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Abstract 

Design and investigation of a polarization-insensitive nine-band tunable metamaterial absorber at 

THz frequencies with equal to or more than 90% absorption ratio in all of the bands are reported. 

The tunable metamaterial absorber consists of four isosceles triangle patches with four U-shaped 

cut paths on top of an indium antimonide substrate, which has a fully metallic ground plane at the 

backside. Numerical analyses show that the metamaterial absorber has wide-angle characteristics 

under transverse-electric and transverse-magnetic modes. The permittivity of indium antimonide 

is highly dependent on temperature variations due to its temperature-dependent intrinsic carrier 

density, leading to shift of nine absorption peak frequencies upon change of environment 

temperature. Broadband switching of nine absorption peak frequencies with maximum 71.5% 

shift ratio between 190 K and 230 K is obtained. Temperature sensing performance of the 

metamaterial absorber is further evaluated and the sensitivities are found to be 11.5 GHz/K, 9.2 

GHz/K, 8.3 GHz/K, 7.6 GHz/K, 7.0 GHz/K, 6.2 GHz/K, 5.3 GHz/K, 4.5 GHz/K and 4.2 GHz/K, 

from the first to ninth absorption band, respectively. Therefore, the proposed nine-band 

metamaterial absorber sensor has great potential in sensitive and accurate temperature 

measurement, absorption tuning in optoelectronic applications and as frequency selective thermal 

emitters. 
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1. INTRODUCTION 

 

A great deal of attention has been devoted to research upon metamaterial absorbers over the last decade. In 

principle, the concept of high impedance surfaces used for eliminating the propagation of surface waves in 

antennas [1-2] paved the way for the development of perfect metamaterial absorbers.  However, it was 

Landy et al. [3] who gave stimulus to metamaterial absorber (MA) research in 2008 with their MA, which 

has compact feature as well as more than 85% absorption performance. Although preliminary works based 

on MAs were mainly related to radio and microwave frequencies [4], achievements both in manufacturing 

processes of metamaterials and experimental techniques, such as generation of THz sources, time-domain 

spectroscopic techniques, allowed the realization of MAs also in the terahertz and optical frequency regimes 

[5-10]. Extension of the frequency scale has permitted substantial increase in the application areas of MAs 

for emerging potential applications in spectroscopy, sensing and imaging. 

 

One of the constrictions related to perfect absorption based on metamaterials is the narrow absorption 

bandwidth due to the resonant nature of these materials. Many design techniques are proposed to operate 

MAs at multiple frequencies. One straightforward technique relies on stacking layers that possess resonant 

overlapping absorption modes at multiple-frequencies [11-12]. Ding et al. [11] used twenty metal-dielectric 
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multi-layered pyramids on top of a ground layer and Zhu et al. [12] stacked five gradually modified square 

metallic patches to merge the resonance bands. However, when the number of layers is increased, it 

becomes difficult to precisely align the layers in the fabrication process. Another straightforward 

technology to operate MAs at multiple frequencies can be regarded as employing concentric ring resonators 

in the unit cell, such as nested closed square rings or split-ring resonators [9,13,14]. In this method, the 

number of rings basically determines the number of absorption bands [9,13,14]. Alternative metallic or 

complementary inclusions are also added to well-known resonator structures to simply increase the 

frequencies of operation [15-16]. 

 

Electromagnetic properties of the multi-band MAs are usually fixed after the design and fabrication process. 

Therefore, dynamic tuning of the absorption frequencies is highly demanding to achieve reconfigurable and 

tunable devices. Dynamically controllable MA for THz frequencies is firstly demonstrated via 

photoexcitation [17] and voltage control [18] of free carries in a semiconductor GaAs substrate. 

Subsequently, high temperature superconductive films are proposed for resonance tuning [19-21]. The 

imaginary part of the conductivity of high temperature superconductive films is very sensitive to external 

stimulations so that the tuning can be realized by changing the temperature [19-20], applying magnetic 

fields [19,21] and varying photoexcitation fluence [22-23]. However, the necessary temperature and 

pressure environments for these absorbers put a restriction on their practical use. Microwave MAs based 

on voltage controlled varactor diodes through vias and bias lines [24-25] and THz MAs based on 

electrostatically activated micro-electro-mechanical systems cantilever and split ring resonators [26] have 

also been proposed. These methods do not offer relevant results for vast production, since the fabrication 

process of absorbers hosting vias, lumped elements, cantilevers, etc. is not straightforward. 

