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Abstract The optical properties of a simple planar silicon
nanoblock with cylindrical hole operating at terahertz (THz)
frequencies are investigated. The proposed nanostructure ex-
hibit low loss electromagnetically induced transparency (EIT)
and Fano resonances, which arises due to the near-field cou-
pling between the nanoblock and cavity modes. The line
shape of these resonances can be considerably modified and
tuned by varying the geometrical parameters. Furthermore,
the symmetry breaking conception is also introduced, which
enables higher-order dark hybridized modes to interact with
each other, resulting in a dual EIT and Fano resonances in the
optical spectrum. The EIT and Fano resonances present high
local field enhancement (33) and Q-factors (584) due to ex-
tremely low absorption loss. This makes the proposed design
an ideal platform for low loss slow-light devices and multi-
wavelength biosensing applications.
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Introduction

A rapidly expanding militia of electromagnetically induced
transparency (EIT) and Fano resonances in all-dielectric high
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refractive index materials has taken the planet of nanosystems
by storm. All-dielectric materials offer best solution and a new
route to the bottlenecks of metallic nanosystems including Q-
factor and field enhancement. Electromagnetically induced
transparency is a concept initially examined in atomic sys-
tems, which usually arises due to quantum destructive inter-
ference resulting in a narrow band highly dispersive transpar-
ency window for light propagating through an originally
opaque medium [1]. Later on, this theory was extended to
plasmonic nanostructures [2—8].

In plasmonic nanosystems, EIT and Fano resonances usu-
ally originate from the destructive interference of a narrow
band and broad band spectra, which results in a sharp asym-
metric line shape [9-18]. The line shape of such resonances is
highly sensitive to the local dielectric medium and geometry
of the nanoparticle. These resonances become popular in re-
cent years due to sharp spectral features, which can be used for
the development of chemical or biological sensors, lasing, and
slow-light devices [19]. Several plasmonic nanostructures are
proposed by different research groups to study the effect of
EIT and Fano resonances, which include nanodisks [20],
nanoshells [11, 21], nanodimers [22, 23], nanotrimers [24],
and nanoparticle aggregates [25, 26]. In all these nanostruc-
tures, the plasmon modes of the individual nanoparticles can
interact and produce EIT and Fano resonances [11, 12]. For
multi-wavelength biosensor and plasmon line shaping appli-
cations, multiple or higher-order EIT and Fano resonances are
required. The most efficient way of achieving multiple EIT
and Fano resonances in metal nanostructures is symmetry
breaking, which allows access to different resonant modes that
are not readily accessible in symmetric configurations [10, 13,
27-29].

The main limitation of the plasmonic nanosystems is the
large ohmic losses, which limits the Q-factor to <~10. So,
absorption in metal nanoparticles decreases the efficiency of
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the EIT and Fano resonances. To reduce the losses, researchers
have reported that the use of silicon-based dielectric nano-
structures like oligomers [30—32] and nanorod arrays [33]
produces EIT and Fano resonances with large Q-factors that
reach to several hundreds or even higher [34, 35]. Therefore,
the use of high refractive index dielectric nanostructures is a
perfect option to produce EIT and Fano resonances with high
Q-factors, which make them promising for low loss slow-light
devices and biosensing applications.

In this article, we present the observation of low loss
EIT and Fano resonances in a simple periodic array of
square silicon block with a cylindrical hole. The pro-
posed nanostructure exhibits EIT and Fano resonances,

