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Circular Polarization Selective Metamaterial
Absorber in Terahertz Frequency Range

Danka B. Stojanovi¢

Abstract—TIn this article, we propose a chiral metamaterial ab-
sorber based on four rotated twisted closed ring resonators op-
erative in terahertz frequency range. The resonant features are
analyzed by electric field amplitude distributions, and surface
currents flow generated by the interaction of circularly polarized
waves with the chiral structure. The highest field amplitudes at
the fundamental resonance are obtained at the gap region of
the resonator. Therefore, the efficiency of the proposed absorber
is determined through response of absorption spectrum around
this resonance with variation of geometrical parameters of the
structure. Significant increase of absorption of the left circularly
polarized light is obtained with variation of the period size of
structure. Consequently, huge circular dichroism, and near-unity
polarization selective absorption have been provided. This makes
the proposed chiral structure a good candidate for designing cir-
cular polarization selective absorber.

Index  Terms—Chirality, circularly
metamaterial absorbers, terahertz range.

polarized  waves,

I. INTRODUCTION

N RECENT years, there is a growing interest in designing a
different components operating at terahertz (THz) frequen-
cies for construction of systems required for THz communi-
cations and sensing [1], [2]. It is expected that good detection
abilities of metamaterial based sensing technology will provide
awide range of applications in the near future as electromagnetic
absorbers, filters and sensors [3]-[8]. The special attention has
been focused on resonant metamaterial absorbers which rely on
achieving near-unity absorption at narrow range around resonant
frequency [9]-[11].
In particular, our interest is in chiral metamaterials as they
enable different coupling with left (LCP) and right (RCP) circu-
larly polarized waves [12], [13] which provides them as suitable
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candidate for circular polarization selective absorbers [14]. Ac-
tually, chirality is a feature of an object which lacks any mirror
symmetry plane. In the interaction with circularly polarized
light, chiral medium enables an appearance of chiroptical effects
such as optical activity and circular dichroism [15], [16]. Ac-
cordingly, properties of chiral metamaterials to enable circular
polarization selection and control propagation of THz wave
are very important for applications in circular dichroism spec-
troscopy, holographic imaging and biomolecule detection [17],
[18]. For example, circular dichroism spectroscopy can be used
for the identification of chiral molecules at THz frequencies but
the problem is lack of light modulators of circularly polarized
waves. Therefore, development of these components is of great
importance [19], [20].

To this end, intensive efforts have been made to realize chi-
rality selective metamaterial absorbers in microwave range [14],
[21], at IR frequencies [22]-[24], as well as in visible range [25].
By using “L” shaped metamaterial, absorption up to 93.2% for
LCP and 8.4% for RCP waves at GHz range has been reported
in [21]. Furthermore, at near-IR frequencies, structure based
on chiral “Z” shaped resonators acts as a perfect LCP light
absorber at the resonant frequency reflecting nearly 95% of RCP
light [23]. Even higher value of absorption is achieved in mid-IR
region for bi-layer metamaterial structure giving absorption of
99.3% for RCP wave (for LCP wave absorption of 5.3% was
obtained at the same resonance) [22]. However, there is also
a need to selectively control the states of circular polarization
at THz frequencies. Until now, only a few investigations of
chiral absorbers in THz frequency range were carried out, taking
into account both, broadband and frequency selective structures
[26], [27].

In this paper, we present chiral metamaterial based on four ro-
tated twisted closed ring resonators (TCRRs) and demonstrate its
performances as appropriate for design of THz chiral absorbers.
The study was done numerically by using finite-element method.
Our focus is on the interaction of the chiral structure with
circularly polarized light and calculation of circular dichroism,
defined as difference of absorption coefficients of LCP and RCP
waves. A key step is a proper choice of dielectric and conducting
materials for designing efficient THz devices. Therefore, we
carefully choose low-loss dielectric which surrounded TCRRs
made of gold [28], [29]. The other critical issue for obtaining
perfect absorption is the geometry of metamaterial [30], [31]. In
particular, geometrical parameters have a significant influence
on chiral effects, circular dichroism and optical activity [32],
[33]. Hence, we analyze coupling effects through the impact
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Fig. 1. (a) Unit cell of TCRR based chiral metamaterial, (b) illustration of
single TCRR with geometrical parameters, (c) and unit cell of TCRR structure
placed on the top of the dielectric substrate. Wave vector of incident field is
denoted with k.

