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Abstract: We present an innovative method for dual band mid-wave infrared (MWIR) and long-wave infrared 
(LWIR) reflectors. By using double-sided metasurfaces, two high reflection bands can be generated with a 
single device. As individual guided-mode resonance (GMR) reflectors are combined with interlayer (or 
substrate) on the top and bottom sides, we achieve high reflection in the MWIR and LWIR bands 
simultaneously. Each GMR reflector is optimized as a germanium (Ge) grating structure on a potassium 
bromide (KBr) substrate. In our analysis, it is found that the transparency of the interlayer is critical to produce 
the dual-band reflection. The simulation results on the Ge/KBr/Ge double-sided metasurfaces demonstrate 
wideband reflection from ~3.3 to 4.8 μm and ~8.8 to 11 μm. Additionally, the device exhibits favorable angular 
tolerance. The work contributes to developing capability of metasurface technologies in various application 
fields. 

Keywords: mid-wave infrared; long-wave infrared; guided-mode resonance; dual band reflector; 
double-sided metasurface 

1. Introduction

Mid-wave infrared (MWIR, λ ≈ 3 to 5 μm) and long-wave infrared (LWIR, λ ≈ 8 to 14 μm) 
technologies play important common roles in thermal imaging, spectroscopy and remote sensing 
[1,2]. These wavelengths correspond to transparent atmospheric windows allowing high 
transmission of thermal radiation. MWIR imaging systems are capable of excellent resolution with 
enhanced sensitivity and contrast to temperature difference [3] while LWIR systems offer high 
quality imaging of near-ambient temperature objects and complex environmental conditions [4]. As 
a synergistic approach to merging these technologies, recent efforts have focused on combining 
MWIR and LWIR capabilities to yield enhanced performance and broader spectral coverage [5,6]. 

Meanwhile, optical metasurface technologies have been rapidly advanced through the 
implementation of resonant photonic lattices (PLs) [7,8]. Contrasting traditional thin-film technology, 
the PLs enable a single layer operation for various optical components including band-pass filters [9], 
wideband reflectors [10] and polarizers [11]. Particularly, for the MWIR and LWIR bands, guided-
mode resonance (GMR) fashioned PLs are alternatives to traditional multi-layer designs based on 
quarter-wavelength thickness [12]. However, designing optical components that simultaneously 
operate effectively in both the MWIR and LWIR bands remains a considerable challenging in 
metasurface technology. In this work, we introduce an approach for dual band operation via double-
sided metasurface structures. As an essential optical component, we focus on design and analysis of 
MWIR and LWIR reflectors, potentially useful for dual-band operation in various application fields. 

2. Double-Side Metasurface Reflector

As shown in Figure 1, double-sided metasurfaces enable high reflection in MWIR and LWIR 
bands. The dual-band reflection is attributed to cooperative interaction between two distinct resonant 
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reflectors, optimally designed for each MWIR (3-5 μm) and LWIR (8-12 μm) region. When light 
illuminates the device, the first metasurface reflector generates a high reflection band in the MWIR 
spectral region while partially reflecting light in LWIR region, as depicted in (i). In an ideal lossless 
system, the remaining light entirely passes through the substrate and interacts with the second 
reflector, as shown in (ii). Thereafter, the LWIR light is mostly reflected into air. As a result, seen in 
(iii), light undergoes high reflection in both MWIR and LWIR regions. Regarding infrared transparent 
materials such as germanium (Ge), calcium difluoride (CaF2), potassium bromide (KBr), here, we 
successfully develop and analyze double-sided metasurfaces for dual band MWIR and LWIR 
reflectors. 

 
Figure 1. Concept of a double-sided metasurface fashioning a dual-band reflector in air. Cooperative 
interaction between (i) MWIR and (ii) LWIR reflectors enables dual bands of high reflection as 
presented in (iii). 

3. Numerical Modelling 

Dual band reflectors as proposed here can be constructed using two individually optimized 
resonant wideband reflectors. In this work, we employ particle swarm optimization (PSO) algorithms 
[13] to achieve a high reflection in each 3-5 μm MWIR and 8-12 μm LWIR band. For calculation of the 
reflection, a rigorous coupled-wave analysis (RCWA) method [14] is used with a commercial 
software package [15]. As a simple construction, we treat a one-dimensional (1D) grating array based 
on high refractive index dielectric material.  