 

Recently, there has been extensive research on tunable MAs by combining the resonators with graphene 

[27-32], microfluidics [33] and liquid crystals [34-35]. However, there are a number of challenges for these 

tunable MA approaches. As for the graphene, the production of single or multiple-patterned graphene layers 

is cumbersome and device fabrication is hard to be accomplished. Microfluidic tunable MAs require the 

deployment of capillary channels for the flow of fluidic materials, as well as a rapid change of the fluidic 

material to tune the absorption frequency. Liquid-crystal devices are highly promising as terahertz 

components, however the tunability range is usually limited. For example, modulation of the reflectance is 

accomplished by shifting the resonance less than 20% in frequency [35]. On the other hand, temperature 

modulation method offers superior advantages, such as wide-range tunability and ability to integrate with 

electric or thermal modules for device application [36]. 

 

Temperature is changed conveniently by varying the electric current in the interdigital electrodes [37] and 

in the micro-fabricated electric heating wires [10]. A shift in the passband frequency of a single-band MA-

loaded ferroelectric barium strontium titanate film from 0.826 THz to 0.905 THz under a temperature 

change from 25 °C to 105 °C is obtained [10].  A phase-change material, VO2 film, is introduced between 

two silica spacers to tune the peak absorption frequencies of the MA from 30% to 100% [38]. Temperature-

dependent strontium titanate and vanadium dioxide are proposed to shift the resonance frequency of single 

and dual-band MAs, respectively [39]. A frequency-tuning range as large as 80.4% within the temperature 

range of 40 K is achieved by employing indium antimonide (InSb) as the dielectric substrate [40]. However, 

the proposed MA has resonance only at a single frequency [40]. The number of absorption bands is achieved 

to be six with metallic cross-cave-patch MA structure on InSb substrate and maximum 55.3% frequency-

shift is obtained between 190 K and 230 K [41]. Towards the end of 2020, a temperature tunable MA on 

InSb substrate having eight absorption resonance bands is reported [42]. The resonator pattern on top of the 

16 µm-thick InSb substrate included four triangular tapered structures connected by a circular ring [42]. 

Improving the resonator pattern of [41] and using only a 9.0 µm-thick InSb dielectric spacer, in this study 

the number of absorption bands is increased to nine and maximum frequency tuning range is achieved to 

be 71.5%. In addition, the dependence of absorption performance on the angle of incidence is also 

investigated in detail for transverse-electric (TE) and transverse-magnetic (TM) polarizations. A robust 

absorption performance against temperature change is observed. 

 

In this work, a nine-band THz metamaterial absorber with gold resonators on top of a ground-backed InSb 

dielectric layer is proposed. The proposed nine-band MA has high levels of absorption, exceeding 89% for 
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all the bands. In addition, it does not suffer from change in the polarization angle. Absorption mechanism 

is revealed by analyzing the electric field distributions at resonance frequencies. The absorption peak 

frequencies are able to be tuned in the frequency range of 71.5%, 40.7%, 31.5%, 26.4%, 21.7%, 16.3%, 

11.5%, 8.0% and 7.1%, respectively, from the lowest to highest resonance frequency upon the change of 

temperature from 190 K to 230 K. 

 

2. MATERIAL AND METHOD 

 

The metamaterial absorber is composed of two metallic layers, namely, top resonator-layer and ground-

plane, separated by an InSb substrate. The schematic front-view of the unit cell of the MA is displayed in 

Figure 1 with its geometric parameters. The top layer consists of four isosceles triangle patches in which 

four intertwined tracks are carved inward to increase the number of absorption bands with high absorption 

efficiency. The optimized geometric parameters for nine-band absorption are determined as (dimensions in 

µm): w1=2.0, w2=11.5, g1=1.5, g2=10.9, g3=4.5, g4=4.5, l1=83.6, l2=56.0 and l3=24.5. The periodicity, p, is 

105 µm in ±x and ±y directions. 

