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According to the theory of high refractive index of metamaterials, a composite structure of metal
dielectric grating was designed to achieve high refractive index in infrared band. Based on the S-pa-
rameter inversion algorithm, we extracted the effective permittivity, the effective permeability, and
the effective refractive index of the designed metamaterial. By changing the geometric parameters
of'the composite grating metamaterial structure, the effective refractive index of the designed met-
amaterial reaches more than 8.0 at the infrared resonance frequency. This is a high refractive index
that many natural materials cannot achieve. It is noteworthy that the metamaterial structure has ob-
vious polarization sensitivity. The metamaterial structure has both high refractive index and wide-
band zero refractive index properties when different polarized light is incident. At the same time,
we further investigate the influence of metamaterial geometric parameters on the effective refrac-
tive index of metamaterials. Also, we propose a double grating metamaterial structure to obtain
more degrees of freedom of metamaterial on the effective refractive index.

Keywords: metamaterials, high refractive index, infrared band.

1. Introduction

Metamaterials refer to composites with artificially designed structures that exhibit ex-
traordinary physical properties not found in natural materials [ 1-10]. They have some
special properties, such as allowing light and electromagnetic waves to change their
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usual properties. This effect is not possible with traditional materials [11-20]. Meta-
materials have promising application prospects in super resolution imaging, perfect ab-
sorption, hyperlens, electromagnetic cloaking technology, efc. [21-30]. Metamaterials
are able to achieve abnormal physical properties mainly because they can achieve dif-
ferent equivalent material parameters, such as negative refractive index, zero refractive
index and high refractive index [31-38]. At present, most studies on metamaterials are
focused on negative index metamaterials and zero index metamaterials, and relatively
few studies on high index metamaterials.

High refractive index metamaterials have promising applications in microscopic
imaging and slow light devices. The refractive index of materials will largely restrict
the imaging resolution, and the design and preparation of material with high refractive
index properties can greatly improve the imaging resolution [39]. In addition, high
refractive index materials in the broadband domain can induce slow light effects, and
the design and preparation of a high refractive index metamaterial can enhance the stor-
age capacity of delay lines and spectral sensitivity of the interferometer [40]. In nature,
the refractive index of materials is generally a relatively small value, and only a few
semiconductor materials and insulators, for example, lead sulfide and strontium
titanate, will show a peak refractive index in mid-infrared and far-infrared bands.
Based on metamaterial technology, the equivalent parameters of materials can be con-
trolled artificially, and it is possible to design a material with high refractive index us-
ing metamaterial [41-45].

Here, based on polarization-sensitive metal grating structure, we propose a metal
-dielectric hybrid metamaterial in the infrared band. The metamaterials have different
equivalent refractive index under different incident polarization conditions, and
achieve high refractive index characteristics of polarization sensitivity. By changing
the size of the spacing between the grating strips, the high refractive index properties
of the metamaterial change accordingly. We further propose a double grating structure
metamaterial. Notably, this dual grating metamaterial can achieve broadband zero-re-
fractive index properties.

2. Principle of high refractive index metamaterials

According to the effective refractive index n = /e, 41, , it can be seen that the refractive
index of a material is determined by its dielectric constant and its permeability. In order
to increase the equivalent refractive index, we can increase the equivalent dielectric
constant and the equivalent permeability. The effective permittivity can be expressed as

P
ey E

e =1+

(1

where P is the polarization and ¢ is the permittivity in free space. It is known that the
polarization can be infuenced by the dipolar interaction between the parallel plate ca-
pacitors. The capacitor can generate the accumulation effect of charges in gap, and
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the charges can result in a significant dipole moment to enhance the effective permi-
tivity [46]. Also, the effective permeability can be described as

w=1+M/H 2)

where M indicates magnetization. The strong diamagnetic response will also influence
the effective index. SHIN et al. [47] demonstrated that the diamagnetic effect resulted
from the magnetic moments reduced by surface currents, and the strength of magnetic
dipole moment was proportional to the area subtended by the current loops. Therefore,
we can reduce the diamagnetic effect to enhance the effective permeability. Therefore,
the effective refractive index of metamaterials should be dependent on the different
aspects of geometric structure.

