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Abstract

The zero-refractive-index metamaterials have excellent electromagnetic properties, which provide new
ideas and methods to realize the control of electromagnetic waves and the design of new photoelectric
devices. Here, we propose a double-sided metamaterial structure to achieve double-zero refractive
index in the terahertz region. We use the S parameter inversion algorithm to extract the equivalent
electromagnetic parameters of the metamaterial. By optimizing the design of structural parameters,
we show that the effective refractive index can be achieved to be near zero at 0.5—1.7 THz and at 2.7—
3.4 THz. By monitoring the current density distribution and the near-field distribution on the surface
of the structure, we prove that the metamaterial structure has obvious zero refractive index effect at
1.66 and 3.34 THz. In addition, the influence of geometric parameters of metamaterial structures on
equivalent refractive index is revealed.

Keywords: metamaterial, zero refractive index, terahertz wave.

1. Introduction

Metamaterials are a kind of microstructures composed of periodic or aperiodic subwavelength units
that exhibit novel electromagnetic properties not found in the nature [1-15]. Metamaterials provide an
effective way to achieve free control of electromagnetic waves [16-30]. As a special metamaterial, the zero-
index metamaterial (ZIM) has attracted much attention in recent years due to its unique characteristic,
in which the quasi-infinite wavelength and phase velocity are revealed. This unique phase characteris-
tic provides high flexibility in the manipulation of electromagnetic wave propagation, absorption, and
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polarization. Many research results on ZIMs have been successfully applied to the fields of ideal lenses
and highly-directional antennas [31,32]. Due to their excellent electromagnetic properties, ZIMs provide
new ideas and methods for realizing control of electromagnetic waves and the design of photoelectric
devices. Researchers have successfully developed various functional devices with ZIMs such as waveform
converters, superlens, field rotator, invisibility cloaks, and so on [33-36].

For example, Vahedpour et al. [37] demonstrated the excitation of higher-order modes in zero-index
metamaterial waveguides with two and three defects. Boubakri et al. indicated that a planar meta-
surface with a reduced tunable size can provide a near-zero refractive index and phase compensation
mechanism [38]. Qiu et al. [39] found that zero-refractive-index materials can be made with photonic
crystals near a Dirac-like frequency to construct beam splitters and obtain high transmission efficiency.
The metamaterial structure designed by Ma et al. [40] achieved high-efficiency broadband transmission
with zero refractive index from 10.72 to 11.4 GHz, and low-loss near-zero refraction can be realized by
adjusting the electric and magnetic plasma frequencies. Through the previous studies, most of the zero-
refractive index metamaterials were mainly concentrated in the single-band characteristics. Wide-band
or dual-band zero-index metamaterials should be investigated for wider applications.

In the research about near-zero refractive index metamaterials in terahertz range, Zhang et al. pro-
posed that the near-zero refractive index metamaterials could be realized by properly designing a fishnet
metamaterial using full-wave finite-element simulation [41]. Using a periodic array of split ring resonator
holes within a terahertz range, Yang et al. numerically and experimentally confirmed zero refractive index
at localized waveguide resonant frequency for aluminum film [42]. Khoo et al. proposed an analysis of
aligned nematic liquid crystal cells containing core-shell nanospheres to devise a new type of metamaterial
with refractive index close to zero [43]. T. Suzuki et al. demonstrated experimentally a zero-refractive-
index metasurface with a refractive index of 0.16 + j0.09, reflectance of 0.7%, and transmittance of 97.3%
at 0.505 THz [44]. However, the zero-refractive-index metamaterials studied in the past mainly focused
on a single frequency. Here, using a two-sided metal structure, we propose a dual-band near-zero re-
fractive index metamaterial in terahertz band. By optimizing the design of structural parameters, we
demonstrate that the effective refractive index can be achieved to be near zero at 0.5—1.7 THz and at
2.7-3.4 THz. The equivalent electromagnetic parameters of the metamaterial structure are extracted
using the inversion algorithm. Through monitoring the surface current distribution of the flat structure
and the prism simulation of the designed structure, we prove that the designed metamaterial structure
has obvious dual-band zero-refractive-index effect in the terahertz band.

