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Abstract: The control of resonant metasurface for electromagnetically induced transparency
(EIT) offers unprecedented opportunities to tailor lightwave coupling at the nanoscale leading to
many important applications including slow light devices, optical filters, chemical and biosensors.
However, the realization of EIT relies on the high degree of structural asymmetry by positional
displacement of optically resonant structures, which usually lead to low quality factor (Q-factor)
responses due to the light leakage from structural discontinuity from asymmetric displacements.
In this work, we demonstrate a new pathway to create high quality EIT metasurface without
any displacement of constituent resonator elements. The mechanism is based on the detuning
of the resonator modes which generate dark-bright mode interference by simply introducing a
slot in metasurface unit cells (meta-atoms). More importantly, the slot diameter and position on
the meta-atom can be modulated to tune the transmittance and quality factor (Q-factor) of the
metasurface, leading to a Q-factor of 1190 and near unity transmission at the same time. Our work
provides a new degree of freedom in designing optically resonant elements for metamaterials and
metasurfaces with tailored wave propagation and properties.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metasurfaces consisting of thin layers of resonant optical components introduce a new dimension
to modulate the behaviors of light. In contrast to conventional optics, metasurfaces are based
on artificial nanostructures that can resonantly capture and sculpture light with unprecedented
wave propagations [1-6]. These nanostructures can be tailored by their unit structural elements
(meta-atoms), which can shape the lightwave with a defined amplitude, phase, polarization,
and spectrum through resonant antenna or scattering effects (eg. plasmonic or Mie scattering).
By properly designing the structure and arrangement of meta-atoms, metasurfaces have shown
unique capabilities for absorbing, concentrating, dispersing, or guiding waves for a plethora
of applications such as flat metalens [7-9], wave plates [10-12], cloaking devices [5,13,14],
sensors [15-17], beam steering [6,18,19], optical modulators and holograms [20-25]. All
these applications can be realized by only a thin layer of metasurface structure, providing
insurmountable advantages for integrated photonic systems that surpass conventional bulky
optical elements. As demonstrated, metasurfaces have offered a promising avenue to control the
extraordinary wave propagation and spectral selectivity. One of the unique wave propagations to
explore is electromagnetically induced transparency (EIT), a quantum mechanical interference
phenomenon [26], which manifests a transparency window in an otherwise optically opaque
medium, promising many fascinating applications such as light storage, slow-light devices,
optical sensing and detecting in harsh environment [27-33].

The principle of photonic EIT is based on the destructive interference effect between optical
excitation pathways with distinct transition probability amplitude of different resonant optical
states [34-38]. In order to achieve this phenomenon, the structural asymmetry of resonant optical
elements is essential. For example, EIT was observed in stacked plasmonic optical metamaterial
by displacement of the dipole antenna relative to the symmetry axis of the quadrupole antenna
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[34,35]. Here, the coupling strength increases as the displacement between the two resonators is
increased, leading to more pronounced transmission window. With the broken symmetries, EIT
was further realized in various shaped structures by changing the position of the coupling optical
element [39-43]. This changes the coupling coefficient and results in decreases in the Q factor as
the degree of asymmetry increases. However, all these nanophotonic EIT media are heavily relied
on degree of structural asymmetry with changing the position of one or more resonators relative
to others. Although the coupling between the optical states increases with the increase degree of
structural asymmetry, it inevitably leading to a lower quality factor (Q-factor) due to the fact that
optical damping rate is inversely proportional to the coupling coefficient [43-48]. Moreover,
the nanoscale size of resonator elements makes it challenging to fabricate several complex
structures with varying degree of structural asymmetry. All of these preclude the realization
and applications of high quality (Q-factor) EIT phenomenon ranging from chemical/biological
sensing [37,49], narrowband filters [50,51], enhanced nonlinear interactions [52,53] and low loss
slow light devices for information storage and communications [30,45,54].
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Fig. 1. The design of slot driven EIT metasurface. (a) broad resonance dip in non-slotted
metasurface due to excitation of bright modes by the incident field, with k//z, E//y, H//x.
(b) EIT properties in slotted metasurface due to interference between bright mode and slot
induced dark modes without breaking positional symmetry, (c) schematic a metasurface
device where L1 =960 nm, L2 = 590 nm, w2 =200[nm], w1 = 160[nm], Px = Py = 1010[nm]
utilizing the concept. Top and side views of the slot are shown in the middle inset.

Here we report a new route to achieve EIT by creating the meta-atom states without breaking
the positional symmetry of constituent resonators. As a demonstration, we utilize silicon, a
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dielectric with high refractive index in the optical regime, which can provide well engineered
resonances and can applied widely in optical communication and information storage [6,55,56].
The meta-atom takes a ‘dumbbell’ like symmetric design. The coupling optical states and their
transition probability are driven by a slot in the center of the structure without changing the
position of any resonator elements (Figure 1). This design features the minimalization of structure
asymmetry-optical damping effect that allows the access to both bright and dark modes with
low loss. With simply tuning on the slot diameter, the metasurface exhibit high quality EIT
transmission (Q-factor of 1190 with unity transmission) can be achieved without breaking the
structural symmetry of resonant unit cells.

