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Polarization-independent and angle-insensitive
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metamaterial based on bi-air-hole dielectric

resonators
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We numerically demonstrate that an electromagnetically induced transparent (EIT) all-dielectric

metamaterial with properties of polarization-independence and incident angle insensitivity can be

achieved in terahertz regimes. The metamaterial cell is composed of two bi-air-hole cubes (BCs) with

different sizes. The two BCs function as superradiant and subradiant resonators, respectively. Based on
Mie-type destructive interferences between dielectric resonators, the EIT effect is induced at around
8.25 THz with the transmission peak close to 0.95. Moreover, the “two-particle” model is introduced to

describe the EIT effect and the influence of couplings between the two BCs on the transmission spectra.

Received 7th April 2018
Accepted 18th July 2018

Analytical results are in good agreement with numerical simulation results. Owing to the symmetry and

uniformity of the metamaterial structure, polarization-independent and angle-insensitive properties can
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1. Introduction

Electromagnetically induced transparency (EIT) is a coherent
process in three- or multi-level atomic systems,' due to which
an originally opaque medium can be converted to a transparent
medium over a narrow spectral range."** This phenomenon can
be explained by quantum interference between the pump and
probe beams tuned at different transitions.®® This EIT effect is
usually accompanied with strong dispersion, leading to a large
value of the effective group index, which is important for slow
light control.>®*° Besides, nonlinear optics, ultrafast switching,
optical data storage, signal processing, optical delay lines and
many other intriguing applications have been further developed
based on the EIT effect.”*'® Recently, with the rapid develop-
ment of metamaterials, the analog of EIT effect in meta-
materials has captured significant attention of researchers. This
is because the EIT effect can be easily realized in microwave,
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be achieved. In addition, the slow light characteristic of the metamaterial is also verified. Such an EIT
scheme may have potential applications in low-loss slow light devices and bandpass filters.

terahertz, and optical ranges.”"**> Moreover, compared with the
EIT property in atomic systems, the EIT effect in metamaterials
has the advantages of bandwidth broadening, room tempera-
ture operation, nanoscale planar devices, and the ability to
integrate with nanoplasmonic circuits, which allow the use of
the EIT effect in practical applications.***

Generally, the EIT effect in metamaterials is realized based
on two methods: one is the bright-dark model, and the other is
the superradiant-subradiant model."**® The latter is usually
characterized by two substructures with similar resonant
frequencies but significantly different quality factors (Q-
factors). To be more specific, a broad (low Q-factor) super-
radiant mode and a narrow (high Q-factor) subradiant mode
with similar resonant frequencies need to be excited simulta-
neously.”"”*® Thus, the coupling between these two modes can
induce the EIT effect. This approach is much easier for the
realization of the EIT effect than that of the bright-dark model.
This is because both superradiant and subradiant modes can be
individually obtained for excitation of incident waves. In this
context, many EIT metamaterials have been reported.”'® In
these schemes, the symmetry of the metamaterial structures is
broken. As a result, EIT effects in metamaterials highly depend
on the polarization states of incident electromagnetic (EM)
waves,’ that is, they are merely effective for one linear polari-
zation state.”> When the polarization of incident wave changes,
the EIT effect attenuates or even disappears.'® However, in
practical applications, it is highly desired that the EIT effect in

This journal is © The Royal Society of Chemistry 2018
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metamaterials should be insensitive to the polarization states of
the incident EM waves.® Therefore, it is of great significance to
design polarization-independent EIT metamaterials.

Recently, it has been reported that high permittivity all-
dielectric structures can generate magnetic dipoles, electric
dipoles and higher order dipoles with low absorption losses due
to Mie resonances.'**® In contrast to LC resonance of metal
structures, the dielectric Mie resonance is accompanied by
displacement current oscillation and thus, its loss is mainly
determined by dielectric loss instead of ohmic loss.*** There-
fore, low-loss metamaterials are more easily achieved based on
all-dielectric structures. Furthermore, an all-dielectric structure
is not involved with the capacitance gap and thus, it is more
convenient to realize low-loss metamaterials with properties of
polarization-independence and incident angle insensitivity.

On the basis of the above-mentioned reasons, we propose an
all-dielectric terahertz EIT metamaterial with properties of
polarization independence and incident angle insensitivity. The
unit cell of the metamaterial consists of two bi-air-hole cubes
(BCs). A clear EIT window is obtained around 8.25 THz based on
the electric and magnetic Mie resonances of the two BCs. The
physical mechanism of EIT effect generation is also investigated
by analysing current distributions at Mie resonances. Moreover,
the “two-particle” model is used to describe the EIT effect in
metamaterial. Analytical results are consistent with numerical
simulation results. In addition, numerical simulation results
also indicate that the transmission spectra for the proposed
structure are insensitive to polarization states and incident
angles of the incident waves, and it possesses the property of
slow light. Such EIT metamaterials may open up new opportu-
nities for potential applications in bandpass filters and slow
light devices with low losses.

