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Abstract
A bound state in the continuum (BIC) is a non-radiating state of light embedded in the
continuum of propagating modes providing drastic enhancement of the electromagnetic
field and its localization at micro-nanoscale. However, access to such modes in the far-
field requires symmetry breaking. Here, we demonstrate that a nanometric dielectric or
semiconductor layer, 1000 times thinner than the resonant wavelength (A/1000),
induces a dynamically controllable quasi-bound state in the continuum (QBIC) with
ultrahigh quality factor in a symmetric metallic metasurface at terahertz frequencies.

Photoexcitation of nanostrips of germanium activates ultrafast switching of a QBIC
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resonance with 200% transmission intensity modulation and complete recovery within
7 ps on a flexible substrate. The nanostrips also form microchannels that provide an
opportunity for BIC-based refractive index sensing. We present an optimization model
for (switchable) QBIC resonances of metamaterial arrays of planar symmetric
resonators modified with any (active) dielectric for inverse metamaterial design that

could serve as an enabling platform for active micro-nanophotonic devices.

Introduction

Engineering of passive and active narrowband resonances in small structures is of
particular interest for miniaturization of resonant devices such as modulators, sensors,
filters, and lasers. Hybrid metamaterial systems have been a strategy to incorporate the
advantages of both subwavelength-scale metallic structure and tunable active control
of semiconductors or phase change materials. Subwavelength metallic structures can
be designed to support a broad range of resonances such as dipole,!!! LC-type,':? Fano-
typel*7 and EIT-like resonances.®!!! The active material then supplements and
functionalizes the metamaterial by enabling resonance switching and modulation. For
instance semiconductors such as silicon (Si), gallium arsenide (GaAs) and germanium

(Ge) play a pivotal role in electronics and could also support active photonics.!!>!”]

Active functionalities, such as switching and modulation,!'®]

are required for dynamic
control over signals, e.g. in communications, where miniaturization and speed are vital
to address the growing bandwidth requirements and demand that we keep moving up

in the frequency spectrum, eventually leading into the terahertz regime for the
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upcoming sixth generation (6G) telecommunications.!”!

Fano resonances are of particular interest as they can exhibit a high quality (Q) factor
and are suitable for applications that require high sensitivity and low loss. This includes
lasing spasers,?°2*) sensors?*3% and slow light devices.!!* 163131 Fano resonances in
both metallic and dielectric metasurfaces arise from small asymmetries that perturb a
bound state in the continuum (BIC), allowing the perturbed state (quasi-BIC)
possessing a finite linewidth to interfere with the incident plane wave.l'% 3442
Theoretically, symmetry protected BICs are described as having an infinite lifetime and
O factor.[*> 1 BICs have bound eigenmodes that exist above the photonic light line and
are unobservable in the far-field.”® These modes are susceptible to external
perturbations, which turn a BIC into a leaky Fano line-shape resonance with a finite
lifetime (Q factor), which is also known as quasi-BIC (QBIC) resonance.!'* 3! The most
common type of BIC is symmetry protected and the corresponding QBIC can be excited
by perturbing a physical dimension of the resonator geometry to break its symmetry.
This allows the resulting leaky resonance mode to couple to the free space and to be
observed in the far-field. Such symmetry breaking is also a common strategy used to
excite Fano resonances in metamaterials. A slight asymmetry between resonant
components within a unit cell (e.g. two wires) of a periodic structure causes an
imbalanced destructive interference between two radiation channels.*® 42! A balanced

destructive interference would prevent leaky radiation to the far-field and corresponds

to a BIC.
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In this work, we use nanometric thin semiconducting strips to perturb the BIC state by
introducing a tiny out-of-plane nanoscale asymmetry in a terahertz resonant
metamaterial based on symmetric metallic resonators, namely split-ring resonators
(SRRs).* Most previous demonstrations of symmetry broken metamaterials involve

[4.45] The incorporation of

alterations in the lateral geometry of the resonant structures.
the semiconducting material does not only result in a QBIC resonance but also allows
modulation of the resonance. The combination of an active superstrate nanolayer on a
metallic resonator enables the resonant unit cell to remain small compared to the
wavelength, which is not possible in an all-dielectric configuration. This approach
could potentially be used with any active dielectric material on any planar symmetric
resonator array that supports a BIC mode. Here, we chose Ge to demonstrate ultrafast
switching and modulation of QBIC resonances. The Ge strips also form microchannels,
where an analyte could flow and enable refractive index sensing. We provide an

optimization model for this system which can be used to design metasurfaces with a

desired combination of QBIC resonance Q factor and intensity.

