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Abstract—The recent growth of terahertz (THz) applications has sparked interest in the design of
novel electromagnetic structures for this frequency regime. One of the structures is the THz absorber,
used in sensing and imaging applications. Metamaterial based designs are commonly used to achieve the
desired absorption characteristics. Absorbers whose spectra can be tuned by changing the temperature
are a subclass in the broad family of THz absorbers that are used for temperature sensing. In the
beginning years, single band temperature tunable absorbers were designed, and at present the focus has
shifted to the design of multi-band temperature tunable absorbers. Absorbers with six tunable bands
have already been proposed. In this paper, an octa-band temperature tunable terahertz metamaterial
absorber is proposed, whose unit cell consists of four orthogonally placed tapered triangular structures
connected by a ring resonator on top of an InSb dielectric substrate. At 210K, it is observed that
the structure’s absorption spectra are: 98.7% at 1.026 THz, 79.5% at 1.245 THz, 90.4% at 1.301 THz,
95.2% at 1.442 THz, 97.44% at 1.585 THz, 96.4% at 1.644 THz, 97.1% at 1.756 THz, and 90.4% at
2.071 THz. The temperature sensitivities of the proposed structure in eight of its absorption bands
are 10.3GHz/K, 8.22 GHz/K, 7.96 GHz/K, 7.02 GHz/K, 6.44 GHz/K, 6.17 GHz/K, 5.5 GHz/K, and
3.2GHz/K, respectively. Thus, the proposed design can have practical applications in terahertz
temperature sensing applications.

1. INTRODUCTION

Metamaterials are the latest addition to the field of electromagnetics [1,2]. The unusual properties
displayed by these structures led to their rapid use in various applications ranging from microwave to
optical [3-5]. Terahertz (THz) frequency spectrum is in between the microwave and optical frequencies.
This frequency spectrum is not yet fully explored, and this void is famously known as the “terahertz
gap”. However, in the past few decades many novel applications were developed such as terahertz
imaging and terahertz sensing. With the growth of these applications research on the design of terahertz
metamaterial absorbers (TMAs) has also acquired momentum [6, 7].

A metamaterial absorber is a repeated arrangement of patterns known as unit cells. The periodic
arrangement may be 3-dimensional or 2-dimensional. Generally, a TMA is able to absorb the incident
THz electromagnetic radiation irrespective of the direction from which it is arriving and its polarization.
The first experimental demonstration of a TMA is credited to Yen and his co-researchers [8]. The reason
behind the appearance of absorption spectra is the lowering of plasma frequency of the structure [9].
TMAs may display single band or multi-band absorption spectra. Furthermore, these spectra may be
tunable or fixed. TMAs whose absorption spectra can be shifted by applying external stimuli such as
voltage, mechanical stress, and temperature [10-12] are known as tunable TMAs. Temperature tunable
TMAs are those structures whose absorption spectra can be tuned by varying the temperature. These
absorbers can be used in temperature sensing applications [13] and for wireless monitoring applications

Received 15 October 2020, Accepted 21 November 2020, Scheduled 26 November 2020
* Corresponding author: Bhargav Appasani (appybarkas@gmail.com).
The author is with the School of Electronics Engineering, Kalinga Institute of Industrial Technology, Bhubaneswar, India.



10 Appasani

[14]. In the beginning, researchers designed single band temperature tunable TMAs. These structures
displayed broad-band absorption characteristics [15, 16]. The tunability of absorption characteristics is
a consequence of change in the plasma frequency of the dielectric spacer used in the design of these
structures. Usually temperature sensitive material such as InSb is used whose permittivity changes
with temperature, thereby resulting in shifting of spectra [17]. Researchers gradually shifted their
attention towards increasing the number of absorption bands [18-20]. Recently, a TMA that can offer
eight absorption bands has been developed [21]. However, these multi-band TMAs do not display
temperature tunability. A six band temperature tunable TMA has been developed that uses an InSb
dielectric spacer [19]. In this paper, for the first time an octa band temperature tunable TMA is
proposed, whose unit cell consists of four orthogonally placed tapered triangular structures connected
by a circular ring on top of an InSb dielectric. It is observed that the structure’s absorption spectra at
210K are: 98.7% at 1.026 THz, 79.5% at 1.245 THz, 90.4% at 1.301 THz, 95.2% at 1.442 THz, 97.44%
at 1.585 THz, 96.4% at 1.644 THz, 97.1% at 1.756 THz, and 90.4% at 2.071 THz, while the average
temperature sensitivity in eight bands is 6.85 GHz/K. The structure of the unit cell and the physics
behind the change in absorption spectra of this structure are described in the second section. The
results of the simulation carried out using CST Microwave Studio are reported in the third section.
This section also presents the cause of appearance of the different absorption bands using the current
distribution plots, and finally, the conclusion is given in the fourth section of the work.