2. Structure design and simulation
verification

Fig. 1 shows the structure of the proposed EIT metamaterial.
The unit cell of the metamaterial consists of two cubes, and

Fig. 1 Structure of the EIT metamaterial.
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Fig. 2 Simulated transmission spectra of small BC and large BC.

each cube contains two square air holes located at the centers of
its two adjacent faces. Two cubes are placed along the z-direc-
tion with a separation of s. The specific geometrical dimensions
of the dielectric cubes, as shown in Fig. 1, are set as d; = 5 um,
dy=4um,l; =1.5um,, =2 um,s=1pum, and p, = p, =12 um.
The relative permittivity and loss tangent values of the dielectric
material for the two cubes are 100 and 0.0016, respectively.* For
simulations, frequency domain solver CST Microwave Studio is
used. Dielectric cubes are illuminated by a normally incident
wave along the z-direction, and periodic boundary conditions
are applied in x- and y-directions.

We first investigate the transmission spectra of two BCs, as
manifested in Fig. 2. It is shown that two dips appear around
8.28 THz and 8.21 THz in the transmission spectra of small BC
and large BC, corresponding to the Mie magnetic and electric
resonances (as shown in the following). To understand the
resonance natures of the two dips, the corresponding E-field
and H-field distributions are displayed in Fig. 3. It can be
seen from Fig. 3(a) and (b) that a circular E-field and
a symmetrical H-field occur in the small BC at 8.28 THz. These
two features are consistent with that of the first order Mie

RSC Adv., 2018, 8, 27342-27348 | 27343
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Fig. 3 Simulated (a) E-field distribution (x-o-z plane) and (b) H-field
distribution (y-o-z plane) of small BC at 8.28 THz (magnetic reso-
nance), and simulated (c) E-field distribution (x-o-z plane) and (d) H-
field distribution (y-o-z plane) of large BC at 8.21 THz (electric
resonance).
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Fig. 4 Simulated transmission spectrum for the EIT metamaterial.

magnetic resonance.”* Meanwhile, it is also found that
a symmetrical E-field and a circular H-field appear at 8.21 THz
for the large BC, as shown in Fig. 3(c) and (d), that is, the
resonance dip of the large BC corresponds to Mie electric
resonance; this resonance is its second resonance mode (the
first resonance mode is not shown).**

Since both BCs can be directly excited by an incident EM
wave around 8.25 THz, their combination results in the EIT
effect, according to the superradiant-subradiant model. In our
configuration, the small BC operates as the superradiant reso-
nator because of its wider magnetic resonance (Q = 130,
calculated by Q = f./Af;>***” where f. is the central resonant
frequency and Afis the full width of half maximum bandwidth),
whereas the large BC functions as the subradiant resonator due
to its narrower electric resonance (Q = 352). As a consequence,
when small BC and large BC are assembled as the unit cell, as
depicted in Fig. 1, the coupling between superradiant mode and
subradiant mode leads to an EIT window appearing at around

27344 | RSC Adv., 2018, 8, 27342-27348
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Fig. 5 Simulated (a) E-field distribution (x-o-z plane) and (b) H-field
distribution (y-o-z plane) at 8.06 THz. Simulated (c) E-field distribution
(x-0-z plane) and (d) H-field distribution (y-o-z plane) at 8.25 THz.
Simulated (e) E-field distribution (x-o-z plane) and (f) H-field distri-
bution (y-o-z plane) at 8.40 THz.

8.25 THz, as shown in Fig. 4. It is also observed that the
transmission peak of transparent window is about 0.95.
Therefore, a low-loss EIT effect is realized using Mie resonators.

To understand the physical mechanism for the generation of
the EIT effect, the E-field and H-field distributions of three key
resonances for EIT windows are simulated, and the results are
shown in Fig. 5. It can be found that the electric resonance of
large BC and the magnetic resonance of small BC are simulta-
neously excited by incident waves. At the first transmission dip
(8.06 THz), there are interactions of scattered EM fields in the
adjacent domains of the two resonators (Fig. 5(a) and (b)). In
this case, EM energies are mainly concentrated in large BC
resonator, but a large part of EM energies in the two resonators
is lost to free space. At the transmission peak of 8.25 THz
(Fig. 5(c) and (d)), destructive interference between scattering
EM fields of the two resonators occurs, and most EM energy is
located at subradiant resonator of the large BC. Hence, the
radiation loss of metamaterial is reduced significantly and thus,
the transmission is enhanced. At the second transmission dip
of 8.40 THz, as shown in Fig. 5(e) and (f), it can be seen that EM
energies reassemble in the superradiant resonator, and a large
amount of E-field energy is lost to free space. Thus, the trans-
mission is decreased.

