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Realization of Broadband Negative Refractive Index in Terahertz
Band by Multilayer Fishnet Metamaterial Approach

Sudarshan Kalel' and Wei-Chih Wang! 2 3> 4 *

Abstract—In the present study, a broad negative refractive index (NRI) performance is achieved in
the terahertz frequency range (0.6-0.9 THz) through the design of multi-layered fishnet metamaterial
(FMM). Herein, the conventional fishnet structure is modified by smoothing the sharp corners to reduce
the electric field concentration and improve NRI. At corner radius, » = 30 um, an effective refractive
index of —11.14 is achieved with lower electric field concentration at the corners. A multilayer structure
of up to 40 layers is studied to achieve a broad NRI frequency response. The frequency band of NRI
response is improved from 0.034 THz for a single layer structure to 0.178 THz for 28 layer structure,
almost 6 times the original bandwidth. With the increase in the number of layers, the improvement in
NRI and Figure of Merit (FOM) is observed, and maximum NRI and FOM values of —87.5 and 12.67
are achieved at 28 layers. This multilayer broadband design can surpass tunable response of available
electro-optic materials. With an optimal combination of NRI and FOM, the presented multilayer
approach can achieve a low-loss, broadband performance.

1. INTRODUCTION

For the last two decades, the negative refractive index (NRI) has fascinated and motivated researchers
to develop technologies and devices that are simpler and more efficient for the current fast-paced world.
Applications like perfect lens [1,2] and invisible cloak [3] are made possible with these NRI materials.
In the real world, many applications demand stable and efficient performance of devices over a wide
frequency range. The wavelength-dependent refractive index of optical materials is a major limitation
to develop broadband optical devices. A uniform refractive index over wide frequency band can allow
researchers to extend phenomena like superlens and cloaking to broader wavelengths. To obtain the
NRI response over broad frequency, special geometries and multilayer structures have been used by
researchers [4-11]; however, these structures have limitations which will be discussed ahead. A special
nano-scale split ring type resonator was used by Atre et al. [4] to show broad 250nm wavelength
range, NRI (n/ = —1.9) in visible and near-infrared regions. A polarization independent 2 layered
metamaterial that exhibits NRI in microwave region with a refractive index of —2.66 at 14.19 GHz and
0.51 GHz range was studied by Aydin et al. [12]. Another broadband NRI plasmonic metamaterial by
the combination of cut wires and dimers exhibited approximately 10% of bandwidth around 14.4 GHz
frequency [9]. Horizontal and vertical hyperbolic stacking of metal-dielectric layers [6, 13], optically [7],
and thermally [14] tunable approaches have also been studied to develop broadband NRI structures.
Recently, terahertz waves have also shown great potential in communications, imaging and security [15-
17], sensors [18,19], and energy harvesting [20,21] applications. In the terahertz range, a broad
response of almost 0.5 THz (from 0.4 THz to 0.9 THz) was achieved by thermally tuning the substrate
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material [14]. However, this structure shows NRI response only under the influence of heat. Apart from
this, many reported structures in the terahertz region are single/dual narrow bands or require special
designs that are complicated to fabricate [22,23]. In this work, we attempt to broaden the resonance
of a single-layer fishnet structure by stacking a number of fishnet-shaped metal and dielectric layers
and utilize multiple resonances to broaden the NRI response. The goal is to develop broadband NRI
metamaterial with a simple geometry that is easy to fabricate and works at room temperature. By
using such structures, a flat perfect lens (considering NRI response) based on a multi-layer array of
subwavelength cells with broadband performance could be realized.

We particularly select PVDF-TrFE-CTFE (terpolymer) material that has the potential to make the
device tunable, so the tunability response can be compared to the broadband response of the proposed
design. Since, to apply the electric potential, the materials need metal electrodes on both sides, it is a
suitable candidate to become the Metal-Insulator-Metal (MIM) structure. In our work, first, we design
a simple fishnet structure with resonance frequency between 0.6 and 0.9 THz, then modify this structure
by smoothing the sharp corners to reduce electric field concentration and improve NRI response. Second,
we design a multi-layered fishnet structure to achieve broad NRI and low loss. The effect of the number
of layers on transmission, refractive index, figure of merit (FOM), and absorbance is studied. Some
optimum operating conditions concerning FOM and refractive index are suggested in discussion section.