Results and Discussion

Throughout this work, we will consider the properties of metamaterials illuminated at
normal incidence (unless stated otherwise) by vertically (v) polarized terahertz waves.
We have shown in the supplementary information (Figure S1) by eigenmode and full-
wave finite element analysis that under lossless conditions, a symmetric split-ring
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resonator possesses a high-Q resonance. This high-Q resonance has the characteristics
of a BIC —a diverging Q factor. Any symmetry-breaking perturbation of the BIC allows
access to a narrow high-Q mode. This strategy is commonly followed by creating an
asymmetry in the lateral dimensions between the two constituent resonating arms by
shifting one or both of the gaps slightly (e.g. micrometres in case of terahertz
resonators).! In contrast, the method demonstrated here maintains the symmetry of the
metallic resonator and incorporates a nanometric semiconducting layer on a portion of
the unit cell. The chosen semiconducting material is germanium (Ge) with a refractive
index of nge = 4. To disrupt the symmetry, a nanometric Ge strip of width s = s;, is
used to cover the left half of the unit cell as shown in Figure 1a(i). As the thickness, #,
of the Ge layer increases, the yz symmetry is broken and a resonance appears with a
broadening linewidth and decreasing Q factor. This can be seen in Figure 1a(ii), where
the O factor that diverges at the symmetric point is proportional to 1/h? and 1/a?
with increasing thickness h and asymmetry « , respectively. The asymmetry
parameter — introduced later — will quantify the asymmetry in terms of the key physical
parameters that make the unit cell asymmetric and induce a QBIC resonance while
preserving the symmetry of the metallic resonator. Figure 1b highlights the dual-
BIC/symmetric nature of our system which is controlled by the non-metallic strip. The
Ge strip of width s = s; + s; is used to cover part of the left (L) half of the unit cell
or all of the left half and part of the right (R) half of the unit cell, as shown in Figure
1b. Starting from the centre of the unit cell, as the Ge strip is extended to cover the unit

cell’s left half, the unit cell becomes increasingly asymmetric and the QBIC emerges
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and redshifts in the transmission spectrum, from the BIC 1 frequency at 0.754 THz to
0.66 THz when the left half of the unit cell is fully covered. Further widening the strip
into the right half results in a significant redshift as Ge coverage of the resonator’s
capacitive gap causes a capacitance increase and thus a resonance frequency decrease
(wo = 1/VLC). The resonance frequency continues to redshift until the unit cell is
completely covered with Ge, which restores the symmetry of the structure, causing the
QBIC to recover to BIC 2 at 0.61 THz. Thus, the cases of complete absence of the strip
and complete strip coverage (and indeed any symmetric coverage, s; = sg) yield a
BIC state. The QBIC resonance narrows and vanishes as these BIC states are
approached. See Supplementary Figure S2 for the strip-width-dependent Q factor of the
QBIC resonance. Figure 1c shows the transmission amplitude spectra for (i, iii) the two
BICs and (ii) the QBIC resonance of a half-covered system alongside their respective
cross-sectional electric field at (i) 0.754 THz, (ii) 0.66 THz and (iii) 0.61 THz. At BIC
conditions, where the system is fully symmetric — fully (i) uncovered or (iii) covered
with Ge — only a dipole resonance can be observed, and the electric field distribution
has the same symmetry as the unit cell. An example of a symmetry broken BIC is shown
in (ii), where the unit cell is half-covered with Ge (Half-Ge) and a sharp narrow
resonance associated with an asymmetric field distribution appears at a lower frequency
than the dipole resonance. We will use this narrow QBIC mode shown in (ii) to
demonstrate switching and sensing in this paper. The addition of the semiconducting
strip, which breaks the yz-plane mirror symmetry through the centre of the resonators,

enables different excitation of the left and right resonator arms by normally incident y-
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polarized THz waves. This can be seen in Figure 1c(ii), which shows the electric field
E: on an xz unit-cell cross-section of the metamaterial across one of the gaps, for
illumination along -z. The presence of the Ge strip leads to the excitation of an
asymmetric mode in the left (L) and right (R) resonator arms. The asymmetric
excitation is associated with strong local fields as (approximately)  destructive