2. Principle and design method

The symmetric meta-atom consists of three rectangular silicon bar resonators sitting on quartz
substrate and connected as shown in the inset of Figure 1(a), similar to a symmetric dumbbell-
shape. The two parallel resonators are geometrically similar, and their axis of symmetry coincides
with that of the connecting bar. By simply introducing a spherical slot in the dumbbell-shaped
resonator, the coupling between the ‘optical elements’ changes. As shown, in the absence of
slot, only the dipole modes in the structure are excited as evident in the broad resonance dip in
the transmission spectrum observed at wavelength of ~1420 nm (Fig. 1(a)). This is confirmed
by the surface current distribution shown in Fig. S1 in the Supplement 1 which shows typical
dipole-like pattern. However, by introducing the slot in the structure, the trapped modes are
excited and interferes destructively with the bright mode to create a narrow transparency window
as observed in around same wavelength, exhibiting well distinct EIT property without any
positional displacement of the optical elements. The schematic of the specific metasurface
structure and unit cell are shown correspondingly (Fig. 1(c) and (d)). The design parameters of
the structure are L1 =960 nm, L2 =590 nm, w1l = 160 nm, w2 = 200 nm, the lattice constant in
x and y directions (Px =Py =1010nm). All the resonators have a subwavelength thickness of
110 nm in which the unit cell structures repeatedly consist of a metasurface in plane.

In a traditional EIT structure, the electromagnetic interference among a three-level system
(resonant states in optical elements) is necessary where a metastable energy state is created
by relative positional displacement of optical elements [26,28,35,44]. However, the broken
symmetry in position inevitably generates large optical damping due to the light leakage from
structural discontinuity from asymmetric displacement edges usually leading to a lower Q-factor
[43—48]. These design features based on positional displacement limit active tuning capability
and practical applications of EIT phenomena. Here we report a simple slot configuration that can
induced high quality EIT without any displacement of constituent optical elements or resonators.

The slot EIT principle is based on a trapping mode from the induced slot, which act as the
metastable state. In this new three-level system (Fig. 2(a)), the ground state is represented by state
|0) and two higher states are |1) and |2). The transition |0) — |1) is a dipole allowed transition
and represents the excitation of dipole modes by the incident electric field. In contrast, |0) — |2)
is not dipole allowed but can be excited in the structure when the slot is present (subradiant dark
trapping mode). Hence, the two possible pathways are |0) — |1) and |0) — |1) — |2) — |1)
interfere destructively to create a narrow transparency window. The size of the slot determines
the mode level, and the slot position affects the coupling coefficient. Therefore, by tuning these
two parameters, the simultaneous high-quality factor and transmission amplitude can be achieved.
The tuning of the transparency window characteristics is represented by the upper and lower sates
|2) and dotted lines as depicted in Fig. 2(a) (Also see Supplement 1, section 1). Correspondingly,
these mode interferences are confirmed by the surface current distribution along the designed slot
EIT structure. Figure 2(b) shows the surface current distribution for dipole allowed transition |0)
— |1). As expected, only the middle resonator is excited while the two parallel resonators are
not as strongly excited since they are not coupled to free space. Yet at the transmission peak,
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the parallel resonators are excited and the opposing currents on top and bottom of the structure
destructively interfere as shown in Fig. 2(c) to create an EIT -like spectra. This is evident by
the suppression of induced current in the middle bar and simultaneous localization of current in
the parallel resonators, well conformed to the electric and magnetic field distribution as well
(Supplement 1, Fig. S4).
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Fig. 2. The principle of Slot driven EIT metasurface (a) interference paths to create EIT
through slot mode design. The slot induced EIT mode interference is confirmed by (b)
Surface current distribution for path |0) —|1) (¢) Surface current distribution at the EIT peak
follows the path |0) —|1) —|2)—|1) due to the interference between slot induced modes.

3. Results and discussion
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Fig. 3. Transmission characteristic designed by slot located on metasurface structure. The
coupling between dark trapping modes (induced by the slot) dipolar resonance mode of
the silicon bar resonators is affected by the mode overlapping and hence a function of slot
locations. (a) The transmission intensity is zero with the slot centrally located on the structure
(A point), increases as we move the slot away from the center and gradually diminishes
(b) at point D, the maximum transmission intensity is achieved due to the maximum mode
coupling.