Recently, the parallel line charge accumulation model was proposed by CHor et al.
to evaluate the effective refractive index of metamaterials [48]. The gap width between
unit cells of metamaterial can be defined as g. When g is much smaller than the
metamaterial unit structure size, g < L, the strong coupled capacitor can be generated.
The accumulated charges between capacitor can be described by

L3
0 « gogp?Ein 3)

where ¢, is the relative permittivity of the substrate material, and E;, indicates the in-
cident electric field. The effective permittivity of metamaterials can be calculated as

P
r P gE

4

InEq. (4), E=(L/g)”E, , where f is a dimensionless fitting parameter, and the po-

mn>
larization density P can be evaluated by

O(L-¢g)
L*d
According to Eq. (3), it can be seen that the gap widths between cell structures are

inversely proportional to the cumulative charge. We can increase the accumulated
charge by reducing the gap between the metamaterial unit structures. According to
Eq. (4) and Eq. (5), the dipole momentum is directly proportional to the cumulative
charge between the capacitors, and we can increase the cumulative charge to increase
the metamaterial’s equivalent dielectric constant. At the same time, we can reduce the
thickness of the metal unit structure to reduce the diamagnetic effect, thus improving
the metamaterial’s equivalent permeability.

P = (5)

3. Metamaterials effective parameter extraction method

Generally, the standard S-parameter inversion method can be applied to calculate the
effective refractive index of metamaterials [49, 50]. The metamaterial structure can be
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regarded as an equivalent uniform plate, and the equivalent basic parameters of the
metamaterial structure can be inversely calculated from the transmission and reflection
coefficients of the equivalent plate. The S-parameter for a uniform plate of metamate-
rial with thickness d can be described as

Ry [1—exp(i2nkyd)]
S, = 01 - . 0 6)
1 — Ry, exp(i2nkyd)

(1 - R%)exp(i2nk,d)
Sy = (2)1 - ()
1 — Ry, exp(i2nkyd)

where S;; and S,, are the reflection coefficient and transmission coefficient, respec-
tively, n is the effective refractive index, d is the effective thickness of the metamaterial,
k is the wave number of the incident wave, and R, is the half-space reflection coeffi-
cient, and Ry, = (Z— 1)/(Z + 1). Z is the surface impedance of metamaterials.

According to the inversion method, we can obtain the effective material parameters
of metamaterials as

2 2
(1+8) -5

z == (8)
(1-5,)" -5
exp(i _ Sa1
p(inkyd) — )
n = kold H[ln[exp(inkod)]]"+2mn}—i[1n[exp(mk0d)]]} (10)

Here, ()" represents the real part of a certain complex number parameter, and (-)" rep-
resents the imaginary part of a certain complex number parameter. Generally, z"” > 0,
n'' <0 for a passive material. In Eq.(10), m is the branch of the real part of the refractive
index n, and m can be defined as m = 1. Thus, the effective impedance z and effective
refractive index n of a metamaterial can be evaluated by Eq. (8) and Eq. (10), and the
effective permittivity and effective permeability can be calculated by e=n/zand u=nz.

4. Design of polarization-sensitive high
refractive index metamaterials

In order to achieve high refractive index metamaterials, we propose a periodically ar-
ranged dielectric metal grating structure as shown in Fig. 1. The metamaterial structure
is made up of thin layers that are symmetrical above and below with metallic lines in
between. The base medium material is silica, and the metal material is gold. After pre-
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Fig. 1. Schematic diagram of dielectric metal grating composite metamaterial structure.

liminary optimization, we obtained that the grating period Px is 400 nm, the substrate
thickness d is 40 nm, the metal thickness ¢ is 20 nm, and the metal wire width /is 300nm.
We define the gap between the metal lines as g, and g = 100 nm.

When the light vector of the light wave is perpendicular to the grating bar (TM mode)
with normal incidence, we can calculate the S parameters of the metamaterial structure
based on the finite integral method as shown in Fig. 2. Figure 2a shows the trans-
mission and reflection coefficient from 150 to 750 THz (400-2000 nm wavelength).
The corresponding phase is shown in Fig. 2b. It can be seen that significant electro-
magnetic resonance occurs around 300 THz. In the numerical simulation, the finite in-
tegral method was applied to calculate optical characteristics of unit cells. The unit
cell boundary was used in the x and y directions. The open boundary was applied in
the z direction. The near-field distributions of the designed metamaterial were numer-
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Fig. 2. (a) S-parameter of metamaterial, (b) phase of transmission and reflection.
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Fig. 2. Continued.

ically simulated using the finite integral method. All the models described in our work
were meshed using triangular elements with a maximum size of one-twentieth the
wavelength.

