
S
a

B
a

b

c

a

A
R
R
A
A

K
T
T
T
R

1

c
t
i
t
w
p
m
a
e
e
e
a
i

o
t
i
[

a
n

h
1

Opto-Electronics Review 26 (2018) 329–337

Contents lists available at ScienceDirect

Opto-Electronics  Review

jou rn al hom epage : ht t p : / / w ww.journa ls .e lsev ier .com/opto-e lec t ronics rev iew

U-8  based  planar  metamaterials  with  fourfold  symmetry  as  selective  terahertz
bsorbers
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a  b  s  t  r  a  c  t

We  report  on  the  absorption  properties  of  polarization-insensitive  transmissive  and  reflective  metamate-
rial  absorbers  based  on  two  planar  aluminium  periodic  structures  and  SU-8  epoxy  resist.  These  absorbers
were investigated  using  numerical  simulation  and  experimental  methods  in  the  terahertz  range  (below
2  THz).  SU-8  is  a very  promising  organic  material  for  dielectric  layers  in  planar  metamaterials,  because
eywords:
erahertz metamaterial absorber
erahertz spectroscopy
ransmittance

its  application  simplifies  the  process  of  fabricating  these  structures  and  significantly  reduces  the  fabri-
cation  time.  The  experimental  absorption  of the  metamaterial  absorbers  has  narrowband  characteristics
that  were  consistent  with  the  numerical  simulations.  Power  flow  analysis  in  the  transmissive  metama-
terial  unit  cell  shows  that  the  absorption  in  the terahertz  range  occurs  primarily  in the  SU-8  layer  of  the
absorber.

©  2018  Association  of Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
eflectance

. Introduction

The term “metamaterials” is used in relation to artificial
omposite materials with a periodic internal structure [1]. Metama-
erials are characterized by electromagnetic properties not found
n nature. By definition, dimensions of the unit cells of metama-
erials are many times smaller than the length of electromagnetic
aves in the frequency range in which the unusual electromagnetic
roperties are observed. This applies in particular to microwave,
illimetre, terahertz, and medium and near infrared ranges, as well

s to the visible range. Of particular interest are metamaterials with
lectromagnetic response in the so-called “terahertz gap” which
xtends from 0.1 THz to 10 THz [2]. In this frequency range, the
lectromagnetic response of natural materials, arising from inter-
ctions with electrons in localized states or delocalized electrons
n bands, is relatively weak.

Since the first terahertz metamaterials were fabricated, many
f their various functionalities have been presented. In particular,

his applies to terahertz metamaterial absorbers (TMAs) character-
zed by a close-to-unity absorption of electromagnetic radiation
3,4]. As a general principle, TMAs are planar metal-dielectric-
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metal structures [5,6]. The metal layers of TMAs, separated by a
dielectric layer, have a periodic structure created from unit cells
responsible for characteristic electromagnetic resonances. Because
of the characteristic symmetry of the unit cells, TMAs are sensitive
to the polarization of electromagnetic wave [6,7]. In the special
case where the unit cell of a planar TMA  has a four-fold rotational
symmetry about the axis normal to the surface, the metamaterial
absorber is insensitive to the polarization of the incident electro-
magnetic waves [8–10].

In addition to the single-band designs, dual band [11–13],
multiband [14–16], and broadband TMAs [17–19] have also been
reported. The absorption properties of a TMA  are related to the
shape of the unit cell, its size, and the type of materials used to
construct it. In particular, thickness of the separating layer and its
dielectric properties have a significant influence on the parameters
of the TMA  absorption band [20]. The electromagnetic properties of
TMAs can also be dynamically modified, e.g., by using liquid crys-
tal layers [21]. TMAs can be used as active elements in sensors for
detecting biological materials [22], organic compounds [23], and
explosives in the security technology [24]. Perfect TMAs are also
good candidates for applications as efficient antennas in terahertz
detectors based on field effect transistors [25] or as very sensitive
bolometers [26].
Numerical simulation methods based on Maxwell’s equations
are currently the most commonly used methods in the design of
metamaterial absorbers. For a metamaterial structure treated as a
homogeneous medium, these methods allow for a determination of
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ig. 1. The designs of unit cells and microscope images of reflective (a, c) and transm

he coefficients of the dispersion matrix, the so-called S-parameters
27]. The conditions of perfect absorption are obtained by matching
he wave impedance of the metamaterial to the wave impedance of
he environment. On the basis of S-parameters, electric permittivity
nd magnetic permeability of the metamaterial can be determined
28–30]. As a consequence, it is possible to gain an insight into the
hysical nature of the processes of absorption and scattering of
nergy associated with the electromagnetic field in the metamate-
ial structure.

