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A B S T R A C T   

The broadband metamaterial perfect absorbers over various incident angles are highly significant in long-wave infrared (LWIR) detection. Previous research on LWIR 
metamaterial absorbers has mainly focused on metallic resonators. Here, we propose two broadband LWIR metamaterial absorbers that use dielectric resonators 
instead. The germanium (Ge) resonators on the top layer excite resonance modes that control the equivalent impedance of the structure, which acts on the high-lossy 
Si3N4-Ti reflecting layer to assume the absorption. Firstly, we designed a three-layer structure of Ge-Si3N4-Ti, which achieved a broadband absorption with an 
average absorptivity of 93.1 % in the 8–12 μm range. The absorption ratio of metal can be effectively reduced by replacing the metal. Then, to further enhance the 
absorptivity, we inserted a Si3N4 layer into the Ge layer, increasing the 90 % absorption bandwidth to 7.96–14.16 μm and the average absorptivity in 8–14 μm to 96.5 
%. Compared to metamaterial absorbers based on metallic resonators, dielectric resonators with a large feature size make fabricating easier. Our proposed meta-
material absorber provides ultra-wideband absorption covering the LWIR range. In addition, it is insensitive to the incident angle, making it a potential candidate for 
thermal imaging and broadband thermal emission applications.   

Introduction 

Efficient detection of electromagnetic wave signals requires devices 
with good absorption capabilities. In the long-wave infrared band (8–14 
μm), broadband absorbers are crucial for applications such as thermal 
imaging [1,2], radiation cooling [3], and thermal emission [4–6]. 
However, it isn’t easy to meet the needs of broadband absorption due to 
the limitations of the material band gap. Increasing the film thickness to 
enhance absorption will increase the heat capacity of the system, 
thereby reducing the sensitivity of the detection. The emergence of 
metamaterial absorbers provides a new way of designing broadband 
absorbers with thin structures. Since the perfect metamaterial absorber 
was proposed by Landy et al. in 2008 [7], research on metamaterial 
absorbers has expanded to cover a wide range of regions from visible 
light to microwaves [8–14] according to their excellent performance. 

Broadband absorption in metamaterial absorbers requires the com-
bined action of multiple relatively independent absorption modes with 
similar frequency differences, as the bandwidth provided by a single 
enhanced absorption mode alone is not enough [15]. The position of the 
absorption peak in the metamaterial is related to the size of the 

resonators. Therefore, among the reported methods, the most commonly 
used is to stack several resonators of different wavelengths horizontally 
[16,17] or vertically [18]. For example, Ding et al. used the metal- 
dielectric multilayered quadrangular frustum pyramids to lead the 
broadband absorption in the microwave band [19]. And Kim et al. 
achieved a similar broadband absorption effect through a truncated 
cone structure [20]. However, the vertically stacked metamaterials with 
increased structural layers are difficult to manufacture, especially for 
higher frequency absorbers. Guo et al. propose a broadband meta-
material absorber based on multiple horizontal structures, and the 
simulated total absorption exceed 90% from 7.8 to 12.1 um [18]. Still, 
the overall absorption efficiency of the horizontally stacked meta-
material absorber will be disturbed by the coupling effect between res-
onators. Another way is to introduce high-loss materials into the 
structure to expand the resonance peak’s absorption bandwidth [21], 
such as Ti [22,23], Cr [24,25], W [26,27], and other high-loss metals. 
For instance, Ran et al. used a four-layer nitride absorber that provides 
perfect absorption within 260–1510 nm [28]. In the LWIR band, lossy 
dielectric materials such as SiN [29,30] and SiO2 [22,31] can also 
enhance absorptivity. Still, their absorption capacity is limited by the 
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dielectric layer’s material loss coefficient and thickness, which requires 
a larger thickness to achieve a higher absorptivity. However, for Metal- 
Dielectric-Metal (MDM) structured metamaterial absorbers, increasing 
the thickness of the dielectric layer will affect the resonance between the 
upper and lower metals, thereby losing the absorption efficiency. 

