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Abstract

Since the early 1980s the terahertz range (0.1 to 10 THz) attracts permanent attention of fundamental and applied
science. Due to its unique properties terahertz radiation is used in a wide range of applications such as spectroscopy,

non-destructive defectoscopy and security systems. The design of high-efficiency terahertz absorbers and converters is
currently the main task in the development of terahertz technologies. In this work a frequency selective high-Q meta-
material is used for the fabrication of a terahertz-to-infrared converter. The converter consists of a metamaterial-based
terahertz absorber coated with a micrometer-thick graphite layer that reemits the absorbed energy in the infrared range.
We have carried out electrodynamic and the related thermodynamic calculations of the suggested radiation converter.
Numerical simulations yield an electromagnetic radiation absorption coefficient of 99.998% and an analytically calcu-
lated converter efficiency of 93.8%. Thanks to these advanced parameters suggested terahertz converter can find it’s
applications in a wide range of transportation security inspection and defectoscopy tasks.
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1. Introduction

The terahertz (THz) frequency range (0.1 to 10 THz)
[1-3] is important for the science and technology for
the decades to come [4]. The good promise of the tera-
hertz spectral range for diagnostics originates from the
possibility to achieve a higher spatial resolution of the
produced image as compared with that for the gigahertz
range and a greater penetration depth into tested objects in
comparison with that for the infrared range [5]. It should
be noted that THz radiation is not ionizing and penetrates
into most materials, being only reflected by metals and
water [6]. Security systems on the basis of the converter
suggested in this work are a potential alternative to metal
detectors and X-ray inspection equipment [6]. THz range
detectors show good promise for the detection of latent
defects, cavities, voids, cracks and foreign inclusions

during materials analysis in industry [7]. However, the
development of terahertz detectors faces the technical
complexity associated with the fabrication of a THz sen-
sitive matrix [8, 9].

The use of existing well-proven infrared focal plane
array matrices for the processing of THz radiation con-
verted to the IR range is a promising approach. Radiation
conversion from one frequency range to another can be
achieved using specially structured artificial media, i.e.,
metamaterials [10], consisting of multiple repeated ele-
ments in the form of metaatoms. The interaction of elec-
tromagnetic waves with these media triggers a number of
phenomena that cannot be achieved using other technol-
ogies and do not occur naturally [10]. These specific phe-
nomena include clocking, ultrastrong field localization
and diffraction limit overcoming [11-13].
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In recent years special attention has been drawn to
metamaterials due to the possibility of the implementa-
tion on their basis of high-Q resonators operating over
a wide terahertz frequency range [13-15] at different
temperatures [16, 17]. Metamaterials are suitable for the
fabrication of terahertz radiation sources [18], modula-
tors [19-22] and detectors [23, 24]. Terahertz explosives
detectors are used in transportation security systems [2],
astronomy [25] and biomedicine [26].

The importance of converting terahertz radiation is
dictated not by the necessity of reducing or increasing
the frequency but rather by the practical convenience
of devices and equipment operating in some technically
achievable frequency range which can be adapted to op-
eration in another range. The design of the converter in-
cludes two basic components. By analogy with detectors,
the main component of the converter is the receiver, the
other component being the emitter. A good signal receiver
is equivalent to the perfect absorber which can be made
from metamaterials [27-29].

2. Perfect absorbers

By their nature, electromagnetic wave absorbers can be
divided in two categories: resonance and non-resonance
ones. The absorbers of the former category are distin-
guished by perfect absorption in a narrow transmittance
band, whereas the non-resonance absorbers are used for
non-perfect wide-band absorption. To understand the rea-
son of the choice of metamaterials as the material for the
perfect absorber as component of the suggested convert-
er, we will analyze the working principle of the resonance
absorbers. The first resonance electromagnetic wave ab-
sorber was invented by the American engineer Winfield
Salisbury [31] and was referred to as the Salisbury screen
in honor of the inventor (Fig. 1 @). The working princi-
ple of the Salisbury screen is based on the phenomenon
of destructive interference by analogy with antireflection
coatings in optics. An electromagnetic wave incident on
the Salisbury screen passes through the top transparent
layer and the dielectric layer with a thickness of a quarter
of the wavelength divided by the refraction index. The
electromagnetic wave is then reflected from the screen-
ing bottom metallic layer where its phase undergoes a
180 deg shift which causes destructive interference re-
sulting in electromagnetic wave extinction in the dielec-
tric bulk [32].