2. DESIGN OF THE UNIT CELL

The unit cell structure of the octa-band temperature tunable TMA is depicted in Fig. 1. It has
three layers: a bottom ground plane made up of gold and having a thickness of 2 um, a middle InSb
dielectric spacer having a thickness of A = 16 um, and the top 0.4 um thick gold layer consisting of four
orthogonally placed tapered triangular structures connected by a circular ring. The thickness of the
bottom layer was taken to be much greater than the skin depth for gold to prevent the transmission of
electromagnetic waves. The thickness of the dielectric spacer is optimally taken to achieve maximum
absorption in all the bands at different operating temperatures. The conductivity of gold is taken as
4.09 x 10"S/m. The other dimensions of the structure are u = 15um and a = 125um. The four
orthogonally placed tapered triangular structures are obtained by cutting four semi-circular rings in a
square patch having a side length of a = 125 um. Next, the four triangular structures are connected by
a circular ring having an outer radius of 50 um and an inner radius of 40 pm.

The relative permittivity of the InSb substrate varies with the temperature thereby producing
temperature tunable absorption characteristics. The relative permittivity is given by the Drude’s model
in Equation (1). This equation is applicable when the temperature is between 160 K and 350 K, and

—}

(a) (b)

Figure 1. Unit cell structure, (a) top view, (b) side view.



Progress In Electromagnetics Research Letters, Vol. 95, 2021 11

the frequency is between 0.1 THz and 2.2 THz [19)].
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where w is the frequency of operation in rad/sec, wp the plasma frequency that is given by Equation (2),
~ the damping constant that is given by Equation (3), and €, the permittivity at high frequency. For
InSb substrate €5, = 15.6.
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where N is the intrinsic density of carriers and is given by Equation (4), e the charge of electron, ¢
the permittivity of free space, m* the effective mass of free carriers, and p the electron mobility. It has
been observed that the electron mobility varies slightly with respect to the temperature between 160 K
and 360 K and m* = 0.015m. As a consequence, the value of 7 is taken a constant and is 0.1m THz.

N = 5.76 x 102071-5,—(0-26/2kpT) )

kp is the Boltzmann’s constant, and 7" is the temperature in Kelvin. The real and imaginary values of
the relative permittivity were obtained using the MATLAB software and are shown in Fig. 2.
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Figure 2. Permittivity of InSb with respect to temperature, (a) imaginary part, (b) real part.

3. SIMULATION RESULTS FOR TEMPERATURE TUNABLE SPECTRA

The absorber was designed and simulated using the CST Microwave Studio software. The octa-band
absorption characteristics at 210 K are shown in Fig. 3.

The structure has axis symmetry along x axis as well as y axis. Even if the polarization of the
incident field is varied, as the structure shows symmetry in the X-Y plane, the absorption bands
are almost identical. Thus, the design is insensitive to the variations in polarization angle [21]. The
absorption bands shift with the temperature, and these characteristics are described in Table 1. The
shift in the absorption bands is also illustrated in Fig. 4.

The absorption bands shift towards higher frequency with the increase in temperature. The shift
is not uniform in all the bands. Bands at lower frequencies exhibit a greater shift than those at higher
frequency. To further understand the shift in the absorption bands, the resonance frequency vs the
temperature for each of these bands is plotted in Fig. 5.
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Table 1. Absorption characteristics at different temperatures.