2. METHODOLOGY

We begin the design process by first performing experiments to measure the refractive index and
extinction coefficient of PVDF terpolymer in the range of 0.2-1THz because there is no information
currently available. THz time domain system (THz-TDS) (Batop Optoelectronics) is used to derive
these properties from So; measurement. The results are plotted in Supplementary data Fig. 1. From
measured ‘n’ and ‘k,” real and imaginary parts of permittivity are calculated by using relations
e =n’— k2, ¢” = 2nk. Silver is used as metal layer with Drude’s model having plasma frequency equal
to 14.602 x 10 rad/s and collision frequency equal to 13.5 x 10'2/s. All the numerical simulations are
done using commercially available SIMULIA CST Studio Suite 2022. Periodic boundary conditions are
applied to a unit cell along X and Y directions during the simulation with the assumption of an infinite
metamaterial array, where wave travels in the —Z direction. To simulate a 3 x 3 array, F; = 0 at +Y
and —Y directions; and H; = 0 at +X and —X are applied as boundary conditions.

Estimating the complex refractive index, permittivity, and permeability from S-parameters is a
well-established method that has been described by earlier researchers [24-27]. To begin, the complex
impedance ‘2’ is estimated from S1; and Se; parameters,
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3. RESULTS AND DISCUSSION

First, we designed a conventional fishnet structure to exhibit double-negative (DNG) response around
0.72 THz and compared its performance with modified (rounded corner) fishnet structure in the aspect
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Figure 1. (a) Fishnet unit cell and equivalent LC circuit (Green and grey colour represent dielectric and
metal respectively). (b) Simulated results of S parameters for unit cell (resonance near 0.72 THz), Sa;
phase, and real part of estimated refractive index. (c) Estimated effective permittivity and permeability
of unit cell FMM structure showing double negative performance.

of NRI. Furthermore, the multilayer structure with optimized corner radius is studied for different
numbers of layers to achieve broad NRI with lower losses. The conventional fishnet design is shown in
Fig. 1(a). The total length of the unit cell (L) is 220 um; patch width (W}) is 175 um; arm width (W)
is 75 um whereas the thickness of substrate (t5) and metal (¢,,) is 15 um and 0.1 pm, respectively.

S parameters, S2; phase, and estimated real part of refractive index (n’) are shown in Fig. 1(b).
The phase shift here is more than 7/2 at the resonance where the refractive index is equal to —9.1 at
0.72 THz. Fig. 1(c) depicts the effective permittivity and permeability of the fishnet structure, evaluated
from (4) and (5). Near the resonance, a double negative effect (minimum &’ of ~ —1 and p’ of ~ —43)
is achieved.

We performed smoothing of the sharp corners of conventional FMM by adding radius at the corners.
The motive here is to reduce the electric field concentration at the corners and reduce difficulties that
arise during the fabrication process to achieve such sharp corners [28]. The effect of different corner
radii on the impedance and refractive index is plotted in Fig. 2. Due to the rounded corners, the
impedance is reduced, with a lower concentration of electric charges on the surface during resonance.
Fig. 3(a) shows the electric field distribution on the surface of the fishnet cell (at the interface of air and
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Figure 2. Modified FMM study. Effect of corner radius (in pm) on the (a) real and (b) imaginary
part of the impedance, and (c), (d) refractive index.

metal layer) for sharp and rounded corners at resonance on the same scale. The E-field concentration
at the corner decreases with an increase in radius. It is easy to notice that after 30 um, the maximum

E-field concentration at the corners and n’ saturates. Here, impedance is given as Z « +/L/C (L
and C are inductance and capacitance, respectively). If the input field (V') is the same, and charge
concentration (@) decreases, then C' decreases (as CV = @), and impedance will increase. However,
there is an increase in the rotating field along the thickness of the fishnet structure with the addition
of corner radius, as depicted in Fig. 3(b) (observing the color and size of arrows), meaning that the
inductance that opposes the current flowing through the structure is reduced. This field increases up
to r = 30 um and saturates afterwards. With the reduction in inductance, the impedance decreases.
The reduction in inductance must be dominating the increase in capacitance, due to which there is a
decrease in impedance with the increase in corner radius.