 
Figure 1. Schematic front face view of the MA unit cell 

 
Resonators on the top of the substrate and the ground layer are made of gold with a conductivity of 

σ=4.09×107 S/m, which is a good approximation in the operation frequency range of 0.5-2.5 THz [41,42]. 

The MA is designed to possess four-fold symmetry to have polarization independent character. InSb is 

chosen as the dielectric layer due to its large electron mobility and small energy gap. The thickness of the 

substrate layer and gold metallic layer are 9.0 µm and 0.4 µm, respectively. InSb is modelled with a 

temperature-dependent Drude-like permittivity function, which is defined as [40-42]: 
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In Equation (1), ∞ stands for the high frequency bulk permittivity, which is equal to 15.68. γ refers to the 

damping constant and ωp is the plasma frequency [40-42]. 

 

The plasma frequency is expressed as 2 *

0/p Ne m = , which is related to the intrinsic carrier density (N), 

charge of one electron (e), permittivity of free space (ε0) and effective mass of the free carriers (m* 

=0.015me) [40-42]. Damping constant (γ) depends on the electron mobility µ, given by γ=e/(m*µ) [40-42]. 

Since electron mobility remains almost constant between 190 K and 230 K in the frequency range of 0.5 

THz to 2.5 THz, the damping constant is accepted to be constant and equal to γ=0.1π THz [41,42].  On the 

other hand, the intrinsic carrier density N (in m-3) of InSb is highly dependent on the temperature T as given 

by the formula [40-43]:                              
20 1.55.76 10 exp( 0.13 / )BN T k T=  −  .                                                                                                         (2)   
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In Equation (2), kB is the Boltzmann constant in eV.K-1 and T is the temperature in K.  

 

As the temperature rises, the intrinsic carrier density (N) increases. Thus, the semiconducting feature of the 

InSb changes to metallic feature, leading to an increase in the plasma frequency. According to Equation 

(1), the change of the plasma frequency will alter the real and imaginary parts of the permittivity of InSb. 

Therefore, external changes in the temperature will eventually affect the resonance properties of the 

proposed MA.  

 

Absorption is defined as A=1−|S11|2−|S21|2, where A is absorption, |S11| and |S21| are the magnitudes of 

reflection and transmission coefficients, respectively. Since the ground is covered with the gold metallic 

plate, |S21|2≈0, so absorption can be readily calculated as A=1−|S11|2. Absorption spectra and field 

distributions are calculated by using CST Microwave Studio (MWS), which employs finite-integration 

technique. Along the four sides of the unit cell, unit cell boundaries are used in CST MWS, whereas open 

space region is utilized in the direction of wave propagation. Electromagnetic waves are sent through 

normal direction to the structure, with the E-field vector in x and H-field vector in y directions.    

 

3. RESULTS AND DISCUSSIONS  

 

3.1. Polarization-Insensitive Multi-Band Absorption Behavior of the Metamaterial Absorber 

 

Absorption spectrum of the proposed metamaterial absorber at T=190 K is shown in Figure 2(a). It is 

noteworthy to mention that the frequency range of the absorption spectrum is not exceeded more than 2.5 

THz in order to exclude higher-order modes. There exists nine absorption peaks with equal or more than 

90% absorption ratio. Absorption selectivity of the nine resonance peaks is analyzed by defining an 

absorption extinction ratio parameter, which can be calculated from the ratio of peak absorption ratio to the 

minimum absorption ratio outside resonance at the lower or upper-frequency surroundings of the band. The 

information of mode number, resonance frequencies (f0), peak absorption ratios, full-width at half-

maximum (FWHM) bandwidths, quality factors (Q-factors) and absorption extinction ratios are presented 

in Table 1. Absorption extinction ratio is high except the third, fourth and eight resonance bands, indicating 

a good frequency selectivity for the presented MA. Good impedance matching with free space is a 

prerequisite for a high absorption peak. For perfect absorption, the real part of the impedance of the MA 

should be very close to the input impedance of free space, which is 377 Ω, whereas the imaginary part of 

the impedance should almost be equal to zero. It is noticeable from Table 1 that especially the mode 

numbers 2, 5, 7, 8, and 9 have more than 95% absorption, which means that a very good impedance 

matching is realized for these modes. The values of the Q-factors are found to be comparable to [41] and 

greater than those reported in [44] indicating a strong potential applicability to be used in sensing or 

detecting. Furthermore, absorption performance of the presented MA is insensitive to incoming 

electromagnetic waves from any polarization direction as demonstrated in Figure 2(b).  

