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Abstract

:

In this study, a perfect metamaterial absorber (PMMA) based on an indium antimonide temperature-sensitive material is designed and investigated in the terahertz region. We demonstrate that it is an ideal perfect narrow-band absorber with polarization-insensitive and wide-angle absorption properties. Numerical simulation results show that the proposed PMMA can be operated as a temperature sensor with a sensitivity of 21.9 GHz/K. A graphene layer was added to the PMMA structure to improve the sensitivity, and the temperature sensitivity was increased to 24.4 GHz/K. Owing to its excellent performance, the proposed PMMA can be applied in thermal sensing, detection, and switching.
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1. Introduction


Terahertz (THz) waves refer to electromagnetic waves with frequencies between 0.1 and 10 THz, which are between infrared and microwaves in the electromagnetic spectrum. This particular location provides some of the properties of both microwaves and light waves. In addition, it has some characteristics that are different from other bands of electromagnetic waves, such as fingerprint spectrum characteristics, high penetration, low photon energy, and anti-interference ability, which makes THz technology attractive. In recent years, THz technology has rapidly developed and has been applied in wireless communication [1], biomedicine [2], imaging [3], and sensing [4]. Metamaterials are artificial electromagnetic media constructed on a subwavelength scale [5]. The flexible control of different modes of electromagnetic wave action by metamaterials is realized through the ingenious design of the unit structure of electromagnetic metamaterials. We combine THz with metamaterial technology to realize space optical sensing. Compared with the traditional temperature detection method, it is a passive and wireless sensing method. Moreover, the temperature sensor also has many other advantages, such as its high sensitivity, remote measurement, high penetration, little damage, wide range of temperature measurement, micro-integration, and so on.



Numerous modern temperature sensors rely on the resistance measurement of thin metal films or wires, whose resistance varies with temperature [6]. In recent years, optical sensors have drawn the attention of many researchers because of their high sensitivity, high resolution, small size, high stability, high linearity, and resistance to mechanical shock and electromagnetic interference. Various types of optical temperature sensors were reported, including optical waveguides [7,8,9,10,11], optical fibers [12,13,14], metamaterials [15,16,17], ring resonators [18,19], and fluorescent materials [20,21]. For example, Guan et al. proposed a sensor made of a silicon/polymer hybrid waveguide with a sensitivity of 172 pm/°C (~25.5 GHz/°C) at 1550 nm (193.5 THz) [7]. Wei Q. et al. proposed a nano-scale temperature sensor based on Fano resonance with a temperature sensitivity of 360 pm/°C (~71.8 GHz/°C) at 1250 nm(240 THz) [10]. Karim proposed a metamaterial temperature sensor comprising a closed-loop resonator array embedded in a matrix of dielectric materials with a sensitivity of 0.462 MHz/°C at 12 GHz [15]. Radhouene et al. proposed a temperature sensor based on the transmission of a two-dimensional photonic crystal (PC) superelliptical ring resonator with a structured sensitivity of 65.3 pm/°C (~8.4 GHz/°C) at 1550 nm (193.5 THz) [18]. Xia proposed a non-contact optical temperature measurement technology based on the fluorescence intensity ratio (FIR), and the calculated relative sensitivity over the entire measurement temperature range exceeded 1.08%/K at 600 nm (500 THz) [20].



Among the temperature sensors, metals, dielectrics, polymers, and other materials are used, and the combined characteristics of the thermo-optical and thermal expansion effects of the materials are used to achieve temperature-dependent changes [22]. Moreover, some temperature-sensitive materials based on other models were studied, such as strontium titanate oxide, based on the damped harmonic oscillator model [23,24]; graphene, based on Falkovsky’s formula [25,26]; InSb, based on the Drude model [27,28,29,30]; vanadium dioxide temperature phase-change material [31]; and fluorine crown based on the Sellmaier equation [32]. Among semiconductors, InSb has been widely studied because it has a smaller band gap than other semiconductors and is more sensitive to temperature. For example, Luo et al. proposed a temperature-sensing tunable THz dual-frequency perfect absorber based on a combined InSb resonator structure; the sensitivity reaches 7144 nm/K(~4 GHz/K) at 0.3–0.6 THz [16]. Zou Haijun proposed the design of a six-band THz metamaterial absorber for temperature sensing with a temperature sensitivity of up to 10.3 GHz/K at 0.4–2.2 THz [27]. In addition, the optical properties of graphene materials depend on temperature. Owing to its high mobility, optical transparency, flexibility, robustness, and environmental stability [33,34,35,36,37], it has been incorporated into many metamaterial structures for application in thermophotovoltaic devices.