3. Discussion

In the field of EIT metamaterials, the “two particle” model is
a classic model for describing the EIT effect.>***' Liu et al.*®
described the EIT effect in optical metamaterial with the “two-
particle” model. P. Tassin et al.®> applied the “two-particle”
model to investigate the loss mechanism in EIT metamaterial.
Meng et al.*® and Zhu et al.** analyzed the relationship between
the coupling of substructures and the EIT effect in

This journal is © The Royal Society of Chemistry 2018
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metamaterials by using the “two-particle” model. This model
can quantitatively analyse the EIT effect in metamaterials.
Therefore, the “two-particle” model is also used in our structure
to quantitatively describe the EIT effect. In our scheme, the EIT
effect is caused due to the coupling between two dielectric BCs.
Thus, the two BCs are simulated as two particles, which satisfies
the following coupling equation:***

%) + v (0 + wox1 (1) + kx5 (1)
= qEo%s (1) 4 v2x2(1) + (0 4 26)*x5(1) + K2x, (1) = 0 (1)

here, x; and x, denote the amplitudes of small BC and large BC,
respectively, v, and v, represent their corresponding losses, w,
is the resonant frequency of the small BC, ¢ signifies the
detuning resonant frequencies of the two BCs, g indicates the
coupling strength of the small BC with the incident field E,, and
k implies the coupling coefficient describing the coupling
strength between the two BCs.*

After some algebraic calculations using eqn (1), transmission
of the metamaterial can be given by the following transmission
equation:***

IT| =

4\/ Xeff+]
2 .2md 2 .ond
(\/m_’_l) e g Vchf“'l_(\/m_l) e v Xer+1
(2)

here, 4, is the wavelength in vacuum, d is the thickness of
metamaterial along the wave propagation direction, and X is
the effective susceptibility of the EIT structure, and it can be
obtained by the following equation:**3

P
Xeft = eoEo
B q: W — (wy — 6)° — iy,
€ f4 — |w? — (wy — 6)* — i’yzw} [oﬂ — (wy — 0) — iy, @

(3)

here, P is the effective polarization of the structure, and ¢,
indicates the permittivity in vacuum.*

Using values calculated by eqn (2) and (3), we draw the fitted
analytical results, as shown in Fig. 6. For the fitted analytical
curve (red line), we use the following parameters: w, = 8.28 THz,
Ao = 36.2 pm, d = 10 pm, v, = 0.07 THz, v, = 0.015 THz, 6 =
0.06 THz, and k = 1.67 THz. For comparison, the simulation
result is also displayed in Fig. 6 (black line). It can be seen from
this figure that the fitted curve is basically the same as the
simulated curve, indicating the validity of the “two-particle”
model. In addition, we note that the losses v; and vy, are of
different orders of magnitude, which results from significantly
different radiation losses for the two BCs, i.e., due to signifi-
cantly different Q-factors.>* Moreover, it is also found that there
is a relation between the position of transmission peak and 9,
and the depths of two transmission dips are mainly affected by
v,. Besides, the transmission peak depends on v, and k, and k
affects the width of the transparent window.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Simulated transmission spectrum (black line) and calculated
transmission spectrum (red line) by the “two-particle” model.
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Fig. 7 Simulated (solid lines) and fitted (dashed lines) transmission
spectra for the proposed EIT metamaterial with s changing from 1 pm
to 3 um.

Table 1 Fitting parameters for different separations s

s (um) d (pm) v (THz) v, (THz) 6 (THz) k (THz)
1 10 0.07 0.015 0.06 1.67
2 11 0.085 0.014 0.049 1.25
3 12 0.1 0.01 0.055 0.95

The separation between two BCs is a critical parameter that
affects the EIT effect in the metamaterial. Therefore, the influ-
ence of separation (s) on the EIT window is also investigated, as
shown in Fig. 7. Fig. 7 displays the simulated (solid lines) and
fitted (dashed lines) transmission spectra for our EIT meta-
material with s varying from 1 um to 3 um. It is seen that as s
increases, the EIT window becomes narrow, and its trans-
mission peak declines. This is due to the fact that the interac-
tion between scattered EM fields of two BCs becomes weaker
with the increase in s. The fitting parameters are listed in
Table 1. It can be found that as s changes from 1 um to 3 um, v;

RSC Adv., 2018, 8, 27342-27348 | 27345
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Fig. 8 Simulated transmission spectra for the proposed EIT meta-
material with polarization angle ¢ changing from 0° to 90°.