Here, we propose a design method for ultra-wideband LWIR meta-
material absorbers based on Ge dielectric resonators instead of metallic 
resonators in classic metamaterial absorbers. Firstly, we designed a Ge- 
Si3N4-Ti broadband metamaterial absorber. In the absence of Ge reso-
nators, the high-loss Ti layer and the Si3N4 layer act as a reflection layer. 
And under the control of the Ge resonators, it can excite several efficient 
absorption modes, achieving perfect absorption at 8.03 μm and 11.03 
μm, with an average absorptivity of 93.1 % in the 8–12 μm range. On this 
basis, we further improved the absorption efficiency of the absorber by 
inserting a Si3N4 layer into the middle of the Ge resonator, resulting in 
improved absorption intensity and expanded absorption bandwidth of 
96.5 % within the 8–14 μm range. The above results achieve ultra-wide 
absorption covering the LWIR band, showing polarization-insensitive 
and incident-angle-insensitive properties. Therefore, the proposed 
metamaterial absorbers can play a potential role in thermal imaging, 
broadband thermal emission, and other fields. 

Ge-Si3N4-Ti broadband absorber 

The structure of the proposed Ge-Si3N4-Ti broadband absorbers is 
shown in Fig. 1 (a), which consists of periodic Ge nano-cubes on Si3N4-Ti 
films with a period cell of 5.8 μm. The thicknesses of the Ge, Si3N4, and 
Ti layers are 0.6 μm, 0.1 μm, and 0.15 μm, respectively. The finite dif-
ference time domain method was used to simulate the absorber’s per-
formance, with the optical parameters of Ge, Si3N4, and Ti materials 
obtained from Palik [32], Kischkat [33], and Rakic [34], respectively. 
Both Si3N4 and Ti materials have the ability to absorb long-wave 
infrared light, and Ge nano-cubes act as resonators to control the light 
response characteristics of the structure. Since the absorber form is 
polarization-independent, linearly polarized light is used along the X- 
axis direction in the electric field direction for simulation. The absorp-
tion curve of the Ge-Si3N4-Ti absorber is shown in Fig. 1(b). The ab-
sorptivity (A) is determined by: A = 1 - R - T, R and T are the reflectivity 
and transmittance, respectively. Since the thickness of the metal 

covering the bottom is large enough to exceed the skin depth of Ti in the 
LWIR band, the light cannot penetrate, and the absorptivity can be 
corrected to A = 1 - R. In the absence of the top-layer Ge resonators, the 
absorptivity of the underlying Si3N4-Ti film remains at about 10 %, as 
depicted by the yellow line in Fig. 1 (b), which means most of the energy 
is being reflected back, as if there were a high-reflection layer with a 
barrier. At this time, the absorption intensity is weak. Next, by placing 
lossless Ge resonators above the Si3N4-Ti film, it is possible to achieve a 
broadband absorption effect in the LWIR band. Through the geometric 
size design of Ge nano-cubes, we realized a high absorptivity of 97.6 % 
and 99.6 % at the absorption peaks of 8.03 μm and 11.03 μm, respec-
tively, as shown in the red line in Fig. 1 (b). The average absorptivity in 
the 8–12 μm range is 93.1 %. Matching the metamaterial absorber’s 
structural impedance with the external environmental impedance 
eliminates the reflection resulting in perfect absorption. The equivalent 
impedance of the metamaterial absorber can be calculated by extracting 
the structural S parameters, which can be expressed as [35]: 

Z =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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where Z = Z′ + iZ″, Z′ and Z″ are the real and imaginary parts of the 
equivalent impedance. When the impedance of the absorber is equal to 
the environmental impedance (Zair = 1), the impedance matching is 

achieved to reach perfect absorption. According to R =
(Z′− 1)2+(Z″)2

(Z′+1)2+(Z″)2 [36], 
the reflectivity depends on the degree of adaptation of the effective 
impedance to the air, so the key to broadband absorption is maintaining 
the impedance-matching condition over a wide range. As shown in Fig. 1 
(c), the absorber’s impedance at two absorption peaks of 8.03 μm and 
11.03 μm is Z8.03 = 1.021–––0.022i and Z11.03 = 0.991 + 0.002i, which 
is close to the perfect absorption condition. Fig. 1 (c) describes the 
relationship between the real and imaginary parts of the equivalent 
impedance of the absorber and the wavelength. In the range of 8–12 μm, 
the real part of Z is close to 1, and the imaginary part is close to 0. This 
result indicates that the structure achieves or approaches impedance 
matching in the broadband range under the coupling effect of different 
resonances excited by the Ge resonator, which is consistent with the 
absorption curve. 