According to S-parameter inversion method, we can extract the effective parame-
ters of the designed metamaterial as shown in Fig. 3. Figure 3a shows the effective per-
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Fig. 3. (a) The calculated effective permittivity of metamaterial, (b) the effective permeability, (c) the ef-
fective refractive index.



Polarization dependent high refractive index metamaterial... 447

207 b

— Refu)
= Im{u)

400 600 800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

—=Re(n)
= Im(n)

I~ - e —

L e e e e

0 L s L
400 600 800 1000 1200 1400 1600 1800 2000
Wavelength (nm>

Fig. 3. Continued.

mittivity of designed metamaterial. It can be seen that a high peak occurs at about
1500 nm, and the effective dielectric constant of this peak is about 52. When the light
wave is incident into designed metamaterial, the gap between the two grating bars can
be regarded as a capacitor. At the resonant frequency, a large amount of charge accu-
mulates between the metal gaps, which leads to the formation of a large electric dipole
moment near the edge of the metal strips, leading to the increase of the effective die-
lectric constant. In Fig. 3a, the real part of the equivalent permittivity shows a broad-
band negative refractive index characteristic from 1000 to 1400 nm. With the increase
of wavelength, the imaginary part of the equivalent permittivity increases gradually,
and its value is positive. This wideband negative refractive index resonance may be
attributed to the electrical dipole resonance of the metal grating structure.

Figure 3b shows the effective permeability of designed metamaterial. There is
a smaller value at the resonant region of about 1450 nm, but the higher resonant peaks
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for the effective permittivity occur with the effective permittivity of about 5. In Fig. 3b,
the red arrow at the wavelength of 1450 nm shows the fundamental resonant mode,
and the red arrow at the wavelength of about 1000 nm indicates the second-order res-
onant mode. The more higher order resonant mode is shown with the red arrow at about
450 nm. At the first order resonant position, the magnetic permeability is near zero.
The peak of magnetic permeability in the visible region can reach about 17. This may
be attributed to the diamagnetic effect with the permittivity near zero at the first order
resonance. The occurrence of diamagnetic response causes a decrease in magnetic per-
meability. Although the effective permeability of the metamaterial is relatively small
at the electric dipole resonance wavelength of 1450 due to the diamagnetic effect, this
results in a large effective refractive index due to the strong electric dipole resonance.
Figure 3¢ shows the effective refractive index of designed metamaterial. An unnatu-
rally high refractive index with about 6.5 in the infrared region at about 1450 nm is
revealed.

In order to further explain the physical mechanism of the high refractive index
characteristics, we calculated the electric field distribution under the first order mode
resonance condition at about 1450 nm as shown in Fig. 4. The strongly confined elec-
tric field is distributed in the gaps between grating bars. A large amount of charge ac-
cumulates between the strips, causing the dipole to gain momentum. We found that
the direction of the induced electric field vector between the grating bars is opposite
to the direction of the surface electric field vector because the TM mode incident light
is perpendicular to the metamaterial structure. The intensity of electric field in the gap
at the electric resonance is much stronger than that of incident field, which leads to
the enhancement of the effective permittivity.

Next, we demonstrate the effect of different polarizations on the equivalent param-
eters of the designed metamaterials. Figure 5 shows the effective parameters of de-
signed metamaterial with the optimization of geometric parameters. We define the
TE mode as the direction of the electric field vector parallel to the grating bar. We keep
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Fig. 4. Top view of the electric field distribution at the fundamental mode resonant frequency at 1450 nm.
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fective permeability, (¢) the effective refractive index.