interference in the far-field traps energy in the metamaterial structure. However, the
mode is not perfectly anti-symmetric, slightly stronger fields can be seen at the bottom
of the Ge-covered half (L) of the unit cell. It is this deviation from the perfectly anti-
symmetric BIC mode that allows the asymmetric QBIC mode to leak and couple to the
continuum as far-field radiation. This slight asymmetry of the excitation can also be
interpreted as a resonance frequency mismatch of the two resonating arms, where the
resonance frequency w, of the Ge-covered resonator arm is lowered. The symmetric
local fields, plotted on the same scale, excited in the symmetric structure without the
Ge strips are substantially weaker [Fig. 1c(i)]. The symmetric mode does not change
much throughout the whole feature of the broad resonance, and constructive
interference in the far-field implies that it is strongly coupled to the far-field and cannot
trap much energy in the metamaterial device. The perfectly anti-symmetric BIC mode

of the symmetric structures cannot be excited.

Device design and optimisation: Ge has an indirect bandgap of 0.66 eV and a larger
intrinsic carrier concentration and higher carrier mobility than silicon. Its ultrafast

carrier dynamics and high absorption coefficient have also been appealing for photonic
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devices such as photodetectors or solar cells.[*>*7! As such, Ge is a suitable photoactive
material for modulating or switching metamaterial resonances with light, removing the
need for electrical contacts. The cyclic olefin copolymer (COC) substrate not only
supplements the functionality by giving the device flexibility as shown in Figure 2a(i)
but also minimizes the loss by having excellent electromagnetic characteristics
(refractive index n = 1.52 and loss tangent of tan J ~ 0.0006)% 41 at terahertz
frequencies. Moreover, its refractive index is low enough to avoid lattice modes near
the QBIC frequency.”®! Images of a fabricated metamaterial array and its SRR unit cell
are shown in Figure 2a(ii) and the inset reveals the dimensions of 95 pm period, 80 pm
edge length, 6 um resonator line width and 4 um split gap. Gold is used for the SRRs
and the COC substrate is 50 um thick in all cases. The Ge strip of this sample has a
width s = s; = 47.5 um. Fabrication details are given in the experimental section. A
QBIC that arises from breaking the symmetry of the unit cell with a dielectric strip can
be optimized by adjusting the geometrical parameters of the dielectric strip, without
changing the geometry of the metallic resonator. This concept allows enhancement in
the functionality of any existing planar symmetric resonator array, that supports a BIC
mode, with any available dielectric. This is illustrated in Figure 2(b-d), which shows
the dependence of the SRR metamaterial’s QBIC resonance on the strip’s (b) width, (c)
thickness and (d) material permittivity & (or refractive index n =+/e for non-
magnetic materials). Simulated and measured transmission amplitude spectra of the
metaphotonic device with a Ge thickness of # = 500 nm show that the QBIC resonance

red-shifts (0.7 to 0.66 THz) and increases in amplitude as the strip width s increases
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from 16 to 47.5 um (Figure 2b), where the 47.5-um-wide (half-Ge) strip covers half of
the unit cell. In contrast, the amplitude of the dipole resonance remains unchanged. The
half-Ge strip structure was chosen for in-depth experimental characterization as it
provides a resonance with a large amplitude and suitable linewidth for our measurement
setup with a spectral resolution of about 30 GHz. Similarly, as the thickness of the half-
Ge strip is varied from 200 to 700 nm (Figure 2c¢), the QBIC resonance also redshifts
(0.71 to 0.63 THz) and its amplitude also increases while the dipole resonance’s
amplitude remains unchanged. Using a thinner Ge layer, smaller than the penetration
depth of 200 nm for a pump beam of 800 nm wavelength,>! 32! could be advantageous
for photoactive control as it requires less optical pump fluence to increase its

[53] however, thinner Ge also yields a weaker QBIC resonance.

photoconductivity,
Considering this trade-off, a thickness of 500 nm was chosen. Measured and simulated
resonances in Figures 2b and 2¢ match well in terms of spectral position. The contrast
of experimental spectra is limited by the 30 GHz spectral resolution of the terahertz
time-domain spectroscopy (THz-TDS) setup. Figure 2d illustrates that any dielectric
that provides some refractive index contrast can be used to obtain a QBIC resonance,
for resonance optimization as well as sensing applications (later section). The larger the
strip’s permittivity, the thinner the strip can be for a measurable QBIC resonance,
indicating that thinner strips made from a higher-permittivity semiconductor should be
suitable for optical QBIC control at lower pump fluence. The dependence of the QBIC

resonance on strip translation and additional results on strip width variation are shown

in Supplementary Figures S3 and S4, respectively.
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In order to quantify and compare QBIC resonance characteristics, we fitted the
transmittance spectra, T(w) = |t(w)|?, as a Fano resonance Ty (the QBIC resonance)

on a Lorentzian background T, (the dipole resonance).

