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Fano resonances in metamaterials are known for their high quality (Q) factor and high
sensitivity to external perturbations, which makes them attractive for sensors, lasers, non-
linear and slow light devices. However, Fano resonances with higher Q factors obtained
through structural optimization of individual resonators are accompanied by lower resonance
intensity, thereby limiting the overall figure of merit (FoM) of the resonance. This article
reports a strategy for simultaneously enhancing the Q factor and FoM of Fano resonances in
terahertz metamaterials. Coupling of the Fano resonance, which arises from a symmetry
protected bound state in continuum, to the first order lattice mode of the metamaterial array
leads to stronger field confinement and substantial enhancement of both Q factor and FoM.
As such enhancement occurs in planar metamaterials independently of the resonator

geometry, the proposed approach can be utilized for a wide range of high-Q and high-

sensitivity terahertz metadevices.
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Controlling losses in metamaterials to obtain narrow resonances is important for photonic
applications such as sensorsi*=1 low-power switches/modulatorst*, and narrowband filterst®
across the electromagnetic spectrum. These losses can be non-radiative or radiative and both
can be minimised by choosing favourable materials and an optimal metamaterial design. Since
Drude metals have high conductivity at terahertz frequencies, free electrons in the conduction
band of metals experience little resistive heating when interacting with THz radiation, resulting
in low non-radiative energy losses in non-resonant metallic structures. Therefore, radiative
losses are the main cause of loss in non-resonant metallic THz metamaterials, where the
oscillating fields of free electrons easily couple to free space. In symmetric structures, the
incident field excites an in-phase collective dipole excitation of free electrons, which re-radiates
efficiently to the far field. However, a sharper resonance possessing a higher quality (Q) factor
due to lower radiative losses can be realized by destructive interference of different excitations.
Such interference between a broad spectral line or continuum and a discrete resonance state
gives rise to Fanol® resonances which are asymmetric in line shape. They were initially
observed in quantum systemsl’*% and the classical analogue of this phenomenon is also

observed in a variety of photonic systems, including metamaterials.**-2°]

Recently, Fano resonances of metasurfaces have been linked to bound states in continuum
(BIC), which is a field of growing interest. BICs are bound eigenmodes which lie above the
photonics light line.[*6-2% This itself is a unique counterintuitive characteristic and because of
this, they possess infinite lifetimes and zero-linewidth resonances under ideal conditions.[?-24]
However, in the real world, ideal conditions are not possible, and therefore the investigation of
a quasi-BIC (QBIC) is the only way to study BIC phenomena. In this context, the QBIC is a
point where the symmetry protected BIC collapses, resulting in loss of its infinite lifetime and
zero linewidth. Hence the characteristics of QBIC include an extremely narrow linewidth which

leads to an ultra-high Q factor. The small, but non-zero, losses of metals at THz frequencies
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prevent the realization of BIC and limit their QBIC approximations, but instead Fano
resonances can be observed easily. The link between the two, BIC and Fano resonance, is that
both phenomena are a result of destructive interference coupling. Therefore, methods that
enhance Fano resonances to approach QBIC states with ultra-high Q factors could yield ultra-
low-loss metallic metamaterial devices, as well as detectors with the resolution to pick up these

narrow resonances. !

Metamaterials consist of periodic subwavelength structures that can be engineered to support a
resonant response to the incident electromagnetic wave. Depending on the geometry and
coupling of the metamaterial structures, a wide range of resonances can be excited.[*3 14 26-30]
Fano resonances in metamaterial structures are realized through symmetry breaking and can be
described in terms of interactions between bright and dark modes.!** The bright mode is excited
by the incident light and is highly radiative, while the dark mode is subradiant and is only
accessible through the near field excitation by the bright mode. In metamaterials, the Fano
lineshape can be optimised by decreasing the structural asymmetry of the resonator to give a
sharp spectral response (high Q factor). However, such Q factor optimisation often leads to low
resonance intensity (1) and limits the maximum figure of merit (FoM = Q x I).[!? Here, we
show an approach to improve both Q factor and Figure of Merit by coupling the plasmonic
resonancel®-%% to the first order lattice mode that is inherent in any periodic subwavelength
system. The lattice modes arise from the collective Rayleigh scattering of periodic structures,
where energy is strongly concentrated on the surface that fails to radiate to the far-field. Hence,
coupling a lattice mode with a resonance of a metamaterial can reduce the resonance’s radiative
losses, resulting in an enhancement of its Q-factor.[*581 The resonance frequencies of the lattice
modes are determined by the refractive index of the material and lattice period of the