To further understand the slot driven transmission characteristics of the metasurface, we have
calculated the transmission spectrum as a function of various designed slot locations inside
the structure (Fig. 3(a)). The material parameters are taken from amorphous silicon [57] in
accordance to the current experimental fabrication situation. As shown, by varying the slot


https://doi.org/10.6084/m9.figshare.23671638

Research Article Vol. 31, No. 17/14 Aug 2023/ Optics Express 27328 |

Optics EXPRESS : N

location from point A, midpoint of the whole structure to point E (the inset of Fig. 3(a)) while
keeping other parameters constant, we observe negligible change in the resonance wavelength
and linewidth (Supplement 1, Fig. S8) but a change in transmission intensity. To elucidate
the change in transmission, we extract the transmission intensity at resonance wavelength for
all slot positions in Fig. 3(b). At position A, which is the midpoint of the structure, the EIT
peak is completely suppressed leaving behind a dipole-like resonance dip, hence a transmission
intensity of zero. We attribute this to the lack of excitation of the subradiant dark (slot trapping)
modes in the structure hence only dipolar resonance is excited by the incident field. To gain
further insight into the coupling mechanism, we plotted the current density distribution with
the slot at position A and presented the result in Fig. S2(a) in the Supplement 1. The current
distribution at the resonance dip confirms our theory that only a dipolar resonance is excited with
the slot at this position. The two parallel bars are not excited, rather only the middle connecting
bar is excited. As we move away from the center of the structure, and EIT peak appears and
the intensity increases. A maximum intensity of 93.5% is achieved at position D. The current
distribution at position E presented in Figure S2(b) also confirms the excitation of the parallel
resonators as the slot position is changed. This is evidenced by antiparallel current which results
in destructive interference of fields created and suppression of radiation. The further discussion
on slot position dependent EIT is presented in Supplement 1, section 4.
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Fig. 4. The control of transmission characteristics by slot size. (a) the transmission spectra
as a function of slot size. Both transmission and linewidth can be simply controlled by slot
size under the mode coupling design. At the slot size of 80 nm, the near unity transmission
and high Q-factor (b) can be achieved at the same time.

Besides, the size of the slot determines the mode level and thus can affect the strength of
destructive interferences as well as the linewidth of the transmission spectrum. To understand the
size effect, we varied the slot diameter in steps of 20 nm from 60 nm to 160 nm at position D
with all other parameters constant and plotted the transmission spectrum in Fig. 4(a). Without
changing the trend, we have omitted the case where diameter is 100 nm to make it easier to
visualize the plot. It is evident that the slot diameter significantly changes the resonance linewidth,
and the spectrum is slightly redshifted as the slot diameter decreases. We attribute this decrease
in linewidth to the optimized coupling among the resonators which results in suppression of
radiative losses. To quantify this dependence of the resonance linewidth on the slot diameter,
we extracted the linewidth (Supplement 1, Fig. S9) for each curve in Figure 3(a) and obtained
the Q-factor of the metasurface by dividing the full width at half maximum (FWHM) by the
resonance wavelength, the results are presented in Fig. 4(b). We have omitted the point where
the diameter is 60 nm since the EIT peak is almost suppressed. A maximum Q-factor of 1190
is achieved when the slot diameter is 80 nm and the Q-factor gradually decreases as the slot
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diameter is increased. To elucidate the relationship between the slot diameter and the resonance
linewidth, we extracted and plotted the current distributions at the EIT peak. Figure S3(a), in
Supplement 1, shows the current distributions at the EIT peak with slot diameter of 160 nm and
Fig. 4(b) shows the case where the slot diameter is 80 nm. The distinguished current density
distributions between both cases are clearly observed. With a smaller slot diameter of 80 nm the
current intensity is greater compared to the when the slot diameter is increased to 160 nm. This
shows the transmission peak wavelength and linewidth can be controlled by simply varying the
slot diameter. In addition, the results show that the transmission amplitude is not affected by the
slot diameter but primarily dependent on the slot position which changes the coupling strength.

4. Conclusion

In summary, we have demonstrated a new pathway to tailor the optical response of a dielectric
metasurface to realize EIT in contrast to previous route using positional displacement of the
resonators. By controlling the meta-atom states through the introduction of a spherical slot
in the structure, the coupling between the bright mode and the subradiant dark (slot trapping)
modes can be easily tuned. Moreover, the linewidth and hence Q-factor of our metasurface can
be easily modulated by the size of the slot. The demonstrated slot EIT mechanism addresses
the light leakage problem by structural displacement edge from traditional EIT design. The
work opens new route to design dielectric metasurface with desired resonant effects and wave
propagations for important applications such as ultrasensitive chemical/biological sensors, high
quality filters, information storage and communications. For example, the high sensitivity of
chemical/biological sensors can be enhanced by the high Q-factor narrow spectral window based
on the tiny frequency shift. Narrowband filters can be achieved with high Q transmissive window.
And the extreme dispersion of group velocity can be induced by EIT window, which leads to
slow light for specific guided wave for information technologies.
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