In this study, we proposed a perfect THz metamaterial absorber based on the semiconductor InSb. We demonstrated that the absorber can achieve an absorption rate of 99.9% in the THz region. The surface current and electromagnetic field distributions of the unit structure were studied to better understand the physical mechanism of the proposed perfect metamaterial absorber (PMMA). In addition, the polarization insensitivity and wide-angle absorption properties of this structure were demonstrated. The effects of different structural parameters on the absorption properties of the proposed PMMA were analyzed. The designed PMMA can be used in high-sensitivity passive wireless optical temperature sensors and thermal switch applications. The numerical simulation results show that when the external temperature changes from 260 to 310 K, the resonance peak shifts from 2.047 to 3.141 THz, and the temperature sensitivity reaches 21.9 GHz/K. The use of both semiconductors and graphene in the PMMA structure was proposed to improve the sensitivity. By adding a graphene layer, the temperature sensitivity increased to 24.4 GHz/K. Furthermore, the effects of the top circular radius R and thickness t of the InSb layer on the sensitivity of PMMA were investigated.




2. Materials and Methods


A unit structure diagram of PMMA is shown in Figure 1. As shown in Figure 1a, the structures from top to bottom along the z-axis are the top circular metal pattern layer, InSb dielectric layer, metal layer, and quartz substrate. Figure 1b shows the top view of the unit cell. The unit period was Px = Py = 50 μm, and the top circular radius (R) was 16 μm. The side view is shown in Figure 1c. The thickness of the InSb dielectric layer is H = 3 μm. The top and bottom metal layers are copper with a conductivity of 5.7 × 107 S/m, and their thicknesses, t1 and t2, are both 0.4 μm. A quartz substrate was used as the support for the superstructure. In the simulation, the substrate was set to 30 μm thick, and the dielectric constant was 3.78.



Full-wave simulations were conducted based on the finite element method using CST Microwave Studio to explore the temperature characteristics and gain a deep understanding of the physical principles of PMMA. The simulation frequency range is 1.5−3.5 THz, the plane wave is perpendicular to the unit structure, and the electric field is parallel to the x-axis (TM mode). A perfectly matched layer is used along the z-direction, periodic boundary conditions are used along the x- and y-directions, cells per max model box edge is set to 10, minimum cell is set to absolute value 0, and meshing method is set to Default (surface-based). The absorption rate A of the metamaterial absorber can be obtained as A = 1 − T − R, where T and R are the transmission and reflection, respectively. Because the thickness of the metal film layer is greater than the skin depth of the incident beam, transmittance T should be close to zero. Therefore, the absorption rate A can be simplified to A = 1 − R. Simultaneously, if R is close to zero, PMMA can achieve complete absorption.



Since semiconductors are materials with a small band gap, small temperature changes result in the transfer of electrons between the bands. Therefore, semiconductors are highly sensitive to temperature variations. Among the semiconductors, InSb, due to its small band gap than the rest of the semiconductors, is more sensitive to temperature. Therefore, it is selected as the temperature-sensing material. It can emulate a metal in the THz regime, supports the transmission of surface plasmon waves [38,39], and has the characteristics of narrow band gap, high electron mobility, and low electron density in the THz band [40]. The complex-valued relative permittivity of InSb at different temperatures can be calculated using the Drude model [41,42,43]:


      ε ( ω , T ) = ε   ∞  −    ω p    2   ( T )       ω     ω + i γ          



(1)




where ε∞ is the high-frequency value (ε∞ = 15.68), ω is the angular frequency, T is the thermodynamic temperature (in Kelvin), γ is the damping constant (γ = 0.1 π THz) [44], and ωp(T) is the plasma frequency, which represents the natural frequency of freely oscillating conduction electrons, and can be described by the following relationship:


        ω   p   ( T ) =       ( e   2   N d   ( T ) )  /    ( ε   0   m *  )       



(2)




where the free space permittivity     ε 0     is 8.854 × 10−12 F/m,     m *     is the effective mass of the electron with a value of 0.015   m e    (   m e   = 9.108 × 10−31 kg), and   e   is the electron charge (1.602 × 10−19 C). The intrinsic carrier concentration is expressed as     N d   ( T ) = 5     . 76 × 10    14    T  1  . 5     e x p ( − 0     . 13 / k   B   T )       cm−3 [45], where KB is Boltzmann’s constant, and T is the temperature.



