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Abstract
We report numerically electromagnetic-induced transparency (EIT) and Fano resonances in simple
plasmonic metasurfaces consist of gold nanobars arranged in Pi, H and four shaped fashion. The bright
and dark elements in the metasurfaces are responsible for the emergence of EIT and Fano effects in the
transmission spectrum. The concept of symmetry breaking is also introduced by incorporating multiple
cavities in the metasurface, which relaxes the dipole coupling selection rules resulting in a mixture of
dipole and higher order modes that interact and engenders EIT and Fano modes simultaneously in a
nanostructure. Furthermore, the EIT and Fano resonances experience a signi�cant red-shift by increasing
the refractive index of the background medium due to which high sensitivity of around 574 nmRIU -1 ,
�gure of merit of 32, and contrast ratio of 41% are realized. Moreover, the effective group index of the
proposed metasurface is retrieved and is observed to be very high around the steep asymmetric Fano line
shape and within the EIT window, signifying its potential use in slow light applications.

Introduction
Plasmonic nanoparticles exhibiting electromagnetic-induced transparency (EIT) and Fano resonances
have received more consideration over the past few years due to their potential applications in high
performance sensors [1], switching [2], and slow light devices [3]. The phenomena of EIT and Fano
resonance are similar to one another, which emerges due to the interference of the wide continuum mode
and narrow discrete mode (i.e. bright and dark modes) that modi�es the properties of the medium by
creating a narrow transparency window, where a very strong dispersion exist, which gives rise to slow
light [4, 5]. Large group index or small group velocity can be attained only within the EIT window in slow
light methodology,  which stimulates the realization of the all-optical storage, where at various location
information of several frequencies can be stored [6].

Zhang et al., was the �rst who realized the EIT effect theoretically in the metamaterials which consists of
plasmonic resonators coupled in the nanoscale where maximum value of group index of 41 is achieved
[7]. Consequently, Liu et al., was the �rst who proposed the EIT effect in the optical metamaterial
experimentally, which consists of two functional layers, where each unit cell is stacked above two
symmetric gold wires comprising of a gold bar [8]. Wang et al., proposed a planar structure, which
contains of nanorod and nanoring where EIT effects are achieved by the bright-bright mode coupling of
the ring/rod planar structure. The maximum value of Q-factor and group index was reached to 1.2 x 103

and 97, respectively [9]. Muhammad and Khan have analyzed a silicon planer structure with a cylindrical
hole where low loss EIT resonance with a high value of local �eld enhancement of 33 and a Q factor of
584 are achieved [10]. Liu et al., have investigated the EIT effects in a metamaterial consisting of
horizontal graphene wires and vertical gold strip in the terahertz region. Due to the lateral displacement of
the structure the coupling of bright and dark modes takes place which results in the achievement of EIT
effect.  The recommended structure has the applications in detectors, sensors and modulators [11].
Sarkar et al., have proposed an asymmetric double C resonators (DCRs) structure and obtained a
multiband EIT effect due to the strong �eld coupling between the bright and dark modes of the cut-wires
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of the structure. The proposed study has applications in the development of buffers, modulators and
slow light devices [12]. Recently, Li et al., have proposed a new type U-shaped coupled resonant structure,
which provides strong EIT resonances that �nds applications in tunable slow light devices [13].

In this paper, we demonstrate theoretically a simple metasurface of different shapes that supports EIT
and Fano effects in the transmission spectrum. The strong interaction of the bright and dark plasmon
modes supported by the nanorods leading to EIT and Fano resonances. The refractive index of the
medium for the best structure is varied in order to evaluate its sensing performance and as a result high
values of �gure of merit, and contrast ratio are attained. Moreover, large group index of over 700 is
achieved in the EIT window and around the Fano resonance, which results in the reduction factor for the
group velocity.