The dielectric layer found in terahertz metamaterials plays a
ual role as a structural material and as a material with a defined
lectrical permeability. Dielectric layers from inorganic materials,
.g. SiO2, meet the above conditions but their deposition usually
equires the use of complicated and expensive techniques. For
his reason, at the cost of lowering thermal resistance, inorganic

aterials are replaced with organic materials, such as, for exam-
le, benzocyclobutene (BCB) [31] or epoxy based photoresists [32].
he SU-8 epoxy resist, which has been widely used as a structural
aterial for MEMS  devices [33], is a very promising material for

he fabrication of metal-organic terahertz metamaterial structures
10,32,34]. A dielectric layer made of SU-8, in addition to its basic
unction of separating the metal layers, also ensures high mechan-
cal stability of the metamaterial structure. Deposition techniques
pplied to SU-8 are relatively simple and rapid, which results in

 significant reduction in the metamaterial absorber fabrication
osts.

In this paper, we discuss the absorption properties of reflective
nd transmissive terahertz metamaterial absorbers based on SU-8

poxy resist. A common feature of these two types of absorbers is
he use of identical elementary metal resonators forming the outer
ayer of the metamaterial structures. The absorbers were designed
y using numerical simulations and subsequently fabricated by a
(b, d) TMAs (a = 60 �m, b = 42 �m,  c = 2 �m,  h = 7 �m, f = 50 �m, g = 7 �m,  w = 11 �m).

multi-step lithography process. Reflection and transmission of the
absorbers were measured by using terahertz time-domain spec-
troscopy, and the results were then compared with the results of
numerical simulations. The S-parameters were simulated at exter-
nal planes commonly called ports. We  have modified the standard
mathematical formulas defining S-parameters for planar metama-
terial to take into account port distances from the outside surfaces
of the absorbers. These distances should be as short as possible, but
large enough so that the near field is negligible on the ports. This
problem was identified earlier, but was not always factored in the
calculations [28,29]. We  also calculated effective electromagnetic
parameters of the absorbers, such as, wave impedance, refractive
index, permittivity, and permeability. We apply the determined
permittivity and permeability to the analysis of electromagnetic
field energy absorption inside the unit cells of the transmissive
absorbers.

2. Design and fabrication of terahertz metamaterial
absorber

Designs of unit cells of the investigated reflective and transmis-
sive TMAs, as well as their images obtained using a metallographic
microscope are presented in Fig. 1. In our case, the TMAs were
designed as two-layer aluminium structures separated by a thin
dielectric layer of SU-8 epoxy-based resist and deposited on the
surface of high-resistivity silicon. The unit cell has a four-fold sym-
metry with respect to the axis normal to the surface of the absorber.
According to the principles of optics, a linearly polarized electro-

magnetic wave falling perpendicular to the surface of the optically
uniaxial metamaterial is divided into two waves travelling along
the fourfold symmetry axis. The electric vectors of these waves are
parallel to the perpendicular edges of the unit cell. Due to the sym-
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etry of the structure, both waves are weakened in the same way
nd they also show the same phase shift inside the metamaterial.
hen, after passing through the medium they are re-assembled into

 single wave with polarization identical to the polarization of the
ncident wave. It follows from the principle of projecting the electric

ave vector to the directions determined by edges of the unit cell
hat intensity of the passing (or reflected) terahertz wave does not
epend on polarization of the wave incident perpendicular to the
urface. This principle has been previously tested experimentally
or a similar metamaterial structure and in the same experimental
onditions as currently [10].