metamaterial array. Therefore, by changing the lattice period of the structure, a lattice mode
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can be easily adjusted to couple to a plasmonic structural resonance to achieve Q factor

enhancement.

In this article, we experimentally study the coupling of the Fano resonance of an asymmetric
split ring resonator (ASRR) to the first order lattice mode (FOLM) of the resonator array.
Previous studies have shown enhanced Q factors by coupling a lattice mode to inductive-
capacitive (LC) resonances®*! and electromagnetically-induced-transparency-type (EIT-
type)[4% 42461 resonances. Here, we demonstrate FOLM coupling to a Fano resonance obtained
through magnetic coupling and observed both Q factor and FoM enhancement. The ASRR was
designed to support a Fano resonance at about 1 THz and a dipole resonance at a lower
frequency of 0.853 THz. Compared to a conventional square ASRR consisting of two end-
coupled resonator arms, this was achieved by flipping the resonator arms resulting in an ASRR
consisting of side-coupled resonator arms. The coupling nature of the ASRR is determined by
analysing the electric and magnetic dipole moments of the transversely coupled resonator arms,
which determines the symmetric and antisymmetric coupled modes represented by the higher
and lower frequency split modes.[”l Lattice mode coupling is achieved by tuning the lattice

mode frequency f;y. At normal incidence,

fLM=%vi2+12 )

where c is the speed of light in vacuum, n is the refractive index of the medium where the lattice
mode propagates, P is the periodicity of the square lattice and (i, j) are indices defining the
order of the lattice mode. For this investigation, the first order lattice mode (FOLM) (0,1) — that
propagates in the metamaterial’s silicon substrate — is used to interact with the metamaterial
resonances. In the frequency ranges considered here, the metamaterials do not diffract in air.
As the FOLM traps most of the THz energy on the surface of the metamaterial array, it

strengthens the resonant near-field confinement of the metamaterial resonance.[*® %°1 After the



WILEY-VCH

investigation of lattice coupling, angle-dependent simulations were performed on a symmetric
resonator under ideal conditions to determine the nature of the Fano resonance. Our findings
demonstrate the evolution of a BIC to a Fano resonance. Since an ideal BIC cannot be realized,
one way of observing this phenomenon experimentally at normal incidence is to induce a QBIC
through symmetry breaking of the resonators, which is well-known to lead to Fano resonances.
An ideal BIC, characterized by infinite lifetime (infinite Q factor), is divergent in nature,
however, it decreases to a finite quantity in response to any perturbation that breaks the in-plane
symmetry, i.e. any illumination angle®? or structural parameter that makes the excitation of
one resonator arm distinguishable from the other. Thus, we investigate whether real world
parameters of Fano resonance coupling and enhancement with the FOLM could achieve a QBIC

state.

The split modes excited in a typical asymmetric split ring resonator consist of a low frequency
Fano resonance and a higher frequency dipole resonance.[? 12 2% 4251521 The Fano resonance
being the lower frequency split mode implies that coupling to the lattice mode would require a
sparse array (large period), which may be inefficient. Therefore, the coupling of the ASRR was
changed from capacitive coupling to inductive coupling by flipping the arms of the ASRR, as
shown in the insets of Figure 1. The nature of coupling between the resonator arms determines
the resonance frequency of the Fano resonance, which can be lower [Figure 1(a)] or higher
[Figure 1(b)] than the frequency of the dipole resonance. Fano resonances in such metamaterials
are characterized by anti-parallel surface currents as shown in insets of Figure 1(a) for a square
ASRR and Figure 1(b) for the flipped ASRR. This brings the Fano resonance closer to the first