Geometry

The schematic geometry of the metasurfaces are shown in Fig. 1. The pi-shaped structure shown in Fig.
1(a) is created by taking two vertical rods of width, w=20 nm and height, H= 90 nm and one Horizontal
rod of width, w= 85 nm and height, H=15 nm. All the three rods are connected with one another and there
is no space between the rods. Figure 1(b) illustrates the H shaped structure which is created by moving
the horizontal rod of the pi-shaped structure to the central position. Figure 1(c) shows the four shaped (4-
shaped) structure which is created by moving one of the vertical rods in the pi-shaped structure. All the
metasurfaces are made of gold, whose dielectric function is taken from the experimentally measured
Johnson and Christy data model [14]. The light is normally incident on the metasurface and the electric
�eld polarization is taken along x-axis. For all the simulations, air is considered as the background
medium. The COMSOL Multiphysics software which is based on three-dimensional �nite element
technique is used to carry out the entire simulations.

Results And Discussion
To analyze the effect of EIT resonances, we considered two cases of all the metasurfaces. In the �rst
case, all the rods are connected while in the second case, all the rods have been disconnected.

Connected Metasurfaces

Figure 2(a, b) demonstrates the transmittance characteristics of a pi to H-shaped structure (see the inset).
Since, the structure is polarization dependent, therefore, the plasmon resonances are examined for both
the x- (Fig. 2(a)) and y-polarized (Fig. 2(b)) incident lights. In Fig. 2(a), the pi-shaped structure (position
D=0nm) exhibit a single hybridized dipole mode at around 892 nm, which arises due to the coupling of
plasmon modes supported by horizontal and vertical nanorods. In this case, the x-polarized light is not
e�ciently coupled with the nanostructure due to which a weak mode arises in the optical spectrum. As
the value of the D increases from 0nm, the dipole mode modi�es i.e., its amplitude decreases and its
spectral position is changed. At D = 36nm, the nanostructure adopts a H-shaped structure and the
plasmon mode at the low wavelength region completely vanishes and another broad higher order mode
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appears at around 1760 nm. In this transition from pi to H-shaped, no EIT resonance is obtained. For the
y-polarized light (Fig. 2(b)), the plasmon modes of all the structures strongly couples with the incoming
light due to which we obtained strong hybridized dipole mode as compare to the x-polarized case. For all
the values of D, hybridized dipole mode strength remains the same, however with the increase in the value
of D, blue-shift occurs in the spectrum. In this case also, no EIT resonance is obtained.

Figure 2(c, d) shows the transition from the pi-shaped to 4-shaped structure. Here, the transmittance
characteristics are highly tuned by changing the variable ‘E’. For the x-polarized case (Fig. 2(c)), when the
value of E is increased, several higher order modes appear at the lower and higher wavelength regions.
For instance, when E = 30 nm, a narrow higher order mode appears at 1265 nm whose amplitude
increases signi�cantly with the increase in the value of E. At E = 45 nm, another higher order narrow mode
appears at low wavelength shoulder of the dipole mode, whose amplitude also increases with the
increase in E. This higher order mode emerges because of the excitement of the bright and dark modes
supported by the horizontal and vertical nanorods. In the previous case, only a single mode was obtained
because in that structure, several mode cancellations occurred during coupling of plasmon modes
supported by different rods. At E = 75nm, we obtained a 4-shaped structure, which exhibit clear higher
order hybridized modes. Here, the higher order mode at 855nm, interact with the dipole mode at 909nm
and induces an EIT at 874nm due to destructive interference. However, the strength of EIT mode is very
weak because in this case, the incident light does not couple e�ciently with the nanostructure. On the
other hand, for the y-polarized light, strong plasmon modes are obtained for every value of E. Here again,
for large value of E, two new modes at the low wavelength (873nm) and high wavelength (1240nm)
regions are obtained. A narrow EIT resonance is generated at 880nm due to the coupling of narrow mode
at 873 nm and dipole mode. At E = 75nm, this generated EIT resonance becomes more prominent and
strong, where the nanoparticle fully adopts a 4-shaped structure. Thus, compared to all shapes, the 4-
shaped structure exhibits strong EIT resonance, where a large group index can be realized, which prompts
the achievement of the all-optical storage, where the different frequencies information at various
positions can be accumulated [15].

Disconnected Structures

The structure symmetry is relaxed by incorporating several gaps (defects) inside the Pi, H and 4-shaped
nanostructures, which excites multiple plasmon modes and EIT effects in the transmittance spectrum.
These gaps result in the generation of higher order modes by dividing the structure into sub dipoles and
making the structure disconnected.