T(w) = Ty + Tr (1)
_ (Ya/2)?

T =l T G =00+ (ral2)? o
_ (W + q)? _ W — Wpg

e graewy T (1

where the subscripts d and F correspond to dipole and Fano respectively, w,, y and
I are frequency, FWHM and normalized intensity of the corresponding resonance, T,
is the baseline shift of the whole spectrum, and g is the asymmetry parameter that
determines the QBIC resonance profile. Fitting examples are shown in Supplementary

Figure S5.

The radiative losses of the QBIC resonance can be estimated by the Q factor, Q =
Wro/Yr. Another parameter of practical importance is the resonance intensity (depth)
I, which can be extracted from the QBIC resonance peak and dip of the transmittance
spectrum. As there is a trade-off between O factor and intensity of the QBIC
resonance,”’! we consider their product as a general figure of merit (FoM), FoM =
Q X I, in order to find a desirable trade-off. The optimal trade-oft will typically depend
on additional application-specific considerations that cannot be captured in a general
figure of merit. The Q factor, intensity, and figure of merit of the QBIC resonance all

depend on the strip-induced asymmetry.
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Here we describe this asymmetry a in a generalized form as the product of
contributions associated with the strip area, its interaction with the metallic resonator,

and its optical thickness.

@ = Qprea X AsRR X AOT (2)
@area = Z'fL—_A“R' (2a)
aon = [ (2b)
Aspr = 2 — ‘461,;% (2¢)

Such a definition of asymmetry, «, is applicable to a unit cell which consists of two
halves, “left” and “right”, that are mirror images of each other. The symmetry that
underpins a BIC corresponds to a = 0, which arises when the strip does not break the
mirror symmetry of the unit cell, (@area X @sgr) = 0, or when the strip is absent,
aor = 0. a > 0 quantifies the asymmetry and leads to the emergence of the QBIC
resonance.

Asymmetry results from any area of asymmetric strip coverage not affected by mirror
symmetry from the two halves of the unit cell and it is quantified as ae,, the fraction
of the unit cell that is covered asymmetrically. For a single strip oriented parallel to the
symmetry axis (y-axis), it is twice the difference between left and right strip areas,
Apr = spr X By, normalized by the area of the unit cell, Aypiccen- As illustrated by
Figure 3a, any part of a strip that is symmetric with respect to the symmetry axis does
not contribute to area asymmetry (striped region) and the largest asymmetry of 1

corresponds to the case when the strip covers one half of the unit cell entirely, but not
11
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the other. Figures 1c(ii) and 2b show that maximizing @re, leads to a pronounced
QBIC resonance.

The asymmetry caused by a strip that is placed asymmetrically on the unit cell also
depends on the thickness h of the strip and the difference between the refractive index
of the strip ngjp and the adjacent material covering the unit cell n, (air, or an
analyte in case of sensing). This is illustrated in the bottom portion of Figure 3a. It is
quantified by the optical thickness asymmetry, agr, which is the optical path length
variation resulting from resonator illumination through the strip, divided by 1 pm to
arrive at a unitless quantity. (We anticipate that agr could be generalized further by
normalization to the wavelength instead, but testing this across a wide range of resonant
wavelengths goes beyond the scope of this work.) Figure 2¢ shows that the QBIC
resonance becomes more pronounced with increasing agr.

The area and optical thickness asymmetries described above are general and applicable
to any dielectric strip placed on any symmetric, planar resonator. However, there is also
a unit-cell-specific contribution to asymmetry, aggg, as some areas of a resonator can
be more sensitive to the presence of the strip than others. As illustrated by
Supplementary Figure S3, the SRR considered here is most sensitive to perturbations
near the capacitive gap of the structure. Here we approximate this behaviour as linear,
with aggrr Increasing from zero when the asymmetric strip area is centred
infinitesimally close to the edge of the unit cell to two when the asymmetric strip area
is centred infinitesimally close to the middle of the capacitive gap. This is quantified in
terms of the distance dy ;5ym from the symmetry axis to the middle of the asymmetric

12
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strip area, and the lattice period P,, see Figure 3a. [If the strip covers the symmetry
axis, dyasym = (SL + Sr)/2, otherwise dy asym = dy, Where d, is the distance of
the centre of the strip from the symmetry axis.] As they both depend on the strip’s
placement within the unit cell, ape; and aggrgr are shown together in the top portion
of Figure 3a.