Figure 2a presents the schematic of the 1D MWIR grating reflector. In this design, we incorporate 
a homogeneous sublayer beneath the one-dimensional (1D) grating using the same high refractive 
index material. This forms a zero-contrast grating (ZCG), which facilitates superior wideband 
reflection to achieve [16]. The grating parameter set {Λଵ,𝐹ଵ,𝑑௚ଵ,𝑑௛ଵ} determines the geometry of the 
1D ZCG, where the Λଵ, 𝐹ଵ, 𝑑௚ଵ and 𝑑௛ଵ denote a period, fill factor, grating depth, and sublayer 
thickness of the first part of the metasurface. By setting the refractive indices (nh=4, ns=1.4) and using 
TM polarization (i.e., electric field is perpendicular to the grooves), we determine the optimal 
parameter set as {Λଵ= 1.73 μm, 𝐹ଵ=0.73, 𝑑௚ଵ=0.91 μm, 𝑑௛ଵ=0.5 μm} for the MWIR reflector. The 
simulated zeroth-order reflectance (R0) spectrum demonstrates a high reflection band spanning from 
3.06 to 4.85 μm, with R0 values exceeding 0.97 remarkably achieved by the single grating layer. The 
wideband reflection is attributed to the merging of multiple guided-mode resonance (GMR) modes 
in the subwavelength regime [17]. At longer wavelengths, high reflection does not appear because 
GMRs are not excited.  

For supporting high reflection in the LWIR region, as shown in Figure 2b, the second 
metasurface is designed by increasing the grating period where the optimal parameter set is {Λଶ= 6 
μm, 𝐹ଶ=0.38, 𝑑௚ଶ=1.7 μm, 𝑑௛ଶ=0.33 μm} under TE polarization (i.e., electric field is parallel to the 
grooves). In the simulated R0 spectrum, wideband reflection is observed from 8.54 to 12.22 μm, with 
high reflectance (R0>0.99). As the second metasurface, it can efficiently reflect LWIR light transmitted 
from the first metasurface. 

Figure 2c shows a double-sided metasurface composed the of two individual reflectors from 
Figures 2a and 2b. The substrate thickness (d) is set to 1 mm, which is a commonly used value. To 
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ensure that each reflector operates with the proper polarization, two 1D grating are aligned in 
orthogonal directions under linearly polarized light illumination. When the incident electric field is 
perpendicular to the first grating grooves, the first and second metasurface interact with TM and TE 
polarized electromagnetic waves, respectively. The simulation result of the R0 spectrum clearly shows 
dual MWIR and LWIR reflection with high fluctuations due to Fabry-Pérot (FP) resonances. 

 
(a) 

 

(b) 
 

 
(c) 

Figure 2. Modelling of a double-side metasurface for the dual-band reflector. The (a) first and (b) 
second metasurface for each MWIR and LWIR reflector designed by a resonant 1D grating structure. 
The grating parameters includes a period (Λ), fill factor (F), grating depth (d௚) and sublayer thickness 
(d௛ ). The n௛  and n௦   indicate high refractive index of grating layer and low refractive index of 
substrate. (c) The double-sided metasurface composed of each MWIR and LWIR reflector with a thick 
interlayer of substrate (d). In the simulated R0 spectrum, both MWIR and LWIR reflection bands are 
clearly observed. 

4. Analysis 

To explain a mechanism of the dual band reflector, we provide an analytical formula based on a 
simplified optical configuration as illustrated in Figure 3a. The total output R0 is derived from the 
sum of the nth reflectance (𝑅ሺ௡ሻ) between the two metasurface which can be expressed by (1) to (3). 𝑅଴ ൌ ෍𝑅ሺ௡ሻஶ

௡ୀ଴  (1)
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ൌ 𝑅ଵ ൅  𝑅ଶሺ1 െ 𝑅ଵሻଶ𝑒ିଶఈௗ෍ሺ𝑅ଵ𝑅ଶ𝑒ିଶఈௗሻ௡ஶ
௡ୀ଴  (2)

ൌ 𝑅ଵ ൅  𝑅ଶሺ1 െ 𝑅ଵሻଶ𝑒ିଶఈௗ1 െ 𝑅ଵ𝑅ଶ𝑒ିଶఈௗ  (3)

The R1 and R2 represent the reflectance of the first and the second metasurface, and α denotes 
the absorption coefficient of the interlayer (i.e., α ൌ 4πk ⁄ λ, k being the extinction coefficient of the 
complex refractive index). In the equation, a phase interference is ignored to avoid FP resonance 
effects.  