Fig. 1 Schematic of a solid
silicon square block, and b silicon
holey block (SHB) nanostructure.
The geometrical parameters are
t=250 nm, =200 nm, and
L,=L,=1000 nm, respectively. ¢
Simulated transmittance spectra
of'solid silicon block (blue curve),
and silicon holey block nano-
structure (red curve). d Normal-
ized electric field distribution at
Fano resonance (xy-plane). e
Electric field in the z-direction
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which arises due to interference of solid silicon block
modes and cavity modes. These resonances can be
tuned and enhanced in the optical spectrum by modify-
ing the geometrical parameters of the proposed design.
The symmetry breaking concept is also initiated in the
silicon holey block, and multiple sharp EIT and Fano
resonances are achieved in the optical spectrum. Such
multiple EIT and Fano resonances supported by our
proposed design have never been reported before in
any dielectric nanostructure. Moreover, the extremely
high-quality factors and field enhancement calculated
at EIT and Fano resonances offer an effective platform
for low loss slow-light devices and biosensors.
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Geometry and Simulation Method

The schematic geometry of a silicon holey block (SHB) is
illustrated in Fig. 1a, b. The structure is created from a periodic
lattice composed of silicon square block with an air hole. The
thickness of the SHB is ¢, and the radius of the cylindrical hole
is . Throughout the paper, the lengths L, and L, are made
equal, and their values are fixed at 1000 nm. The period of the
square unit cell is 1000 nm. The plane wave is normally inci-
dent on SHB structure, and the electric field is polarized along
the x-axis. All the calculations are carried out in COMSOL
Multiphysics software. The silicon is assumed to be lossless,
with a refractive index of n=3.46 [34, 35], and the embedding
medium is considered air for all the simulations.

Results and Discussion

Figure lc shows the numerically calculated transmittance
characteristics of the solid silicon block (SSB) without hole
(blue curve) and SHB nanostructure (red curve). The thick-
nesses of both the nanostructures are fixed at 250 nm. The
blue curve represents the fundamental broad dipole resonant

mode around 175 THz, which is efficiently excited by incident
light. By the introduction of cylindrical hole in the square
block (SHB) with radius of 200 nm (Fig. 1b), the solid block
and cavity modes hybridized and excite a narrow mode
around 132 THz. This mode was originally dark in the SSB
nanostructure and is typically representing a quadrupole mode
as shown by the polarization charge distribution in Fig. le (zx-
plane), where the red spot represents positive and blue spot
represents negative. The coherent coupling and interference of
the broad dipole and narrow quadrupole mode lead to Fano
resonance with sharp asymmetric line shape in the optical
spectrum. The dipole mode in SHB nanostructure almost sus-
tains its position, while its spectral features slightly narrowed
because of hybridization with cavity modes. Due to extremely
small absorption loss, the calculated Q-factor at Fano reso-
nance is about 147, and the peak transmission is near unity.
This determines the potential to realize extremely dispersive
and lossless, slow-light devices [34].

Figure 1d describes the electric field distribution of SHB
nanostructure at Fano resonance in the xy-plane. The electric
field is confined in the cavity similar like plasmonic nano-
structures, and the highest value of the field enhancement
achieved is 11, which is higher than the broad dipole mode’s

Fig.2 a Transmittance spectra of t=450nm
silicon holey block (SHB) nano- MR
structure for different thickness _ [ t=400nm 200;
values at fixed hole radius 7= 3 t=375nm
200 nm. b Extracted L =350nm _ 180"
Q-factors versus the thickness 7. ¢ 8 [t=325nm o
; L 2
Dependence of the maximum 8 =3000m 8
field enhancement on thickness ¢ E t=275nm o 160;
2 t=250nm S
© [t=225nm
F [t=200nm N 140;
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enhancement value (2). So, the proposed design is also suit-
able for biosensing application [35].

Tunability of Fano Resonance

In this section, we investigate the tunability of Fano resonance
by changing the geometrical parameters of SHB nanostruc-
ture. First, we fixed the radius =200 nm, and varied the
thickness 7 of the SHB nanostructure. Figure 2a revealed the
calculated transmittance spectra for different values of 7. A
large red shift of the Fano resonance from 155 to 117 THz is
observed by increasing the thickness of the SHB from 150 to
450 nm. Along with the spectral position, the sharp

