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Influence of hole shape on the transmission and negative refractive

index properties of metal-dielectric-metal metamaterial
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(1. Department of Physics, Nanjing Normal University, Nanjing 210023, China;
2. Hezhou College, Hezhou 542899, China)

Abstract: The transmission, negative refractive index (NRIT) and figure of merit (FOM) of metal-dielectric-metal
(MDM ) sandwiched metamaterial, which is perforated with different length of rectangular holes, are numerically
studied. The low-frequency transmission peak and maximum transmission peaks of rectangular hole are red-shifted
with the increasing of the length of holes. The NRI and the frequency bandwidth of NRI of the rectangular holes are
reduced with the increase of the length of holes. It becomes possible to obtain a higher transmission or NRI of meta-

material by adjusting the length of the rectangular holes on MDM metamaterial arrays.
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Introduction

Over the past decade, extraordinary optical trans-
mission ( EOT) and negative refractive index ( NRI) of
2D hole arrays of sandwiched metamaterial are widely in-
vestigated because of their remarkable properties''?'.
Transmission properties of two dimensional (2D) hole
arrays perforated in metamaterial of subwavelength aper-
tures has become a very active research area in electro-
magnetism since EOT was reported by Ebbesen et al''’.
The phenomenon was suggested to be associated with sur-
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face plasmon polariton ( SPP)'* | composite diffracted
evanescent wave” and the excited surface electromag-
netic Bloch wave on the metal surface*’. The influence
of hole on the optical transmission properties of 2D hole
arrays have been studied in many experiments'>’. Moreo-
ver, the phase difference between the localized surface
wave and the propagating surface Bloch wave can be ad-
justed through changing the geometrical parameters of the
array with ring-shaped subwavelength apertures'®’. Some
studies indicate that the transmission properties of meta-
material with double sets of square holes is dependent on
geometric parameters of the subwavelength holes and the
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EOT phenomenon can be clearly illustrated for all of sam-
ples”’. Tt can be found in these experimental studies that
transmission through a rectangular hole presents strong po-
larization dependencies and higher transmittance than circu-
lar or square holes with the same area and transmission res-
onances can be supported by a single rectangular hole.
These studies only focus on the influence of hole shape on
the transmission properties of one-dimensional array >’
The NRI and the frequency bandwidth of NRI of 2D hole ar-
rays of sandwiched metamaterial were not considered in
these studies. It is valuable to study the effect of hole shape
on the transmittance and NRI properties of multi-layer
structure metamaterial. In order to have a deeper insight in-
to the influence of length of hole on properties of transmis-
sion and NRI of MDM sandwiched metamaterial, the trans-
mission spectra and the negative refractive spectra are stud-
ied with the changing of the length of rectangular hole.

1 Model and method

A unit cell of our model under study is showed in
Fig. 1(a) : a rectangular hole with the geometry of a =6
pm and b =2 pum. The scanning electron microscopy
(SEM) images of the sample are shown in Fig. 1(b).
The periodicity in the x-y plane is P =12 pm. The lat-
tice consists of three layers of media, two layers of silver
and one layer of SU-8, respectively. The thickness of the
silver film and the SU-8 layer are s =0.05 pwm and h =
2 wm, respectively. In the simulation, we utilize two i-
deal magnetic conductor planes on the boundary normal
to the x axis and two ideal electric conductor planes on
the boundary normal to the y axis'®'. The whole model is
tested in air with light incident from air to the structure
propagating along the z axis.
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Fig.1 Schematic of one unit cell and scanning electron micros-
copy image of sample
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The commercial software Ansoft HFSSI3 has been

used to perform the simulation. In the simulation, the die-
lectric constant of SU-8 is assumed to be 2.56 +0.035:"".
The silver layer is obtained using the Drude model;

2

w
e(w) =1-—5"— , (1)
o -lwy,

where y, =9 x 10" s "is the collision frequency, w, =

1.37 x10'"°s "is the plasma frequency'"®’. The transmit-
tance, negative refractive index and S parameters can be
obtained for the unit cell''".

2 Results and discussion

The transmission spectra of simulated and measured
results are showed in Fig. 2.
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Fig.2 The transmission spectra of simulated and measured results
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It can be found that there are three transmission
peaks in the mid-infrared region, one low-frequency
transmission peak and two high-frequency transmission
peaks. These high-frequency transmission peaks come
from external surface plasmon polaritons ( SPPs) and the
low-frequency transmission peak comes from the internal
SPPs'"?'. The good agreement between measured and
simulated results in Fig. 2 verifies that our simulated re-
sults are valid. Moreover, there exists negative refractive
index around the low-frequency transmission peak ac-
cording to some studies'>’. In order to have a deeper in-
sight into the influence of the length of hole on properties
of transmission and NRI of sandwiched metamaterial, the
hole in Fig. 1 (a) is changed to 6 pum X2 wm, 7 wm X
2 pm, 8 pm x2 wm and 9 pwm X2 wm, with other pa-
rameters kept unchanged.
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Fig.3 Transmission spectra with different length a =6 pm, 7 pm,
8 wm and 9 pm
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We calculate the transmission spectra corresponding
to the length @ =6 pm, 7 pm, 8 pm, 9 pm. As shown
in Fig. 3 that maximum transmission peaks are 0. 51
(6 m X2 um) 0. 65(7 jum X2 }Lm) 0.79 (8 pm X
2 pm), 0. 89(9 pm x2 pm) , respectively. The trans-
mission spectrum of the sample with 9 um x2 pm is ob-
viously bigger than other samples. It can be found that
maximum transmission peaks are red-shifted with the
length increasing, as shown in Table 1.