2. Effective Parameter Extraction Method

Maxwell proposed the propagation law of time-varying electromagnetic fields and provided the rela-
tionship between the relevant physical quantities of electric and magnetic fields in the form of formulas.
According to the Maxwell equation, the effective index n = /u of a material can be determined by
the effective permittivity — dielectric constant € and effective permeability u. In order to obtain an ef-
fective refractive index close to zero, it is necessary to make the effective dielectric constant or effective
permeability close to zero, or both at the same time. According to the effective medium theory [45], the
scattering parameter inversion algorithm can be used to inversely calculate the equivalent refractive index
n and impedance z of a designed metamaterial. The effective permittivity € and permeability p can be
obtained as ¢ = n/z and p = nz. When the effective electromagnetic parameters of a designed metama-
terial are changed, the specific resonant characteristics of this metamaterial will also change accordingly.
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When a metamaterial unit structure is equivalent to a uniform medium, the transmission matrix 7" of
this plane metamaterial can be expressed as follows [46-49]:

- ( cos(nkd)  —(z/k)sin(nkd) ) |

: (1)
(k/z)sin(nkd) cos(nkd)

where n is the effective refractive index of the material, d is the effective thickness of the material,
k is wavenumber, and z is the plane wave impedance. Scattering parameters can be calculated for
metamaterials with symmetric structure by transmission matrix; they read

S19 = So1 = 1 S11 = So9 = ! <i — Z> sin(nkd). (2)

cos(nkd) — (i/2) (z + 1/z) sin(nkd)’ 2

According to the inversion algorithm method for Eq. (2), the effective refractive index and impedance
can be calculated; they are

b e 2 _ (14 811)% -85,
n= - cos 2521(1 S11+S21):|7 z = \/(1_511)2_531. (3)

Equations (3) can be directly used to determine the effective refractive index and the impedance of

designed metamaterials. The expressions for n and z are complex functions with multiple branches, the
interpretation of which can lead to ambiguities in determining the final expressions for permittivity and
permeability. In order to address this problem, it has been suggested to use a slab of small thickness and
apply the requirement that the permittivity and permeability are continuous functions of frequency [46,
47]. Chen et al. determined the proper branch, using the mathematical continuity of the parameters
with special attention to possible discontinuities due to resonances [48]. This method can be called as
an iterative one. We also determined the proper branch in the same method. Moreover, D. Smith et al.
proposed a modification of the standard S parameter retrieval procedure yielding physically reasonable
values for the retrieved electromagnetic parameters [49]. The permittivity € and permeability u are then
immediately calculated by e = n/z and p = nz for metamaterials.

3. Dual-Band Zero Refractive Index Metamaterial Design

In this study, we propose a flat plate dual-band electromagnetic metamaterial structure with near-zero
refractive index. The unit structure diagram is shown in Fig. 1. The double-faced structure is composed
of metal materials and dielectric materials. The substrate of the metamaterial periodic unit structure uses
a dielectric polyimide (¢ = 3.5). In the terahertz band, the polyimide substrate material is a flexible and
transparent material, and its loss is negligible. This material is often used as a substrate for terahertz-
band optoelectronic devices. Copper is used for the metal structure. In the simulation, we chose copper
because it is cheaper compared to other precious metals during the experimental preparation process. In
the terahertz band, the properties of various metal materials are basically the same, so we do not need
to use complex models to characterize the properties of materials in the numerical simulation process.
The conductivity of ¢ = 5.8 - 107 s/m was applied for copper in numerical simulations. According to
the characteristics of the designed metamaterial, the size of the unit cell should be in the subwavelength
range. Furthermore, the grating effect of the size limits the length of the unit cell.
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Fig. 1. Unit cell of the designed metamaterial; here, the general view (a) and the transparent view mode (b).