order lattice mode frequency (cyan dotted line), which allows for efficient resonance coupling.
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Figure 1. Fano resonances of different aluminum resonator configurations. (a) Square
configuration of end-coupled resonator arms and (b) side-coupled configuration with the
resonating arms flipped. Simulations of the Fano resonance excitation allowed by asymmetry
resulting from displacement of the gap by a distance d = 3 um from the central (Ssymmetric)
position while maintaining overall dimensions of 40 pm X 40 pm, an arm width of 6 um, a
gap of g = 3 um and a period of 70 pum. The insets show the simulated surface currents at the
transmission minimum of the Fano resonances at (a) 0.768 THz and (b) 1.01 THz. A cyan
dotted line marks the first order lattice mode fum(o,1).

The ASRR shown in the inset of Figure 2(a) has a size of 40 x 40 pm?, an arm width of 6
pum and a gap of 3 um. The gap is displaced by d = 3 pum from the central vertical axis of the
resonator to break the symmetry of the system and the incident radiation is polarized with the
electric field parallel to the vertical axis (y-polarized). To emphasize its physical significance,
we refer to the gap as the coupling distance g between the split arms. To show the change from
capacitive to inductive coupling, the coupling distance is varied as shown in Figure 2(b). The
figure shows a blue shift of a transparency peak for decreasing coupling distances, g = 9,5, 3

pm, where the asymmetry used is d =1 um for a lower transparency peak strength, as this
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makes the tuning of the transparency peak more visible. The blue shift of the transparency peak
changes the Fano resonance from being the lower frequency split mode to the higher frequency
split mode, where g = 5 is the threshold position when the transparency peak is exactly at the
centre of the broad resonance dip. The switch from capacitive to inductive coupling can be seen
in either the electric dipole (p) or the magnetic dipole (1) moments of each arm of the ASRR
obtained from simulated surface currents at the resonance frequencies of the transmission
spectrum. Only transverse coupling is relevant for y-polarized ASRR illumination, which is
considered here. Transverse coupling of an antisymmetric mode results in an attractive force
that decreases the restoring force, and controls the resonant charge oscillation, leading to a
lower resonance frequency. In contrast, transverse coupling of a symmetric mode results in
repulsion that increases the restoring force, leading to a higher resonance frequency.*1 At g =
9 um, the dominant coupling is electric as the lower frequency split mode (Fano resonance)
corresponds to the transverse coupling of electric dipoles aligned anti-symmetrically, whereas
the higher frequency mode corresponds to the symmetric transverse coupling of electric dipole
moments, as shown in Figure 2(b-i) and (b-ii), respectively. This transmission spectrum is
similar to that of a typical ASRR (without flipped resonator arms) as shown in Figure 1(a),
where the Fano resonance is also the lower frequency split mode. At a coupling distance of g =
3, the dominant transverse coupling is magnetic, where the Fano resonance is now the higher
frequency split mode which corresponds to magnetic dipoles aligned symmetrically, while the
lower frequency split mode corresponds to antisymmetric coupling of magnetic dipoles.
Though the coupling is revealed by the relative orientations of the resonant electric or magnetic
dipole moments and the spectral position of the corresponding transmission resonances, the
Fano resonance is still represented by antisymmetric surface currents [Figure 2(b-i) and (b-vi)],
which trap energy in the resonators as emission from both resonator arms is prevented by

destructive interference in the far field.



WILEY-VCH

ry

Q
o
=P

-
(6]

Transmission Amp
o

o
3

0-0 1 1 1 1 M | 1 | 1
04 06 08 10 1.2 14
Frequency (THz)

Figure 2. Fano-metamaterial. (a) Optical microscope image of the metamaterial array with
schematic illustration of the incident THz field. The inset shows a unit cell containing an
asymmetric split ring resonator. (b) Simulated transmission amplitude of aluminum
asymmetric split ring resonators with P = 70 um period, d = 1 um asymmetry and coupling
distances of g = 9, 5and 3 um. Their resonances are labelled (i)-(vi) and the corresponding
surface currents, electric dipole moments (p) and magnetic dipole moments (1) are shown.