of different geometric parameters on the change of absorption
features of the metamaterial. Also, the nature of resonant peaks
is investigated via absorption spectra parameters (quality factor
and FWHM), electric fields distributions and current flows.
Quality factor (Q) of the resonance is a sensitivity measure
of the device [11], [34], while FWHM describes the losses.
Both parameters play important role in efficiency estimation
of the metamaterial absorber. Furthermore, it has been reported
that the period of the unit cell plays the most significant role
in determination of resonance behaviour [35]. In general, our
goal is oriented towards the improvement of the geometry of
proposed chiral metamaterial based on TCRRs in order to obtain
near-unity, circular polarization selective absorption.

II. DESIGN OF CHIRAL METAMATERIAL

The unit cell of chiral metamaterial comprises four rotated
TCRRs (depicted in Fig. 1(a)) which are periodically arranged in
x, y directions of the dielectric slab. The geometry of TCRR res-
onator is compact and chiral as the one proposed in ref. [36](see
Fig. 1(b)), but the mutual orientation is different (Figs. 1(a)
and (c)). TCRR resonator is three-dimensional element ob-
tained by twisting the ring resonator around the central part.
One way to obtain this resonant element is connection of one
S and zig-zag element. In the scope of practical realization,
this kind of three dimensional structure is somewhat delicate.
Results published in [37], [38] indicate possible realization
with a three-level photolitography technique providing precise
alignment of layers. Especially the structure resulting from the
second step of fabrication process of the fractional-screw-like
configuration depicted in Fig. 1 in [38], resembles to TCRR.
With smaller modifications in design and dimensions resizing,
fabrication of twisted elements should be feasible. However,
this type of fabrication process is more suitable for the on-top
of the substrate approach. Structures with dielectric substrates
can provide mechanical robustness and stability to metallic
structure, and at the same time, maintain or even enhance overall
performance of the metamaterial [39], [40], thus enabling easier
fabrication procedure. Therefore, we additionally examined the
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case when TCRR structure is placed on the top of dielectric
substrate (depicted in Fig. 1(c)). Furthermore, with quick and
robust spectral THz measurements [41], the proposed structure
can be characterized.

We have performed numerical simulations by using the fol-
lowing geometric parameters: dielectric thickness D = 12 um,
wire thickness d = 1 yum, cross-area widthw = 2 pum, cross-area
height g = 1 pm and length of each arm of the ring b = 6 pm.
Parameter » = 2 pm is the distance in between each TCRR in
the unit cell which size is defined by parameter a. For our study,
we varied parameter w in the range of 1-3 pm, as well as a from
20 pm to 50 pm and 7 from 2 to 10 pum.

III. NUMERICAL SIMULATIONS

Numerical simulations are carried out by solving the Maxwell
equations in the frequency domain using the finite-element
method implemented in the Comsol Multiphysics software. The
calculation is performed for the case of normal incidence of light
on the chiral metamaterial slab placed in the air. Wave vector k is
aligned with the positive z-axis direction. It is assumed that the
slab is made of gold elements immersed in cyclic olefin copoly-
mer (COC) with index of refraction n = 1.52 + 0.0008i [42].
Due to significantly low loss with the absorption coefficient
less than 1.5 cm™! (at 4 THz) and stable index of refraction
within THz range, TOPAS (type of COC) has already found
applications in THz technology [43], [44]. We did additional
calculations in the case of substrate made of TOPAS dielectric.
An alternative dielectric for practical realization of the structure
could be Zeonor. The structure with Zeonor has very similar
absorption spectra around 4 THz as TOPAS having advantage of
lower cost [45]. We assumed that resonant elements are made of
gold as it exhibits high conductivity, small nonradiative loss and
good mechanical stability [46]. As the penetration depth of light
into gold typical for examined frequency range is around 30 nm,
we assumed that it is negligible in comparison with the thickness
of the wire of which the elements are composed (d = 1 pm).
Therefore, we apply the impedance boundary conditions on
the surface between gold TCRRs and surrounding media. The
permittivity of gold elements is described by the Drude model:

wZ

P

Eg(w) =1 UJ(OJ 4 iwc)v (1)
where w,, = 137.15 x 10* rad/s, w. = 40.5 x 1012 rad/s are
plasma and collision frequency [47], respectively, while w
represents the angular frequency of the incident wave. In all
simulations, the amplitude of the incident electric field is fixed
and equals 1 V/m.

