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Abstract

One-dimensional metallic grating structure was proposed to realize high refractive index metamaterial in the terahertz region.
By drastically increasing the effective permittivity by means of intense capacitive coupling and reducing the diamagnetic
effect using a thin metallic thickness, a peak refractive index of 15.81 at the resonant frequency in embedded metallic grating
can be obtained. Multiband high refractive index metamaterial can be realized by double symmetric metallic grating and
asymmetric grating structure. For asymmetric grating metamaterial structure, two separate transmission peaks appear and
result in two separate high refractive index. Interestingly, a near zero refractive index metamaterial can be obtained by the
introduction of double asymmetric design. It was found that our designed ultrahigh refractive index metamaterials depend
on the electric field coupling effect and the magnetic field diamagnetic response.

1 Introduction

Recently, metal-dielectric structures have attracted a huge
amount of attention due to its extraordinary electromag-
netic properties such as subwavelength resolution or the
possibility to construct an invisibility device [1].In these
fields, it is very intriguing and extremely useful for creating
an artificial medium with free controlled refractive index
(n = \/en) [2]. Also, it is great importance for imaging,
lithography, compact optical circuits, and miniaturized
electromagnetic devices [3].For example, the resolution of
microscope system is inversely proportional to refractive
index (NA = n = sina) [4, 5]. Increasing refractive index
of material over a large frequency range results in broadband
slow light effect, which can be used to enhance the storage
capacity of the delay lines [6].High index metamaterials
can also enhance the spectral sensitivity of certain types of
interferometers and can benefit many other practical appli-
cation areas [6]. And Terahertz continuous wave sources,
such as resonant tunneling diodes (RTD) and quantum cas-
cade lasers (QCL), will need devices with high refractive
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indices which can be applied in radiation structures with
high directivity [7].

Previous work focused on high-impedance surfaces used
as an antenna substrate [1-3], negative refractive index met-
amaterials [8, 9], effective surface plasmon behavior [10, 11]
on perfect metallic surface with gratings [12], and effective
bulk plasmon behavior in thin-wire structures [9]. On the
contrary, it was found that the opposite side-high refrac-
tive index metamaterial attracts far less attention. Recently,
Shin et al. demonstrated numerically the mechanisms of a
broadband high refractive index metamaterial with three-
dimension (3D) structure [13], and Choi et al. proposed a
two-dimensional (2D) terahertz metamaterial with unnatu-
rally high refractive index [2] but the presented 3D and 2D
structure are not easy for implementation in experiment.
Therefore, we proposed a one dimensional (1D) metallic
grating terahertz metamaterial to realize ultrahigh effec-
tive refractive index [14—16] and near-zero refractive index.
More recently, numerous reports have appeared for meta-
materials with a near-zero refractive index (NZI)in terahertz
region [17, 18]. The materials which have permeability in
the neighborhood of =0 are known as p-near zero (MNZ)
material, and the material with permittivity in the neighbor-
hood of € =0 are referred as e-near zero (ENZ) material.
Both MNZ and ENZ have special properties. Electromag-
netic waves in a material with a refractive index of zero have
an infinite phase velocity and wavelength. These properties
pave the way for a number of applications such as cloaking
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[18], superreflection, tunnelling, funnelling, super-coupling
channels and the arbitrary reshaping of phase fronts [19-21].
A performance (effective refractive index values) compari-
son of the proposed structure with that of the current state
of the art is presented in Table 1.

In this paper, we designed high refractive index meta-
materials based on metallic gratings structures in the tera-
hertz region. By strong capacitive coupling resulting from
a smaller gap width between the unit cells, the effective

Table 1 Performance comparison. The effective refractive index
value of the current state of the art is compared with that of the pro-
posed structure

Highest value
of ref. index

Reference article Frequency (THz)

permittivity can be drastically increased. Through decreas-
ing the area enclosed by the induced surface currents, the
diamagnetic response of metamaterials can be reduced,
resulting in the increase of effective permeability. The zero
refractive index metamaterials and high index metamaterial
can be realized by double asymmetric metallic grating.