( Center Frequency (THz), Peak Absorption (%) )

190 K 200K 210K 220K 230K
Band 1 | (0.859,92.7) | (0.93,96.97) | (1.026,98.7) | (1.127,99.94) | (1.262,99.84)
Band 2 | (1.11,92.3) | (1.165,88.24) | (1.25,79.5) | (L.33,77) | (L.44,75.5)
Band 3 | (1.163,95.5) | (1.221,92.1) | (1.3,90.4) | (1.37,86.24) | (1.483,84)
Band 4 | (1.325,63.6) | (1.37,78.2) | (1.442,95.2) | (L51,80.8) | (L.61,97.7)
Band 5 | (1.484,89.8) | (1.525,92.98) | (1.585,97.44) | (1.65,99.21) | (1.743,99.93)
Band 6 | (1.55,97.3) | (1.588,96.7) | (1.644,96.4) | (1.711,90.4) | (1.797,89.8)
Band 7 | (1.82,97.3) (1.854,97.7) (1.9,97.1) (1.96,98.6) (2.04,98.8)
Band 8 | (2.02,94.7) | (2.052,93.8) | (2.071,90.4) | (2.12,87.8) | (2.18,52.1)
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Figure 3. Absorption spectra for TE polarization = Figure 4. The absorption characteristics of the
at 210 K. proposed structure at various temperatures.

The temperature sensitivities in the absorption bands are 10.3 GHz/K, 8.22 GHz/K, 7.96 GHz/K,
7.02 GHz/K, 6.44 GHz/K, 6.17 GHz/K, 5.5 GHz/K, and 3.2 GHz/K, respectively. On an average, the
structure offers a sensitivity of 6.85 GHz/K. From the absorption characteristics reported in Table 1, it
can be observed that six out of the eight absorption bands offer peak absorptions more than 90% at
190 K with the highest absorption of 97.3% at 1.82 THz. At 200K again six out of eight bands have
peak absorptions more than 90%, with the highest absorption of 977% at 1.854 THz. At 210K, seven
out of eight bands offer peak absorptions more than 90% with highest absorption of 98.7% at 1.026 THz.
At 220K and 230 K, four of the eight bands have their peak absorptions greater than 90% with peak
absorptions of 99.94% and 99.84% at 1.127 THz and 1.262 THz, respectively. An important feature is
that at 230K, four absorption spectra have peak absorptions greater than 97%. To understand the
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absorption mechanism further, the current distributions for different resonance frequencies at 210 K are
plotted in Fig. 6.

The current distribution diagrams shown Fig. 6 indicate that the resonance modes are distinct
and are not just higher order modes. At 1.026 THz, current distribution is along the tapered triangular
structures present along the x-axis. In the next absorption mode at 1.25 THz, the current is concentrated
along all the edges of the tapering. The absorption mode at 1.3 THz has a similar current distribution
due to its close proximity to the absorption mode at 1.25 THz, but the current density is lower. The next
resonance mode at 1.442 THz is due to the strong current distribution near the base of the triangular
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Figure 5. Resonant frequency for each band.
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Figure 6. Current distribution at 210K, (a) 1.026 THz, (b) 1.25 THz, (c) 1.3 THz, (d) 1.442 THz, (e)
1.585 THz, (f) 1.644 THz, (g) 1.9 THz, (h) 2.071 THz.

structures present along x-axis and also due to the current distribution at the junction of the tapered
structures present along the y-axis and the concentric ring. The fifth mode at 1.585 THz has a low
current distribution mostly concentrated at the edges of the dielectric. The sixth mode at 1.644 THz
has a moderately strong current distribution at the center of the structure. The seventh resonance mode
is due to the current distribution along the concentric ring, and the last absorption mode at 2.071 THz
is due to the strong current distribution at the base of the triangular structures present along the y-axis.

4. CONCLUSION

Temperature tunable TMAs can be used for the design of temperature sensors. The tunable
characteristics are due to the changes in the plasma frequency of the dielectric. An octa-band
temperature tunable TMA is designed, and its characteristics are reported. The design offers a
temperature sensitivity of 6.84 GHz/K. Most of these bands have peak absorptions greater than 90%,
and at 230 K, four out of the eight bands have absorptions more than 97%. Two of them have near
unity absorption. The cause of absorption in the various bands is primarily due to current distributions
at the edges of the tapered structures.
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