As we are considering periodic structure, we applied periodic
boundary conditions (Floquet periodicity) to relate side bound-
aries of every unit cell. For description of incident circularly
polarized electric field F; we used port boundary conditions in
the following form:

1

LB, =Fy|.
io

eikz (2)

where Fy = 1 V/m, k is the wave vector in vacuum and o = +.
Sign plus stands for RCP waves while minus sign is for LCP
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Fig. 2. Absorption spectra with three resonances for the case of incident RCP
(AR - dash line) and LCP (A, - solid line) waves for the TCRRs structure (a =
25 pm): (a) embedded in dielectric (Fig. 1(a)) and (b) placed on the top of the
dielectric substrate (Fig. 1(c)).

waves. Hence, RCP electric field vector rotates counterclock-
wise while LCP rotates clockwise.

IV. RESULTS AND DISCUSSION

Fig. 2 presents absorption spectra as functions of frequency of
the incident RCP and LCP waves. The absorption can be derived
from the scattering coefficients:

Ap=1—|Rpe|* = |Re® = |Tocl® = [Tre>,  3)
Ap =1—|Rrr|* — |Rrr|> = |Tre|* — [Torl*, @)

where R and T are reflection and transmission coefficients of left
(L) and right (R) circularly polarized waves. Cross-polarized
coefficients in transmission and co-polarized in reflection are
negligible. On the other hand, cross-polarized reflections are
equal Rpr = Rrr = R due to the four folded geometry of
the unit cell. Detailed calculation of scattering coefficients is
presented later in the paper (spectra can be seen in Fig. 4(c)).

Firstly, we consider the case with a = 25 pm and TCRR
structure embedded in dielectric, as depicted in Fig. 2(a). Three
resonant peaks can be distinguished in the spectra up to 9
THz. First (fundamental) resonance is at f; = 3.99 THz while
second and third one are very close, at fs = 7.9 THz and f3 =
8.54 THz, respectively. Actually, the last two are hybridized
resonances [48] and there is a small value of circular dichroism
(CD=A[-AR) at these frequencies. On the other hand, CD has
high value at f; which is a consequence of much larger value
of LCP wave absorption, Ay, = 80%. This fact indicates that at
this resonance, structure has potential for applications such as
circular polarization selective absorbers. In addition, we present
the case in which dielectric is considered as a substrate with the
same thickness as in previous case (Fig. 2(b)). Now, resonances
are shifted towards higher frequencies (f; = 5.54 THz, f = 8.9
THz, f3 = 9.3 THz) and maximum value of CD at the first one
is 55%. These changes in spectra originate from difference of
the medium surrounding the metal structure which modifies the
coupling of electromagnetic waves. As a result, reduced values
of the absorption maxima with peak width broadening can be
noticed. Due to this lower performance of the structure with
dielectric substrate, we continue our investigation for the case
of the structure immersed in dielectric.
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In order to gain better understanding of electromagnetic wave
coupling at these resonances, we analyze distribution of the
electric field amplitude |E|. As expected from the absorption
results, LCP wave exhibits stronger electric field enhancement
than RCP wave at resonances f; and f3. In Fig. 3(a) it is shown
that the electric field of fundamental LC resonance, f;, is mainly
localized in the gap region, as it was the case for the structure
with the unit cell based on single TCRR [36]. Consequently,
due to capacitive behaviour of the structure at this frequency,
there is a very weak current flow in the gap region. At the
second resonance, the electric field has much lower values and
the maximum is on the side parts of TCRR. Third resonance,
which is overlapped with the second one, is characterized with
maximum values of | E| located on the opposite sides of TCRRs
than in the case of resonance fo. Furthermore, in Fig. 3(b)
are schematically presented surface current flows at these two
resonances. At resonance f,, antiparallel current flow lines can
be seen in the gap region while parallel ones can be noticed at
the third resonance. They are the consequence of electric dipoles
and quadrupoles at these resonances [48]. Also, it is evident that
depending on type of circular polarization of the incident wave,
directions of surface currents change in the gap region.