3. Method of frequency selective
surface

Another category of the resonance absorbers is the fre-
quency selective surface [33]. If the frequency selective
surface is hit by a wave (Fig. 1 b) having the frequency
coincident with the resonance frequency of the frequen-

cy selective surface elements, the wave can either pass
through the frequency selective surface or be reflected
either completely or partially, depending on the surface
topology. The frequency selective surface consists of pe-
riodic arrays of metallic elements etched on a dielectric
material. From the viewpoint of electrodynamics, fre-
quency selective surface structures can be capacitance or
inductive, also referred to as spatial filters (Fig. 1 d). De-
pending on their function, the filters can either transmit or
absorb radiation in a specific frequency range. A high-fre-
quency filter (RC filter) has a surface pattern consisting
of multiple tiles, its equivalent circuit being a capacitor
and a resistor connected in series. A low-frequency filter
(RL filter) has a grid-like surface pattern, its equivalent
circuit being an inductive coil and a resistor connected in
series. There is no exact applicability limit of a specific
surface pattern, so in each case one should take into ac-
count the dimensions of the target structure. There can be
the problem of the non-transparency of metals for electro-
magnetic waves with frequencies below the metal plas-
ma frequency. Therefore when designing the top layer of
the metamaterial absorber one should reduce its effective
plasma frequency to below the working frequency. The
plasma frequency ®, of a metal is proportional to the

D
square root of the charge density:

I’l€2

o, = , (1)
P m'e,

where e is the electric charge, n is the charge density and
m* is the effective mass of electron. As can be seen from
Eq. (1), the only method to reduce the plasma frequency
is to reduce the charge density n because the other pa-
rameters (e, m* and g;) are constants. The charge density
can be reduced by specifically designing the metallic ele-
ments of the top layer of the frequency selective surface.
The metamaterial developed in this work (Fig. 1 ¢ and e)
is a frequency selective surface absorbing at 96 GHz. The
choice of this frequency is dictated by the atmospheric
transparency window [34].

4. Schematic of terahertz
conversion

One application of the terahertz converter suggested
herein is shown in Fig. 1 d. A person is in the inspec-
tion zone between the 96 GHz electromagnetic source
and the screen. THz radiation passes through the radia-
tion-specific transparent media and is incident upon the
terahertz converter screen. THz radiation is converted to
the IR range due to heating and reemission. Reemission
is achieved by coating the rear surface of the metama-
terial with a thin layer of a substance whose properties
are the closest to those of the absolute black body (in the
case considered, this is graphite). Thus, in the convert-
er suggested herein the incident radiation is absorbed by
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Figure 1. Physical working principles and main parameters of converter: (a) Salisbury screen [31] consisting of a thick screening
metallic layer coated with a dielectric layer having a specially selected thickness and a thin transparent metallic screen; (b) frequen-
cy selective surface in the form of a 2D array of metallic elements on a dielectric substrate which reflects or absorbs electromagnetic
waves at the preset frequency depending on the surface topology; (c) the metaatom considered herein is in the form of three super-
imposed layers with square cross-sections having the following dimensions: L; = 0.535 mm, L, = Ly = 0.585 mm, and thicknesses
s1 =15, =0.024 mm and 54 = 0.067 mm. The overall thickness of the metamaterial is 0.115 mm; (d) frequency selective surfaces of
two topologies and their equivalent circuits. Tiles are used in the low-frequency range, and grid is used at high frequencies; (e) the
top and bottom conducting layers in the metaatom are nickel, the dielectric being fiberglass plastic. The bottom surface of the meta-
material is coated with graphite for radiation conversion; (f) example of THz converter application in security domain. The person
2 is in the inspection zone between the 96 GHz electromagnetic source / and the screen 3 which is the THz converter. The radiation
passes through the transparent media and is incident on the terahertz converter for further conversion to IR radiation. The infrared
radiation of the converter is read by the IR camera 4