 

Table 1. Resonance frequency, absorption peak (%), FWHM bandwidth, Q-factor and absorption 

extinction ratio values for the nine resonance modes 

Mode number 1 2 3 4 5 6 7 8 9 

Resonance frequency, (THz) 0.64 0.91 1.05 1.14 1.29 1.47 1.79 2.20 2.29 

Absorption peak (%) 89.50 95.83 89.85 92.37 99.59 93.03 99.90 97.43 99.87 

FWHM bandwidth (THz) 0.027 0.038 0.043 0.040 0.029 0.032 0.055 0.105 0.043 

Q-factor 15.72 17.68 23.95 23.84 34.40 51.57 30.67 20.95 53.02 

Absorption extinction ratio 54.94 15.00 3.38 5.34 12.39 21.14 22.70 6.50 8.78 
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Figure 2. Absorption spectra of the MA a) for normal direction and b) for different polarization angles at 

T=190 K 

 

In order to reveal the relationship between the electric field distributions and the MA structure, electric field 

distributions on the front face of the MA are analyzed at the nine resonance peaks and the results are 

illustrated in Figure 3(a-i). The electric field vector of the impinging electromagnetic waves is arbitrarily 

kept in parallel to the y-axis for this analysis. As shown in Figure 3(a), at the first (lowest) resonance 

frequency at 0.64 THz, the electric field is concentrated at the edges of the top and bottom triangular patches 

with a node at top and bottom sides. However, the electric field is localized at the left and right patches and 

at U-shaped slots for the second resonance frequency at 0.91 THz (Figure 3(b)). Besides, for the third 

resonance frequency at 1.05 THz, the electric field is also concentrated at the left and right U-shaped slots 

as well as at the three corners of the top and bottom triangular patches (Figure 3(c)). Similarly, the electric 

field concentrates on the same areas but with higher strength for the fourth resonance at 1.14 THz, as shown 

in Figure 3(d). In the adjacent figure, Figure 3(e), at 1.29 THz, electric field tends to be localized at the 

edges of left and right triangular patches in addition to left and right U-shaped slots. When it comes to the 

sixth resonance at 1.47 THz, as it can be seen in Figure 3(f), four nodes appear at the edges of the left and 

right triangular patches. In addition, one node is prominent at the left and right U-shaped slots. Besides, as 

seen in Figure 3(g), for the seventh resonance at 1.79 THz, five nodes are clearly visible at the edges of the 

triangular patches and one node at the top and bottom U-shaped slots. The complexity of the node pattern 

in the electric field distribution increases for the eighth resonance at 2.20 THz, as it is noticeable from 

Figure 3(h). Although there is weak electric field localization at the edges of the triangular patches, the 

main confinement is at the top and bottom U-shaped slots, similar to Figure 3(g). Lastly, for the ninth 

resonance at 2.30 THz, electric field localization is more distributed as seen in Figure 3(i). However, it is 

mostly localized at the top and bottom U-shaped slots and at the corners of the left and right triangular 

patches at the unit cell center. 

 

 
Figure 3. Electric field distributions on the front face of the MA at normal direction for the a) first, b) 

second, c) third, d) fourth, e) fifth, f) sixth, g) seventh, h) eighth and i) ninth resonance at T=190 K 
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3.2. Effect of Incident Angle on the Absorption Performance of the Metamaterial Absorber 

 

Influence of incident angle on absorption performance is examined when the incident angle is varied 

between 0° and 60°. Figure 4(a) displays the corresponding absorption spectra in 20° increment steps of 

incident angle for TE polarization, in which the electric field vector is always parallel to the metamaterial 

surface. When the incident angle is 20°, the first eight absorption bands maintain their peak frequency, 

whereas the ninth absorption band shifts to higher frequency at 2.4 THz. The peak absorption ratios only 

change for the first and third absorption bands from 89% to 85.5% and from 89.7% to 83.7%, respectively. 