Figures 3 shows how the (b) QBIC intensity, (c) Q factor and (d) FoM depend on the
generalised asymmetry parameter, «. Various geometries were simulated to generate
the figures, varying width, thickness, and position of the Ge strip to modify the
asymmetry as explained in the figure and its caption. For all cases, the QBIC intensity
and Q factor follow an exponential trend as a function of asymmetry. With increasing
asymmetry, the QBIC intensity increases exponentially, I = 0.97 — 1.1 exp(—0.46a),
and the Q factor decreases exponentially, Q ~ 7 + 67 exp(—0.84a), as shown in
Figures 3b and 3c, respectively. Therefore, the FoM can be fitted with the product of
these exponential fits, and the optimal asymmetry can be obtained from the saddle point
of Figure 3d. The optimal asymmetry of about a@ = 1.5 corresponds, for example, to
the half-Ge SRR sample with 2 = 500 nm. These results show how the asymmetry
resulting from asymmetric placement of a dielectric strip on a symmetric unit cell can
be quantified, and how this asymmetry is linked to the characteristics of the resulting
QBIC resonance. By describing QBIC resonance intensity, Q factor and FoM as
functions of all relevant physical characteristics of the strip (area, thickness, position,
and refractive index), we provide a solution for the inverse design of QBIC
metamaterials, from desired resonance characteristics to physical parameters of the unit

13
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cell geometry.

Ultrafast QBIC filter: The narrow QBIC resonance of the metal-semiconductor
metamaterial structure could be exploited for spectral filtering, while the thin
semiconductor layer offers an opportunity for active control of the device. Active
control of the QBIC resonance is first investigated by CST simulations by changing the
conductivity of Ge and then experimentally by optically pumping the device to excite
charge carriers in the Ge strip. The increase of Ge conductivity due to photoexcitation
of carriers in the conduction band changes the interaction between the incident THz
waves and the metaphotonic device. As the Ge strip becomes more metallic, the
interaction between the THz waves and the resonator, which is buried under Ge, is
suppressed. Hence, the metamaterial changes from an SRR array to a strip grating
coupled to half SRRs. Simulations of the transmission amplitude as a function of
frequency and conductivity are presented in Supplementary Figure S6 and reveal three
regimes of operation of the metaphotonic device: (a) bandstop, (b) intermediate switch
off and (c) bandpass. However, switching to the bandpass mode requires an active
material with higher photoconductivity.

The filtering and switching characteristics of the metaphotonic device have been
measured by THz-TDS using an optical pump and a terahertz probe (OPTP) as
described in the experimental section. The device is illuminated with a pulsed optical
pump beam of 800 nm wavelength at different average power levels of 200, 600 and
1200 mW (pump fluences of 255, 764 and 1273 plJ/cm?, respectively). As shown by
Figure 4a, optical pumping yields substantial changes in the structure’s transmission

14
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amplitude spectrum at the QBIC resonance (shaded region). The QBIC resonance
becomes weaker with increasing pump fluence as predicted by the simulations shown
in Supplementary Figure S6, i.e. the optical pump switches the narrow stopband of the
filter off. We note that we limited the maximum experimental pump fluence to 1273
ul/cm? to avoid optical damage to the sample. Within the safe range of fluences, the
increase in Ge conductivity is sufficient to suppress the QBIC resonance substantially,
but the resonance does not vanish completely. While we are unable to experimentally
demonstrate the simulated bandpass filter operation with this Ge-based device, the
bandpass regime may be accessible with other materials such as semimetals.>*¢] The
spectra of Figure 4a were recorded with a pump-probe delay of 0 ps. Within
experimental accuracy, Figure 4c(i), which shows the transmission amplitude
modulation as a function of pump-probe delay, reveals that the maximum transmission
modulation and Ge conductivity occur at this 0 ps delay, i.e., when the optical pump
pulse interacts with the centre of the photoactive sample’s surface while the THz probe
pulse passes through the sample.