the metamaterial and the IR radiation is reemitted by the
graphite layer. It is suggested to use a thermal imaging
system as the IR receiver. The infrared radiation emit-
ted by the converter is read by the IR camera. Advanced
thermal imaging cameras [35] are fitted with focal plane
array matrices with a resolution potentially ranging from
160 x 120 to 1280 x 720 pixels, onto which the optical
system of the device focuses the thermal image of the
inspected object. These matrices do not require heat re-

moval and their spectral sensitivity is constant in a range
of 1 to 14 mm. The sensitivity limit of focal plane array
matrices without heat removal in commercially available
models is 20 mK [35]. The spatial distribution of the THz
radiation incident upon the converter is replicated by the
distribution of the heat flow density reflected from the
graphite layer. The thermal field of the converter is fur-
ther converted to a color image on the thermal imaging
system display.
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Figure 2. Results of numerical simulation of radiation absorption: (a) absorption coefficient (red curve) and reflection coefficient
(green curve) as a function of incident radiation wavelength. Electrodynamic simulation of the newly designed metamaterial with
Microwave Studio CST shows an absorption coefficient of 99.998% at 96 GHz corresponding to the wavelength A = 3.122 mm;
(h) example of detection of a triangular steel plate with leg sizes of 3 and 6 mm by a 23.4 x 23.4 mm? sized metasurface consisting
of 40 x 40 cells. The steel plate is located at a 4.7 mm vertical distance and a 0.9 mm horizontal distance from the top right corner of
the metasurface. The distance between the steel plate and the metasurface is 20 mm. The electromagnetic response of the metamate-
rial was visualized by calculation in the Microwave Studio CST electromagnetic simulation software using the finite difference time
domain method (FDTD) [36]. The simulation output data were (¢) electric field magnitude in the dielectric layer, (d) magnetic field
magnitude and (e) surface current density in the metallic layer. The top right corner of the metasurface exhibits a typical diffraction
pattern. The screen area in front of the object shows a bright spot corresponding to the peak magnitude of the electric and magnetic
fields and the highest surface current density. As one moves away from the spot center the excitation is spread over the metasurface
in the form of coaxial circles with a declining intensity

5. Electrodynamic simulation

The reflection and absorption coefficients of the material
suggested in this work in the 50 to 150 GHz range were
calculated with the Microwave Studio CST electrody-
namic simulation software package. At 96 GHz corre-
sponding to the wavelength A = 3.122 mm, the absorp-
tion coefficient of the material is the highest, 99.998%
(Fig. 2 a), which is sufficient for this absorber to be con-
sidered perfect [29]. Since we envision applications of the
converter designed herein in the field of detection, it will
be appropriate to consider the following example. A tri-
angular steel plate with leg sizes of 3 and 6 mm is placed
ata 20 mm distance from the metasurface (Fig. 2 b). The
plate is shifted to the top right corner of the metasurface.

The distance from the plate edge to the top edge of the
metasurface is 4.7 mm and the distance from the plate
edge to the right edge of the metasurface is 0.9 mm. The
metasurface is a 23.4 x 23.4 mm? sized array consisting
of 1600 metaatoms (Fig. 2 b). The results of numeri-
cal simulation using the finite difference time domain
method (FDTD) [36] for the distribution of the electric
and magnetic fields and the density of the surface cur-
rent at 96 GHz in the metamaterial screen are shown in
Fig. 2 c—e. The dimensions of the steel plate considered
in this example are comparable with the wavelength of
the incident radiation, causing diffraction and interfer-
ence which are observed in the field and current distribu-
tions on the metamaterial screen.
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6. Simulation and calculation
of terahertz converter efliciency