While designing, only zero-order diffraction of periodical units can be allowed to appear, and high-
diffraction orders need to be suppressed. The electromagnetic wave at 1 THz frequency corresponds to a
wavelength of 300 um. The initial period size of the unit structure of about 50 wm can be selected in order
to match the device in the experiment, and the thickness of polyimide substrate in the terahertz band
should be greater than 10 um. It is known that both the magnetic and electric resonances by double-
sided metal structure should be precisely controlled for the transmissive metamaterials. The width and
length of the metal lines and the thickness of the base of the unit structure directly affect the resonance
characteristics of the electromagnetic field. In addition, combined with the preparation process in the
terahertz band, the width of the metal line is generally selected to be about 1 pum. Due to the skin effect
of metals in the terahertz band, the thickness of metal structures is generally greater than 0.1 pum.

After the initial structural parameters are determined, we carry out parameter scanning on the
basis of these parameters. Parameter-scan optimization-design method is the most basic and simple
optimization method. After accurate optimization of design with double-band near-zero refractive index,
the geometrical parameters of the element structure can be determined. The period of unit cell is 52 um
and the thickness of substrate is 14 um. The length of the metal wire is 52 pum, the width is 1 um,
the distance between the two metal wires on the same plane is 31 pwm, the radius of the metal via is
1.5 um, the distance between the adjacent metal vias is 12.5 um, and the thickness of the metal copper
is 0.18 um. It should be noted that the skin depth of copper of approximately 0.1 pum in the frequency
range from 0.5-4 THz is revealed [44]. The copper wire in our design is sufficiently thick in comparison
with the skin depth of copper. The electromagnetic wave is perpendicularly incident on the surface of
the designed metamaterial along the z direction. The electric field vector is along the y direction. The
x and y directions are set as periodic boundary conditions (unit cell), and the z direction is set as open
boundary conditions. The finite integral method was used to calculate transmission characteristics and
electric-field distribution characteristics of the metamaterials designed. In the numerical simulations,
the electromagnetic wave characteristics and the near-field distribution of the double-sided metamaterial
structure were calculated based on the finite-integral-method software.

When an electromagnetic wave is incident perpendicularly to the surface of the metamaterial, the
two pairs of metal plates located in the front and rear planes form two capacitors. The metal plates will
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generate LC resonance, and current will flow through the metal plates. The metal copper structure is
embedded in the substrate material, and the loop current will be formed to generate an induced magnetic
field. The electromagnetic characteristics of the metamaterial structure can be changed by adjusting the
electric resonance and the magnetic resonance.
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Fig. 2. Transmission/reflection coefficient (a), the amplitude of S parameters in dB form (b), and the transmission
phase as a function of frequency (c) with scattering parameter Sy; (solid curves) and Ss; (dashed curves).

In Fig. 2, we show the transmission characteristics of the designed metamaterial; here, one can see
two high-transmission bands around 1.72 and 3.45 THz (a), the transmission amplitude in dB model (b),
and the phase change as a function of frequency (c). We observe that the phase has obvious abrupt
change at resonant frequencies.

In view of the effective parameter extraction method, we extract the basic equivalent parameters of
designed metamaterial; see Fig. 3. The real and imaginary parts of the effective refractive index n of
the metamaterial structure were calculated separately; see Fig. 3a. One can see that the real part of
the refractive index is close to zero at the frequency band about 1.39-1.65 THz and 3.10—-3.26 THz.
The smaller imaginary part of the refractive index Imn indicates that the metamaterial has smaller
absorption of electromagnetic waves at resonant frequencies. In Fig. 3b, the real and imaginary parts
of the effective permittivity Rep and Im p at resonant frequencies of 1.66 and 3.34 THz reach the
values close to zero. For our metamaterial designed, Repy ~ 1 and Im pu ~ 0 at resonant frequencies of
~1.66 and 3.34 THz. Through the extraction of these equivalent parameters, we found that the zero
refractive index of double bands can be realized, using the metamaterials constructed with double-sided
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Fig. 3. Retrieved bulk effective refractive index (a), the permittivity (b), and the permeability (c); here, the real
parts of these quantities are shown by solid curves and the imaginary parts, by dashed curves.
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microstructure. In Fig. 3¢, one can see that the effective permeability demonstrates negative value from
~2.1 to 2.7 THz. The negativity of the imaginary part of magnetic permeability does not contradict the
second law of thermodynamics, nor any other conceivable physical constraints [50]. This phenomenon can
be attributed to the energy of a monochromatic electromagnetic field of frequency, which is dissipated
into heat at a point inside a spatially uniform medium [51-53].