Since w = /1/LC, due to the reduction in L and C, the resonance frequency shifts toward a
higher value. As presented in (3), the estimation of refractive index totally depends on the magnitude
and phase of S-parameters, as well as impedance characteristics. Hence, due to the combined effect
of these parameters, with an increase in radius, —n’ increases, with resonance shifting toward a higher
frequency. At 0.76 THz for r = 30 um, n/ is —11.43 compared to the index of sharp cornered structure
(—9.1 at 0.72THz) along with lower concentration E-field. Meanwhile, after 30 um, the shape of the
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Figure 3. Modified FMM study. (a) E-field distribution on the surface of fishnet cell at different corner

radii (frequency mentioned corresponds to minimum n').

All the plots presented on same scale.
E-Field Vector plot along the thickness of structure. All the plots are presented on same scale. Yellow

(b)

arrow shows the direction of wave propagation, cutting plane (Y Z) is depicted in bottom right corner.
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square patch is disrupted. Therefore, for all further studies, fishnet cell with r = 30 wm is considered.

One might argue just using a circular patch fishnet instead of just rounding the corners. However,
we compared our patch design with » = 30 um to a circular patch keeping the arm width and patch size
similar as shown in Fig. 4(a). No resonance is seen within the given range due to which no NRI response
is exhibited by circular patch fishnet design. However, the resonance exhibited by an equivalent circular
fishnet structure lies at frequency more than 1 THz (please refer to Figs. 2—4 in supplementary data).
Furthermore, to compare the left-handed material (LHM) response of the FMM unit cell with a finite
array, a 3 X 3 single layer (m-d-m) array is modelled. The estimated n’ for unit cell and array shows
remarkably close performance as shown in Fig. 4(b).

= QOur Patch 7
0 ; — 20 0
7,3 —sn U ’,‘-——_’_‘/"
& -10 |= = 821 | v=-= .| |=—S11-Unitcel
@ — = 9 [ |==—521-Unit cell
| T “V‘/ il - = = S11-Aray
@ y m 10 - = S2-Array
¢ -30 e L

05 0.6 0.7 0.8 0.9 1 £ -

: E"

—~ Circular Patch ) ]
m 0 - T 15 ©
=) Q.20
- —_S11 _ v
g ° - = s21 1
£ B -25
@ -10 _ -
g o TR
o 15 & - - 30 .

05 06 0.7 0.8 0.9 1 0.6 0.65 0.7 0.75 0.8

Frequency (THz) Frequency (THz)

(a) (b)

Figure 4. (a) S parameters and n’ comparison between our rounded cornered fishnet patch (r = 30 um)
and circular patch. (b) S parameters for FMM unit cell vs 3 x 3 single layer finite array of the rounded
cornered design.

The multilayer structure is modelled by stacking numbers of a fishnet-shaped metal layer (m) and
a dielectric layer (d) without any air gap between them. Here, single layer means m-d-m; 2 layers mean
m-d-m-d-m, and so on. A structure up to 40 layers is numerically simulated and estimated, and results
of transmission loss, impedance, refractive index, and FOM are plotted for the different numbers of
layers. Here FOM is defined as the ratio of real to imaginary part (n’/n”) of estimated refractive index.
The normalized Ss; parameter or transmission (where T' = |So1|?) for the multilayer structure is plotted
in Fig. 5. Just before the resonance, So1 is extremely low for structures with more than one layer. For
a single layer, maximum Sy; is ~ 60% at the resonance, and it further decreases with the addition of
layers. The dispersive behaviour of polymer material and multiple reflections between metal electrodes
could be major factors reducing the transmission of light through the structure [6, 28].

It can be observed that the resonance peak is broadened instead of a sudden jump in the Sy; curve
with the addition of layers. As seen from Fig. 5, a single peak in the Sy; curve of 1 layer structure is
transformed into multiple peaks at the resonance, contributed by each layer in the structure. These
multiple peaks broaden the frequency response with a reduction in the amplitude of light transmission.
A similar broadband response is expected in the S9; phase curve. As the values of refractive indices
are estimated through amplitude and phase of S parameters, the ultimate effect is seen in the n’ curve
due to broad anomalous dispersion (Fig. 6(a)). Table 1 summarizes the estimated results for multilayer
structure, minn’ (or max —n’ for our understanding) and corresponding frequency (f,,), frequency
range within which —n’ occurs (Af,,), max. FOM (where FOM = n’/n”), and n’ at the frequency
corresponding to max. FOM (frps). Maximum NRI band Af,,,. of ~ 0.18 THz (~ 24%) is achieved at
28 layers, 6 times as compared to single layer FMM.