Now we focus on the absorption analyses at resonance f;
due to significant CD observed in Fig. 2(a). In order to further
determine the operation possibilities of this metamaterial, we in-
vestigate the impact of the periodicity (unit cell dimension - @) on
the absorption peak value. Comparing the resonances obtained
with the change of periodicity, we observe two effects. First
one is a small shift of resonant frequency to lower frequencies
with the increase of period, and the other one is variation of the
absorption peak value (Fig. 4(a)). It can be noticed that there is a
significant dependance of absorption amplitude of LCP wave on
period size and it becomes higher as a increases. Interestingly,
the highest value of Ay, obtained for a = 40 um equals 92.1%
while for a > 40 pum it decreases again down to 87%. On the
other hand, Az has lower values with the increase of a and the
minimum peak value is around 6.5% for a = 50 pm, while for
a =40 pm it is Agr = 7.8% (Fig. 4(b)). This is a significant
result as CD reached a value 84.3% which is higher than the one
obtained by using T-shaped structure [27]. For that structure,
the absorbance for LCP wave was 91% and 24%, while the one
for RCP wave was 15% and 97% at 1.91 THz and 2.91 THz,
respectively. This means that CD is equal to 76% when the struc-
ture is considered as LCP absorber and 73% for RCP absorber.
As in our case, first resonance is frequency selective, while
at second one, selectivity is lost (widened and non-Lorentzian
peak can be observed). Additionally, our structure provides three
resonant frequencies in absorption spectra which can be tuned by
variation of geometrical parameters. Furthermore, the value of
CD is much higher in this study than in our previous investigation
associated with TCRR based structure [36]. There are two main
reasons for this result. First one comes from the C4 symmetry
of the unit cell. Here, the bianisotropy effects are eliminated and
the coupling between TCRR becomes more efficient. The other
one is related with the optimal unit cell period which increased
the absorption peak and consequently made the structure more
functional as a chiral absorber at THz frequencies. From Fig. 4(c)
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Fig. 3.
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() Electric field amplitude | E| distribution on the surface of TCRRs at f1, f2, and f3 and (b) surface current flows in the gap region of each TCRR at the

second and third resonance (a = 25 pm). Units of maximum values of |E| at the colorbars are in V/m.
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Fig. 4. (a) Absorption spectra of incident LCP (left plot) and RCP (right plot)

waves with the change of period of the structure (legend is in zm); (b) Absorption
of LCP and RCP waves (a = 40 pm). (¢) Scattering coefficients of incident LCP
and RCP waves (a = 40 pm).

can be seen that the resonant transmission of LCP wave equals
Trr = 0.04, while of RCP wave is Trr = 0.92. The value
of Trp is almost constant around first resonance indicating
weak interaction of RCP wave with the structure. Reflection
coefficient has the same values in both cases, R= 0.27, which
is explained at the beginning of this section.

Next, we examine Q factor of the resonance by considering
the absorption peak. Presuming that absorption spectrum takes
form of the Lorentz lineshape [34], we calculate Q factor as ) =
fo/Af, where fj is the resonant frequency and A f is FWHM. It
is well known that the Q factor of any resonator is mainly affected
by two kinds of losses. One is the energy dissipated in materials
of the resonator - nonradiative loss, and the other one is the
radiation loss which depends on the geometry of the structure.
Total sum of the losses - v can be extracted from the FWHM
of the absorption peak as FWHM = 2y = A f. Until now, huge
values of Q factors have been reported for chiral response of
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Fig. 5. (a) Q factor dependence on periodicity change (incident LCP wave).