The outer metal layers in the reflective and transmissive TMAs
re formed by networks of identical square-shaped resonators with
he same lattice constants. In the transmissive TMA, the inner metal
ayer is composed of four cut-wires connected in a square layout,

hereas in the reflective TMA, a uniform Al layer is used. The inves-
igated TMAs are two-dimensional structures with lattice constants
qual to 60 �m.  The thickness of the metal layers is of 200 nm and
he size of the smallest resonator details is about 2 �m.  The SU-

 spacer and the Si substrate are 7 �m thick and about 550 �m
hick, respectively. The arrays of the cut-wire structures in the
nner layer and the squared resonators in the outer interface of
MAs were produced using metal evaporation and standard high-
recision photolithography techniques. The desired thickness of
U-8 spacer on the ground Si substrate with the uniform Al layer
r the cut-wire structures was achieved through calibrated con-
rol of the ST-146 (CONVAC) spinner rotation in accordance with
he manufacturer’s (MicroChem) instructions. The SU-8 spacer was
oft-baked for 2 min  at 95 ◦C and next polymerized by exposing it to
V light with the use of a long pass filter to eliminate UV radiation
elow 350 nm.  Exposure to UV was about 150 mJ/cm2. Finally, the
U-8 layer was subjected to a two-stage post exposure baking: for

 min  at 65 ◦C, then for 2 min  at 95 ◦C.
The prepared metamaterial samples whose dimensions are

bout 5 mm by 4 mm contain approximately 5000 elementary res-
nators arranged in 80 rows and 60 columns. More than 100
etamaterial samples were obtained from one silicon wafer having

 standard diameter of 40 mm.

. Numerical simulation method

Transmittance, reflectance, and absorption spectra of the inves-
igated metamaterial absorbers were obtained from numerical
imulations for a single metamaterial cell using CST Microwave Stu-
io commercial software. The Fabry-Pérot interference pattern of
he thick Si substrate (étalon) was observed in the simulated curves.
his effect was regarded as irrelevant to the problem being con-
idered here; consequently, the interference pattern was  removed
umerically from simulated curves by deleting the higher-order
ourier components.

Transmittance and reflectance of a plane wave incident on
 homogenous metamaterial slab can be characterized by a

 × 2 scattering matrix [Sij] with complex components called S-
arameters [27]. The S11 parameter is the ratio of electric (or
agnetic) field amplitudes of the wave reflected from one side of

he slab and the incident wave. The corresponding matrix com-
onent for the opposite side of the metamaterial plate is given
y S22. The S21 and S12 parameters are the ratios of electric (or
agnetic) field amplitudes of waves passing through the slab for-
ard and backward, respectively, to the amplitudes of the incident

aves. The S-parameters can be determined experimentally or sim-
lated numerically on the basis of Maxwell’s equations. Complex
-parameters are related to complex wave impedance and refrac-
ive index [28–30]. We  have modified the standard formulas to
ics Review 26 (2018) 329–337 331

include in them the port distances from the outside surfaces of the
planar metamaterial absorbers as follows:

S21 = eins1kd1 eins2kd2

[
1 − (Z − 1)2(Z + 1)−2

]
einkd

1 − (Z − 1)2(Z + 1)−2e2inkd
, (1a)

S11 = e2ins1kd1
(Z − 1) (Z + 1)−1

(
1 − e2inkd

)

1 − (Z − 1)2(Z + 1)−2e2inkd
, (1b)

where d is the thickness of the metamaterial slab, d1 and d2 are the
distances between the slab walls and the ports at which the electric
(or magnetic) fields of the waves are measured, ns1 and ns2 are the
refractive indices of the medium in front of the sample and at the
back, respectively, k is the wave number in free space, and i is the
imaginary unit.

The location of the ports at which the S-parameters are
calculated has an influence on the results of simulations and, conse-
quently, on the effective electromagnetic parameters of the TMAs.
In order to minimize the contribution of the near-field to the elec-
tromagnetic field of travelling waves, numerical simulations were
performed for planar ports located within a distance of 12 �m
from both the outer metal resonator and the external boundary
of a Si layer. The assumed distance between the absorbers and the
ports was  as small as possible to minimize contributions to the
parameters introduced by surrounding media (air). For numerical
simulations, the real part of permittivity and loss factor (tan �) of
the high-resistivity Si were taken as 11.68 and 0.01, respectively,
at 1 THz [35]. For SU-8, and at the same frequency, these parame-
ters were assumed to be equal to 2.75 and 0.14, accordingly. These
values for SU-8 were chosen so as to achieve agreement between
frequency positions of the experimental and simulated absorption
maxima. The assumed value of the real part of permittivity for SU-8
differs from the published value, which equals 2.89 [36,37].