A new absorption band with 47.0% absorption becomes prominent between the sixth and seventh 

absorption bands when θ=40°. Peak absorption ratios at resonances decrease slightly more, except the fifth 

absorption band, whereas the eighth absorption band splits to three shoulders. Peak absorption ratio 

continues to decrease when θ is 60° but the average of peak absorption ratio of the nine bands is still greater 

than 70%. 

 

Color plot of the absorption spectra are depicted in Figure 4(b) for TE polarization. Here calculated step of 

incident angle is set to be 1°. It is evident that absorption ratios maintain at high values for large oblique 

incidence. In addition, absorption bandwidth is stable for the second, fourth, fifth and sixth absorption 

bands. Absorption is attenuated at some extent for large oblique incidence as it becomes more difficult to 

excite the triangular patches and U-shaped slots. 

 

 
Figure 4. a) Absorption spectra at different incident angles and b) color plot of frequency versus incident 

angle under TE-mode excitation at T=190 K 

 

Absorption spectra under TM-mode excitation, where the direction of the electric field vector changes as 

the direction of propagation vector alters, are depicted in Figure 5(a) for  θ=0° and 20° and in Figure 5(b) 

for θ=40° and 60°. When the incident angle is increased to 20°, new absorption bands emerge since metallic 

patches are very sensitive to the change in the direction of the electric field vector. A new absorption band 

appears between the fourth and fifth absorption bands at 1.236 THz with 83.5% absorption, as well as two 

for each absorption bands are pronounced with moderate absorption ratios (74.3%, 60.1%, 56.1%, 68.5%) 

between the sixth and seventh and seventh and eighth absorption bands. In addition, a new shoulder with 

90.0% absorption arises next to the ninth absorption band. In brief, the number of absorption bands 

increases to fifteen for θ=20°. The prior nine bands, which occur at normal incidence, maintain their 

absorption peak frequency and ratio when θ=20°.  However, when the incidence angle is 40°, the third, 

fourth and fifth absorption bands for θ=20° merge to have 0.21 THz FWHM bandwidth and the absorption 

ratio for the fifth shoulder reaches 99.8%. In addition, absorption ratio of the eighth, ninth and thirteenth 

bands increase to be 99.8%, 60.2% and 97.6%, respectively. There is a noticeable decrease in the absorption 

ratio for the last three absorption bands (thirteenth, fourteenth and fifteenth) for θ=40°. However, these 

bands increase to have more than 85% peak absorption and merge to create a wide band when θ=60°. 

Moreover, the amplitudes of the eleventh and twelfth absorption bands rise to possess 95.4% and 87.5% 

peak absorption ratios, respectively, when θ=60°. Absorption ratios of almost all of the absorption bands 

except the seventh band at 1.49 THz improve when the oblique incidence is 60°. Absorption spectra are 
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also calculated under TM-mode excitation for oblique incidences in the interval of 1° and the results are 

presented in Figure 6 with color plot. It is obvious from Figure 6 that in the high frequency range new 

absorption bands with high absorption ratios emerge as the incidence angle of the electromagnetic waves 

increases. 

 

 
Figure 5. Absorption spectra at different incident angles under TM-mode excitation at T=190 K: a) θ=0° 

and θ=20° and b) θ=40° and θ=60° 

 

 
Figure 6. Color plot of frequency versus incident angle under TM-mode excitation at T=190 K 

 

Any mismatches in the dimensions of the geometric parameters due to fabrication imperfections may affect 

the performance of the MA. In order to analyze this issue, absorption spectra are first calculated under slight 

variations in the periodicity of the MA. Figure 7 shows the absorption spectra of the MA under ±5 µm 

deviations in the unit cell periodicity. It is apparent from Table 2 that the resonance frequencies of the first 

(lowest frequency) four resonances and the seventh as well as the ninth resonance are not affected at all 

from the change in periodicity. The resonance frequency of the fifth mode decreases as the periodicity 

increases. Absorption peak ratios of the first four bands and the eighth band decrease as the periodicity is 

increased, whereas the absorption peak ratio of the sixth band increases. The Q-factor increases for the first 

five resonance bands slightly and for the ninth resonance band remarkably, but it decreases for the sixth, 

seven and eighth resonance bands. On the whole, the variations in the resonance frequency, absorption peak 

ratio and Q-factor are in a low degree so that the performance of the nine-band MA is maintained. 
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Figure 7. Absorption spectra at T=190 K under slight variations in the periodicity (p) of the MA 