The change in transmission amplitude between the presence (¢pump) and the absence
(to) of an optical pump is shown in Figure 4b. The maximum absolute transmission

amplitude change obtained at the QBIC resonance is t —ty = 0.16. This

pump

corresponds to amplitude modulation of tpun;—p_to X 100% = 75% and intensity
0

2 _$2
modulation of tp““t‘—sto x 100% = 200%. At higher pump fluence, we also observed
0
a large transmission change at higher frequencies, which is due to the broadening of the

dipole mode and does not significantly affect the resonance amplitude and the switching
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capabilities of the device. The observed pump-induced transmission change is
significant at the QBIC resonance frequency and small at the dipole resonance
frequency, as highlighted by the red dashed lines in Figure 4b. Thus, we observe optical
switching of a single resonance in the QBIC device.

The evolution of the transmission amplitude as a function of pump-probe delay carries
information about the photoconductive carrier response in the metaphotonic device, i.e.
the excitation and relaxation dynamics of the photo-carriers in the Ge strip, see Figure
4c(i). The pump pulse photoexcites carriers to the conduction band, resulting in a
photoexcitation maximum at a delay of about 0 ps. The photoexcitation and relaxation
are dependent on the pump fluence, as the photoexcitation peak of At/t, increases

with increasing pump fluence, where At =t — ty in the time domain. However,

pump
the photoexcitation peak should saturate exponentially at high pump fluence as the
number of carriers that can be photoexcited to the conduction band is finite."!! The
observed relaxation can be quantified through a single exponential fit and the time
constant 7, is presented in Table 1 for different pump fluences.!'” 37 381 We note that
the metaphotonic device is at least as fast as the fitted time constant. The observation
of comparable rise and decay times suggests that it could be much faster. A higher
experimental temporal resolution would result from decreasing the angle of incidence
of the pump beam (~10°), which is not possible in our setup due to space constraints of
the optical bench.

Table 1. Exponential time constants extracted from fitting Figure 4c(i) at different

pump fluences.
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Pump fluence [uJ/cm?] 255 764 1273

7, [ps] 2.04+0.14 1.96 + 0.05 1.92 4 0.03

Figure 4c(ii) shows the temporal evolution of the QBIC resonance at different
timestamps for a fixed pump fluence of 764 pJ/cm?. At peak photoexcitation, the
conductivity and the resulting transmission modulation at the QBIC resonance are the
largest. As the photoexcited carriers relax, the Ge conductivity reduces and the QBIC
resonance recovers, as shown in Figure 4¢(ii) from 0 to 7 ps. This demonstrates ultrafast
switching of the QBIC resonance, which recovers within 7 ps. Our results also
demonstrate how either pump-probe delay or pump fluence can be used to modulate a
QBIC resonance.

Microchannel QBIC refractive index sensor: Recently, I. Al-Naib!*¥ reported
refractive index sensing based on breaking the symmetry of an SRR through an analyte
layer. Inspired by his work, our BIC-based refractive index sensor design uses a Ge
layer on half of the unit cell to form a microchannel for an analyte to flow over the
uncovered half, as shown in Figure 5a. Beyond liquid analytes, we note that unknown
solids could also be characterized by deposition in the microchannels. In such devices,
the optical path length difference for wave propagation through the analyte and the
material covering the other half of the unit cell contributes to the symmetry breaking of
the BIC and the spectral shift of the resulting QBIC. The larger the refractive index
difference (An) and the layer thickness (h), the greater the optical path length difference

An - h and the associated symmetry breaking and QBIC resonance shift away from the
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BIC resonance of the symmetric structure. Having the strip already in place improves
and ease the fabrication for device integration. The choice of the strip material enables
device optimization for operation in a desired refractive index range, where the QBIC
is narrow. Figures 5b and 5c illustrate the working principle of the device by showing
how the transmission amplitude spectrum depends on the analyte’s refractive index.
The thickness of the superstrate (Ge and analyte) is kept constant at A = 500 nm. We
observe a collapse of the QBIC’s linewidth as it approaches the BIC. Since the
refractive index of Ge is 4, this happens when the analyte’s refractive index n
approaches 4 from either side. The horizontal white dashed line in Figure 5b marks the
eigenfrequency of the BIC (0.607 THz) calculated in COMSOL when the metamaterial
is symmetric and completely covered with Ge, which matches well with the vanishing
of the resonance in the transmission amplitude simulation in CST Studio Suite. We can
quantify the sensitivity of the sensor as the resonance shift per refractive index unit of
the analyte as shown in the inset of Figure 5c. The sensitivity obtained with a 500-nm-
thick superstrate is Af /An = —24.5 GHz/RIU. The sensitivity in terms of wavelength
is % = _%Z_{l = 1.7 x 10* nm/RIU, where c is the speed of light and f, = 0.66 THz
is the QBIC resonance frequency without analyte. Our calculations reveal a moderate
sensitivity reduction to -19.5 GHz/RIU as the superstrate thickness is reduced to 300
nm. This shows the versatility of the metaphotonic device design as a refractive index
sensor for analyte layers of nanoscale thickness. The freedom to choose the superstrate
material that forms the microchannels allows the BIC and nearby high-Q QBIC to be