Table 1 Maximum transmission and frequency of peak with
different length @ =6 pm, 7 pm, 8 pm and 9 pm
F1 AEKERRKIENRMELL

Length a=6 a=17 a=8 a=9
Transmission 0.51 0.65 0.79 0.89
Position 19.4 17.7 16.4 14.7

Meanwhile the low-frequency transmission peak be-
comes less clear, indicated by the arrow in Fig. 3. We
used Origin 8.0 software for numerical fitting to obtain a
linear formula .

y=a+b*xx , (2)
In Eq. 2, x indicates length and y indicates maximum
transmission. The result of fitting is the red line as

showed in Fig. 4, with the intercept a = —0.25 and the
slop b =0.128.
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Fig.4 The transmission spectra with different length a =6 pm,
7 pm, 8 um and 9 pm. The red line is the numerical fitting results
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Equation 2 indicates that the variation of maximum
transmission with the length of hole follows a linear law.
It means that an appropriate length of rectangular hole
can be chosen to obtain the desired transmission.

It also can be found that low-frequency transmission
peaks are red-shifted with the length increasing too. Val-
ues and center frequency of transmission peaks are sensi-
tive to the length of hole. Refractive index of these sub-
wavelength holes is showed in Fig. 5.

As shown in Fig. 5 that all of holes exhibits an NRI
phenomenon. The NRI and the frequency bandwidth of
NRI are —0.85 and 3.2 Thz(a =6 pm), -0.82 and
3.3 Thz(a=7 pm), -0.81 and 1.9 Thz(a =8 pm),
-0.55 and 1.4 Thz (@ =9 wm) , respectively. It is ob-
viously that all of negative refractive peaks are red-shif-
ted. By comparing, we can find that the NRI and the
frequency bandwidth of NRI of hole are reduced with the
increase of the length of holes, as shown in Table 2. It

indicates that you can adjust the length of the rectangular
hole to change the NRI and the frequency bandwidth of
NRI.
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Fig.5 Refractive index spectra with different length a =6 pm,
7 wm, 8 pm and 9 pm
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Table 2 NRI and bandwidth of NRI for holes with different

length a =6 pm, 7 pm, 8 pm and 9 pm
R2 ARKEFLR SIS RN HEE

Length a=6 a=17 a=38 a=9
NRI -0.85 -0.82 -0.81 -0.55
Bandwidth 3.12 2.54 1.73 1.11

By comparing Fig. 3 with Fig. 5, the NRI and the
frequency bandwidth of NRI are reduced with the length
increasing. In order to find out the physics behind the re-
ducing NRI and the frequency bandwidth of NRI as a
function of the length of holes, the permittivity is re-
trieved from the simulated spectra of Fig. 3 and shown in
Fig. 6. We see that bands of NRI coincide with these
peaks of permittivity. It can be found that there exists
negative permittivity around the low-frequency transmis-
sion peak which lead to the NRI, as shown by the arrow
in Fig. 6. The NRI and the frequency bandwidth of NRI

are reduced with the permittivity closing to zero.
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Fig. 6  Permittivity for holes with different length, a =6 pm,
7 pm, 8 pm and 9 pm
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We calculate the loss of MDM sandwiched metama-
terials for electromagnetic waves with figure of merit
(FOM) .

FOM = —=Re(n)/Im(n) , (3)
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In the above formula, Re(n) is the real part of the re-
fractive index and Im(n) is the imaginary part of the re-
fractive index. The higher value of FOM, the lower loss
of MDM sandwiched metamaterial is for electromagnetic
wave. FOMs spectra corresponding to the length a =
6 wm, 7 pm, 8 pm and 9 wm are shown in Fig. 7.
FOMs increased at first, and then decreased. It means
that there is an optimum length, at which the maximum
FOM can be obtained.
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Fig.7 FOM spectra for holes with different length a =6 pm,
7 pm, 8 pm and 9 pm
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3 Conclusions

Transmission, NRI and FOM of MDM sandwiched
metamaterial perforated with different length of holes
were numerically studied under the same conditions. Re-
sults suggest that center frequency of low-frequency
transmission peaks and maximum transmission peaks are
red-shifted with the increase of the length of holes. The
NRI and the frequency bandwidth of NRI are reduced
with the increasing of the length of the hole. The FOM of
rectangular hole does not increase with the increase of the
length. The variation of maximum transmission with the
length of the hole follows a linear law. The study can en-
rich the possibility to control the transmission and NRI
properties of MDM sandwiched metamaterial via changing

the geometric parameters of rectangular holes arrays. We
can obtain a higher transmission or NRI of metamaterial
by adjusting the length of the rectangular hole on MDM
metamaterial arrays.
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