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A thermally tunable terahertz metamaterial absorber
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A thermally tunable terahertz metamaterial absorber (MA) with InSb embedded in a metal-dielectric-metal structure is

proposed. The transmission and tuning properties of the proposed metamaterial absorber are analyzed for the temperature

ranging from 160 K to 350 K. The simulated results show that the maximum absorption of the absorber is nearly 99.8% at
a full-width at half-maximum (FWHM) of 38 GHz, and the absorption frequency can be dynamically tuned from 0.82

THz to 1.02 THz.
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Nowadays, the applications of metamaterials have been
demonstrated in the range from radio frequencies to
terahertz (THz) and near infrared frequencies“"”. In THz
regime, the metamaterial absorber (MA) can be used as a
functional detector or imager. A further application of
MAs is in the field of perfect lenses™ and invisibility
cloaks'®. Since the MA was firstly proposed, the design,
fabrication and characterization of MAs have been in-
vestigated extensively!”™. Shen et al'” reported a tri-
ple-band THz MA with three absorption peaks. Tao et al''"
presented a wide-angle absorber for transverse electric and
transverse magnetic radiation with absorption of 96% at
1.6 THz. Padilla et al''* demonstrated an electronically
tunable liquid crystal MA with a frequency tunability of
4.6%, but the maximum absorption only reached 80%.
To simultaneously realize the high absorption and tun-
able characteristics is still a challenge.

Traditional MAs are usually composed of metal and
dielectric medium, but they can not be actively controlled
by thermal, electrical and optical means. The introduction
of semiconductor materials into metamaterial structures
can solve the problem above. The functional material of
InSb, which is very sensitive to temperature, was intro-
duced into THz plasmonic crystal firstly by Fan et all'*'*!
for realizing high tunability.

In this paper, we propose a thermally tunable MA, in
which the semiconductor InSb is embedded for achieving
large frequency tunability. Numerical simulation indi-
cates that the maximum absorption of 99.8% at a
full-width at half-maximum (FWHM) of 38 GHz can be
realized, and the absorption frequency can be dynami-
cally tuned from 0.82 THz to 1.02 THz. This excellent
tuning characteristic makes the proposed MA be a prom-

ising candidate for many potential applications, particu-
larly in sensing, imaging, energy harvesting and dynamic
scene projectors.

Generally, the MA with three-layer structure usually
comprises a microstructure metallic layer, a metal wire
or plate layer, and a dielectric layer between them!™'*'!],
and the thickness of each layer is significantly smaller
than the wavelength. Similarly, our MA is composed of
an electric ring resonator (ERR) layer on the top, a di-
electric layer in the middle and a metallic plate layer on
the bottom, as shown in Fig.1(a). The ERR unit cell con-
sists of two standard split ring resonators with 200
nm-thick InSb embedded in the split gaps. The dimen-
sions of the ERRs are optimized as L=40 pum, the line
width W=6 pum, the split gaps G=5 um and the lattice
constant 4=50 um. Both the ERRs and the metallic plate
are made of gold with the thickness of 200 nm and a
conductivity of 4x10” S/m. Silica glass is used as the
dielectric layer with a thickness of 7.2 ym and a dielec-
tric constant of 3.75 to separate two metallic layers. The
total structure is constructed on 500 pm-thick silicon
substrate as shown in Fig.1(b).
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Fig.1 (a) The geometric structure and (b) the compo-
sition of a unit cell with optimized parameters of L=40
um, W=6 pym, G=5 uym, A=50 pym, t;=t;=200 nm, £,=7.2
Mm and =500 pym

L

In the THz regime, the electromagnetic properties of
InSb are very sensitive to temperature. For temperatures
ranging from 160 K to 350 K, the complex dielectric
function of InSb can be approximately given by the

Drude model as!"”!
2

elw)=¢. —>—, 1

(@)=e. o +iyw o
where &, represents the high-frequency permittivity, w is
the angular frequency of incident THz wave, and y is the

damping constant. The plasma frequency @, = JNe* / gm

depends on the intrinsic carrier density N, the electronic
charge e, the vacuum permittivity e, and the effective
mass m" of free carriers. For InSb, ¢,=15.6, m*:0.015me
(m. is the mass of electron), y=0.1n THz'®, and the in-
trinsic carrier density N with unit of m~ obeys the rela-
tionship!'”!

N =5.76x10"T"* exp(~0.26/2k,T), )

where kg is the Boltzmann constant, and 7 is the tem-
perature in Kelvin. According to the above expressions
and parameters, the complex permittivity of InSb can be
calculated at various temperatures.

