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The concept of a single frequency band, single high-refractive-index metamaterial has been extended and applied in the design of
dual frequency band, dual high-refractive-index metamaterials in the THz regime. The structure design consists of twenty five unit
cells with a surface area of 250 um by 250 um and a thickness of 5 um. Each cell has metallic structures embedded in a polyimide
substrate. The return loss (S-parameter) analysis shows two strong electric responses at two frequency ranges, and the extracted
constitutive parameters suggested high values of simultaneous dielectric constant and permeability at these frequencies. Results
retrieved from the S-parameters also show high refractive index values. A first peak refractive index of 61.83 was observed at a
resonant frequency of 0.384 THz, and another peak refractive index of 19.2 was observed at the resonant frequency 1.416 THz.
Analysis show that higher refractive index at the second resonance frequency band is achievable through redesign of the structures,
and modifications could lead to a single structure with multiple frequency, multiple high-refractive-index metamaterials that can

be put to practical use.

1. Introduction

In recent years, metamaterials have been designed to operate
in a broad frequency range, including the microwave [1],
terahertz [2], and the infrared [3] regimes. Material design
parameters include high refractive index [4], extraordinary
optical transmission [5], negative refractive index, permit-
tivity, and permeability values [6-9]. Characterizing the
structure responses has been made easier because of the
well-known properties of the embedded metallic (e.g., Cu,
Au) designs. In the THz regime, Singh and his colleagues
have studied the material characteristics extensively [10—
16], including optically thin metamaterials [10], effects on
resonance due to (i) material permittivity [11] and (ii)
nearest neighbor interactions [13]. Metamaterials in the
THz regime are of interest because of their applications
[17].

In the past few years, great advances in the development
of high-refractive-index metamaterials in the THz regime
have been reported. Structures such as metallic wires [18],
metallic films with cut slit [19], and specific designed

“I” shape structure [20] have been designed and used in
experiments and their performance as high-refractive-index
material analyzed.

However, almost all metamaterial structures designed
for high-refractive-index do so at a single frequency band.
Since potential applications in the THz regime could require
wideband, it would be desirable, for practical usage, to have
a multiband high refractive index metamaterials. Thus, the
focus of research for many is the design of multi-THz,
high-refractive-index metamaterials. Design of two resonant
frequencies in a metamaterial structure has been reported
earlier [21, 22], but the high refractive index needed for
the applications was not shown. In this paper, we report
on the development of a metamaterial structure that can
have two or more wide bands with high-refractive-index
value in the THz regime. With this brief introduction,
the rest of the paper is divided as follows: in Section 2,
the theory on designing the structure is described, while
Section 3 shows the simulation and the design effort. The
results are analyzed in Section 4, while we conclude in
Section 5.
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FIGuUre 1: Current distribution when magnetic field is applied to the structure, from [23].

FIGURE 2: Schematic plot of the single “I” shape structure, from
[20].

2. Background

The refractive index # is related to a material’s relative per-
mittivity and the relative permeability e, and y,, through
the relationship n = /e, X ;. To achieve a higher-refractive-
index value in a metamaterial design, the dielectric constant
and the permeability need to be enhanced at the same time.
A high dielectric constant value can be achieved through
an electric resonance that results from a strong capacitive
response, as indicated in aprevious work [18, 19]. However,
such designs may also have a strong diamagnetic response
induced by the current loop on the surface of the structure
that is normal to the electric field, thus making the effective
permeability of the metamaterial relatively small (v < 1).
A reduction of the diamagnetic effect in the structure
can be achieved through interactions with a propagating
electromagnetic wave, by reducing the area subtended by
the current loop that is parallel to the magnetic field to
decrease the magnetic dipole moment to the maximum

FIGURE 3: Schematic plot of the single-unit cell design.

extent possible. In this way, the strong capacitive response
is maintained while the diamagnetic response is suppressed
in the structure. Shin and his research utilized the principle
of diamagnetic response suppression in producing a high-
refractive-index value [23].