We analyzed the absorption effect of each absorption layer and 

Fig. 1. (a) Structure diagram of the Ge-Si3N4-Ti broadband absorber. The period of the unit cell P is 5.8 μm. The side length of the Ge resonator D is 4.8 μm, and the 
height H is 0.6 μm. The Si3N4 and Ti layer thickness are 0.1 μm and 0.15 μm. (b) Absorption curves of Ge-Si3N4-Ti absorbers and Si3N4-Ti layer only. (c) The 
equivalent impedance of metamaterial absorbers. 
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observed the energy loss between different material layers in Fig. 2 (a). 
It was evident that the Ge layer has weak absorption capabilities, and the 
underlying Si3N4-Ti layer absorbs most of the energy. At 8–12 μm, the 
highly lossy metal Ti has a high absorption intensity, especially at P1 
(8.03 μm) and P4 (11.03 μm), which matches the absorber’s absorption 
peak position. For the Si3N4 layer, the absorptivity at P2 (8.36 μm) is 
significantly improved, and the absorption peak is reached at P3 (9.84 
μm). The difference in absorption efficiency between the absorption 
layers corresponds to the difference in response of different resonance 
modes. However, in some applications of optoelectronic devices, metal 
absorption inhibits the generation of photoelectrons, and the accom-
panying heat lossy effect is also undesirable. Therefore, it is important to 
avoid metal absorption as much as possible. 

The absorption of the metal in the classical MDM absorbers is diffi-
cult to avoid as the metal resonators participate in the excitation reso-
nance. However, the absorption only occurs in the bottom Si3N4-Ti loss 
layer in our absorbers, which helps prevent the ohmic absorption of the 
metal, allowing for low ohmic loss broadband absorption. For this 
reason, we replaced the metal layer with a high-reflectivity metal Al, 
and the obtained absorption curves are shown in Fig. 2 (b). Overall, the 
reflective layer composed of Si3N4-Al maintains its function, ensuring 

broadband absorption in 8–12 μm, although the absorption bandwidth 
decreases. At the same time, most of the energy is absorbed by the Si3N4 
layer, and the absorptivity of the underlying metal falls from 57.6 % to 
16.5 %, effectively avoiding metallic absorption. In addition, the sharp 
metal absorption enhancement effect at 7.7 μm is caused by high-order 
resonance, which can also be suppressed by changing the geometric 
parameters of the resonator. Compared with the MDM metamaterial 
absorbers, we achieve impedance matching and broadband absorption 
by adjusting the geometric parameters of the dielectric resonator, thus 
effectively avoiding the lossy impact of the top metal resonator. Only the 
lower lossy material layer bears the absorption effect. When the high- 
reflectivity metal is used as the reflective substrate, the lossy effect of 
the underlying metal can also be effectively reduced so that the ab-
sorption of the dielectric material is dominant, which is helpful for the 
effective excitation of photoelectrons. This design method can provide a 
reference for metamaterial absorbers used in optoelectronic devices. 

We analyzed four different absorption modes (mode1 at 8.03 μm, 
mode2 at 8.36 μm, mode3 at 9.84 μm, and mode4 at 11.03 μm) and 
extracted their near-field electromagnetic field and energy distribution 
as depicted in Fig. 3. As shown in Fig. 3 (a) and (e), Mode1 exhibited 
electrical resonance, with the electric field concentrated in the Ge 

Fig. 2. (a) Absorption contribution of different absorption layers. (b) Absorption contribution of different absorption layers when the bottom metal is Al.  