Thus, the temperature dependence of InSb can be attributed fundamentally to the increase in intrinsic carrier concentration by thermal excitation as the temperature increase. As shown in Figure 2, the real and imaginary parts of the dielectric constant of InSb at different temperatures can be calculated using the above formula, which is highly consistent with the results in previous articles [27,28,29]. It can be observed that the relative permittivity ε(ω) of InSb can be dynamically adjusted by changing the temperature T. In order to visually compare the temperature dependence of different materials, the complex-valued relative permittivity of InSb is quantified into the thermo-optical coefficient, which is calculated as −7.7 × 10−3 K−1. Therefore, we expect that the InSb temperature change can influence the absorption characteristics of the proposed PMMA.



In the THz region, the optical properties of graphene also depend on temperature [26]. As Keshavarz proposed that the spectral shifts induced by the temperature change of InSb and graphene are in the same direction [17], it can be speculated that if both of them are present in the sensor structure, the sensitivity will increase significantly. Therefore, we employed a combination of the absorber structure and graphene to improve the temperature sensitivity.



In this study, according to the Kubo formula [46,47], the electrical conductivity of graphene can be calculated as the sum of the interband     σ  i n t e r        and intraband     σ  i n t r a        contributions using the formula:    σ =  σ  i n t e r   +  σ  i n t r a     ,in which


    σ  inter   =    e 2    4 ℏ      1 2  +  1 π  arctan     ℏ  ω − 2 μ       2 k   B  T        −       e 2    4 ℏ      i   2 π    ln       ℏ  ω − 2 μ     2        ℏ  ω − 2 μ     2  +        2 k   B  T    2          



(3)






      σ  intra   =      2 ie   2   k B  T   π  ℏ 2     ω + i τ      ln    2 cos h   μ     2 k   B  T         



(4)




here, e is the charge of the electron, ℏ is the reduced Planck constant, KB is Boltzmann’s constant, T is the temperature, τ is the carrier momentum relaxation time (scattering time), μ is the chemical potential, and ω is the angular frequency. In terahertz frequency, in which    ℏ ω ≪ μ   , the contribution of intraband interaction is significant so that     σ  i n t r a      dominates the contribution to graphene conductivity. The permittivity of the graphene was obtained using the following Equation:


    ε g   = 1 + i     σ g     ε 0   ω Δ        



(5)




where Δ is the thickness of the graphene in the structure and ε0 is the permittivity of free space. We consider that the single-layer chemical vapor deposition graphene layer is a thin graphene sheet, and thus it is equivalent to a two-dimensional impedance sheet in the simulation.



As described above, it can be observed that graphene has temperature dependence. We use “Create Graphene Material” under the “Macros” menu to simulate graphene with the following parameters of graphene in the simulation: Δ = 1 nm, τ = 0.1 ps [48], μ = 0.0 eV, and set different temperature T parameters. In our later research, a graphene thin-film layer is placed between the InSb layer and the top metal layer. Similarly, the real and imaginary parts of the intraband electrical conductivity of graphene at different temperatures can be calculated according to Formula (4), as shown in Figure 3. Although the effect of temperature is not as large as that for the InSb material, it can be proved that temperature can affect the conductivity of graphene and then affect the resonance frequency.



For the fabrication of the metamaterial structure, first, a thin film of copper to be plated on the quartz substrate by chemical vapor deposition (CVD), and a single-side polished InSb substrate is further bonded to the quartz substrate using an epoxy resin adhesive. Then, the InSb substrate is thinned and polished to obtain the InSb thin layer. The metal copper film continues to grow on InSb thin layer at low temperatures by CVD. The top pattern layer is fabricated by the semiconductor etching process of wet etching. Finally, the entire metamaterial structure is obtained.