Metamaterial samples were fabricated on a high resistivity (» > 5000 € - cm) silicon substrate
of 500 um thickness. The samples were patterned using conventional photolithography,
followed by thermal evaporation of 200-nm-thick aluminum metal and a lift off process leaving

behind the resonator array, as shown in Figure 2(a). The fabricated metamaterial samples were

measured using a terahertz time-domain spectroscopy system to characterize their transmission
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properties. For the excitation of the Fano resonance, a y-polarized terahertz beam illuminates
the sample at normal incidence. The transmission amplitude is calculated as t(w) =
|Es(w)/E,(w)|, where subscripts s and r correspond to the Fourier transforms of the time-

domain electric field transmitted through the sample and a reference substrate, respectively.

We studied the interaction between the FOLM and the metamaterial resonances of the ASRR
both numerically and experimentally. Numerical investigations were conducted using a
commercially available frequency-domain solver based on the finite-difference time-domain
(FDTD) method, Computer Simulation Technology (CST) Microwave Studio. The refractive
index of the silicon substrate and the conductivity of aluminium were modelled as n = 3.42
and o = 3.56 x 107S/m, respectively. The simulated and measured transmission spectra of the
ASRR arrays of varying period (P) are shown in Figure 3. The spectra show the dipole and
Fano resonances around 0.8 THz and 1.0 THz, respectively. For a lattice period of P = 75 um,
the FOLM that is indicated by the cyan dotted line/arrow occurs at a frequency of 1.16 THz,
which is higher than the Fano resonance frequency. Increasing the lattice period decreases the
lattice mode resonance frequency and allows it to couple to the metamaterial resonances.
Resonant coupling between the lattice mode and the Fano resonance is observed as the lattice
period is increased from 75 um to 90 um [Figure 3(a-d)]. We see a narrowing of the Fano
resonance as the lattice mode (cyan dotted line) approaches the Fano resonance with increasing
lattice period. When the lattice mode frequency matches the Fano resonance at P = 90 pm
[Figure 3(d)], the Fano resonance is of the narrowest linewidth. Increasing the lattice period
further (P > 90 um) decreases the lattice mode frequency, causing a frequency mismatch
between the FOLM and the Fano resonance. This decreases the strength of the Fano resonance
and broadens its linewidth. Similar behaviour is observed for the dipole resonance when the
lattice period is increased such that the lattice mode frequency approaches and couples to the

dipole resonance frequency for periods from P = 110 um to 118 um [Figure 3(e-g)]. The
9
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transmission minimum of the dipole resonance is narrowest when the lattice mode frequency
matches the dipole resonance at P = 118 um [Figure 3(g)]. As the lattice period is increased
further to P > 118 um, there is a frequency mismatch between the lattice mode and the dipole
resonance and hence the resonances gradually decouple, thereby weakening the resonance
strength, as seen in Figure 3(h) at P = 122 um. We note that the (1,1) lattice mode couples to
the Fano resonance as the lattice period approaches P = 122 pum and a linewidth narrowing can
also be seen in this case. Simulations and experiments are in good qualitative agreement.
Quantitative differences regarding linewidth and strength of resonances are mainly due to
limited resolution of the experimental setup (~30 GHz), which is unable to resolve ultra-narrow

resonances.

10
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Figure 3. Coupling resonances of aluminum split rings and lattice. Simulated and measured
transmission amplitude of metamaterials with asymmetry d = 3 um, coupling distance g = 3
pum and lattice periods from P = 75 to 122 um. (a — d) Narrowing of the Fano resonance and
(e — h) narrowing of the dipole resonance due to interaction with a lattice mode. Cyan dotted
lines/arrows indicate the first order lattice mode (0,1), while green arrows indicate the (1,1)
order lattice mode. Critical periods are 90 um and 118 um, where the (0,1) lattice mode
frequency matches the metamaterial’s Fano and dipole resonances, respectively.