 

Table 2. Resonance frequency, absorption peak (%), and Q-factor values for the nine resonance modes 

under slight variation of the periodicity from p=105 µm 

 1.mode 2.mode 3.mode 4.mode 5.mode 6.mode 7.mode 8.mode 9.mode 

Res. freq. (THz), p=100 µm 0.64 0.90 1.05 1.14 1.31 1.46 1.79 2.20 2.28 

Res. freq. (THz), p=110 µm 0.64 0.91 1.05 1.14 1.27 1.47 1.79 2.20 2.28 

Abs. peak (%), p=100 µm 90.3 97.6 93.1 93.5 99.7 82.8 99.2 98.1 98.6 

Abs. peak (%), p=100 µm 87.2 93.4 86.1 88.8 99.7 95.9 99.2 87.8 99.8 

Q-factor, p=100 µm 15.58 16.88 22.02 22.80 34.47 66.66 33.40 27.23 29.23 

Q-factor, p=110 µm 16.50 18.35 25.73 24.78 34.70 45.94 28.41 22.27 57.00 

 

The effects of possible deviations in the fine details of the geometrical structure, such as w1 and g1 of the 

carved intertwined tracks, during the fabrication process are also investigated. The resonance band 

characteristics for different w1 parameters are illustrated in Figure 8(a) and the resonance frequency, 

absorption peak ratio and Q-factor for the nine resonance modes are tabulated in Table 3. Resonance 

characteristics of the first, fifth and ninth resonance band do not alter from w1 variation. On the other hand, 

resonance frequencies of the second and seventh band decrease as w1 increases. Absorption peak ratio of 

the second resonance band decreases, whereas that of the third, fourth and eighth bands increase as w1 is 

increased. Specifically, in order to increase the peak absorption ratio of the third band more than 76%, w1 

should be increased more than 1.5 µm. However, the Q-factor of the third band decreases by 36.6% as w1 

is changed from 1.5 µm to 2.5 µm. The increase of w1 to 2.5 µm widens the eighth band and decreases the 

Q-factor of this band. 

 

Table 3. Resonance frequency, absorption peak (%), and Q-factor values for the nine resonance modes 

under slight variation of w1 from w1=2.0 µm 

 1.mode 2.mode 3.mode 4.mode 5.mode 6.mode 7.mode 8.mode 9.mode 

Res. freq.(THz), w1=1.5 µm 0.64 0.88 1.05 1.16 1.29 1.48 1.81 2.22 2.30 

Res. freq.(THz), w1=2.5 µm 0.64 0.89 1.04 1.13 1.29 1.45 1.77 2.17 2.29 

Abs. peak (%), w1=1.5 µm 89.6 99.6 75.6 87.3 99.2 93.3 98.9 94.1 99.9 

Abs. peak (%), w1=2.5 µm 88.1 88.4 94.5 94.9 99.6 92.8 99.5 99.2 99.7 

Q-factor, w1=1.5 µm 15.72 16.40 33.49 24.06 33.86 53.05 30.53 22.05 48.85 

Q-factor, w1=2.5 µm 15.88 19.56 21.22 22.64 35.83 48.66 31.55 16.58 49.46 

 

Since the width of the U-shaped slots for the optimized MA is 2.0 µm, the effect of any deviations in the 

fabrication process to resonance characteristics is also analyzed. The absorption spectra related to g1=1.0 

µm, 1.5 µm and 2.0 µm are plotted in Figure 8(b) and the resonance frequency, absorption peak ratio and 

Q-factor for the nine resonance bands are listed in Table 4. The resonance frequencies of only the second 

and seventh resonance bands are notably affected from the change of g1. For the related bands, the resonance 

frequencies decrease as g1 is increased. Especially, the absorption peak ratio of the third and fourth 
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resonance bands can be increased by increasing the parameter g1 at the cost of slight decrease of the 

absorption peak ratio for the first, second and eighth resonance bands. As for the Q-factors, Q-factors of 

the first, second, fifth, sixth and seventh bands slightly increase, whereas those for the third, fourth and 

ninth bands decrease as g1 is increased. Therefore, the analyses of the MA for temperature sensing 

applications are continued with the aforementioned structural parameters mentioned in section 2. 