3. Results and Discussion


3.1. Spectrum


Figure 4 shows the simulated reflection, transmission, and absorption spectra of the proposed PMMA when the external temperature T was 280 K. It can be observed that the transmission is zero in the entire relevant frequency range. As shown in Figure 4, there is an obvious absorption peak at 2.426 THz, with an absorption rate of 99.9%. At this point, the intrinsic carrier concentration of InSb     N d       = 1.240 × 1022 m−3, the plasma frequency     ω p       = 5.129 × 1013 rad/s, the real and imaginary parts of the dielectric constant of InSb is Real(ε) = 4.361 and Image(ε) = 0.233. In particular, the structure has a narrow bandwidth, and the full width at half maximum (FWHM) is only 0.08 THz, which makes the structure show remarkable sensing properties. The quality factor Q (Q = f0/FWHM) of the resonant absorption peak was 30. An ideal absorber has strong frequency selectivity owing to its narrow absorption bandwidth and large absorption coefficient.




3.2. Properties


We then investigated the sensitivity of the proposed PMMA to the polarization and incidence angle of THz waves. Figure 5a,c shows the dependence between the absorbance spectrum and polarization angle between 0 and 90° under normal incident waves in the TM mode and TE mode, respectively. Owing to the good symmetry of the proposed PMMA structure, different polarization angles (0–90°) of the normally incident THz wave do not affect the absorption performance. The results revealed that the absorption spectrum of PMMA is independent of the polarization angle.



Next, the absorption effect of the designed PMMA with incidence angles from 0 to 50° in the TM mode and TE mode was also considered. As shown in Figure 5b,d, no matter whether in TM mode or TE mode, with an increase in the incident angle, the strong absorption performance at the absorption peak (f = 2.426 THz) remains unchanged, and there is no frequency shift, which is beneficial for the sensor to reduce error and calibration complexity. When the incident angle was greater than 20°, spurious peaks appeared because higher-order resonances were induced as the incident angle increased. The simulated absorbance spectrum of TE mode with different incident angles is slightly different from that of TM mode, and its spurious peaks are distributed more irregularly. However, in this case, the main absorption peak characteristics were unaffected. When the incident angle is greater than 50°, it can be inferred that the absorption rate of the fourth peak will gradually approach 100%. Considering that this will cause misjudgment of the characteristic peak, we suppose that PMMA has a good absorption peak when the incident angle is less than 50°. In summary, the designed PMMA exhibited polarization insensitivity and wide-angle absorption properties.




3.3. Principle


To explain the resonance absorption principle of PMMA, we observed and analyzed the surface current and electric and magnetic field distributions with the incident THz wave perpendicular to the PMMA cell structure in the TM mode at the resonance frequency (f = 2.426 THz). As can be observed in Figure 6c, massive charges are accumulated on both sides of the metal circle, forming a highly enhanced electric field. As shown in Figure 6d, these accumulated charges also excite corresponding mirror charges with opposite signs on the metallic-backed layer, resulting in an enhanced electric field in the InSb dielectric layer. At the same time, these accumulated charges in the metal circular and the metallic backed layer oscillate with the variation of the incident electric field, forming a pair of antiparallel currents in the two metal layers and displacement currents in the dielectric layer. The antiparallel current and the displacement current constitute a closed loop, inducing a magnetic dipole. Among them, the antiparallel currents can be seen in Figure 6a,b, and the magnetic dipole can be seen in Figure 6e,f. The magnetic dipole interacts with the magnetic field component of the incident wave and produces a magnetic dipole resonance. Finally, the electromagnetic energy of the incident wave is bound in the absorber structure and is lost as heat or other forms of energy so that the electromagnetic wave can be completely absorbed.




3.4. Tunability


Next, we studied the effects of different structural parameters on the absorption properties of the proposed PMMA with an external environment temperature of T = 280 K. Here, only four structural parameters were considered: the radius (R) of the top circle of the PMMA structure, thickness (t1) of the top metal layer, thickness (H) of the InSb layer, and period length (Px = Py) of the cell structure. As the four different parameters vary, the corresponding change of resonant frequency could be interpreted by the equivalent resonance circuit theory with the LC model [49]. In the LC model, the resonance absorption frequency of the absorber is approximately given as       f 0  = 1 /   2 π   L C         , where L and C present equivalent inductance and capacitance, respectively. The PMMA structure uses the top circular metal pattern layer, the metal layer, and the InSb dielectric layer as three inductors, respectively, and the gap between these two metal layers and the gap between the metal discs of the unit structure as two capacitors, which creates the capacitor-inductor resonator.