shifted depending on device, integration, resolution, and application requirements.
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In summary, we demonstrated a novel class of active hybrid metamaterial devices and
their inverse design. We showed how asymmetric placement of a dielectric or
semiconductor strip with a nanoscale thickness on a symmetric metallic resonator of
substantially subwavelength size induces a quasi-bound state in the continuum
resonance. Through photoexcitation of semiconductor strips, we realized a narrow-band
terahertz filter/modulator with 200% intensity modulation and recovery time within 7
ps, exceeding modulation depth and switching speed of comparable silicon devices.[!?!
Due to their high flexibility, our structures could be integrated into wearable devices.
Our results indicate that the use of the area in between the strips as microchannels for
an analyte would result in a high-sensitivity refractive index sensor. We identified the
relationship of Q factor and intensity of the QBIC resonance with the unit cell’s
asymmetry. We enable the inverse design of QBIC metamaterials by expressing this
asymmetry in terms of all relevant physical characteristics of the semiconducting or
dielectric strip. Our approach offers a possibility to functionalize any planar symmetric
resonator array, that supports a BIC mode, to an active device with a high-quality factor.
Thus, this work could lead to the functionalization of many existing metamaterial
configurations, that are based on symmetric resonators, to achieve switchable high-QO

resonances for the development and miniaturization of filters, modulators, and sensors.

Experimental Section
Sample fabrication: The symmetric Au SRRs were realized on COC films as detailed

[40

in our previous work.[*”! Here, a second photolithography process is conducted
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(MLA150 Maskless Aligner, Heidelberg Instruments) to carefully align strip patterns
relative to the SRR split gaps prior to Ge deposition. Ge is deposited at a rate of 0.5 A/s
(Univex 250), followed by a lift-off process, where a sacrificial poly(methyl
methacrylate) (PMMA) layer is dissolved in acetone, leaving the Ge strip-on-SRR

resonators.

Terahertz time-domain spectroscopy (THz-TDS): The measurements are performed
using ZnTe THz-TDS and the transmission amplitude is calculated by t(w) =
|Es(w)/E-(w)|, where the components of the numerator and denominator are the
Fourier transforms of the time-domain electric field transmitted by the sample s and
reference substrate 7, respectively. The metamaterial samples are illuminated at normal
incidence by a y-polarized terahertz beam. An ultrafast Ti:Sapphire amplifier (Coherent
Astrella) laser with 800 nm wavelength, 1 kHz repetition rate and < 100 fs pulse width,
is used to generate the terahertz radiation in the ZnTe THz-TDS. A Zurich Instruments

MFLI is used for lock-in detection.

Optical pump terahertz probe (OPTP): The dynamics are measured using the same
ZnTe THz-TDS with the OPTP configuration. The device is illuminated at an oblique
angle of incidence ~10° with a pulsed optical pump beam of 800 nm wavelength, 1 cm
diameter, and <100 fs pulse width at different average power levels of 200, 600 and
1200 mW (pump fluences of 255, 764 and 1273 uJ/cm?, respectively). The width of the
THz pulses is a few ps (~2 ps) and the THz beam diameter is 7-8 mm. The relative
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change in THz transmission is measured as At/t,, where At is the time domain
change of THz transmission amplitude due to optical pumping and ¢, is the peak time-
domain THz transmission amplitude without an optical pump.% % At depends on the
optical pump probe time delay. Both At and t, are measured using a multi-
demodulator lock-in (Zurich Instruments MFLI), where the delay line of ¢, is kept at
peak THz signal and the delay line of the optical pump probe is varied (Figure 4c).
Pump-fluence-dependent modulation is measured in the THz-TDS with the pump delay