 

 
(a) (b) 

Figure 3. Analytical modelling for the double-sided metasurface in lossless and lossy materials. (a) 
Schematic for total reflection between two interfaces separated by a distance (d) where the R1 and R2 
are reflectance at the first and second interface respectively. The absorption coefficient (α) is obtained 
by α ൌ 4πk ⁄ λ where the k is an extinction coefficient of the interlayer. (b) Calculation results from 
solving (3) for k=0 (blue bold line) and 0.001 (red bold line) with d=1 mm. The R1 and R2 are the zeroth 
order reflectance of MWIR and LWIR reflector in Figures 2a and 2b. For comparison, the numerical 
simulation results are also added for k=0.001. The thin red and green lines represent absorption (A) 
and R0 spectrum. 

Figure 3b shows calculation results obtained by solving (3) using the R1 and R2 reflectance from 
each R0 spectrum of Figures 2a and 2b. Comparing Figure 2c, which is in case of a lossless interlayer 
(extinction coefficient k=0, depicted by the blue bold line), the analytical results match to the 
simulation (RCWA) results, except for the dense oscillation. In realistic fabrication, where 
mathematically perfect parallelism between two interfaces is unlikely to be formed, FP interference 
effects will be diminished. Thus, the double-sided metasurface can cooperate the two individual 
reflectors without the rapid fluctuation seen in the RCWA result, producing a response similar to that 
predicted by the analytical model. However, when the interlayer is lossy material, the dual-band 
reflection capability is significantly degraded. As shown in red bold line, which indicates analytical 
result for k = 0.001, R0 dramatically decreases in the LWIR region while matching the RCWA results 
(red thin line). This substantial reduction is caused by the high absorption of the thick interlayer (d=1 
mm) as evidenced by the absorption (A) spectrum (i.e., RCWA results, depicted by the green thin 
line). The LWIR light is substantially absorbed during the long propagation, multi-wavelength path 
in the interlayer, whereas the MWIR light is predominantly reflected not penetrating the interlayer. 
Unfortunately, for this reason, it is hard to operate the second reflector when utilizing lossy materials 
for the interlayer. 
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4. Design and Results 

As investigated in the previous section, transparency of the interlayer is critical to achieve the 
dual-band reflection. Prior to design, as seen in Figure 4a, we examined the zeroth order 
transmittance (T0) of 1 mm-thick-CaF2 and KBr substrates as the interlayer. The red line represents a 
measured T0 spectrum of the CaF2 substrate obtained by using a Fourier transform IR (FTIR) 
spectrometer (Thermo Scientific Nicolet iN10). In the MWIR region, it exhibits a high T0~0.92 
indicating that the light remaining after external reflection (R~ 0.08 at surface and bottom) propagates 
without internal absorption. However, the T0 rapidly decreases when the wavelength is longer than 
λ=8 μm due to the increased internal loss. The blue line shows a simulated T0 spectrum where we 
have adjusted the CaF2 dispersion to closely match the measured values based on previous 
experimental results. [18]. At long wavelengths λ>8 μm, the FP resonance is diminished by a fact that 
the internal absorption prevents the light from making a round trip within the cavity. The T0 
spectrum of a KBr substrate (green line) is also simulated by accounting for material dispersion based 
on previous experiments [19]. In both MWIR and LWIR regions, KBr exhibits apparently high 
transparency without absorption.  

 
(a) 

 
 

(b) 

 
 

(c) 