 

Table 4. Resonance frequency, absorption peak (%), and Q-factor values for the nine resonance modes 

under slight variation of g1 from g1=1.5 µm 

 
1.mode 2.mode 3.mode 4.mode 5.mode 6.mode 7.mode 8.mode 9.mode 

Res. freq. (THz), g1=1.0 µm 0.64 0.93 1.05 1.15 1.29 1.48 1.81 2.21 2.29 

Res. freq. (THz), g1=2.0 µm 0.64 0.90 1.05 1.15 1.29 1.46 1.78 2.20 2.30 

Abs. peak (%), g1=1.0 µm 90.0 98.4 79.0 82.5 99.2 92.7 99.7 99.6 99.6 

Abs. peak (%), g1=2.0 µm 87.7 92.8 94.2 97.2 99.6 93.0 99.8 95.2 98.8 

Q factor, g1=1.0 µm 15.67 15.47 27.63 25.00 33.08 49.50 28.28 19.39 50.89 

Q factor, g1=2.0 µm 16.41 19.82 22.97 22.68 35.44 50.87 32.26 19.91 46.94 

 

 

 
Figure 8. Absorption spectra at T=190 K under slight variations in the a) w1 parameter and b) g1 

parameter of the MA 

 

3.3. Temperature Sensing Performance of the Metamaterial Absorber  

 

Permittivity of InSb is delicate to external temperature of the ambient so that it can be used for active tuning 

of absorption resonance by changing the temperature. Absorption spectra of the MA under different 

ambient temperatures are calculated and the results for T=190 K, T=200 K, T=210 K, T=220 K and T=230 

K are illustrated in Figure 9(a)-(e), respectively. It can be seen at first glance that the peak absorption ratios 

do not show any decrease for temperatures other than 190 K except the fifth absorption band. This shows 

that the highly absorptive behavior of the nine band MA design is very robust against any temperature 

change. This is due to the fact that the loss tangent of InSb is not very sensitive to external temperature 

variation. When the temperature is varied between 190 K and 230 K, all the nine resonances shift to higher 

frequencies. The amount of shift in the absorption resonance frequency (Δf) upon change of temperature is 

listed in the first line of Table 5. If the shifting of first six bands of our proposed MA is compared with the 

six-band InSb MA [41], it can be observed that the shifting amount of our proposed MA is approximately 

0.05 THz greater for all the bands within the 190 K to 230 K interval. The range of frequency shifting is 

also evaluated in percentage form from Δf/f0 and listed in the second line of Table 5. From these results, it 

can be deduced that the presented MA can be used as a temperature sensor in spectroscopic applications.  
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Table 5. Shifting amount of the nine resonance peaks in the temperature interval of 190 K to 230 K 

ΔT: 190-

230 K 

1st 

resonance 

2nd 

resonance 

3rd 

resonance 

4th 

resonance 

5th 

resonance 

6th 

resonance 

7th 

resonance 

8th 

resonance 

9th 

resonance 

Δf 0.46 THz 0.37 THz 0.33 THz 0.30 THz 0.28 THz 0.24 THz 0.21 THz 0.18 THz 0.16 THz 

Δf/f0 71.5% 40.7% 31.5% 26.4% 21.7% 16.3% 11.5% 8.0% 7.1% 

 

 
Figure 9. Absorption spectra of the MA under various temperatures: a) 190 K, b) 200 K, c) 210 K, d) 220 

K and e) 230 K 
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It is important to indicate a sensitivity parameter to facilitate comparison of the ambient temperature sensing 

performance of the proposed MA. Conventionally, the sensitivity (S) of a temperature sensor is defined as 

the ratio of the shift of frequency (Δf) to the variation in temperature (ΔK): S=Δf/ΔK. The shifts of resonance 

frequency for different temperatures of the surrounding ambient between 190 K and 230 K are shown in 

Figure 10(a-c) for the nine absorption bands. The shift, as shown in Figure 10, shows a linear variation with 

the change of the temperature of the environment. The slope of the fitted line gives the S parameter values 

for the nine absorption bands. The obtained S parameters are listed in Table 6 for the nine resonances. It is 

clear that the sensitivity values and the number of absorption bands of the cross-cave-patch [41] are 

enhanced by carving four intertwined tracks inside of the four triangular patches and optimizing the 

geometry.  