Frequency dependence of the wave impedance Z and the refrac-
tive index n, as well as the electric permittivity ε and the magnetic
permeability � can be calculated from Eqs. (1a) and (1b), which
are generally valid for isotropic media and can be also used for
anisotropic media if the electromagnetic waves propagate along
the principal axes. If the scattering of the electromagnetic waves in
a metamaterial is neglected, then the absorption can be calculated
from S-parameters by using equation:

A = 1 − T − R, (2)

where T = | S21|2 and R = | S11|2 are the transmittance and reflectance,
respectively.

4. Experimental

TMAs were checked for defects in the metal structures using a
metallographic microscope, and then the selected samples with-
out defects were verified for repeatability of transmission and
reflection spectra in the terahertz range. It was  found that some
imperfections in the metal structures could affect the resonance
frequency. However, defects in the structures have less effect on
resonances than the inaccuracy in thickness of the dielectric SU-
8 layer. The manufacturing process guarantees that inaccuracy in
this parameter is less than 3%. For the transmissive TMA  [Fig. 1a)
and c)], both reflectance and transmittance spectra were mea-
sured, whereas for the reflective absorber [Fig. 1b) and d)], only the
reflectance spectrum was obtained, because transmission equals
zero over the entire frequency range.

Experimental transmittance, reflectance, and absorption spec-

tra for the investigated TMAs were obtained for samples consisting
of many unit cells. The spectra were measured using a TPS 3000
(Teraview) terahertz time-domain spectrometer purged with dry
air. The spectral range of terahertz pulse generated in the spec-
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Fig. 2. Simulated absorption of reflective TMA  for different thickness h of SU-8 layer at constant scaling factors l and p (l = p = 1) (lines: h = 14 �m – solid, h = 12 �m – dashed,
h  = 10 �m – dotted, h = 7 �m – dash-dotted, h = 5 �m – dash-double-dotted) a), for different l scaling factors of metal structure at constant p and h (p = 1, h = 14 �m) (lines:
l  = 1 – solid, l = 1.2 – dashed, l = 1.4 – dotted, l = 1.6 – dash-dotted) b), and for different p scaling factor of lattice parameter and constant l and h (l = 1, h = 14 �m)  (lines: p = 0.7
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 dashed, p = 1 – solid, p = 1.2 – dotted, p = 1.4 – dash-dotted) c).

rometer was from 0.1 THz to 3.0 THz. The terahertz pulse was
ransmitted through the sample (for the transmissive absorber)
r reflected from its surface (for both transmissive and reflective
bsorbers), and then it was detected by a terahertz antenna gated by
he probe beam. The signal was measured using a lock-in amplifier,
nd then the data were processed using a computer with dedi-
ated software. Transmittance was recorded for the pulse incident
erpendicular to the sample surface, with dry air as the reference.
he gradually decreasing multiple reflections in a thick Si substrate
ere cut from the signal to exclude interference fluctuations from

ransmittance spectra. Thus, these spectra included information
bout electromagnetic response of the metal-dielectric structure.
eflectance was measured for the incidence angle of a pulse equal
o 22.5◦ which was associated with the limitations of the apparatus.
he error introduced in the reflectance by this oblique incidence,
stimated based on the Fresnel equations, was less than 1%. The fre-

uency dependence of transmittance and reflectance was  obtained
sing the Fourier transform of the electric signal. Additional details
f the experimental setup and the measurement method are given
lsewhere [10].
5. Reflective terahertz metamaterial absorbers

The effects of SU-8 dielectric layer thickness, as well as size of
the metal structure and lattice constant on absorption of the reflec-
tive TMA, are shown in Fig. 2. For ease of discussion, l and p scaling
factors are defined, correspondingly, as ratios of the metal structure
dimensions and the lattice parameter of the considered TMAs cells
to those of the fabricated reflective TMA  (Fig. 1) but with thicker
dielectric layer (h = 14 �m).  It can be seen that thickness of the SU-8
layer has a significant influence on absorption at the peak [Fig. 2a)].
By varying the dielectric layer thickness, h, in the range from 5 �m
to 14 �m,  the absorber can be matched for both high peak absorp-
tion and high Q-factor. It is evident that the condition of perfect
absorber is satisfied for the SU-8 layer with a thickness equal to
14 �m.