Figure 4. Effects of interlayer on the double-sided metasurface. (a) Zeroth order transmittance (T0) 
spectra of 1 mm-thick-substrate as the interlayer. The T0 spectra of CaF2 (blue line) and KBr (green 
line) substrates are simulated by RCWA. Additionally, the measured T0 spectrum of the CaF2 
substrate is also compared to simulation result. (b) Design and simulation results of double-sided 
metasurface based on Ge/CaF2/Ge material system where the top and bottom grating parameter sets 
are {Λଵ  = 1.725 μm, Fଵ=0.732, d௚ଵ=0.9 μm, d௛ଵ=0.49 μm} and {Λଶ= 6 μm, Fଶ=0.38, 𝑑௚ଶ=1.7 μm, 𝑑௛ଶ=0.32 μm}. Due to the absorption at longer wavelengths, the LWIR reflection is degraded. (c) 
Design and simulation results of double-sided metasurface based on Ge/KBr/Ge materials. The top 
and bottom grating parameter sets are {Λଵ= 1.73 μm, Fଵ=0.73, d௚ଵ=0.92 μm, d௛ଵ=0.5 μm} and {Λଶ= 
5.39 μm, Fଶ=0.38, 𝑑௚ଶ=1.75 μm, 𝑑௛ଶ=0.34 μm}. 
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Figure 4b shows the design result of double-sided metasurface based on Ge/CaF2/Ge material 
system where the first and second optimal grating parameter sets are {Λଵ= 1.725 μm, 𝐹ଵ=0.732, 𝑑௚ଵ=0.9 μm, 𝑑௛ଵ=0.49 μm} and {Λଶ= 6 μm, 𝐹ଶ=0.38, 𝑑௚ଶ=1.7 μm, 𝑑௛ଶ=0.32 μm} for the individual 
reflectors. The dispersion of Ge is accounted for [20]. As anticipated, dual-band reflection is not 
available due to the internal absorption of the CaF2 interlayer as noted quantitatively by the 
significantly high absorbance (A) spectrum displayed in blue. Only the first reflector effectively 
operates in the MWIR region. In contrast, the Ge/KBr/Ge double-sided metasurface achieves the dual-
band reflection without the internal absorption as presented in Figure 4c. In each region, high 
reflection is observed from 3.3 to 4.77 μm and 8.85 to 11 μm where the first and second optimal 
grating parameter sets are {Λଵ= 1.73 μm, 𝐹ଵ=0.73, 𝑑௚ଵ=0.92 μm, 𝑑௛ଵ=0.5 μm} and {Λଶ= 5.39 μm, 𝐹ଶ=0.38, 𝑑௚ଶ=1.75 μm, 𝑑௛ଶ=0.34 μm}. 

To investigate the angular tolerance of the double-sided metasurface, we examine the dual-band 
reflection while varying two different angles. Figure 5a illustrates angular variation with the plane of 
incidence (POI) perpendicular to the grating grooves of the first reflector. In this case, the MWIR 
reflector is subjected to classical mounting while the LWIR reflector experiences fully conical 
mounting. In general, the classic incidence varies the resonance more since it induces greater 
deviation of the diffracted waves than conic incidence [21]. Likewise, as shown in the R଴ሺλ,θሻ color 
map, it is observed that the MWIR reflection band is split under classic mounting but the LWIR 
reflection band remains robust under fully conical mounting. When the POI is parallel to the grooves, 
as seen in Figure 5b, the first reflector undergoes fully conical mounting, thereby enhancing angular 
tolerance in the MWIR band. However, reflectance is somewhat degraded in the LWIR band due to 
the classical mounting of the second reflector for this case. 

 

Figure 5. Angular tolerance of the double-sided metasurface. Simulated R଴ሺλ, θሻ  maps for the 
different angle of incidence (θ) as the plane of incidence (POI) is (a) parallel and (b) perpendicular to 
the grating groove of the first reflector.}. 

5. Conclusions 

In summary, we have introduced a dual-band reflector that incorporates double-sided 
metasurfaces. This innovative design pertains to the cooperation of two GMR reflectors, where two 
metasurface are combined with an interlayer positioned between them. The top and bottom 
metasurfaces can be independently designed to achieve the desired spectral response and both 
functionalities are integrated into a single device with a transparent interlayer. For the MWIR and 
LWIR reflection bands, two 1D ZCG structures are optimized by utilizing Ge grating layers on a KBr 

 
 

(a) 

 
 

(b) 
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substrate. The Ge/KBr/Ge design demonstrates wideband reflection from 3.3 to 4.77 μm (MWIR 
region) and 8.85 to 11 μm (LWIR region). In addition, we provide an analytical formula, which will 
be useful to estimate output spectral response of double-sided metasurfaces in this device class. 

Physical construction of the proposed device is challenging due to the necessity of protecting 
one surface during the pattering of the other. Nevertheless, fabrication is feasible with careful 
processing and procedures. Alternate implementation is serial arrangement of individual resonators 
on separate substrates; corresponding devices have not yet been designed. The basic concept of dual 
reflection band operation is extendable to other spectral regions spanning 400-6000 nm wherein the 
material selection limitation is not as extreme as in the LWIR band. For polarization independence, 
the GMR resonators may be patterned as 2D metastructures. 
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