Fig. 3. Local electromagnetic field and energy distribution of mode1-mode4: (a) - (d) Electric field distribution; (e) - (h) Magnetic field distribution; (i) - (l) Energy 
distribution. 
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resonator along the X direction and the magnetic field distributed below 
the junction of the resonator and the Si3N4-Ti lossy layer along the Y 
direction. As shown in Fig. 3 (b) and (f), Mode2 showed a second-order 
magnetic dipole mode, with two co-directional electric circulations in 
the Si3N4 layer exciting two positive magnetic currents along the Y-axis. 
As shown in Fig. 3 (c) and (g), Mode3 had the electromagnetic field 
concentrated in the Si3N4 layer below the edge of the Ge resonator, with 
the electric field directions on both sides of the resonator being positive 
and negative along the Z-axis, respectively. The reverse circulation 
excited the positive magnetic current along the Y-axis, consistent with 
the characteristics of the magnetic dipole mode. As shown in Fig. 3 (d), 
(h), mode4 with lower frequency is an F-P-like mode. The electric field is 
distributed within the resonator, parallel to the direction of the incident 
electric field. Conversely, the magnetic field is concentrated on the 
interface between the Ge resonator and the lossy layer. If the resonant 
wavelength of mode4 satisfies the destructive interference condition, 
the reflectivity reaches 0, namely: 

2π
λ

n • 2L = (2k + 1)π (2) 

Where n is the refractive index of the medium in the resonant cavity, 
L is the cavity length, k is the order of the F-P mode, and λ is the 
wavelength. The wavelength of the first-order F-P mode calculated ac-
cording to equation (2) is 10.75 μm, which is in agreement with the 
position of the absorption peak mode4. The energy lossy of light in the 
lossy material depends on the intensity of the excitation electric field 
and the loss coefficient of the material, that is [36]: 

Q(ω) = 0.5 × ω × ε˝× |E(ω) |2 (3) 

Where ω is the frequency of light, ε“ is the imaginary part of the 
dielectric constant, and E is the electric field strength. Fig. 3 (i) - (l) 
showcases the lossy contribution distribution of the absorber calculated 
according to equation (3). For a clear image, Q applied the logarithm. 
The results indicate no energy loss in the Ge resonator, whereas the 
Si3N4 and Ti layers experience energy loss. Depending on the mode, the 
lossy area is either concentrated in the Ti layer below the Si3N4 layer or 
the Si3N4 layer. This means that the absorption of Ti dominates for 
mode1 and mode4, while Si3N4 dominates for mode2 and mode3. The Z- 
direction electric field generated by these two modes corresponds to the 
transverse propagation mode perpendicular to the Z-axis. This field 

Fig. 4. Effect of structural parameters of Ge resonator on absorptivity: (a) Length; (b) Period; (c) Height; (d) Thickness of Si3N4.  

Fig. 5. (a) Structure diagram of the double-layer Si3N4 ultra-wideband absorber. (b) Absorption curves of the absorbers.  
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effectively captures the electromagnetic wave in the lossy material, 
increasing the effective propagation distance of light in Si3N4, thereby 
improving the absorptivity. 

The absorber’s absorption curve is affected by the size and gap of the 
Ge resonators, including the position and coupling strength of each 
resonance. As shown in Fig. 4, we simulate the changes in absorption 
spectra under different geometric parameters. As shown in Fig. 4 (a), 
mode1 and mode2 are sensitive to the size change of the resonator, and 
their absorption wavelengths increase with the increase of the resona-
tor’s diameter D. The absorption intensity of the transverse mode3 de-
creases with the increase of the resonator spacing, as shown in Fig. 4 (b). 
In addition, the response of the absorber is sensitive to the thickness of 
the Ge resonator. When the height H of the resonator increases, all ab-
sorption peaks have different degrees of redshift, as shown in Fig. 4 (c). 
The F-P-like mode is sensitive to the thickness of the structure. There-
fore, when the size and spacing of the resonator change, the absorptivity 
and absorption wavelength of mode4 do not change significantly. 
Similarly, the thickness of the Si3N4 lossy layer also changes the ab-
sorption wavelength of mode4, as shown in Fig. 4 (d), while its effect on 
other absorption peaks is not prominent. Therefore, increasing the 
thickness of the Si3N4 can expand the absorption bandwidth, although 
this will decrease the average absorptivity. 