First, in the case where all the other parameters were unchanged, we analyzed the influence of the top circle radius R on the absorption performance of PMMA. The simulated absorption characteristic curve is shown in Figure 7a. It can be observed that as the radius R increases from 10 to 18 μm, the corresponding resonant frequency red-shifted from 2.844 to 2.35 THz with the absorption rate (~100%) unchanged. The red shift is mainly due to the increase in the equivalent inductance L and equivalent capacitance C of the absorber when R increases, resulting in a decrease in the resonant frequency f0. Second, we analyzed the influence of thickness t on the absorption performance, as shown in Figure 7b. It can be observed that as thickness t1 increases from 0.2 to 0.6 μm, the corresponding resonant frequency (2.426 THz) and absorption rate (99.9%) of PMMA are unchanged. Thus, t1 does not affect the absorption performance. Third, we analyzed the influence of thickness H on the absorption performance, as shown in Figure 7c. As H increases from 3 to 6 μm, both the resonant frequency and absorption rate change. It can be observed from the enlarged image that the absorption peak frequency is red-shifted and the absorption rate is reduced from 99.9 to 84% with an increase in H. This is because, with the increase of H, the equivalent inductance of the InSb layer increases and the equivalent capacitance between the two metal plates decreases. Meanwhile, the equivalent capacitance decreases not as much as the inductance increases, resulting in a decrease in the resonant frequency, resulting in a decrease in the resonant frequency. Finally, we analyzed the influence of the period length (Px = Py) of the cell structure on the absorption performance, as shown in Figure 7d. With an increase in the period length from 48 to 60 μm, the absorption peak frequency slightly appeared blue-shifted, and the absorption rate decreased from 99.9 to 95.5%. The blue shift is due to the reduction in the coupling capacitance between the metal structures of adjacent absorber cells, resulting in a reduction in the total equivalent capacitance C. In summary, to ensure that the absorber has the best absorbing performance, we choose R = 16 μm, t1 = 0.4 μm, H = 3 μm, Px = Py = 50 μm as the structural parameters.




3.5. Temperature Sensor


We now focus on the effect of the external temperature on the absorption spectrum, which is an important feature in the design of temperature sensors. Based on the analysis in the second part, the complex permittivity ε of the InSb material is highly dependent on the external temperature T, which implies that the resonant absorption properties of PMMA can be dynamically tuned by changing T. Figure 8a shows the absorption spectra of the proposed PMMA at different external environmental temperatures T (260, 270, 280, 290, 300, and 310 K). It can be observed that the absorber has obvious absorption peaks at 2.047, 2.229, 2.426, 2.644, 2.883, and 3.141 THz, and all absorption rates can reach 99%. This shows that the designed absorber exhibits perfect absorbing performance at different temperatures, and the resonant frequency exhibits an obvious blue-shift phenomenon with an increase in temperature. We then studied the relationship between the resonance frequency of PMMA and the environmental temperature. As shown in Figure 8b, the fitted solid line indicates a good linear relationship between the two parameters. This implies that the resonance absorption frequency shift Δf is proportional to the environmental temperature change ΔT. Therefore, the proposed PMMA could be used as a temperature sensor. We defined the temperature sensitivity as S = Δf/ΔT, from which the temperature sensitivity of the proposed PMMA can be calculated as S = 21.9 GHz/K. For comparison, we quote previously reported temperature sensors in the same terahertz band, as shown in Table 1. It can be observed that the proposed PMMA has high sensitivity, high absorption coefficient, and stability.



Taking a further step, to improve the temperature sensitivity, we added a graphene layer between the InSb layer and the top metal layer. According to the analysis in the second section, because the optical properties of both graphene and InSb are strongly temperature-dependent, the resonant frequencies of the two materials shift in the same direction as the temperature changes. Therefore, according to the superposition, it can be inferred that the temperature sensitivity of PMMA can be further improved on the original basis. Figure 9a shows the absorption spectra of PMMA with the graphene film at different environmental temperatures T (260, 270, 280, 290, 300, and 310 K). It can be observed that the absorber has obvious absorption peaks at 1.815, 2.014, 2.232, 2.505, 2.762, and 3.023 THz, with absorption rates varying from 70 to 90%. The dramatic reduction in absorptivity is due to the impedance mismatch across the structure. As shown in Figure 9b, the temperature sensitivity is 24.4 GHz/K after linear fitting, increasing by 2.5 GHz/K, which is one of the highest thermal sensitivity values reported thus far.