4. Properties of the Near Field of Zero-Index Metamaterial Designed

In order to verify the zero-refraction characteristics of the designed metamaterial, monitoring of the
electromagnetic field and surface current of the metamaterial structure was carried out in [54-57]. The
zero-index metamaterial achieved near-zero refractive index at 1.66 and 3.34 THz, and the transmission
coefficient exceeded 90%. When an electromagnetic wave enters a zero-index metamaterial from air, only
the normal incident wave can penetrate into the metamaterial due to the existence of the critical angle.
According to Snell’s law, when the electromagnetic wave enters air again, the refraction angle is close to
zero, that is, the refracted electromagnetic wave will be perpendicular to the interface. Based on this
property, we carried out the verification simulation of the zero refractive-index effect.

As shown in Fig. 4, a single unit structure is
arranged in the y axis direction, 15 unit structures
are placed in the z axis direction, 15 unit struc-
tures are placed in the z axis direction, and the
unit structure decreases in a stepped manner. The
overall structure presents a triangular shape. In the
simulation, the y axis is set as the periodic bound-
ary condition, while the x and z axes directions are
set as the open boundary conditions. The wave-
guide source was used in simulation. When the
electromagnetic wave is incident on the metama-
terial structure along the z axis direction, the near field distributions are shown in Fig. 5 at 1.66, 2.2,
3.34, and 4.0 THz, respectively. In Fig. 5a, c, one can see that the final exit direction of the beam is
consistent with the normal direction of the slope, indicating that the metamaterial structure can mo-
dulate the beam propagation direction. Since the direction of the outgoing wave is perpendicular to the
triangular plane, we can obtain the zero refractive index of the designed metamaterial. In Fig. 5b, d,
we see that the beam refraction direction falls into the positive refraction area at 2.2 and 4 THz. The
metamaterial structure deviating from the equivalent zero refractive index cannot realize the beam to be
perpendicular to the egress interface.

In order to further reveal the zero refractive index of the metamaterial structure designed, we monitor
the surface current of the structure at 1.66 THz. In Fig. 6, the current flow direction is shown by the
solid arrow, the electromagnetic wave is normally incident on the surface of the metamaterial structure
along the z axis, and the electric field vector is along the y axis. We found that the current directions
on the metal sheet located in the front and back planes are opposite, and the metal wire produces
LC resonance. The loop current formed by the metal copper structure will generate an induced magnetic
field; its direction is opposite to the direction of the incident magnetic field.

To study the influence of the geometric parameters of the flat double-band metamaterial structure on
the refractive index, we change the length of the middle metal wire [, the thickness of the unit structure

Fig. 4. The electric-field simulation model.
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Vim

Fig. 5. The electric field distribution in the designed metamaterial at 1.66 THz (a), 2.2 THz (b), 3.34 THz (c),
and 4 THz (d).

a, the distance d of the two metal wires on the same plane, and the radius r of the metal.