Here, the value of NRI is also improved from —11.14 for a single layer to —87.5 for 28 layers’
structure. Our approach to estimation is purely based on the employment of the finite element method
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Figure 5. Effect of the number of layers on transmission through the structure. Inset shows the
modified multilayer fishnet metamaterial.
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Figure 6. (a) Estimated n’ for different layers. (b) Comparing tunable design vs current broadband
design.

for S-parameter retrieval expressed by (1)—(3). Herein, along with multiple resonances due to the
multilayer structure, the effective thickness (d) of the structure in (3) also increases with the addition
of layers. This d is inversely proportional to the effective refractive index and is calculated by adding
thicknesses of the number of substrate and metal layers. With an increase in the number of layers, we
observe that this effective thickness for the 28-layered structure becomes almost equal to the wavelength
corresponding to ~ 0.75THz, due to which the constructive effect of these layers might provide a
greater n’. For 35 layers, this effective thickness is not close to the resonance wavelength, and the n’
value starts diminishing. In the same way, the 40-layered structure should have a lower n’ than the
35-layer structure; however, the sudden reversal of sign before 0.7 THz might indicate an estimation
error in the computation. According to the effective medium theory (EMT), the estimated effective
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Table 1. Summary of results.
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Min n’ and Range of Max. FOM within
No. of corresponding —n' (Af,,) Af,. and n' at
layers frequency in THz (% corresponding frm
(fur) in THz | of fu) frequency (fra)
1 T11.14 @ 0.760 | 0.034 (4.47) 2.16 @ 0.764 719
10 —37.73 @ 0.755 | 0.114 (19.07) 9.98 @ 0.785 —9.25
15 —53.03 @ 0.749 | 0.175 (23.36) 10.53 @ 0.790 —12.92
28 —87.51 @ 0.747 | 0.178 (23.82) 12.67 @ 0.780 —30.62
35 —57.8 @ 0.744 0.157 (21.10) 4.03 @ 0.762 —17.38
40 —15.62 @ 0.665 0.060 (9.09) < 0.1 —15.62

refractive index should be independent of thickness in the direction of propagation of electromagnetic
(EM) waves [24]. A recent work by Liu et al. [29] demonstrated the limitations of EMT in estimating
effective parameters for multilayer metamaterials. They observed significant discrepancies between EMT
and the Finite Element Method (FEM) results for multilayer structures, with the deviation increasing
with the number of layers. Additionally, the presence of low spacing between metallic layers (dielectric
thickness) contributes to this error, as EMT does not account for the coupling between these layers.
Consequently, the reliability of the S-parameter retrieval method for estimating effective parameters in
multilayer structures with multiple resonance phenomena may be questioned. Despite these limitations,
the goal of this study was to showcase broadband negative refractive index (NRI), and the multilayer
approach employed herein demonstrates such performance.

The selected electro-active PVDF terpolymer substrate could serve the tunable response, as the
reported change in refractive index (An) due to the applied electric field is equal to 0.025 in the 3-5 um
wavelength range [30]. For now, we assume the same An of PVDF terpolymer substrate to check its
frequency shift in the THz region. In addition, we also use An change up to 0.2 in THz region, as
electro-optic material like liquid crystal can exhibit such An change [28]. We also consider a non-
realistic farfetched An = 0.5 for the sake of comparison of frequency response with our multilayer
structure. Fig. 6(b) depicts comparison in the shift of estimated n’ due to An equal to 0.025, 0.2, and
0.5, respectively. As shown, the maximum shift due to 0.5An is ~ 0.146. As shown, the maximum
shift due to 0.5 An is  0:146; however, 28-layered structure exhibits a broad response of more than
0.182 THz that surpasses the frequency response of all the An. Hence, this approach can eliminate the
use of external aid or active materials to achieve negative index in wider frequency ranges.