line at peak photoexcitation (Figures 4a and 4b).
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Figure 1: Dual bound states in the continuum of symmetric metamaterial covered by a nano-
dielectric strip. a) (i) Transmission amplitude spectra as a function of Ge strip thickness revealing a
QBIC resonance. (ii) The Q factor diverges as a function of Ge thickness and asymmetry with an
inverse square trend that is typical for a BIC mode. b) Transmission amplitude spectra as a function
of the width of a 500-nm-thick Ge strip covering part of the left (s;) and right (sg) halves of the
95 um X 95 pm unit cell. The two BICs correspond to the symmetric cases, e.g. absence of the Ge
strip (BIC 1) and complete Ge coverage (BIC 2) of the unit cell. ¢) Transmission amplitude spectra
and a cross-sectional electric field of (i) BIC 1: without Ge, (i1) QBIC: Half-Ge and (iii) BIC 2: Full
Ge coverage with 500 nm thickness. The field maps show the z-component of the electric field
across a unit cell (as indicated in blue) when the structure is illuminated by normally incident y-

polarized electromagnetic waves at its (Q)BIC frequency.
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Figure 2: Metaphotonic device with a QBIC resonance determined by nano-dielectric strip design.
a) (i) Flexible QBIC metaphotonic filter and sensor. (ii) Optical microscope image of the
metaphotonic device with Ge strips of width s = s; = 47.5 um and thickness /# = 500 nm covering
half of each unit cell as shown by the inset. (b-d) Simulated (top) and measured (bottom)
transmission amplitude spectra for devices with (b) varying Ge strip widths from s = 16 to 47.5 pm
for a fixed Ge thickness of # = 500 nm, (c) Ge strips of varying thickness from 4 = 200 to 700 nm
with a fixed width of s = 47.5 pm and (d) strips of materials with permittivity from € = 1 to 80
with fixed thickness # = 500 nm and fixed width s = 47.5 pm.
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Figure 3: Quantifying asymmetry and its effect on the QBIC resonance intensity, Q factor and Figure
of Merit (FoM) based on simulations. (a) Asymmetry arising from the width, translation and
thickness of a dielectric strip is described by asymmetric parameters; area, Asrr and aor.
Their product is the general asymmetry parameter @, where BIC conditions correspond to the
absence of asymmetry (¢ = 0) and QBIC conditions correspond to broken symmetry (@ > 0). (b
— d) Increasing and decreasing exponential functions of asymmetry fit the (b) QBIC intensity and
(c) Q factor, and their product fits (d) FoM. Black circles represent the translation of 500-nm-thick
Ge strips of either s = 16 um or s = 47.5 um width. Red crosses represent the thickness 4 variation
of half-Ge strips (s =47.5 um) from 100 to 900 nm. Strip width s variation is represented by triangles
and diamonds, where different symbols correspond to different Ge thicknesses as indicated and
strips start from the centre and extend towards the left edge of the unit cell.
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Figure 4: Optical control of the bandstop filter function of the metaphotonic device. a) Measured
THz transmission amplitude spectra at different optical pump fluences. b) Absolute change of the
transmission amplitude induced by the optical pump. The grey shaded area and red dashed line
highlight the QBIC resonance while the red dashed arrow points to negligible absolute modulation
at the dipole resonance. ¢) Measured optical pump-induced modulation. (i) Transmission amplitude
change due to optical pump at the peak of the time-domain THz signal for different pump fluences.
(i1) Transmission amplitude spectra measured at various time delays between the optical pump and
THz probe at 764 uJ/cm? pump fluence, showing temporal modulation with complete recovery of
the QBIC resonance within 7 ps.
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Figure 5: Terahertz refractive index BIC sensor. a) Illustration of the device with analyte flowing
through the Ge strip microchannels. b) Simulated transmission amplitude spectra showing the
collapse and revival of the BIC resonance mode with changing the refractive index of an analyte
placed in microchannels separated by the Ge strips of the device of Fig. 2a. The refractive index of
Ge is 4 (vertical dashed line), and the calculated BIC resonance (from COMSOL) is at 0.61 THz
(horizontal dashed line). ¢) Transmission amplitude spectra of the QBIC resonance for a superstrate
thickness (Ge strip and analyte) of h = 500 nm and different refractive indices of the analyte. The
inset shows the frequency spectral shift as a function of the analyte refractive index. The device
sensitivity in terms of frequency shift per refractive index unit is obtained from the slope through a
linear fit.
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