The change in the real part of
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is equal to the diameter of the
metal vias. The distance between
the two metal wires on the same
plane is 31 um. The thickness of
the metal copper is 0.18 um. Keeping the radius of the metal via r = 1.5 pm embedded in the material,
the influence of the length [ of the middle metal wire on the refractive index is shown in Fig. 7a. With
increase in the length of the metal wire, the refractive index curve is red-shifted to the resonant region.
Keeping the length [ = 25 pm of the middle metal wire unchanged, as the radius of the metal via in-
creases (Fig. 7b), the refraction index of the metamaterial is red-shifted at 1.5—2 THz and blue-shifted at
2—4 THz and Af; = Afy. At the length [ = 25 um of the middle metal wire and the radius r = 1.5 pm
of the metal via, we see in Fig. 7c that as the thickness a of the cell structure increases, the refractive

Fig. 6. Surface current density distribution on the metamaterial structure
at 1.66 THz; here, the front view is shown on the left and the lateral plane,
on the right.
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Fig. 7. Influence of structural parameters on the refractive index; namely, the effect of the length [ of the
intermediate wire (a), the effect of the metal pore radius r (b), the influence of the element structure thickness
a (c), and the effect of the distance d between two wires in the same plane (d).

index is also red-shifted. In Fig. 7d, with increase in the distance d between two metal lines on the same
plane, high refractive-index bandwidth is widened at the resonant region. Zero refractive index region
around 3.0 THz is red-shifted with increasing d.

There are two pairs of metal wires in the structure, and the current densities of the metal wires on
the front and back surfaces are approximately equal at 1.66 THz. In Fig. 8, we show dependences of the
real part of the refractive index and transmission coefficient on the metal line width m; here, the unit
cell period is 52 pum and the substrate thickness is 14 um. Also, the wire width at the center of the unit
structure is equal to the diameter of the metal vias, the distance between the two metal wires on the
same plane is 31 pum, and the thickness of the metal copper is 0.18 wm. In addition, the radius of the
metal via r = 1.5 pm and the length | = 25 um of the middle metal wire are maintained. As the width of
the metal line increases, the value of the equivalent refractive index drops significantly at 0.5 — 1.7 THz.
We obtained that increasing the width of the metal line can make the structure’s refractive index closer
to the ideal value of zero. As shown in Fig. 8 b, the transmission coefficient on the width of the metal
line shows a clear blue shift at the second transmission peak. In the frequency band near zero refractive
index, the transmission passband is the widest and the transmission coefficient of the terahertz wave can
reach more than 90%.

Assuming that the ratio between the widths of the metal line on the back surface and the front surface
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Fig. 9. A transparent view of the schematic (a), the real part of the effective index with different h (b), enlarged
equivalent refractive index view at the first resonant region (c), and enlarged equivalent refractive index view at

the second resonant region (d).
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is h, an asymmetry model of metamaterial can be established to study the effect of the width of the metal
line on the refractive index of the structure. The geometric meaning of the parameter h is the ratio of
the metal linewidths of the front and back surfaces. The width of two metal wires on the front surface is
1 um, and its length is equal to the period of the unit structure, i.e., if the ratio h = 2, the wire width
on the back surface is 2 pm. We consider the change in this ratio mainly to study the change in effective
parameters of metamaterials due to the asymmetry of double-sided structure. Here, the unit cell period
is 52 um and the substrate thickness is 14 pum. The wire width at the center of the unit structure is
equal to the diameter of the metal vias. The distance between the two metal wires on the same plane is
31 um and the thickness of the metal copper is 0.18 pm. The radius of the metal via r = 1.5 um and the
length [ = 25 pm of the middle metal wire are maintained. The width of two metal wires on the front
surface is 1 um, and its length is equal to the period of the unit structure. The real part of the effective
refractive index with different ratio h = 1, 2, 3.5, and 4.3, respectively, is revealed as shown in Fig. 9, with
the transparent view of the schematic shown in Fig. 9a and the effective refractive index with different
ratio h, in Fig. 9b. As the ratio h increases, the second zero refractive index band at about 3.0 THz
demonstrates the blue shift while the first zero refractive index band remains essentially unchanged. In
the zero refractive index region, the enlarged equivalent index view is shown in Fig. 9¢, d. By increasing
the metal wire width on the rear surface, one can substantially reduce the refractive indices of the two
frequency bands, and the ideal value of zero refractive index appears near 1.66 and 3.34 THz. One can
conclude that the h parameter effectively reduces the value of the equivalent zero refractive index of the
metamaterial structure and widens the frequency band of near zero refractive index.