In general, the absorption frequency is dominantly de-
termined by the ERR since it acts as a frequency selec-
tive surface. Fig.2(a) depicts the equivalent circuit of the
MA, where LC and R determine the resonance frequency
and the resistivity of metal in ERRs, respectively, and the
arrows represent the direction of the induced currents.
The variable capacitance C can be changed when the
temperature of InSb embedded in the split gaps changes.
In other words, the resonance frequency in ERRs de-
pends on the change of temperature. Furthermore, the
surface structure of ERRs can only reflect the incident
THz waves partially. As shown in Fig.2(b), most of the
incident THz waves traverse the ERRs into the dielectric
layer, undergo multiple reflections and transmissions
between the upper and lower interfaces, and eventually
transmit through the ERRs with little absorption by the
dielectric layer. Considering the above process, another
LC circuit should be added in the model as seen in
Fig.2(a), where L,C, determines the resonance frequen-
cies inside dielectric layer, and R, represents any loss in
the absorber. In this model, changing permittivity of InSb
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can affect the values of LC and L,C, simultaneously.
Whenever both resonant frequencies match, R, will get
short-circuited and the MA will theoretically achieve
perfect absorption!'™. In this case, the currents of / and I,
have the same magnitude but are out of phase, so that
they will cancel out each other in R,. As shown in
Fig.2(b), we consider / as the reflected wave on ERRs
layer and /, as the transmitted wave through ERRs layer
from inside dielectric layer, and then this model is con-
sistent with the interference theory.
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Fig.2 (a) The equivalent circuit of the MA; (b) The
physical model to explain the absorption process

Utilizing the finite-difference time domain (FDTD)
method, we calculate the absorption spectra at various
temperatures, as shown in Fig.3(a). The incident THz
wave is assumed to be normal to the upper surface of MA
with the electric field perpendicular to the split gaps. The
absorption coefficient 4 can be expressed as 4=1-T-R,
where T and R are transmission and reflection coefficients,
respectively. Since the thickness of the gold plate on the
bottom is much larger than its skin depth in THz range!"”’,
the transmittance should be zero. Accordingly, the absorp-
tion coefficient can be simplified to 4=1-R. At the low
temperature of 160 K, the intrinsic carrier density of InSb
is N~0.94x10* m”, and InSb shows typical dielectric fea-
tures. The maximum absorption of 88.7% locates at 0.82
THz with FWHM of 26 GHz. In the case of a non-perfect
absorber, the LC and L,C, resonance frequencies are
mismatched, which means that the phase difference be-
tween [ and I, is not equal to m, and the total reflected
power is not zero. As the temperature is increased, the
variable capacitance C is decreased due to the enhance-
ment of intrinsic carrier density of InSb. At 290 K, the
carrier density is N=1.57x10*m>, and InSb shows typical
metallic features. In this case, the absorption peak with a
maximum absorption of 93.3% shifts to 0.90 THz, and the
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LC value is so close to L,C, value that both resonance
frequencies get matched due to the variable capacitance C
decreases along with the temperature increasing to 320 K.
The absorption peak shifts to 0.95 THz, and the maximum
absorption and FWHM are 99.8% and 38 GHz, respec-
tively. The carrier density N can reach 5.76x10% m™ along
with the temperature increasing to 350 K, the LC reso-
nance frequency will again stay away from L,C, reso-
nance frequency, and then the maximum absorption of
90.3% is obtained at 1.02 THz with FWHM of 52 GHz.
Actually, the thickness of the dielectric layer is also a very
important parameter which can cause large changes in
absorption spectrum. Fig.3(b) shows the absorption peak
versus the thickness of the dielectric layer changing from
S um to 9 um at different temperatures. For our MA, the
optimal thickness of ¢, is 7-7.5 um, and too large or too
small thickness of the dielectric layer will lead to lower
absorption due to mismatch of LC and L,C, resonance
frequencies.
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Fig.3 (a) Simulated absorption spectra of the MA at
different temperatures with the FDTD method; (b) The
absorption peak versus the thickness of the dielectric
layer at different temperatures

For the temperature of 320 K, the electric energy dis-
tributions at 0.95 THz show the nearly perfect absorption
characteristics inside the absorber, as seen in Fig.4. The
majority of the energy is dissipated as ohmic loss in the
ERRs layer and dielectric loss in the dielectric layer. The
region of maximum absorption is located in the split gaps
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which are embedded by InSb. Additionally, the electric
energy is also concentrated in the four outer corners of
the ERR. It is clear that the original THz transmission
mode of ERRs is changed by the metallic features of
InSb at the high temperature of 320 K.
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Fig.4 The electric energy distributions in (a) ERR layer,
(b) dielectric layer, (c) metallic plate and (d) cross
section along the split gaps at frequency of 0.95 THz
and temperature of 320 K

In summary, we propose a thermally tunable THz MA.
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Its maximun absorption is almost more than 90%, and
the FWHM is less than 60 GHz. When the temperature
changes from 160 K to 350 K, the absorption frequency
can be dynamically tuned from 0.82 THz to 1.02 THz.
Especially, when the temperature is 320 K, the MA has a
nearly perfect absorption at the frequency 0.95 THz. As a
narrow band device, the tunable MA will have a
potential application in future THz system.
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