asymmetric line shape of the Fano resonance also changes
significantly by modifying ¢. For instance, at /=350 nm, a
sharp dip appears between the dipole and quadrupole modes,
which is the characteristic feature of EIT. Extreme dispersion
is created in the EIT window, which can create slow light. By
further increasing the value of ¢, the dip of EIT decreases.
Figure 2b shows the Q-factor against various thickness values.
The Q-factor increases by increasing ¢ from 150 to 200 nm and
then slightly drops at t=250 nm. By further increasing #, the
Q-factor grows again significantly and the value reaches
above 200 at /=350 nm. At =375 nm, it drops to 200 and
then remain almost smooth up to =450 nm. Thus, the SHB
nanostructure offers high values of the Q-factor at different ¢,

Fig. 3 a Transmittance spectra r=350nm |r=400nm ‘
for different values of 7 at fix B r=375nm
o r=325nm T
t—ZSf?l nm. b E;(tracte;l Q-'fa?tolrd 3 [r=300nm ’5 T N —
as a function of 7. ¢ Electric fie P N ‘ o m’_\/—\
enhancement at different » Val}les. 8 | r=250nm — 8 7=2750m
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which make it a better choice for slow-light devices. The elec-
tric field enhancement is also calculated at different values of ¢
as shown in Fig. 2c. The enhancement increases with the
increase in ¢ values, which means that more energy will be
localized in the cavity for large values of . However, for ¢
values above than 400 nm, the field enhancement somewhat
remains the same. The maximum value of the field enhance-
ment achieved is above 13.

We next analyzed the EIT and Fano resonances by fixing
the thickness ¢ and changing the radius 7 of the cylindrical
hole. Since in the above calculations, at /=250 nm, sharp
asymmetric Fano line shape, and at =350 nm, sharp EIT
dip are observed. Therefore, we choose two values of ¢ and
analyzed the transmittance spectra. Figure 3a shows the trans-
mittance characteristics for different values of r at fixed 7=
250 nm. A large blue-shift of the Fano resonant mode is ob-
served by increasing the values of » from 100 to 350 nm. The
line shape of the Fano resonance also changes with great
amount because the cavity modes and solid silicon block
modes mixes highly as we modify the radius. Figure 3b illus-
trates the Q-factor for various values of . It appears that the Q-
factor decreases as we increase 7. This is because that by
increasing 7, the effective size of the block decreases, which
decrease the near-field coupling, leads to low Q-factor. In this
case, the highest value of Q-factor achieved is 425 for r=
100 nm, which is highly suitable for slow-light devices.
Figure 3c shows the electric field enhancement spectra versus
r. As we increase r, the field enhancement gradually decreases
and a very small amount of energy is localized for higher

Fig. 4 a Schematic of
asymmetric SHB nanostructure.
Transmittance spectra of
asymmetric SHB at b =250 nm
and ¢ =350 nm

Table 1 Q and NFE values calculated at EIT and Fano resonances for
different values of Ax
Ax 100 nm 150 nm 200 nm
F 0~442 0=442 0=266
NFE~13 NFE=30 NFE~36
F, 0=~432 0=256 0=635
NFE=2 NFE=2 NFE~=1
EIT, 0=597 0=39%4 0=584
NFE=25 NFE=26 NFE=33
EIT, 0=371 0=284 0=162
NFE=7 NFE=5 NFE~4

values of . The maximum enhancement value achieved is
19 at =100 nm.

Figure 3d reveals the transmittance characteristics of SHB
nanostructure for various values of r at fix /=350 nm. The EIT
resonances show a large blue shift in the spectrum by varying
r. The dip of the EIT resonances grows, and the spectral width
broadened as we increase . However, for large values of r
(350 to 400 nm), the hybridized modes couple weakly because
the actual size of the silicon block reduces due to which the
EIT resonance completely vanishes. Figure 3e shows the cal-
culated Q-factors against the » values. The Q-factor increases
gradually by changing  from 100 to 200 nm. However, by
further increasing the r values, the Q-factor severely drops
similar like in Fig. 3b. Figure 3f illustrates the electric field
enhancement as a function of radius. The enhancement
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increases in the beginning and then declines by increasing 7.
The highest value of the field enhancement observed is 13 for
=200 nm.