The absorption peak position can be also effectively controlled

by scaling size of the metal structures by l factor at a constant lattice
parameter [Fig. 2b)] or by scaling the lattice parameter by p factor
at constant dimensions of the metal structures [Fig. 2c)]. Figure 2b)
shows that the increase in l factor by 60% corresponds to the shift
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Fig. 3. Absorption spectra of a reflective TMA  with a 7 �m thick SU-8 layer obtained
experimentally (black dotted line) and simulated numerically (black line), and the
spectrum simulated numerically for a reflective perfect TMA  with a 14 �m thick
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Fig. 4. Wave impedance obtained from numerical simulations for a reflective TMA
with  a SU-8 thickness of 7 �m (Z1 – black solid line, Z2 – black dotted line) and for a

thicker SU-8 layer (14 �m) is shifted toward lower frequencies, and
the maximum occurs at 0.98 THz. Maximum absorption of this peak

Fig. 5. Absorption spectra of four different transmissive TMAs with various thick-
nesses of the Si substrate and the SU-8 layer. The two  dashed curves are for the
experimentally measured (manufactured) sample (black dash-dotted line) and the
numerically simulated sample (black dash-double-dotted line) where the thick-
nesses of Si and SU-8 were 550 �m and 7 �m,  respectively, in each case. Two solid
curves are for the numerically simulated samples with the 12 �m thick Si substrates,
U-8 layer (red line).

f the absorption peak towards lower frequencies by more than
.5 THz and, simultaneously, a 1.9 times increase of Q-factor up to

 value of 6.5. An analogous correlation between p factor and the
bsorption peak position is observed in Fig. 2c). In this case, the
ncrease in p factor by 40% corresponds to a 1.8 times increase of
-factor up to a value of 6.4.

Figure 3 shows the absorption spectra of reflective TMAs
btained from the experimental and numerical simulations.
bsorption is calculated from the reflectance R under the assump-

ion that transmittance T = 0. The spectra are simulated for a unit
ell having the same dimensions and electrical parameters as those
f the fabricated sample. For comparison, the figure also shows the
esults of simulations for a unit cell of a reflective perfect TMA
hose SU-8 layer is 14 �m thick; in this case, A = 1 at the peak
aximum. This thickness is twice the thickness of the layer in the

abricated TMA. It can be seen that the experimental absorption
pectrum is consistent with the spectrum simulated for the TMA
ell with the same geometrical and electrical parameters. The max-
mum value of the experimental absorption, equal to 0.75, occurs at
.18 THz, the half-width of the absorption peak is of 0.17 THz, and
he Q-factor has a value of 6.9. For the perfect TMA, the absorption

aximum is shifted toward lower frequencies relative to the fabri-
ated absorber and is found at 1.15 THz. The half-width and Q-factor
f the absorption peak for the perfect TMA  are equal to 0.25 THz
nd 4.6, respectively. Two absorption spectra obtained from the
umerical simulations show that the increase of the peak value of
bsorption is associated with the decrease in Q-factor.

Figure 4 presents the wave impedance Z as a function of fre-
uency for two simulated reflective TMAs. One of them has the
ame dimensions as the fabricated TMA  and the other is a reflec-
ive perfect TMA. The S21 parameter for a reflective TMA  is equal to
ero by definition. For TMAs, the condition of perfect absorption at

 given frequency is formally written as S11 = 0. Then, according to
qs. (1a) and (1b), Z1 = 1 and Z2 = 0 for the real and imaginary parts
f wave impedance, respectively. As can be seen in Fig. 4, these con-
itions are satisfied for the perfect TMA  (i.e., the one whose SU-8
hickness was of 14 �m)  at a frequency of 1.15 THz. This frequency
alue fits well to the maximum of the absorption peak (Fig. 3). On
he other hand, for the reflective TMA  with a 7 �m thick SU-8 layer,
he dispersion region of wave impedance is shifted toward higher
requencies. In this case, Z1 < 1 and Z2 < 0 over the entire tested

requency range, which means that this absorber is not a perfect
ne.
reflective perfect TMA  with a SU-8 thickness of 14 �m (Z1 – red solid line, Z2 – red
dotted line).