Narrow resonance features are quantitatively described by the Q factor, estimated by Q =
wo/Aw, where Aw is the full width at half maximum (FWHM) of the resonance intensity and

wy 1S the resonance frequency. These resonance parameters are obtained from the transmittance

11
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spectrum, T(w) = |t(w)|?, using the following equation that describes the Fano resonancel®

53]

__Wte) @
(1+q2)(1+W2) ' T Aw/2 (2)

T(w) =Ty +H

where T, and H are constants, q is the asymmetry parameter which determines the resonance
profile while W is a normalized expression containing the resonance frequency w, and the
FWHM Aw. The Q factor also directly relates to the losses in the metamaterial system, which
can be radiative or non-radiative. But as discussed above, the losses are mainly radiative as
Drude metals have high conductivity at terahertz frequencies. A common characteristic in
metamaterial Fano resonances is that high-Q Fano resonances have a low intensity
(transmission change) and higher intensity resonances have a lower Q. A high intensity Fano
resonance at low asymmetric displacement (d = 3 um) was used to show the effect of lattice
mode coupling. We note that a higher Q factor of the Fano resonance could be achieved by
optimizing the ASRR asymmetry, however, such “optimization” would disregard the practical
importance of resonances that are not only narrow but that also exhibit a large resonance
amplitude. In order to simultaneously optimize both resonance width and resonance depth, we
consider a Figure of Merit (FoM) defined as FoM = Q X I, where Q is the resonance Q factor
and | is the resonant transmission change in terms of intensity. Figure 4(a,b) shows the Q factor
and FoM as the period of the metamaterial unit cell increases, tuning the lattice mode frequency
relative to the metamaterial resonances. From P =70 um to 90 um, the Fano resonance Q factor
increases gradually and upon reaching the critical period for Fano coupling PFa"° = 90 um, it
reaches a maximum of 59. A minor increase of Q factor is seen for the dipole resonance at P =

70 um to 90 pm, but it increases significantly at P > 90 um, to a maximum of 19 at P = 114

dipole __
P. =

pum. Interestingly, the lattice mode resonantly couples to the dipole resonance at
118 um but its maximum Q factor was obtained at P = 114 um. This is because the resonance
interaction occurs near the half maximum of the high-intensity dipole resonance for P = 114

12
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pm and at its transmission minimum for P = 118 pum, resulting in squeezing of FWHM and tip
of the dipole resonance, respectively. Therefore, the Q factor at P = 114 um is slightly higher
than at the critical period, PYP°'® = 118 um. A similar trend is seen for the FoM, which also
increases with increasing lattice period as the lattice mode frequency approaches the
metamaterial resonances, reaching a maximum value of FoM = 33 for the Fano resonance at
PFano = 90 um and a maximum of FoM = 15 for the dipole resonance at P = 114 pum. Figure
4(c) shows the simulated transmission amplitude spectra as a function of the lattice period. It
clearly depicts the resonance narrowing as the lattice mode approaches and then matches the

ASRR Fano and dipole resonance frequencies at the critical periods of 90 and 118 pum.
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Figure 4. Lattice-dependence of resonant metamaterial properties extracted from simulations.
(a) Q factor and (b) figure of merit (FoM = Q x I, with resonant transmission intensity
change I) of the dipole (black) and Fano (red) resonances at different lattice periods of the
aluminum metamaterial with asymmetry d = 3 pm and coupling distance g = 3 pum. (c)
Transmission amplitude as a function of the metamaterial’s period and frequency of the
incident THz wave. The metamaterial resonances are narrowest when they coincide

approximately with the lattice mode fumo1) for critical periods PFan° = 90 um and PP°'® =
118 um (dashed lines).