2 Metamaterial design and analysis

2.1 Metallic gratings for high refractive index
metamaterials

The embedded metallic grating of the proposed high refrac-
tive index metamaterial is shown in Fig. la, the electric
field vector of an incident terahertz wave is along x direc-

Ref. [2 0.516 27.25 . ..
Ref H 0319 872 tion (TM polarization). Here, the metal used to construct
Ref’ » 0.384 61.83 the metamaterials is lossy copper (6=5.96 x 10’ S/m), and
Oe ‘L L 1'41 15.81 the substrate is made from a dielectric polyimide material
arwor i i with the refractive index of n=1.840.04i. The frequency
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dispersion of the refractive index of polyimide was ignored
in this simulation. The thin metallic grating is embedded in
substrate. Three-dimensional full-wave electromagnetic field
simulation by finite integral method was used to accurately
calculate transmission and near-field distribution.

The used geometrical parameters of the structure are
p=060 um, =35 pum. The metallic structure is embedded in
the substrate, and the original geometrical parameters of the
metallic grating are L=359 pm, d=0.2 um. To reduce the
diamagnetic effect caused by the magnetic dipole that results
from the current loop surrounding the structure, the designed
thickness of the metallic grating is 0.2 um. The gap width
is defined by g=p — L. When a Terahertz wave impinge the
structure, a larger amount of surface charges accumulated
on the edge of the metallic patch leads to an extremely large
dipole in the unit cell [22-25]. According to the amount
of accumulated charge, the effective permittivity indicates
different asymptotic actions that depend on the gap width
[2]. When the gap width is satisfied as g/p << 1, a strong
capacitive coupling will occur, the effective permittivity can
be greatly increased.

The simulated transmission/reflection spectra for TM
polarization is plotted in Fig. 1b. We extracted the constitu-
tive parameters of grating metamaterial using a common
method of § parameters proposed by Smith et al. [26].This
method has been proved to be precise by a comparison
between the theoretical estimation and the experimental
extraction [27]. A strong electrical resonance is observed
with a peak relative permittivity of about 1200 at the fre-
quency near 1.41 THz, and the peak of the refractive index
is 15.81. In Fig. 1d, the magnetic permeability remains a
lower value near the resonant frequency, resulting in the
weak magnetic anti-resonance.

To illustrate the physical properties of this high refractive
index metamaterial, the electric and magnetic field around
the embedded metallic grating in the two unit cells were
numerically simulated at the frequency of 0.8 THz (Fig. 1f,
h). In Fig. 1f, the electric field is strongly concentrated in the
gap, a large amount of surface charge can be accumulated
on the edge of parallel-plate capacitor because the charges
in each edge of unit cell interact with opposite charges in
close proximity across the gap [28]. Figure 1h shows the
magnetic field penetrated deeply into the unit cell at frequen-
cies due to the negligible metallic volume fraction subtended
by current loops, leading to decrease of diamagnetic effect
of metamaterial.

The gap width and the metallic thickness are the key geo-
metrical parameters for increasing the refractive index of
the metamaterial. The effect of different gap widths and the
metallic thickness on refractive index are shown in Fig. 2.
In Fig. 2a, it is found that the increase of gap width leads to
the decrease of the effective refractive index peak, and the
peak of the index makes a red-shift, resulting in a narrow
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Fig.2 Dependent transmission and effective refractive index of geo-
metrical parameters g and d: a the real part of the index as a function
of gap width g; b the real part of the refractive index as a function of
metallic thickness d

bandwidth of the high refractive index at the quasi-static
limit. This is because there is a great increase of the capaci-
tance due to coupling between unit cells when the gap width
decreases. In Fig. 2b, increasing the metallic thickness result
in the decrease of the effective refractive index peak, and the
resonance frequency shifts to lower frequency region.

2.2 Double metallic gratings for zero refractive
index

For above design and analysis of the embedded metallic
grating metamaterial, it is known that the experimental
preparation is complex [29, 30].To obtain a simple structure
with easily preparation, we designed a single-sided metal-
lic grating metamaterial in Fig. 5. Here, the parameters of
the unit cell are the same as that of the embedded metal-
lic grating. To indicate the effect of extremely large dipole
moments and weak diamagnetism in the unit cell, the effec-
tive permittivity, the effective permeability and the effective
refractive index were extracted. It is found that the peak
of refractive index is lower compared with the embedded
grating structure. The waveform is similar to the embedded
grating structure.