6. Transmissive terahertz metamaterial absorbers

Figure 5 shows the experimental and simulated absorption of
the transmissive TMAs. The experimental spectrum was obtained
for the TMA  with a 550 �m thick Si substrate and a 7 �m thick SU-
8 layer. The simulated spectra refer to a unit cell with the same
dimensions as the manufactured TMA, as well as two other TMA
cells with a much thinner Si substrate (12 �m thick in each case);
the thickness of the SU-8 layer in these other two cells was  7 �m and
14 �m,  respectively. The absorption peaks for all three cases where
the SU-8 thickness was 7 �m are very similar to each other regard-
less of whether the assumed thickness of the Si is 550 �m or 12 �m.
The peaks in the experimental and simulated absorption spectra
occur at 1.19 THz and 1.17 THz, respectively. The corresponding
peak heights are of 0.75 and 0.78. The peaks differ substantially
from each other in half-width, which is about 0.30 THz for the
experimental spectrum and 0.20 THz for the two simulated spec-
tra. On the other hand, the absorption peak for the TMA with the
where the thickness of the SU-8 layer was either 7 �m (black solid line), or 14 �m
(red solid line).
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ig. 6. Real (solid lines) and imaginary (dotted lines) parts of the wave impedance 

MA  with a SU-8 layer thickness of 7 �m (black lines) and for a perfect TMA  with a 

oth  cases.

s close to unity, which satisfies the condition of perfect absorption.
he half width of this peak is equal to 0.21 THz.

Figures 6a)–6d) present the real and imaginary parts of the
ave impedance, refractive index, permittivity, and permeabil-

ty calculated from the numerically simulated Sparameters for the
ransmissive non-perfect and the perfect TMAs. The effective per-

ittivity and permeability of the presented metamaterial result
oth from the electromagnetic properties of the dielectric (SU-8),
etal (Al) and semiconductor (high-resistivity Si) materials used,

s well as geometric parameters of the elementary unit (layer
hickness, characteristic pattern of the metal structure). Substi-
ution of these materials for others is usually associated with a
hange in the transmission, reflection and absorption properties
f the metamaterial. In particular, this applies to metals for which
onductivity, permeability dispersion, and permittivity in the THz
ange are important [38,39]. However, as can be seen in Fig. 6, the
ffective permittivity and permeability of the presented metama-
erial as a frequency functions are significantly different from the
elevant characteristics of the materials used. The presented char-
cteristics (effective permittivity and permeability) are primarily

 consequence of the shape and size of the elements forming the
nit cell of the metamaterial, and to a lesser extent, electromagnetic
arameters of the materials used.

For the simulated non-perfect TMA, the thickness of the SU-8
s the same as in the fabricated sample (7 �m),  whereas for the
erfect TMA  it is assumed to be equal to 14 �m.  It can be seen in

ig. 6a) and 6b) that for the perfect TMA, Z1 = 1, Z2 = 0, and n2 = 2
t the absorption maximum (0.98 THz). For the non-perfect TMA,
1 = 0.43 (i.e., < 1), at the absorption maximum (1.17 THz), while Z2
s almost equal to zero. In this case, n2 is about 1.18.
ractive index b), permittivity c), and permeability d) for a transmissive non-perfect
ayer thickness of 14 �m (red lines). The thickness of the Si substrate is of 12 �m in

Absorption of the metamaterial unit cell can be analysed as a
function of frequency, based on the formula describing density of
electromagnetic field power that is absorbed in a material [40,41]:

P (�) = Pe (�) + Pm (�) = 1
2

�ε2ε0

∣
∣E

∣
∣2 + 1

2
��2�0

∣
∣H

∣
∣2

, (3)

where Pe (�) and Pm (�) describe the electric and magnetic parts of
the electromagnetic power density, |E| and |H| are the electric and
magnetic field amplitudes, ε2 and �2 are the imaginary parts of the
permittivity and permeability, and ε0 and �0 are the electric and
magnetic constants of free space.