and vy, values become larger, whereas the k value becomes
smaller. In this case, the coupling between two BC resonators
becomes weak; as a result, the EIT window becomes narrow,
and its strength decreases. It is also noticed that when s =1 pm,
the resonance width of the EIT window is the widest, and its
peak is the largest. Therefore, we demonstrate the EIT effect in
our metamaterial through numerical simulation and the “two-
particle”  model, similar to  previously reported
observations.'%*3*

Generally, to achieve polarization-independent property, the
structure of the metamaterial should possess characteristics of
horizontal and vertical symmetries. This is because an arbi-
trarily polarized wave can be considered as a vector superposi-
tion of x-polarized and y-polarized waves.'® In previously
reported studies, the symmetry of a structure is usually based
on multiple rotations of the substructure such as four-fold and
eight-fold rotational symmetry structures,>'>'¢>1:364% whereas
the symmetry of our structure originates from the structure
itself. Owing to the symmetry of our structure, it is predicted
that its transmission response is polarization-independent.

To verify polarization independence and angle insensitivity
for our proposed structure, the transmission responses of our
metamaterial for incident EM waves with different polarization

TE

0.2 — ()
0.14 —_— 15°
— =3()°
0.0 T . T . - ; ]
7.9 8.0 8.1 8.2 8.3 8.4 8.5 8.6

Frequency (THz)

View Article Online

Paper
160 14
140
120 .
~~ wm
§ 100 &
D ool 4
'ié/ 80 E
0 604 %
2 404 3
A G
20 4
0+
-20 . . T T T : -28
7.9 8.0 8.1 8.2 8.3 8.4 8.5 8.6
Frequency (THz)

Fig. 10 Simulated phase shift (black line) and calculated group delay
(red line).

angles (¢) are investigated, and the results are shown in Fig. 8.
Here, ¢ is the angle between the polarization direction of the
incident wave and x-axis. It can be seen that the transmission
responses are almost invariant regardless of x-polarization (¢ =
0°), 45°-polarization (¢ = 45°), or y-polarization (¢ = 90°), which
means that the EIT window is unaffected by the direction of
polarization for incident waves. In other words, the proposed
metamaterial has good polarization-independent character-
istic. The spectral responses of the proposed metamaterial for
different incident angles (6) are also investigated, as displayed
in Fig. 9. Here, 0 refers to the angle between the direction of
incident wave and z-axis. It can be seen that the EIT window is
almost stable for incident angles varying from 0° = ¢ = 30°.
These polarization-independent and angle-insensitive proper-
ties mainly result from the symmetry and uniformity of the
structure itself.

The EIT effect in metamaterials is always accompanied by
steep phase dispersion, which leads to slow light effect.’®** To
confirm the slow light property in our structure, the group delay
of metamaterial is extracted by the following formula:***

_ dow)
Tg = — dw (4)

T

0.0 — : : . .
79 80 81 82 83 84 85 86

Frequency (THz)

Fig. 9 Simulated transmission spectra for the proposed EIT metamaterial with incident angle # changing from 0° to 30°.
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here, ¥ refers to the angular frequency, and @ is the transmission
phase shift. As drawn in Fig. 10 (black line), the phase drastically
changes with frequency in EIT window, which leads to slow light
propagation. The calculated group delay is also displayed in
Fig. 10 (red line); it is seen that the maximum group delay value in
the EIT window is about 1.73 ps. This value is larger than the
previously reported values of 0.65 ps and 1.58 ps.***® Therefore,
our structure demonstrates the slow light property.

4. Conclusion

In summary, a polarization-independent and angle-insensitive
all-dielectric EIT metamaterial has been achieved in terahertz
regimes. The EIT window is induced at around 8.25 THz with the
transmittance peak of about 0.95. Numerical simulations have
demonstrated that the EIT effect results from destructive
couplings between Mie electric and magnetic resonances. By
using the “two-particle” model, we have quantitatively described
the EIT effect, and we have investigated its variations with
different couplings between two BCs. The analytical results have
indicated that there is relevance between the depths of two
transmission dips and the loss of superradiant resonator. The
frequency position of the transmission peak is mainly affected by
detuning of resonance frequencies for the two resonators, and
the width as well as peak intensity of EIT resonance is mainly
dependent on the loss of the subradiant resonator and coupling
(separation) between two resonators. In addition, we have also
verified the polarization-independent and angle-insensitive
properties for the EIT metamaterial. Finally, the group delay
has been calculated to validate the slow light property in the EIT
metamaterial. Such EIT metamaterial has features of polarization
independence, incident angle insensitivity, and high trans-
mittance (low loss). Thus, it may be applied in many areas such
as low-loss slow light devices and bandpass filters.
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