Impact of the variation of (b) the space in between each TCRR - r and (c) the
cross-area thickness w on the absorption spectra (a = 40 pum). (d) Absorption
spectra for the case when the TCRRs structure is placed on the thin dielectric
substrate and zoomed A g spectrain the right corner (a = 40 pum, D = 1.2 pum).
All quantities in legends are given in microns.

inverted metasurface consisting of an array of asymmetrically
split ring apertures in microwave range [49], as well as of Si
based structure at mid-IR frequencies [38]. In order to achieve
more efficient circular polarization selective absorbers at THz
frequencies, we focused on the calculation of the Q factor for
different values of the geometrical parameters. In particular, here
we analyze the change of Q factor and FWHM (Fig. 5(a)) with
the variation of the period of the unit cell. Increase of Q factor
and decrease of FWHM follow the increment of period size from
20 to 50 pum (we are considering LCP wave). This indicates
reduction of losses for larger values of period size. Having in
mind that change of the period reflects geometrical changes of
the structure, radiation losses should be dominantly influenced
by the variation of period size [30], [50]. The maximum value
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of Q = 31.2 is achieved for ¢ = 50 pm which is slightly larger
than those obtained with the achiral THz structure based on split
ring resonators [30].

Another geometric parameter we have examined is the dis-
tance r in between each TCRR inside the unit cell (Fig. 5(b)). The
results imply a very slight change of the absorption with variation
of r from 2 to 10 pm. Similar results are obtained with the chiral
metamaterial in ref. [27], where absorption coefficients of RCP
and LCP waves were insignificantly changed by the variation
of this parameter. Structures composed of few resonators in a
unit cell exhibit two coupling mechanisms: intracoupling - in
between resonators inside the unit cell, and intercoupling - due
to interaction between unit cells [31]. The results indicate that
intracoupling in between TCRRs in the unit cell is not disturbed
with variation of r and consequently the overall absorption at the
fundamental resonance remains unchanged. On the other hand,
as it was seen in previous part of the paper, the intercoupling
between unit cells was modified by the variation of a which
affected the absorption magnitude and the performance of chiral
metamaterial. Additionally, we investigate the influence of the
width of the crossing area w on the absorption spectra (Fig. 5(c)).
It is conclusive that this parameter has major influence on the
resonance shift (change of about 0.3 THz to lower frequencies
forincrease of Aw = 1 pum) and slightly modifies the absorption
value. At the end, we examined the case in which our TCRRs
structure is placed on the top of thin dielectric substrate with
the thickness D/10. As it can be seen in Fig. 5(d), maximum
value of absorption of LCP wave is 94%, while of RCP wave
is almost negligible (the resonance exists but the maximum is
very small - see the inset in the down-right corner at Fig. 5(d))
which indicates high CD value of 94%. If we compare this
result with that presented in Fig. 2(b), we can conclude that the
thickness of dielectric substrate has also significant influence
on absorption value, as well as the period size. Although thicker
substrates provide better mechanical support to metal resonators,
the performance of the metamaterial is reduced. By placing
TCRRs on a thin substrate, the absorption maximum of LCP
wave is enhanced and of RCP one is significantly reduced which
makes this kind of structure applicable for circular polarization
selective components.

V. SUMMARY

In this work we propose design of chiral metamaterial based
on a unit cell with four rotated TCRRs embedded into dielectric
material. Three resonant peaks into the absorption spectra are
identified. The nature of these peaks is determined via anal-
ysis of electric field distributions and surface current flows.
Analyzing the impact of geometric parameters variation on the
metamaterial performances around the fundamental resonance,
we showed that the main influence on absorption has variation
of the structure period. For ¢ = 40 pum, the maximum value of
absorption peak of LCP wave was around 92.1%, while of RCP
wave was 7.8%. At the same time, higher values of Q factor and
the reduction of FWHM are achieved which implies decrease
of losses with the increase of period. On the other hand, the
distance variation in between resonators shows slight impact on
absorption spectrum. In addition, we investigated the case when
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the TCRRs structure is placed on the top of a thin dielectric
substrate and even higher value of left circularly polarized
absorption is obtained in this case - 94%. This indicates that the
thickness of the dielectric substrate is also important parameter
for achieving high absorption. To sum up, through this study
we propose design of a chiral structure with a huge circu-
lar dichroism and near-unity polarization selective absorption
which makes it a good candidate for realization of different THz
components: detectors, sensors, filters.
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