It follows from Eq. (3) that the process of frequency-dependent
absorption of electromagnetic field energy is directly related to the
imaginary parts of the electric permittivity, ε2, and the magnetic
permeability, �2. In the non-perfect TMA, the energy associated
with the electric field of the wave is intensively absorbed in the fre-
quency range from 0.80 THz up to about 1.10 THz, as evidenced by
the large positive values of ε2 [Fig. 6c)]. Simultaneously, in this fre-
quency range, the magnetic field energy in this TMA  is intensively
scattered, which is related to the negative values of �2 [Fig. 6d)]. The
relatively low total absorption of the non-perfect TMA  is a result of
the competition between these two processes. For the non-perfect
TMA, the imaginary part of the magnetic permeability, �2, has a
local maximum at 1.17 THz with the peak value greater than zero.
This frequency coincides with the absorption maximum of the non-
perfect TMA  (Fig. 5). The local maximum of the imaginary part of the

permittivity, ε2, occurring at 1.35 THz is responsible for the increase
of the long wavelength shoulder in the absorption peak. For the per-
fect TMA, the position of the absorption maximum at 0.98 THz is
correlated with the position of the maximum of �2 [Fig. 6d)]. Since
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F nsmissive non-perfect TMA  with a 7 �m thick SU-8 layer (a, b) and a perfect TMA  with a
1  cases (CST Microwave Studio® ).
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ig. 7. Power flow distribution inside and outside the metamaterial unit cell of a tra
4  �m thick SU-8 layer (c, d); the thickness of the Si substrate equals 50 �m in both

2 is positive at this frequency, the absorption of the perfect TMA
s primarily the result of absorption of the magnetic field energy
n the medium. The absorption of the electric field energy, which
s associated with the local maximum of ε2 at 1.23 THz [Fig. 6c)],
ontributes to the increase of the long wavelength shoulder in the
bsorption peak of the perfect TMA.

. Power flow distribution

The power flow distributions inside and outside the unit cells of
he transmissive non-perfect and the perfect TMAs, obtained from
umerical simulations, are presented in Fig. 7. The thicknesses of
he SU-8 layers are equal to 7 �m and 14 �m for non-perfect and
erfect absorbers, respectively. In order to minimize the contri-
ution of interference effects in the Si substrate to the results of
umerical simulations, the thickness of the Si substrate is assumed
o be of 50 �m.  In the simulation, the electromagnetic wave extends
erpendicular to the surface of the TMA  and has its electric field
ector parallel to the sides of the outer metal structures in the unit
ell. The ports’ areas are equal to the area of the unit cell surface.
ower flow distributions in the TMAs are simulated at frequencies
f 1.17 THz and 0.98 THz, corresponding to the absorption maxima
f the non-perfect TMA  and the perfect TMA, respectively. Power
ow of the incident wave at the input port is set equal to 1 W.

For ease of discussion, the space included in the simulations is
rbitrarily divided into three zones. The first zone (zone I) covers the
uter metal layer and 12 �m of free space in front of it. The second
one (zone II) includes the SU-8 layer and the inner metal layer. The
hird zone (zone III) comprises the Si substrate (50 �m)  and 12 �m
f free space behind it. This formal separation is presented in the
ross-section of the unit cell of the TMA  [Figs. 7(b) and 7(d)]. The
ross-section is displayed along a plane that is parallel both to the
lectric field vector and the wave vector of the incident wave. As can
e seen in Figs. 7(b) and 7(d) for both the non-perfect TMA  and the

erfect TMA, power flow is highly inhomogeneous in the vicinity of
he outer metal pattern (zones I and II). This inhomogeneity is the
esult of both significant field enhancement near outer metal layer
nd intensive absorption of electromagnetic waves in this region.
Fig. 8. Absorption in a transmissive non-perfect TMA  (black lines) and in a perfect
TMA  (red lines): total absorption in unit cell (solid lines), zone I (dotted lines), zone
II  (dashed lines), and zone III (dash dotted lines).

By contrast, the power flow in the Si substrate (zone III) is relatively
low and homogenous, even in close proximity to the inner metal
layer.