To determine the nature of the Fano resonance and the ability of its enhancement due to FOLM
coupling to achieve a QBIC state under realistic parameters, an illumination-angle-dependent
simulation is performed assuming ideal metallic resonators made from perfect electric
conductor (PEC). Figure 5(a) shows the transmission amplitude as a function of illumination
angle and frequency for arrays of symmetric (d = 0) PEC metamaterial resonators with
coupling distances of g = 3,5 and 9 pum and otherwise of the same geometry as in Figure 2.
Similar to Figure 2(b), the coupling distance determines the coupling nature (magnetic or
electric) of the metamaterial and hence the spectral positions of the dipole resonance, the
BIC/QBIC/Fano resonance and the transmission peak in between. As the angle of incidence
increases, we can see the collapse of the symmetry protected BIC at normal incidence to a
resonance with a finite linewidth, at 0.97, 0.93 and 0.90 THz for g =3,5and 9 pm
respectively (red arrows in Figure 5(a)). The QBIC state is where the BIC just collapses and
loses its zero linewidth and infinite lifetime. This happens at a slight perturbation of the
symmetry protected system as illustrated by Figure 5(b), where we see the QBIC with an ultra-
narrow linewidth for 2° oblique illumination of the symmetric PEC structure (black lines). To
facilitate measurements at normal incidence, another method to induce a QBIC resonance is to
break the structural symmetry of the resonator. This is illustrated by Figure 5(b) for normal
illumination of PEC ASRR arrays, where the gaps are displaced from the resonator’s central
vertical axis by the asymmetry parameter d = 0.25 um (red dashed lines). Both BIC

perturbations, either a small illumination angle or a small structural asymmetry, yield QBIC at
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almost identical spectral positions [Figure 5(b)] and similar behaviour has also been reported
by other groups.!?224l Figure 5 also illustrates that the QBIC can be tuned across the broad
continuum by changing the coupling distance between the components of the metamaterial unit

cell, from high frequencies to an EIT-like spectrum and low frequencies.
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Figure 5. Excitation of bound metamaterial states in the continuum by symmetry breaking.
Simulations are shown for metamaterial arrays with period P = 70 um consisting of PEC
resonators with different coupling distances of g = 3,5 and 9 um. (a) Transmission amplitude
spectra of symmetrically coupled resonators (d = 0 um) as a function of angle of incidence in
the xz-plane. Symmetry protected BIC are shown by red arrows at normal incidence. (b)
Transmission amplitude spectra of QBIC excited by illumination of the symmetric structures
with 2° angle of incidence (solid lines) or at normal incidence by introduction of a small
structural asymmetry d = 0.25 um (dashed lines). An example of the ultra-narrow resonance
of the QBIC is shown and magnified in the inset of g = 3 pm.
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As the perturbation is reduced towards zero to approach the symmetry-protected BIC, the line
width becomes zero and the Q factor diverges to infinity, as shown in Figure 6. Our simulations
show that both oblique illumination of symmetric resonators [Figure 6(a)] and structural
asymmetry of resonators at normal incidence [Figure 6(b)] can control the Q factor of
QBIC/Fano resonances in PEC metamaterials by at least two orders of magnitude. While the Q
factor could in principle diverge to infinity under ideal conditions, under real world conditions,
losses and detector resolution limit the achievable and detectable Q factors. This effect of losses
is shown for aluminium resonator arrays with a coupling distance g = 3 um, which achieved
maximum Q factors that are about two orders of magnitude lower than those calculated for PEC
resonator arrays. For these aluminium resonator arrays, the highest Q factor resonances, that
occur at near-normal incidence [Figure 6(a)] / low asymmetry [Figure 6(b)], suffer from low
resonance intensity. Figure 6(c) shows a comparison of Q factors between arrays of PEC and
aluminium ASRRs with asymmetry d = 3 pum and coupling distance g = 3 um for different
lattice periods, where FOLM coupling and enhancement of the Fano/QBIC resonance occurs at
P =89 and 90 um for PEC and aluminium ASRRs, respectively. While FOLM coupling
enhances the Q factor, the maximum Q factor calculated with FOLM coupling under real world
conditions is still about two orders of magnitude lower than that of the QBIC under ideal low-
asymmetry PEC conditions. For aluminium resonators, our results indicate that the three
different optimization strategies — small angle of incidence onto symmetric resonators, normal
incidence onto low-asymmetry resonators and FOLM coupling — yield comparable maximum
Q-factors, which are limited by non-radiative losses in aluminium. We note that the resonators
used for FOLM coupling have a significant asymmetry of d = 3 um — and thus high resonance
intensity — for experimental detection and suffer from ohmic losses in the metal as well as a
small amount of substrate absorption. Very low asymmetry resonators made from low-loss