As the parameter h increases, the transmission __, 4 : . :
peak of the metamaterial also shifts, and as shown GCJ r
in Fig. 10, the first transmission peak decreases ‘G I /
slightly, but the transmission passband decreases Y= 08¢ / / N
significantly. The second transmission peak has a 8 / /
significantly lower peak value, and the transmis- ()06} / n=2_| 1
sion peak shows the blue shift. Therefore, on the - / /\
premise of ensuring a large transmission coefficient © / /
and zero refractive index, the optimum value of pa- g 0.4r // h=1 / h=35 |
rameter h is determined to be 3.5. At 1.66 and é / /
3.34 THz, with h = 3.5, the transmission coeffi- 0.2} / / h=43 |
cient at both frequencies still reaches 82%, and the % // \
refractive index value becomes smaller; see Figs. 9 I: 0 # . . /

and 10. Thus, a larger near-zero refractive index 1 2 3
terahertz band is obtained. Freq uency, THz
The structural parameters of the double-sided
metamaterial can effectively control the electromag-
netic characteristics. The electric resonance properties of metamaterials are based on the interaction of

o

Fig. 10. Transmission coefficient with different ratio h.

propagating terahertz waves with metal wires. The electric resonant properties of the metamaterial struc-
ture are characterized by the effective permittivity. The magnetic resonance properties of metamaterials
are derived from the metal structure of the front and rear surfaces of the metamaterials. The relative
permeability is used to demonstrate the magnetic resonance properties of metamaterials. The equivalent
circuit can be adequately applied to explain the electric and magnetic properties of metamaterials. The
electric resonance properties in the metamaterial are mainly determined by the inductance component
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of metal wires and the capacitance component at a gap between metal wires in a series circuit. The
series circuit behaves as a resonance circuit with the inductance and capacitance components at a reso-
nant frequency [44]. The resonance of the series circuit represents the electric resonances. The magnetic
resonance in the metamaterial is mainly determined by the inductance and capacitance components of
the metal lines on the front and back surfaces. Therefore, the capacitance and inductance of the equiv-
alent circuit can be changed by changing the structural parameters of the metamaterial. Changes in
the capacitance and inductance of the equivalent circuit will change the frequency of the electric reso-
nance and magnetic resonance. The red/blue shift of the dispersion of the effective refractive index can
be deduced by changing the electric resonance and magnetic resonance of metamaterial with different
geometric parameters.

5. Summary

In summary, the metamaterial structure designed achieves the effect of zero refractive index under
the condition of normal incidence at terahertz range. In the 0.5—1.7 THz and 2.7—-3.4 THz bands, the
equivalent refractive index of the metamaterial structure is close to zero. We analyzed the occurrence
of zero refractive index characteristics by monitoring the surface current density distribution of the
structure, and the simulation results prove that, at 1.66 and 3.34 THz, the structure has zero refractive
index effect and the transmission efficiency reaches more than 90%. We found that the length of the
metal line, the thickness of the cell structure, the distance between the two metal lines, the radius of the
metal via, and the width of the metal line can affect the characteristics of the effective refractive index.
We further investigated the effect of the asymmetry on the effective index of metamaterial and showed
that the asymmetry is characterized by the ratio of the width of the front metal line to the width of the
back metal line in the double-sided structure. We found that the asymmetry can effectively reduce the
value of the equivalent zero refractive index of the metamaterial structure and widen the frequency band
of near zero refractive index. The designed metamaterial is simple and convenient to be prepared, and
can be applied to the integrated antennas and other photoelectric devices.
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