Figures 1(a)-1(c) show the configuration used by Shin
in suppressing the diamagnetic effect of the structure.
Figure 1(a) shows a metallic cube-like structure exposed
to the magnetic field with a large area surrounded by
the current loops induced on the surface of the structure,
while Figure 1(b) shows the modified structure with a bar
connecting the top and bottom panel to decrease the area
surrounded by the induced current loop. In Figure 1(c),
it shows an even improved structure with cut slits on
the top and bottom panel of the structure to reduce the
area surrounded by the current loop while maintaining the
electric charge. According to the fringe-field effect [24, 25],
the total surface charge on the top and bottom panel remains
the same as the one without cut slits. As a result, the electric
response remains the same while the diamagnetic response
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FIGURE 4: Schematic plot of the single band structures. (a) is the “I” shape structure with a lower resonant frequency band, and (b) is the

cut wire structure with a higher resonant frequency band.

(b)

FiGURrE 5: Normal of the electric field distribution on the single band structures. (a) is the field distribution on the “I” shape structure, and

(b) is the field distribution on the cut wire structure.

is reduced when the area parallel to the magnetic field as
produced in Figure 1(a) is made smaller by etching the
surfaces as shown in Figure 1(c).

Another “T” shape structure in the terahertz frequency
range that shows ultrahigh electric resonant value and low
diamagnetic response was introduced by Choi recently [20]
and is shown in Figure 2. This structure has high refractive
index optimized from Shin’s work [23].

However, all such structures designed so far exhibit
high refractive index at a single THz frequency band. Thus,
there is a need to design a dual or multiband metamaterial
structure with high refractive index at each band, such that

a single structure can be tuned to a specific application,
if necessary. In this paper, we design and discuss such a
metamaterial structure that has multiband, high-refractive-
index values [26]. Our research builds on and integrates
previous work discussed earlier.

3. Design and Simulation

Figure 3 shows the unit structure of the proposed metama-
terial that produces high refractive index at each frequency
band. Like the previously described single-band high-
refractive-index material, this structure is also the result of
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FIGURE 6: Surface current distribution of the single band structures. (a) shows the current distribution of the single “I” shape structure, and

(b) shows the current distribution of the cut wire structures.

TaBLE 1: Dimensions and components of the designed structure.

Location Length Width Thickness
(1) Top and bottom bar, Au L, =49um W,, = 1.5um 0.1 um
(2) Center bar, Au L,—2xW, =46um W,, = 1.5um 0.1um
(3) Cut wires, Au g=L—-W;L,. = (46 —g)/2 W,, = 1.5um 0.1 um
(4) Substrate, polyimide L =50um W =49um 5um

a number of iterations in the simulation effort that finally
resulted in the configuration shown here.

The metallic structure (gold) is embedded in the center
of a substrate made with polyimide. The thickness of the
embedded metallic structure is 0.1 um, and the width of the
metal is kept at 1.5um in order to reduce the diamagnetic
effect caused by the magnetic dipole that results from
the current loop surrounding the structure. Table 1 details
the dimensions associated with of the unit cell shown in
Figure 3. Commercial software, the CST Microwave Studio,
was used to simulate the effects of electromagnetic wave
interactions with the metamaterial. The background and
boundary conditions of the unit cell were set up properly
to make the wave propagate and polarize in the desired
direction. In the simulation, two waveguide ports were used
to generate and receive the polarized THz wave, which is
incident normally on the substrate along the z-direction with
the electric field in the x-direction parallel to the metallic
structure and magnetic field in the y-direction. It should
be noted that the properties of the THz material could be
affected at oblique incidence [24] and are not studied here.

3.1. Individual Structure Simulation. Since the modified de-
sign for dual frequency response presented here combines
two separate high-refractive-index single frequency meta-
material designs, the response mechanism of the modified
design can be best understood when the single frequency

structures are analyzed first. Figures 4(a) and 4(b) show
the two high refractive index, single frequency structures.
In both these designs, the metallic structures are embedded
in polyimide foam and have five by five unit cells. The
dimensions of both the structures are kept the same so that a
reasonable comparison of their characteristics is possible.