450 JIANMIN L1 et al.

the grating gap at 100 nm. As shown in Fig. 5a with the effective permittivity, when
the incident light is in TE mode, the effective dielectric constant appears negative in
the resonance region and the resonance property disappears. When the incident light
is in TM mode, the effective dielectric constant is higher than 50 at the resonance wave-
length of 1500 nm. Figure 5b shows the effective permeability with different polari-
zation incidence. We find that when the incident light is in TE mode, both the first and
second order modes of the permeability resonance disappear, and the position of the
first order resonance mode coincides with that of the advanced mode resonance under
TM incident condition. Figure Sc shows the effective refractive index of designed met-
amaterial. When the incident light wave is in TE mode, the broadband zero refractive
index appears in the high refractive index region under the TM mode incident condi-
tion. So, for the metamaterial we designed, we can significantly change the effective
refractive index of the metamaterial by changing the incident polarization state. In gen-
eral, previous research has focused on designing metamaterials that have high or zero
refractive index properties. Our metamaterials have both high and zero refractive in-
dices with different polarization.

5. The influence of geometric parameters
for the effective refractive index

Next, we will show the variation of the grating geometric parameters with respect to
the equivalent refractive index, especially the grating strip gap width g. We keep the
TM mode incident and the other geometric parameters unchanged. Figure 6 shows the
effect of grating gap change on effective parameters. In Fig. 6a, with the decrease of
gap g, the resonance wavelength appears red shift. The bandwidth of the negative re-
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Fig. 6. Effect of grating gap change on effective parameters, (a) the effective permittivity, (b) the effective
permeability, (c) the effective refractive index.
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Fig. 6. Continued.

fractive index increases, and the absolute value of the negative refractive index in-
creases. As g decreases, the maximum dielectric constant increases at the resonant
frequency. Figure 6b shows the effective permeability with changing gap g. It is found
that the first and second order resonance of the permeability is redshifted, but for the
higher mode resonance, the resonant frequency does not change as g changes.
Figure 6¢ indicates the effective refractive index with different gap width. When the
gap width decreases, the resonant frequency of effective refractive index appears red
shift and the resonant peak increases. When g = 10 nm, the phenomenon of broadband
zero refractive index appears in the infrared band. In other words, we designed meta-
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Fig. 7. Effect of metal thickness on effective refractive index.

materials that can achieve high and zero refractive index properties in different bands
by changing the width of the gap.

Figure 7 indicates the effect of metal thickness on effective refractive index. We
set g = 100 nm, other geometric parameters remain unchanged, and the polarization
of incident light is TM mode. As can be seen, with the increasing of metal thickness
d, the curve of refractive index keeps moving towards the direction of long wave. At
the same time, the peak of refractive index obviously keeps increasing. This is because
the increasing of metal thickness increases the amount of charge that can be held in it,
leading to the continuous increase of refractive index. At the wavelength of 700 nm,
there is a resonant effect of refractive index mutation at d = 40 nm and d = 60 nm. When
d =40 nm, the real part of the equivalent refractive index is reduced from 3 to 1. When
d =60 nm, the real part of the equivalent refractive index is increased from 3 to 6. This
resonance phenomenon may be related to the accumulation of electric charge in the
metal tank.
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Fig. 8. Schematic diagram of double grating unit structure.
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To further illustrate the effect of grating geometry parameters on the effective
metamaterial parameters, we propose a double grating structure as shown in Fig. 8.
Figure 8 shows the unit cell of the double grating structure. In other words, we split
the original grating bar into two bars of unequal width. In a grating period, there are
two grating strips of unequal width, thus we have double grating structure. The gap
between two grating strips in a period can be considered as /. Also, the period of grating
can be defined as Px = L + g. When g = 10 nm, £ = 10 nm, Px =400 nm, d = 40 nm,
¢t =20 nm, the extracted effective constitutive parameters are shown in Fig. 9 when the
light is incident with TM mode. The comparison between the single grating structure
and double grating structure on the effective constitutive parameters is given. Figure 9a
indicates the effective permittivity of designed metamaterials. It can be seen that
the double grating structure shows larger negative refractive index in absolute value
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Fig. 9. Comparison of the effective constitutive parameters of designed metamaterial for single grating
structure and double grating structure, respectively. (a) The effective permittivity, (b) the effective per-
meability, (c¢) the effective refractive index.
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in the infrared band. Compared with the single grating structure, the resonance fre-
quency of the double grating structure is redshifted. The effective permeability is
shown in Fig. 9b. The resonant frequency interval of double grating is larger than that
of single grating. The effective permeability of the double grating is less than that of
the single grating at the higher order mode resonance frequency.