Breaking Symmetry

Eventually, we introduce the symmetry breaking conception
in SHB by displacing the cylindrical hole in the x-direction
similar like plasmonic nanostructures [10, 11, 13, 27]. The
reduction in symmetry enables the higher-order hybridized
modes to interact with each other. Due to this, new higher-
order hybridized modes will appear in the spectrum similar
like plasmonic nanosystems [10, 11, 13, 27]. So, we consid-
ered the SHB nanostructure shown in Fig. 4a. The parameter
Ax denotes the displacement of the cavity from center posi-
tion. First, we calculated the transmittance characteristics
shown in Fig. 4b of SHB nanostructure with the following
parameters: L;=L,=1000 nm, =250 nm, and =200 nm, re-
spectively. The transmittance spectra are obtained for three
different values of Ax, i.e., 100, 150, and 200 nm. At Ax=
100 nm (blue curve), a new higher-order hybridized mode as
expected appear on the high energy shoulder of the first Fano
resonance (F7), which overlaps the broad dipole mode and
induces a sharp asymmetric Fano line shape (F,) near
132 THz. This mode was dark in the concentric case. The line
shape of F, is found opposite to that of F'; and remains at the
same spectral position by increasing the value of Ax.
However, the first Fano resonance F; is highly red-shifted as
we increase Ax. The similar higher order modes are reported in
metal nanostructures, which suffers from large ohmic losses
[27,29, 36]. Thus, dual Fano resonances with sharp asymmet-
ric line shapes are achieved in SHB nanostructure, which in
our knowledge has never been seen in any dielectric nano-
structure reported before [31, 33—35]. With the increase in
the value of Ax, the amplitude of the second Fano resonance
F, matures and the spectral gap between the two Fano reso-
nances increases due to strong modes interaction. The calcu-
lated Q-factors (Q) and maximum near-field enhancement
(NFE) values at each Fano resonance are shown in Table 1.
Extremely high Q and NFE values are observed with almost
unity transmission, which are greatly suitable for low loss
slow-light devices and multi-wavelength biosensing
applications.

Figure 4c demonstrates the transmittance spectra of asym-
metric SHB calculated for /=350 nm. In this case, the similar
higher-order hybridized mode is observed near 113 THz (blue
curve) by breaking the symmetry of the structure. The new
excited mode interacts with the bright dipolar mode and en-
genders the second EIT resonance (EIT,). Here, EIT, appears
at the lower energy shoulder of the first EIT resonance (EIT}).
This situation is different from the previous case, where the
higher-order mode emerged at the high energy shoulder of the
first Fano resonance. Furthermore, by increasing Ax, the line
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shape of both the EIT resonances transform into sharp asym-
metric Fano line shapes and the spectral gap between them
slightly reduces. Thus, by breaking the symmetry of the struc-
ture, the EIT resonances translated to Fano resonances. The Q
and NFE values calculated at both the EIT resonances are
presented in Table 1, where the highest O achieved is 584 with
NFE=33, which is highly appropriate for low loss slow-light
devices and multi-wavelength biosensors.

Conclusion

We proposed a simple planar silicon holey block, which ex-
hibits EIT and Fano resonances by properly adjusting the geo-
metrical parameters. These resonances emerge due near-field
coupling between the solid block modes and cavity modes.
The line shape of both the EIT and Fano resonances can be
modified and tuned by changing different parameters of the
SHB nanostructure. The symmetry of the structure is also
broken and dual EIT and Fano resonances are obtained in
the transmittance spectrum. To our knowledge, such multiple
resonances supported by our design have never been reported
before in any dielectric nanostructure. Furthermore, the large
field enhancement and extremely high Q-factors calculated at
each EIT and Fano resonances provide an effective platform
for low loss slow-light devices and multi-wavelength biosens-
ing applications.
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