Double-layer Si3N4 ultra-wideband absorber 

In the previously designed broadband absorber, the absorptivity near 
9 μm decreases significantly, as shown in the red line in Fig. 5 (b), which 
affects the overall absorption efficiency of the structure. Moreover, this 
decrease will not be improved by increasing the thickness of the Si3N4 
lossy layer, as shown in Fig. 4 (d). Therefore, we broaden the absorption 
spectrum by inserting a Si3N4 absorption layer into the Ge resonator. 
The structure of the proposed double-layer Si3N4 ultra-wideband 
absorber is shown in Fig. 5 (a). In order to improve the lossy of Si3N4 
layer to increase the absorption intensity, we inserted a 200 nm thick 
Si3N4 layer in the middle of the Ge resonator, and the remaining pa-
rameters were consistent with the previous ones. The absorption curve 
of the ultra-wideband absorber obtained is shown in the blue line in 
Fig. 5 (b). Compared with the previous results, the absorptivity and 

absorption bandwidth has been significantly improved. The 90 % ab-
sorption bandwidth is 7.96 μm to 14.16 μm, totaling 6.2 μm, and the 
average absorptivity in the range of 8–14 μm is 96.5 %. The newly 
introduced Si3N4 interlayer has two effects on improving the absorber’s 
performance. Firstly, for the F-P-like resonant mode4, the Si3N4 inter-
layer increases the equivalent thickness of the resonant cavity and 
redshifts the resonant wavelength, which improves the absorption 
range. Secondly, unlike the case where only the thickness of the lower 
Si3N4 is increased, the absorptivity of the transverse mode3 is signifi-
cantly improved, which avoids the decrease in the absorption intensity 
caused by the separation of the resonance peaks. The performance of the 
double-layer structure at different incident angles is also simulated, as 
shown in Fig. 6. θ is the angle with the z-axis of the light propagation 
direction. The absorption capacity of the absorber has not been signifi-
cantly degraded at an incident angle of 60◦, indicating that it is has good 
incident angle insensitivity. 

In Table 1, we have compared the performance of the proposed LWIR 
broadband absorbers with other recently reported absorbers. Compared 
with absorbers based on metallic nanoarrays, the proposed absorbers 
based on Ge resonators have a simpler configuration and larger structure 
size, giving them an advantage in the preparation. Additionally, our 
absorption efficiency is higher, and the device’s thickness is smaller than 
the all-dielectric absorption mentioned in Ref. [39]. 

Conclusion 

In summary, we propose two broadband metamaterial absorbers in 
the LWIR band based on Ge resonators, and the average absorptivity of 
the Ge-Si3N4-Ti absorber in 8–12 μm range is 93.1 %. Then, the ab-
sorption intensity of the absorber is significantly improved by inserting 
Si3N4 in the middle of the resonator, which expands the absorption 
range. The average absorptivity of the double-layer Si3N4 ultra- 
wideband absorber in 8–14 μm is 96.5 %. The transverse size of the 
designed absorber is about 1/2 central wavelength, and the longitudinal 
size is 1/12 of the central wavelength. The tiny device’s thickness makes 
it light and thin, which is crucial in optoelectronic devices. At the same 
time, the larger lateral size provides a wealth of lateral modes and re-
duces the difficulty of preparing microstructures. By controlling the 
reflective metal at the bottom of the resonant mode, the energy can be 
concentrated in the lossy dielectric layer, which helps to improve the 
detector’s efficiency. We believe that the broadband absorbers can play 
a potential role in thermal imaging, thermal emission, radiation regu-
lation, and other fields. 
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[34] Rakić AD, Djurǐsić AB, Elazar JM, Majewski MLJAO. Optical properties of metallic 
films for vertical-cavity optoelectronic devices. Appl Opt 1998;37(22). 5271–5283. 
https://opg.optica.org/abstract.cfm?uri=ao-37-22-5271. 

[35] Smith D, Vier D, Koschny T, Soukoulis CJPRE. Electromagnetic parameter retrieval 
from inhomogeneous metamaterials. Phys Rev E 2005;71(3):036617. https://doi. 
org/10.1103/PhysRevE.71.036617. 

[36] Tittl A, Harats MG, Walter R, Yin X, Schäferling M, Liu N, et al. Quantitative Angle- 
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