 

Table 6. Sensitivity of the nine resonance peaks in the temperature interval of 190 K to 230 K 

ΔT: 190-

230 K 

1st 

resonance 

2nd 

resonance 

3rd 

resonance 

4th 

resonance 

5th 

resonance 

6th 

resonance 

7th 

resonance 

8th 

resonance 

9th 

resonance 

Sensitivity 

(GHz/K) 

11.5  9.2  8.3  7.6  7.0  6.2 5.3  4.5  4.2  

 

 
Figure 10. Absorption peak frequency versus ambient temperature for the a) first, second and third band, 

b) fourth, fifth and sixth band and c) seventh, eighth and ninth band 

 

The performance of the proposed design is compared with the recent temperature-tunable terahertz 

metamaterial absorbers in terms of number of resonances, lowest resonance frequency, used temperature-

dependent material and maximum sensitivity. The results are listed in Table 7. It is apparent from Table 7 

that the maximum number of resonances of terahertz temperature-tunable metamaterial absorbers is reached 

to nine for the first time in the literature by this work. The sensitivity of the presented structure is greater 

than the sensitivity of the temperature tunable single band [39.45,46] and multi-band MAs [41-42]. 

Additionally, the used InSb substrate in this study is both physically and electrically thinner than that used 

for the seven band [47] and octa band [42] THz MA temperature sensors. Consequently, the proposed 

simple design MA can be employed in temperature sensing applications for better sensitivity in a wider 

frequency range.  

 

Table 7. Comparison of the performance of different temperature-tunable terahertz MAs  

Reference Resonance 

number 

Lowest resonance 

frequency 

Temperature dependent 

material used 

Max. 

sensitivity 

(GHz/K) 

[39] 1  1.41 THz at 200K  strontium titanate 0.55  

[40]  1 0.715 THz at 190K indium antimonide 11.5 

[45] 1  1.71 THz at 200K strontium titanate 3.85 

[46] 1 1.32 THz at 190K indium antimonide 6.94  

[41] 6 0.746 THz at 190K indium antimonide 10.3 

[47] 7 0.75 THz at 190K indium antimonide 12.6  

[42] 8 0.859 THz at 190K indium antimonide 10.3  

This work 9 0.64 THz at 190K indium antimonide 11.5 
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4. CONCLUSIONS 

 

In summary, an actively controllable nine-band polarization-insensitive metamaterial absorber with greater-

equal than 90% absorption in all bands is proposed. The unit cell of the metamaterial absorber consists of 

four isosceles triangle gold patches with four U-shaped slots on a ground-backed InSb substrate. Electric 

field distributions are analyzed at resonance frequencies to get a physical insight on the resonant absorption 

mechanism. It is shown that the proposed metamaterial absorber keeps its high absorption characteristics 

for the nine bands for both TE and TM modes even at 60° angle of incidence. Moreover, the proposed 

metamaterial absorber keeps its superior performance under fabrication imperfections. When the 

temperature is altered from 190 K to 230 K, the amount of the observed shift from the lowest to highest 

resonance frequency are found to be 0.46 THz, 0.37 THz, 0.33 THz, 0.30 THz, 0.28 THz, 0.24 THz, 0.21 

THz, 0.18 THz and 0.16 THz, respectively. Hence, the temperature sensitivity of the proposed absorber are 

obtained as 11.5 GHz/K, 9.2 GHz/K, 8.3 GHz/K, 7.6 GHz/K, 7.0 GHz/K, 6.2 GHz/K, 5.3 GHz/K, 4.5 

GHz/K and 4.2 GHz/K for the all bands from lower to higher resonance frequency. We believe the 

broadband switching property of the proposed MA design will be of great benefit in temperature sensing 

and many optoelectronic-related applications. 
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