We �rst investigated the transmittance characteristics of a disconnected Pi-shaped structure as shown in
Fig. 3(a, b). For the x-polarized incident light (Fig. 3(a)), a new broad hybridized mode is obtained at the
high wavelength region by increasing the value of the gap “g”. This mode appears due to the fact that by
breaking the structure symmetry, different angular momenta modes strongly mix, allowing dark modes to
get excited in the spectrum. In this case, the cavity modes and the modes of the nanorods interacts and
excited dark modes in the transmission spectrum. Again, the resonances obtained for the x-polarized light
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is weak due to weak coupling of light with the nanostructure. For the y-polarized case (Fig. 3(b)), the
resonances obtained for all the values of g are approximately the same. Moreover, these modes are more
or less similar to the connected H-shaped nanostructure (Fig. 2(b)).

Next, we considered the disconnected Pi-shaped structure and converted it into H-shaped structure as
shown in Figure 3(c, d). In this case, the width of the upper horizontal nanorod is taken as 30nm as
shown in the inset. Here, for the x-polarized case, extremely weak resonances are obtained. For the y-
polarized light, only a single dipole hybridized mode is attained for all values of L. This indicates that
these types of designs are not suitable for EIT effects. Figure 3(e, f) shows the transmittance spectra of pi
to 4-shaped structure. In this case, the width of the upper horizontal nanorods is 85nm as shown in the
inset. Multiple plasmon modes arise in the transmittance spectrum due to the following reasons: i) the
structure symmetry is broken because of which the cavity modes and the modes supported by the
metasurface which have different angular momenta interacts strongly with one another, ii) the modes
exhibit by the metasurface and the metasurface in the nearby unit cell interacts and couple with one
another. Here, for the x-polarized light, when P = 100nm, the broad mode at 930nm overlaps the narrow
mode at 867nm and induces an asymmetric Fano line shape. The Fano resonance line shape is such that
the location of its head is at the low wavelength shoulder of the narrow mode near 873nm and the
location of its tail is at the high wavelength shoulder of the broad mode near 927nm. For P = 125nm, the
interaction of the broad mode at 1153nm and narrow mode at 1291nm engenders a Fano resonance with
asymmetric line shape. However, the resonances in this case are very weak. For the y-polarized case, the
structure exhibit strong multiple resonances as shown in Fig. 3(f). Here for P = 100nm, a sharp Fano
resonance produces due to the coupling of the broad mode at 925nm and the narrow mode at 873nm.
This Fano resonance disappears at P = 125nm and a new Fano resonance with different asymmetric line
shape appears at 1252nm. The induction of this Fano resonance is due to the destructive interference of
the broad mode at 1170nm and the narrow mode at 1270nm. Moreover, a broad EIT resonance is also
produced in this case at 1090nm due to coupling of the modes at 1013nm and 1170nm. Thus, in the
disconnected 4-shaped structure, we attain both EIT and Fano effects, which may be highly suitable for
slow light devices. Figure 3(g, h) shows the transmittance characteristics of the pi to 4-shaped structure,
where the width of the upper horizontal nanobar is taken as 30nm. Here, unlike Fig. 3(f), no EIT or Fano
resonances are found.

Sensing Performance Evaluation

The sensing ability of the metasurface is analyze for the connected Pi to 4-shaped (CPFS) and
disconnected Pi to 4-shaped (DPFS) nanostructures for the y-polarized case. The sensitivity, �gure of
merit (FoM) and contrast ratio (CR) are usually used to determine the sensing performance  [16]. Equation
(1) is used to obtain the sensitivity by calculating the wavelength shift in the transmission peak when the
refractive index ‘n’ of the embedding medium is changed. The FoM is the ratio of the sensitivity to the
Bandwidth (BW) of the resonant mode which is calculated by using the Eq.(2). The Contrast ratio is the
ratio of the difference between the peak value to the dip value divided by the sum of the peak value and
the dip value which is calculated by using the Eq.(3). Fig. 4(a, b) illustrates the transmission spectra by
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changing the refractive index of the surrounding medium. As demonstrated, increasing the refractive
index of the medium results in a red shift in the resonant mode spectrum. Fig 4(c, d) illustrates the shift in
the spectral modes at different values of the refractive indices. The EIT mode sensitivity in CPFS structure
is 298 nmRIU-1, FOM and CR values are 32 and 41%. The EIT and Fano modes sensitivity in the DPFS
structure are 472 nmRIU-1 and 574 nmRIU-1, FOM and CR values are 5.24, 7.0, 28.6% and 40.6%,
respectively. The large sensing range indicates that the proposed metasurface can be used for sensing
applications.