For THz radiation conversion to infrared range the meta-
material absorber is coated with a reemitting layer having
the highest degree of blackness the thickness of which
should be chosen taking into account converter response
time requirements. Another important condition is a uni-
form distribution of the reemitting material over the sur-
face of the bottom absorber layer. Therefore the reemit-
ting material should have the capability of being applied
onto the surface in the form of a sufficiently thin layer and
have good adhesion to the surface. Graphite was chosen
as the reemitting material in view of the above require-
ments and taking into account its good adhesion to nickel
[37]. For reemitting layer thickness optimization, conju-
gate electrodynamic and thermal calculations were car-

3 a

ried out with Microwave Studio CST for three graphite
layer thicknesses (0.2 pm, 1 pm and 2 pm), the graphite
emission coefficient being accepted to be 0.97. For the
simulation of a radiation converter with a 0.2 um thick
graphite layer which is two hundred times the thickness
of graphene, the following thermodynamic parameters
were accepted: thermal conductivity 2000 W/(m - K),
heat capacity 650 J/(kg - K) and thermal expansion coef-
ficient 3.7 m/K at # = 293.15 K [39]. For radiation con-
verters with graphite layer thicknesses of 1 and 2 pm the
graphite parameters were borrowed from the materials
library of Microwave Studio CST. The emission coeffi-
cient of insulated nickel is 0.072 which is one order of
magnitude lower than that of graphite, and therefore nick-
el emission can be ignored in heat flow density calcula-
tions. The results of all the conjugate calculations for four
metamaterial cells are shown in Fig. 3 (b—d). For radia-
tion converter efficiency calculation the metamaterial cell
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Figure 3. Radiation conversion results: (¢) Radially symmetrical model of radiation converter cell (/ is the fiberglass plastic,
2 is the top nickel layer of the metamaterial cell, 3 is detected THz radiation, 4 is IR radiation, 5 is the bottom nickel layer of the
metamaterial cell and 6 is the graphite emitting layer). The temperature at the converter perimeter is 293.15 K. Electromagnetic and
thermal calculation results obtained in the Microwave Studio CST environment. (b) Heat flow density of converted THz radiation
for three graphite layer thicknesses (0.2, 1 and 2 pm). The best result was obtained for the 0.2 pm thick graphite layer as it delivers
the highest heat flow density and hence the greatest image contrast on the focal plane array matrix of the thermal imaging system.

Images of (c) surface heat flow density and (d) bulk heat flow density suggest that it is the emitting layer in the radiation converter

that provides for heat emission
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was adapted to a radially symmetrical model for thermal
conductivity problem solution convenience (Fig. 3 a). In
accordance with the numerical simulation conditions, the
radiation converter cell is in vacuum and its symmetry
axis is collinear with the THz radiation incident upon the
cell surface. For a cylindrical cell the area and thickness
of the elements were the same as those for the original
cell. The diameter of the bottom metamaterial cell part
and the dielectric layer was 0.66 mm, the top cell diame-
ter being 0.6 mm.

The radiation converter efficiency was calculated as
the ratio of the heat radiation energy E,; to the incident
terahertz radiation energy E;,. The IR radiation energy
E, was evaluated with CST using conjugate calculation.
The terahertz radiation pulse duration was 3 s. The bound-
ary conditions were as follows: the converter tempera-
ture was accepted to be constant and equal to 293.15 K,
the maximum energy flow density of incident radiation
P was accepted to be 10 W/m? and the thermal energy
accumulation time by the metamaterial was chosen to be
tmm = 20 seconds due to the relatively low thermal con-
ductivity and significant thickness of the dielectric. The
converter efficiency n in percents was calculated using
the following equations:

n= ﬂ x100%;
Ein
limp R
E = jdt P(t,r)2mrdr;
0 0
lom R
Eyy = | dtfec(1* -1 )2nrdr,
0 0

where ¢ is the radiation coefficient, o is the Stefan—Boltz-
mann constant, P(z,7) is the maximum energy flow den-
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