When exposed to the electromagnetic field, surface
charges accumulate on the top and bottom bar in the y-
direction, which will then induce surface current along the
center bar and the cut wires, as shown in Figures 6(a)
and 6(b) and capacitors developed between the units in
structure of Figure 5(a), while similar capacitors developed
between the gaps of the two split bars in Figure 5(b). These
capacitive resonances are reflected as two electric responses.
Figures 5(a) and 5(b) show the induced electric resonance
areas, marked as in Figure 5(a) and in Figure 5(b) with red
color indicating the highest level of the induced electric
field. This will be evident in the transmission plot and the
extracted permittivity and permeability plot later.

These electric responses are also evident from the surface
current distribution on the metallic structure. Figure 6(a)
shows a strong current induced along the centers bar of the
structure, resulting in the capacitive response between the
gaps which induces the electric resonances. On the other
hand, Figure 6(b) shows two induced surface current on the
two sets of cut wires along the same direction. The two
capacitive responses in the gaps couple with each other to
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FIGURE 7: Transmission and reflection of the “I” shape structure. The resonant frequency is around 0.48 THz.
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FiGure 8: Transmission and reflection of the cut wire structure. The resonant frequency is around 1.9 THz.

provide a strong electric resonance, which is even stronger
than the single-bar resonance. The resonance of the two
structures is displayed in the plot of the transmittance in
Figure 7. The lowest value of the transmission indicates the
resonant frequency of the structure.

The resonance frequency band for structures in
Figures 5(a) and 5(b) can be determined from the transmit-
tance and reflectance plots of the structures, as shown in
Figures 7 and 8. For the structure in Figure 5(a), the resonant
frequency lies near 0.48 THz where the transmission reaches
—32dB, while structure in Figure 5(b) has a resonant fre-
quency at near 1.9 THz where transmission reaches —38dB.
The second resonant frequency exhibits lower and broader
electric response than the first one (Figure 8). We consider
that the current distribution on the two sets of split cut wires
and the corresponding capacitive response contribute the
most to the second resonant frequency of the structure. The
difference between the two plots indicates that it might have
more broad use within the second resonant frequency band,

which is even broader than the first resonant frequency
band.

3.2. Combined Structure Simulation. The combined struc-
ture is shown in Figure 9, where the dimensions are the
same as the single band structure simulated in the previous
section.
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FIGURE 9: Schematic plot of the new design with dual band of
resonant frequency.

Figure 10 is the transmittance and reflectance of the
simulated combined structure. As known, the lowest point
of the two transmissions reflects the strongest point of the
resonance. The result clearly exhibits two strong resonant
frequencies with a lower value of 0.416 THz and another one
at a higher frequency of 2.046 THz.
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FIGURE 10: Transmission and reflection of the designed dual band metamaterial.
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FiGurk 11: Current distribution at different resonant frequencies. The left figure indicates the lower resonant frequency with strong current
distribution in the center bar. The figure on the right indicates the higher resonant frequency with current distribution mostly on the cut

wires.

Here, the resonant frequencies of the combined structure
have shifted a little as compared to the two individual
structures shown earlier. The shift in the resonant peak
frequency could be attributed to the coupling of the two
surface currents induced in the modified structure at two
resonance frequencies.

The structure in Figure 11(a) shows the current distri-
bution at a resonant frequency of 0.416 THz. In this case,
the electric response is mainly due to the strong current
induced in the center bar. The structure in Figure 11(b)
shows a current distribution at a higher resonance frequency
of 2.046 THz. Here, the majority of the current is distributed
on the side cut wires. These current distribution plots
at different frequencies clearly show not only onset of
two resonance frequencies for the modified structure, but
also the fact that due to the presence of charges in the
structures, there is a shift in the resonance frequencies
when the original structure had only one embedded metallic
structure in the dielectric. The final step in our analysis is
to demonstrate the high-refractive-index values in the two

resonant frequencies for the proposed modified structure.
We only compare the two cases: the “I” shape (Figure 5(a))
structure and the new modified structure as shown in
Figure 9.