The quality of performance of the structure is usually measured by FOM, and an ideal structure
shows a high value of FOM meaning a lower loss in the structure. Maximum FOM achieved within
the NRI band increases with a greater number of layers. For 28 layers FOM is 12.67, and with further
addition of layers FOM decreases (as shown in Fig. 7(a)). For 40 layers this FOM value drops to less than
0.1. Extremely high loss in the material with the addition of layers is responsible for such behaviour.
In Table 1, all the frequencies corresponding to maximum FOM (fpas) are higher than 0.76 THz. For
28 layers, the max. FOM occurs at 0.780 THz, whereas NRI at this frequency is —30.62. Hence, this
structure can be operated around the frequency corresponding to max. FOM to exhibit NRI. As listed
in Table 1, the optimum conditions for structures with different layers can be achieved to obtain NRI
with reasonable FOM.

Figure 7(b) represents the absorbance in multilayer metamaterial, herein absorption coefficient is
calculated by A(w) = 1-T'(w)—R(w), where w represents the frequency. T'(w) and R(w) are transmission
and reflection coefficients respectively and are estimated from S-parameters, i.e., T = |So1|> and
R =|S11|%. The estimated absorbance increases within 0.74-0.77 THz for all the layers. The maximum
absorbance for 28 layers is close to single layer structure near the resonance. Hence, maintaining the
same loss in the structure better NRI and FOM values are achieved.

Table 2 compares different metamaterial structures and their broadband performances in the
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Figure 7. (a) Effect of addition of layers on FOM. (b) Absorbance in the structure with different
number of layers.

terahertz regime. In the case of [7], a 3D Split Ring Resonator (SRR) is inserted within the polyimide
substrate, and VOg is used in the gap between the top and bottom layers. Herein by tuning the
VO3 through temperature control, a tunable broadband metamaterial is achieved. However, such a
structure requires special materials like VO, and the performance of the structure deteriorates at room
temperature. The work of [14,31] demands the fabrication of vertically standing structures that are
complicated to fabricate. Zhang et al. [32] depicted dual band NRI response in the THz range with a SiOq
substrate. However, all these studies consider a dispersion-free dielectric or semiconductor substrate
material which can be questionable in terms of its accuracy and reliability of the results. In contrast,
we attempted to measure the dispersive properties of substrate material in the desired frequency region.
The achieved refractive index is also much higher than others’ work. Our recent work [33] highlights the
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Table 2. Comparison among different broadband NRI THz metamaterials.

Mo . / N
Unit cell NRI frequency 1T11mum‘ n' R,I
Geometry size (m) range (THz) obtained within bandwidth
H & the range (THz)
Symmetrical 3D SRRs [7] 70 x 70 1.3-2.9 -9 1.6
0.4-0.9
ical L-sh 114 ’ — .5, 0.
Vertical L-shaped metal [14] 80 x 80 1 06-1.14 6 0.5, 0.09
2.04-2.42
Pl ic fish 2 4 x 64 ’ — . 1
asmonic fishnet [32] 64 x 6 319-3.98 9 0.38, 0.16
Planer metallic outer L 3.08-3.64
2 2 ’ — . 2
shape and inner ring [31] 020 4.10-4.37 ! 056, 0.27
Current work (28 layers) 225 x 225 0.65-0.83 —87.5 0.18

issues related to a sudden jump, known as a ‘modulo jump’, in the transmission phase and the estimated
dielectric properties of metamaterials due to incorrect selection of the ‘m’ branch of a sinusoidal function.
Such a ‘modulo jump’ can be observed in the estimated properties reported by [7,14]. However, the
FMM studied in this work does not exhibit any sudden jump in the phase or refractive index, as shown
in Fig. 1(c). The current approach requires no special or expensive materials like graphene or VOo,
or external energy to realize a broad NRI response. The broadband performance also dominates the
tunable response of naturally available materials. The current multilayer structure provides a simple
reliable way to generate a broadband performance in the terahertz region by properly optimizing the
rounding of the corners of the square patch and stacking them in layers with appropriate thickness.

4. CONCLUSION

By modifying sharp corners of the conventional fishnet, the enhancement in NRI with the reduction
in E-field concentration can be achieved. By multilayer approach the NRI band is improved from
0.034 THz for a single layer to ~ 0.18 THz for 28 layers, almost 6 times of the original bandwidth. A
minimum NRI of —87.5 and a maximum FOM of 12.67 are achieved within the broad NRI response at
28 layers. Such a multilayer structure can be operated with optimal NRI and FOM values to achieve
better performance in the given range. The current multilayer design can surpass the tunable response
of the many electro-optic materials. Such NRI broadband structures can help to realize applications
like flat lenses in different frequencies.
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