Figure 3 schematically illustrates a double metallic
grating, resulting in multiple band high refractive index.
The simulated transmission/reflection spectra for symmet-
ric double gratings as shown in Fig. 3a, ©® at TM polariza-
tion incidence is plotted in Fig. 3b. In Fig. 3a), we selected
a thickness of d=0.2 pm and a width L=159 pm for the
metallic grating @, the substrate thickness of t=35 um,
p =060 um. Two resonances in reflection and corresponding
minima in transmission between 0 and 4 THz are observed.
The transmission peaks are at frequencies of 1.17 and
3.5 THz. There are three peaks in the real part of refrac-
tive index in Fig. 3b, n=15.37 at 1.17 THz, n=10.93 at
1.65 THz and n=9.837 at 3.66 THz. It proves that our
structure can provide a three band high refractive index.
To reveal the physical origin of the high refractive index of
the metamaterial for the symmetry double metallic grating
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Fig.3 a The structure with two metallic gratings deposited on
each side of a dielectric layer ®. Three-dimensional diagram of the
designed structure with two sets of metallic gratings deposited sepa-
rately on both sides of dielectric layer. @, @ Cross-section of two dif-
ferent asymmetric structures and their structure parameters. b Simu-
lated transmission (7) and reflection (R) spectra of the structure for
TM polarization (top left), extracted effective permittivity(e, top
right) and permeability(u, bottom left), refractive index for the high
index metamaterial by the S-parameter retrieval method is shown at
bottom right. ¢ Electric field distribution at 0.5 THz for the symmetry
double metallic grating metamaterial with two unit cells. d The vector
plot of the magnetic field distribution at 0.5 THz in two unit cells

metamaterial. We can find that the high value of the real
part of the effective refractive index (second peak) appears
high permittivity, then the first and third peak of the effec-
tive refractive index appears because of high permeability
and permittivity simultaneously in Fig. 3b. The electric
and magnetic field around the metallic grating in the two
unit cells were numerically simulated at the frequency of
0.5 THz (Fig. 3c, d). The electric field was strongly con-
centrated in the gap along the long side between each the
symmetry double metallic grating structure on the double
at 0.5 THz. This strong electric field arises extreme polari-
zation density to provide huge effective permittivity. Obvi-
ously, because of the negligible metallic volume fraction,

@ Springer

the magnetic field penetrates deeply into the unit cell in
0.5 THz as shown in Fig. 3d.

Then the transmission was calculated for the symmetric
structure and asymmetric structures as shown in inset of
Fig. 4a. Two different asymmetric structures with a=2 pm
appear two separate transmission peaks near 1.41 and
1.49 THz, respectively. This separate transmission peaks
result in two separate high refractive index, leading to a
three-band high refractive index metamaterial component.
For example, for the asymmetric structure @ the refractive
index are n=10.91 at 1.41 THz, n=11.77 at 1.47 THz,
and n=5.86 at 3.03 THz. Interestingly, for the asym-
metric structure @ in Fig. 3a, the permeability is close to
zero(— 0.39 <Re (u) <0) from 1.67 to 1.71 THz, near zero
refractive index from 1.67 to 1.71 THz can be obtained, as
marked in the zoomed plot of Fig. 4d. It is found that zero
refractive index at 1.71 THz, and magnetic permeability is
to be near zero in Fig. 4d, the permeability can be controlled
through the inductance of the metallic slab width. Also, the
wideband near zero refractive index property with 40 GHz
bandwidth between 1.67 and 1.71 THz is revealed. As the
asymmetric metallic influence increases in the structure,
the effect of capacitive coupling between the adjacent unit
cells structures decreases while the adjacent unit cells form
a capacitor with different gap, resulting in the value of per-
mittivity decrease. A reduced total reflectivity will result
in a higher peak value of ¢, leading to a more broadband
behavior [31]. Such these y-near zero (MNZ) metamaterials
(¢' >0, u’ — 0) are known as perfect electrical conductors.
This zero refractive index metamaterials can be applied in
the field of cloaking, directional antenna design [32], wave
directivity [33-35] and radiation pattern [36]. Thus, these
asymmetric double grating structure can realize multiband
high refractive index metamaterial and near zero refractive
index metamaterial.

3 Conclusion

Using one-dimensional metallic gratings structure, high
refractive index can be obtained with small gap width and
thin metallic thickness. For asymmetric bilayer grating
structures, the multiband unnaturally high refractive index
at terahertz region can be realized, and they also show
wideband zero refractive index property in the terahertz
region. Our findings concerning multiband high-index
metamaterials and zero refractive index metamaterials can
be expected to use in many functional photonic devices,
such as transformation optic components.
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Fig.4 a The typical transmission spectra of three different asymmetric structures. b The extracted refractive index. ¢ The extracted permeability
for the asymmetric structure @ in Fig. 3a. d Extracted the real part refractive, permittivity and permeability and for the asymmetric structure
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