4. High-Refractive-Index Analysis

The intrinsic properties of the metamaterial structures can
be retrieved by using the scattering parameters S11 and S21
and a method previously used by Smith and so forth [26].
The effective permittivity and the effective permeability for
the comparison in both cases are extracted from the S-
parameters, which are shown in the plot as the transmission
and reflection of the simulated structure. Figures 7 and 10
show the S-parameter for the single frequency band structure
(Figure 5(a)) and the dual frequency band modified struc-
ture (Figure 9), respectively.

In the first case of the “I” shape structure, a strong
electric response and a high value of relative permeability
are evident due to a strong coupling between the metallic
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F1GURE 12: The upper left and right are the permittivity and permeability of the single frequency band metamaterial. The lower figure is the
extracted refractive index of the metamaterial.
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FIGURE 13: The upper left and right are the permittivity and permeability of the dual frequency band metamaterial. The lower figure is the
extracted refractive index of the metamaterial.



units and the small area surrounded by the current loop
parallel to the magnetic field. Figure 12 shows the retrieved
permittivity and permeability of the “I” shape structure,
where the relative permittivity reaches a high value of 715.1
at the frequency of 0.42 THz, and the relative permeability
is 2.646 at the same frequency. The corresponding refractive
index reaches 53.42 at this frequency. The result on one hand
approves the research and theory of the early design [19],
while on the other hand, it provides the comparison with the
dual resonant structure in the resonant frequency band and
the refractive index value.

Compared with the single frequency band structure
in the first case, there exists, significant difference in the
resonant frequency and the intrinsic parameters in the
second case of the dual band frequency structure. As seen
in Figure 13, there are two resonance peaks in the operating
frequency range which results in two relative permittivity
peak values of the 802.6 and 227 at 0.384 THz and 1.416 THz,
respectively. The corresponding relative permeability at these
frequencies is 2.381 and 1.153. Thus, the refractive index at
0.384 THz is 61.83 and 19.2 at 1.416 THz.

The first resonant frequency proves an enhancement in
the relative permittivity due to the coupling effects between
the center bar and the cut wires and a small decrease in
the relative permeability due to the enlarged area of surface
surrounded by the current loops. However, the second
electric and magnetic resonances in the operating frequency
appear to be not as strong as the first one in this design. The
reason for the weak second resonant frequency band could be
due to the fact that at this higher frequency a homogenous
medium approximation would fail and thus would result
in the elimination of the same direction-induced surface
current on the cut wire. Since the second resonant frequency
as we see is mainly decided by the cut wires, the same
direction current loop on the cut wires eliminates the electric
and magnetic response and results in a smaller capacitive
resonance and a smaller relative permeability compared to
those with the first resonant frequency.

As is evident from Figure 13, the second refractive index
value is in the broadband range. Since the property of
the metamaterial depends mostly on the geometry and the
arrangement of the structure, we believe that the dimensions
of the structure can be modified to get a stronger resonance
at the desired frequency.

Finally, as discussed earlier in Section 2 and extensively
by Shin et al. [23], the structure design suppresses the
strong diamagnetic response of the structure, and extracted,
effective permeability for the structure is more than the
expected value, since inhomogeneity of the structure was not
considered for parameter extraction [27], and the figures do
not represent the exact profile.

5. Conclusion

A high-refractive-index metamaterial structure with dual
frequency band was designed through simulation and anal-
ysis. Results show that the metamaterial, designed with
gold structures embedded with polyimide film, effectively
exhibits a high refractive index at two frequency bands.

Physics Research International

In the second frequency band, the high refractive index
is of relatively smaller value than the main effective band.
It is expected that through modifications in geometry and
design, improvement in the electric and magnetic resonant
frequency and the refractive index value can be enhanced for
the second frequency band.

The methodology applied in this study could be applied
to structures to design high-refractive-index metamaterials
at multifrequency. Since polyimide has good flexibility and
isolation property, the designed structure can be used in a
variety of applications.
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