3.6. Thermal Switch


Furthermore, the proposed PMMA can not only be applied as a temperature sensor but also as a thermal switch. Considering 270 K and 280 K as examples, it can be observed from Figure 10 that at 2.229 THz, the corresponding absorption rate at 270 K is 99.9%, whereas the corresponding absorption rate at 280 K is approximately 5%. Similarly, at 2.426 THz, the corresponding absorption rate at 280 K was 99.9%, whereas the corresponding absorption rate at 270 K was approximately 5%. We can define 2.229 THz as the standard point. When the absorption rate reaches 99%, it is defined as “on”, otherwise, it is defined as “off”. Thus, when the outside temperature reaches approximately 270 K, it is “on” and other temperatures are “off”. In addition, in order to realize the thermal switch application, we design to use external conduction heating, placing the PMMA on cast aluminum heating plates and matching temperature control box to achieve precise temperature control. In conclusion, the proposed PMMA shows great potential for temperature applications.





4. Conclusions


We used a THz metamaterial perfect absorber (PMMA) to realize a temperature sensor by exploiting the temperature sensitivity of InSb and graphene. The temperature sensitivity of our absorber reaches 21.9 GHz/K. In addition, the temperature sensitivity was further improved by adding graphene layers and changing the structural parameters to 24.4 GHz/K. It was demonstrated that the proposed PMMA has the characteristics of high-temperature sensitivity, high absorptivity, narrow bandwidth, polarization insensitivity, and wide-angle absorption. Therefore, the designed PMMA can be used as a highly sensitive passive wireless optical temperature sensor and a thermal switch.
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Figure 1. (a) Unit structure diagram of the proposed absorber, (b) top view of unit cell structure, (c) side view of unit cell structure. The structure parameters are: Px = Py = 50 μm, R = 16 μm, H = 3 μm, t1 = t2 = 0.4 μm. 
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Figure 2. Real (a) and imaginary (b) parts of the dielectric constant of InSb at different temperatures. 
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Figure 3. Real (a) and imaginary (b) parts of the intraband electrical conductivity of graphene at different temperatures. 
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Figure 4. Simulated reflection, transmission, and absorption spectra of the proposed PMMA when the external temperature T is 280 K. 
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Figure 5. Simulated absorbance spectrum of the proposed PMMA with different (a) polarization and (b) incident angles in the TM mode and in the TE mode(c,d) when T = 280K. 
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Figure 6. Distributions of the surface current of (a) the top metal layer and (b) the middle metal layer. Distributions of (c) the electric field in the x–y plane, (d) the electric field in the x–z plane, (e) the magnetic field in the x–y plane, and (f) the magnetic field in the y–z plane of the unit-cell structure in the proposed PMMA at 2.426 THz at a temperature of 280 K. 
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Figure 7. Simulated absorbance spectra for different structural parameters of the proposed PMMA under the environment temperature of T = 280 K: (a) the Radius R of the top metal circle, (b) the thickness t1 of the metal layer, (c) the thickness H of the intermediate InSb layer, and (d) the period length Px = Py of the cell structure. 
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Figure 8. (a) Absorbance spectra of the designed PMMA with different temperatures T, (b) the simulated resonance frequencies (black squares), and the fitting curve (solid red line) as a function of external temperature T. 
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Figure 9. (a) Absorbance spectra of the designed PMMA based on added graphene layer with different temperature T, (b) the simulated resonance frequencies (black squares), and the fitting curve (solid red line) as a function of external temperature T. 
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Figure 10. Absorption spectra of PMMA when external temperatures are 270 K and 280 K. 
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Table 1. Compare the previously reported sensor with the proposed sensor.
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	Reference
	[23]
	[29]
	[44]
	[27]
	[28]
	Proposed





	Temperature sensitivity (GHz/K)
	0.319
	2.13
	16.25
	10.3
	9.6
	21.9



	Maximum absorption rate (%)
	99.8
	99.9
	98.7
	99.9
	99.9
	99.9



	Frequency band (THz)
	0.01–0.3
	1.6–2.0
	1.5–2.0
	0.4–2.2
	1.1–1.6
	1.0–3.5



	Temperature range (K)
	200–500
	295–320
	270–290
	190–230
	270–295
	260–310



	Polarization-insensitive
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	Wide angle absorption
	No
	No
	No
	-
	No
	Yes
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