Figure 9¢ shows the effective refractive index for the single grating and double grat-
ing, respectively. We find that the zero refractive index of the broadband appears for
the double grating structure. When TM wave is incident, the low refractive index fre-
quency band is widened by the double grating structure, because the original charge
arrangement is interrupted by the double grating structure, and the field intensity at
the short wavelength is weakened compared with the intensity of the single grating,
so the low refractive index frequency band is widened. Figure 10 shows the effect of
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Fig. 10. Effect of different polarization on effective refractive index for double grating structure.
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different polarization on effective refractive index for double grating structure. We find
that the effect of different polarizations on the effective refractive index is similar to
that of single gratings. When the incident light wave is in TE mode, the zero-refractive
index characteristic of the broadband appears. In the same infrared frequency band,
the metamaterial structure has a high refractive index when the incident light is in
TM mode.

When g =10 nm, d =40 nm, and ¢ =20 nm, we further explore the effect of grating
gap width % on the effective metamaterial parameters as shown in Fig. 11. With the
decrease of grating gap 4, the peak value of effective refractive index and dielectric
constant increases continuously, and the resonance frequency at which the peak value
is located shows a redshift phenomenon. The change of grating gap width / does not

0r : a
—h=100nm

|l |===h=50nm
===h=10nm

20 L L L ot L A L 4
400 600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

120 b
=—h=100nm
==h=50nm
100 [ ~=h=10nm
80
-
@ 60
o

40

201

0 2
400 600 800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

Fig. 11. Effect of gap width / of double grating on the effective constitutive parameters. (a) The effective
permittivity, (b) the effective permeability, (¢) the effective refractive index.



456 JIANMIN L1 et al.

100 (o]
—h=100nm - o

9F  |==h=50nm /.-/V
~—h=10nm 3

Re(n)

400 600 800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

Fig. 11. Continued.

changes significantly the permeability. Compared with the single grating, the double
grating metamaterial has an increased low frequency bandwidth.

To illustrate the physical properties of the double grating with the high refractive
index, we calculated its near-field distribution as shown in Fig. 12. We find that the
strong field region is concentrated in the grating grooves, and the near field of the dou-
ble grating has penetrated into the substrate. Based on the principle of high refractive
index metamaterial, the groove of the grating can be regarded as a capacitor. Due to
the strong field, a large amount of charge accumulates inside the groove, resulting in
the dipole momentum enhancement. Thus, the designed metamaterial structure has
high refractive index properties at the resonance region.

Although our design focuses on numerical simulation, it is feasible to prepare the
designed metamaterial gratings. A metal film is plated on the quartz substrate marked
with cleaning treatment. Metal films can be prepared by magnetron sputtering. Then,
a layer of photoresist is rotated on top of the metal film and baked. The structure model
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Fig. 12. Near-field distribution characteristic of double grating metamaterial.
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of photoresist was prepared by electron beam exposure technique and then it was
postbaked. After that, it is developed in the developer. Photoresist grating patterns were
transferred to metal films by reactive ion etching. The photoresist is then removed.
The entire preparation process can utilize this standard photolithographic preparation
process.

6. Conclusions

In this paper, based on the principle of high refractive index metamaterials, a polari-
zation sensitive grating structure which can realize effective high refractive index in
infrared band is designed. Based on the capacitor between the grooves of the metal
grating, the electric resonance response is enhanced and the effective dielectric constant
of the metamaterial is improved. We reduce the diamagnetic effect of the metamaterial
structure by reducing the thickness of the metal, thus increasing the permeability of
the metamaterial. By changing the geometric parameters of the metal dielectric com-
posite grating structure, the effective high refractive index of the metamaterial can
reach more than 8.0. What is interesting is that when the incident light is at different
polarization conditions, the metamaterial structure designed by us has both high re-
fractive index and wide-band zero-refractive index properties. We further propose a
double grating metamaterial structure to obtain more degrees of freedom of high re-
fractive index metamaterial.
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