5 pm)
increased when the width of the hole was smaller or larger than 0.9 pm. In Fig. 3(b), we maintained the parameters as in Fig. 3(a),
except for the length of the holes. The width of the holes was set at 0.9 um, and the length of the holes was varied from 0.9 to
1.3 pum. Similar to the results shown in Fig. 3(a), a redshift in the transmission peaks was observed. These findings indicate that
the resonance condition is not highly sensitive to the geometry of the holes, and the slight redshift of the transmission peak can be
attributed to the change in waveguide resonance. Considering the performance of the mid-infrared (MIR) filter, it can be concluded
that with a period of 4.0 um and d of 1.1 um, the length and width of the holes should be set at 1.1 um and 0.9 pm, respectively.
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Fig. 2. (a) displays the calculated transmission spectra of artificial metamaterial (AMM) structures with different layers. Figures (b, c, d, e, f) depict the electric field
distributions in the xy plane, while (g, h, i, j, k) illustrate the electric field distributions in the xz plane.

The tunability of the AMM structures can be achieved by varying the periods of the units. Two cases have been considered
for discussion. Fig. 3(c) displays the normalized transmission spectra with the period varied from 3.7 to 4.3 pm, while the other
parameters of the unit cell remain unchanged (W=0.9 um, L=1.1 pm, and d=1.15 pm). In this scenario, the position of the peak
can be shifted from 3.77 to 4.33 um. However, further increasing the period will lead to a rapid decline in the transmittance of the
peak. Fig. 3(d) illustrates the normalized transmission spectra with the period varied from 3.0 to 10.0 pm, and the unit cell is varied
proportionally. In this case, the transmission peak position can be tuned to cover the wavelength range of 3.0 to 10.0 um with nearly
the same FWHM. When light illuminates the surface of a metal layer, a surface current is generated, which is a transient effect. The
distribution and oscillation frequency of the surface current are determined by the boundary conditions of the electromagnetic field
on the metal surface. Under the condition of a 2-D periodic aperture array structure, the induced surface plasmon waves (SPW) can
be re-scattered by metal hole arrays and form transmitted photons through holes, resulting in the extraordinary optical transmission
(EOT) effect. The dispersion of the SPW can be expressed as Eq. (1):

IBER
k, =k —_— 1
sp 0 € +6 ( )

where k;, and k, are the SPW and incident light, respectively. ¢; is the dielectric constant for the metal layer (i=1) and dielectric
layer (i=2). The 2-D periodic aperture array will scatter the SPW and modify the propagation wave vector, as shown in eq. (2).

kg, =k, +iG, +jG, 2)

SPx

where k, is the propagating wave vector of light, i (j) is an integer. G, =2pi/P, and G, are the reciprocal lattice vector of the hole
array in x and y direction, respectively. According to Eq. (1) and Eq. (2), the wavelength of the steady-state surface plasmon waves
(SPW) is dependent on the period of the scattering structure. Reference [29] suggests that the extraordinary light transmission of
periodic hole arrays is strongly influenced by the hole shape, attributed to the shape resonance. Subwavelength deep holes can also
produce waveguide effects. According to waveguide theory, the dispersion of the waveguide mode in a rectangular hole can be
expressed as Eq. (3):
2= 2_7r2 _ m?x?  nln?
22 a? b2
where k_ is the longitudinal wave vector, m and n are integer, and a and b are the length of the rectangle. For a certain thickness
of the metal film, the longitudinal wave vector k, is relatively constant. Increasing the size of the waveguide cross-section (i.e., the
side length W or L of the small hole) will cause the wavelength A to increase accordingly. As illustrated in Fig. 3(a, b), when W or L
is increased, the transmission peaks exhibit a significant redshift.
Fig. 4(a) illustrates the angle resolution spectra of the AMM structure. The AMM structure exhibits significant dispersion properties
due to its nature as 2D optical lattices. With an increasing incident angle, the transmission peak splits into two peaks, revealing a

3
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Fig. 3. (a, b) display the normalized transmission spectra of AMM structures concerning the widths/lengths of the holes, without changing the size of the unit, while
maintaining the length/width fixed at 1.1 pm/0.9 pm, and setting the period of the unit cell and d at 4.0 pm and 1.15 um, respectively. For clarity, the spectral lines
are vertically shifted. (c, d) illustrate the normalized transmission spectra versus the periods of the unit cell, with the other parameters unchanged (c) and the other
parameters changed proportionally (d).
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Fig. 4. (a) displays the angle resolution spectra of the artificial metamaterial (AMM) structure. (b) reveals the partially enlarged details of the cross structure in the
angle resolution spectra, which is marked with a rectangular box in (a).

cross-like structure in the dispersion relation. In Fig. 4(b), we zoom in on the details of the cross structure and observe both leaky
and nonleaky edges [34]. Magnusson et al. [35] have discussed the band flip and closure effects of the leaky and nonleaky modes
by adjusting the parameters of optical lattices, both in numerical calculations and experiments. Our results are consistent with their
findings, indicating that leaky and nonleaky modes exist in 2D rectangular hole arrays with a cross-like layout and are sensitive to
the symmetry of the structures.

Fig. 5 depicts the calculated response spectra of the PbSe detector combined with AMM structures of various periods. The
inset illustrates the schematic of the device. A buffer layer is initially deposited atop the PbSe detector to safeguard the device.
Subsequently, the AMM structure is fabricated on top of the buffer layer. Through the incorporation of AMM structures, PbSe
detectors exhibit excellent performance as single wavelength detectors, with tunable detecting wavelengths ranging from 2.0 to

6.0 pm.



W. Chu, X. Xu, C. Cai et al.

[ - - —Response spectrum of PbSe detector |

\

[N

(FA)
\

—

AMM structure

Buff layer
PbSe detector

Heliyon 9 (2023) €21303

Response Rate (a.u.)

1 2 3 4 5 6 7 8
Wavelength (um)

Fig. 5. Figure displays the calculated response spectra of the PbSe detector combined with AMM structures of varying periods. The inset illustrates the schematic of
the device.

4. Conclusion

In summary, we propose an ultra-narrow band filter in MIR suitable for designing single wavelength detectors and on-chip
photonic spectrometers. This work demonstrates 2-D rectangular hole arrays in the xy plane with a cross-like layout. The cross-like
layout renders the structure polarization-insensitive to incident photons, and the multilayer structures significantly enhance filter
performance due to electromagnetic waveguide resonance. The structure achieves a transmission peak with a transmittance of 50%
and a FWHM of 30 nm. The position of the transmission peak can be tuned from 3.0 to 10.0 um by varying the unit cell period from
3.0 to 10.0 um. The angle resolution spectra of the structure exhibit dispersion features and the leaky mode of 2D structures. The
calculated response spectra of the PbSe detector combined with the AMM structure indicate that the AMM structure demonstrated in
this work is suitable for developing single wavelength detectors and on-chip photonic spectrometers in the MIR.
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