materials will require high fabrication accuracy to avoid inhomogeneous broadening and
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precise matching of the FOLM to the ultra-narrow Fano/QBIC resonance to achieve resonance
enhancement.
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Figure 6. Q factor of the simulated Fano resonance as a function of (a) angle of incidence 9,
(b) asymmetry d and (c) period P. (a, b) The Q factor of PEC resonator arrays diverges to
infinity when incidence angle and asymmetry both approach 0 as the resonance is protected
by symmetry in this case. Results for aluminum resonator arrays with a coupling distance of

g = 3 pm are shown for comparison. (c) Comparison between ideal PEC and realistic
aluminum resonator arrays with asymmetry d = 3 um and coupling distance g = 3 um for
different periods, where FOLM coupling is indicated by a dashed line.

To further investigate the Q factor enhancement of the metamaterial resonances due to FOLM
coupling, we performed numerical simulations of the electric and magnetic field under lattice
matched and mismatched conditions of both the Fano and dipole resonances. Figure 7(a-d)
shows the electromagnetic field distributions of the Fano resonance mismatched and matched
to the first order lattice mode at P = 70 and 90 um, respectively. Under lattice matched
conditions we observe some electric field enhancement on the ends of the left resonator arm
and along the gap. Since the Fano resonance arises from the inductively coupled resonator arms,
we also see a strong enhancement of the magnetic fields in the gap. This enhancement due to

coupling to the lattice mode strengthens the confined light in the gap and the FOLM-enhanced

fields are evidence of reduced radiative losses, leading to the high Q lattice matched
17
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metamaterial resonance. Figure 7(e-h) shows the electromagnetic field distribution of the dipole
resonance mismatched and matched to the first order lattice mode at P = 70 ym and P = 118
pm. Similar results can be seen in the fields of the dipole resonance, where lattice matching
yields stronger overall excitation of the structure. While only the longer resonator arm is
strongly excited without lattice matching, FOLM-coupling of the dipole resonance at P = 118
pm results in substantial excitation of both resonator arms. Magnetic field enhancement due to
lattice-matching is seen along the inner edge of each C-shaped resonator arm, which is evidence
of increased currents in each resonator arm. However, the magnetic field within the gap between
the resonator arms remains weak, and indeed the magnetic fields generated by a pair of identical

electric dipoles is expected to cancel here.

FANO DIPOLE

Lattice mismatched Lattice matched Lattice mismatched Lattice matched
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Figure 7. Lattice-induced field-enhancement. The near field total electric and magnetic field
amplitude, |E| and |B|, of the Fano and dipole resonance under lattice mismatched (P = 70 um)
and lattice matched conditions (Fano: P = 90 um; dipole: P = 118 pum) for aluminum split
ring arrays with asymmetry d = 3 pm and coupling distance g = 3 um. All maps of the same
field share a color scale with the same range. Field enhancement is marked by white dashed
ovals under lattice matched conditions.
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In summary, lattice mode matching was performed on a terahertz asymmetric resonator with a
Fano resonance as the higher frequency split mode. This was done by transverse coupling of
symmetric magnetic dipole moments. The lattice mode traps electromagnetic fields in the plane
of the metamaterial array and interferes with the metamaterial response, strengthening the
resonant field confinement and reducing radiative loss. This lowered radiative loss yields a
higher Q factor resonance. Here, lattice mode coupling increases the Q factor and Figure of
Merit of the Fano transmission resonance by several times. We have shown that the Fano
resonance originates from a symmetry protected BIC and radiates as a quasi-BIC state. We have
shown that such quasi-BIC/Fano resonances can be tuned across the broad dipolar continuum
by changing the coupling distance of the resonators. Coupling to the first order lattice mode
provides a simple and general method for increasing the Q factor of metamaterial resonances
for applications such as sensing, narrow band filtering and lasing spasers. The narrow gaps in
this high frequency Fano design could also be used as micro channels for microfluidic sensing

type applications.
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