The absorption of the electromagnetic field for the transmissive
non-perfect and the perfect TMAs in zones I, II, and III is presented
in Fig. 8. The absorption in each zone is calculated as the quotient of
the difference between the power flows at two opposite boundary
surfaces of a given zone divided by the power flow at the incident
port (equal to 1 W).  It can be seen that the absorption in zones I and
II contributes the most to the total absorption at the peak. These
absorptions are equal to 75% and 96%, for the non-perfect TMA  and
the perfect TMA, respectively. For the non-perfect TMA  and the
perfect TMA, about 65% and 74%, respectively, of the total power
of the incident wave is absorbed in zone II. It is evident that the

dielectric layer plays the most significant role in the process of nar-
rowband electromagnetic energy absorption in the TMAs. Power
absorbed in zone I, which is about 8% and 20% of the total power
of the incident wave for the non-perfect TMA  and the perfect TMA,
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orrespondingly, is much less but also important. It should be noted
hat the influence of the Si substrate (zone III) on the narrowband
bsorption is negligibly small. The simulation results indicate that
he greatest contribution to the absorption in the investigated TMAs
rises from dielectric losses in the SU-8 layers. An analogous con-
lusion was drawn by Landy et al,  who analysed a different planar
etamaterial absorber in the GHz range [42].

. Conclusions

We  have investigated reflective and transmissive planar
erahertz metamaterial absorbers with a metal-organic dielectric-

etal layered structure. Dielectric layers from organic materials
uch as SU-8 epoxy resist used by us are a serious alternative to
norganic dielectrics such as Al2O3, for example. SU-8 epoxy resist
s well known as a structural material for MEMS  devices. Applica-
ion of SU-8 allows simplification of the process of producing TMAs
nd significantly reduces fabrication costs. Experimental tests have
hown that in the case of the SU-8 dielectric spacer, the use of
ask photolithography allows to fabricate TMA  with the size of the

mallest resonator details of about 2 �m.  Such accuracy is sufficient
or the fabrication of metamaterial absorbers having characteris-
ic resonances in the terahertz and mid-infrared ranges. It should
e mentioned here that because of plasmonic resonance resides

n these spectral ranges, graphene is a promising material for vari-
us applications [43]. Plasmonic structures using graphene are now
ntensively studied. Numerical simulations, as well as analytical
alculations indicate that metal structures in the electromagnetic
bsorbers, which are, in particular, polarization insensitive, can be
eplaced with graphene structures [44,45]. A practical matter to
olve in this case would be the possibility of preparing very thin
ayers of organic dielectrics, such as SU-8, on graphene structures.

Our goal was  to investigate the physical characteristics related
o the absorption and scattering of electromagnetic energy in TMAs
ith SU-8 dielectric separator. We  have fabricated the reflective

nd transmissive planar TMAs with a 7 �m thick SU-8 layer and
ave shown that these TMAs had absorption characteristics that
ere substantially consistent with the results of the numerical sim-
lations. In the simulations, we have modified the mathematical
ormulas defining S-parameters to take into account port distances
rom the outside surfaces of the absorbers. Especially good agree-

ent between experimental results and numerical simulations was
btained for the reflective TMAs, for which there was  no need to
onsider the thick substrate influence on the absorption charac-
eristics. For the transmissive TMAs with the identical elementary
esonator in the outer plane and of the same thickness of the SU-

 dielectric layer, the frequency of the absorption band maximum
as very close to the peak absorption frequency of the correspond-

ng reflective TMA. Compatibility of numerical simulations with the
esults of experiments was the justification for the use of numer-
cal simulations to determine the parameters of the perfect TMAs
A = 1). The simulations for unit cells of the investigated reflec-
ive and transmissive TMAs revealed that in both cases the perfect
bsorption occurred for 14 �m thick SU-8 layers.

Using S-parameters, we have calculated the effective wave
mpedance, refractive index, permittivity, and permeability as
unctions of frequency for transmissive TMAs, both perfect and
on-perfect. We have interpreted the total absorption in TMA
s a result of energy dissipation of the electrical and magnetic
omponents of the field. Positive values of imaginary parts of per-
ittivity and permeability were related to the absorption of the
lectromagnetic field in the material, while negative values of these
arameters were responsible for the scattering. Based on the imagi-
ary parts of the permittivity and permeability, we have calculated
he absorption of the electromagnetic field in three characteris-
ics Review 26 (2018) 329–337

tic zones of the transmissive TMA  unit cell. We  have shown that
more than two-thirds of the total electromagnetic wave absorption
occurred in the zone containing the SU-8 dielectric layer. Numer-
ical simulations have confirmed that the dielectric characteristics
of materials in the terahertz range have a significant impact on the
absorption properties of TMAs with the metal-organic dielectric-
metal structure.
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