Group index properties

The proposed structure is analyzed for the slow light effect using group index properties. The complex
scattering coe�cients through the metasurface can be used to retrieve these effective properties [17]. It is
to be noted that a single unique solution exists for homogenized effective refractive index medium for a
nanostructure with a given thickness which shows the similar far �eld complex scattering parameters i.e.,
transmission and re�ection. The absorption and amplitude/phase of transmission/re�ection through the
nanostructure entirely satisfy our retrieved wave impedance (z) and complex refractive index (n).
Furthermore, the position of the reference plane to our physical nanostructure is along the top and bottom
i.e. thickness of the effective medium is same as the metal physical thickness. Here, it is stressed that
none of the other reference planes should provide the same absorption and scattering properties by
satisfying the homogenized refractive index. Figure 5 demonstrates the group index characteristics for
the best cases i.e., CPFS and DPFS metasurfaces. We �rst used the retrieval method for calculating the
refractive index n of a homogenous slab as illustrated in Ref. [18]. The relation ng (λ) = n(λ) + λ ∂n(λ)/∂λ
is used for calculating the effective group index. It is observed that the corresponding group index and
spectral position of the EIT and Fano resonance almost remain unchanged. The maximum group index
for CPFS metasurface is around 700 at EIT resonance (Fig. 5(a)), while for the DPFS metasurface (Fig.
5(b)), the slow light factor is around 53 at EIT and 265 at Fano resonance, respectively. These results
show that the proposed structure can be useful for slow light devices.

Conclusion
The generation of EIT and plasmonic Fano resonances in a Pi, H and 4-shaped gold metasurfaces have
been studied. The horizontal and vertical nano bars of gold metasurface supports bright and dark modes
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whose interaction with one another arises EIT and Fano resonances. The defects are incorporated in the
connected metasurface in order to break the symmetry of the structure, which results in a mixing of
modes having different angular momentum and engenders EIT and Fano effects in a single
nanostructure. The sensing performance of the connected Pi to 4-shaped structure (CPFS) and
disconnected Pi to 4-shaped structure (DPFS) for y-polarized incident light are calculated and high values
of sensitivity, FoM and CR are achieved that can reach as high as 574 nmRIU-1, 32 and 41%, respectively,
which suggests that the proposed structure is highly suitable for sensing applications. Furthermore, the
group index spectra is also calculated and highest value around 700 within the EIT window and around
Fano resonance is attained, which indicates that the photons can be deceived for long time within the
metasurface, making it suitable for slow light applications.
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Figure 1
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Schematic of a. Pi-Shaped, b. H-Shaped, and c. 4-Shaped nanostructures.

Figure 2

Transmission characteristics of connected structures a. Pi to H-shaped structure for Ex polarization b. Pi
to H-shaped structure for Ey polarization c. Pi to 4-shaped structure for Ex polarization, and d. Pi to 4-
shaped structure for Ey polarization.
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Figure 3

Transmission characteristics of disconnected structures a, b. Pi-shaped structure polarization is along Ex
and Ey c, d. pi to 4-shaped structure polarization is along Ex and Ey e, f. Modi�ed Pi to H-shaped structure
polarization is along Ex and Ey g, h. Modi�ed Pi to 4-shaped structure polarization is along Ex and Ey.
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Figure 4

a, b. Transmission Spectra for different refractive indices sensitivity for CPFS and DPFS nanostructures.
c, d. Wavelength shifts versus refractive index.

Figure 5

Group index spectra of CPFS and DPFS metasurfaces.


