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In photonics, achieving high-quality (Q) resonance is Photoactive layer
crucial for high-sensitivity devices used in applications, such as | ,
switching, sensing, and lasing. However, high-Q resonances are highly \ e 'P i E
susceptible to internal losses of plasmonic devices, impeding their s‘” } ++ Swi i
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integration into broader systems across terahertz and visible light bands.

Here, we overcome this challenge by proposing a low-Q plasmonic \P““\‘\ \ # sensing ' |
metasurface for ultrasensitive terahertz (THz) switching and sensing. i s %S 4 L
Theoretically, we reveal an approach to constructing a low-Q resonator JF e

possessing high sensitivity to nonradiative losses. Leveraging this
mechanism, we design a highly sensitive plasmonic metasurface induced S

by strong coupling between a quasi-bound state in the continuum and a o®

dipole mode. By hybridizing with the germanium layer, the metadevice

exhibits an ultralow pump threshold of 192 pJ/cm” and an ultrafast

switching cycle time of 7 ps. Furthermore, it also shows a high sensitivity of 224 GHz/RIU in refractive index sensing. The
proposed paradigm of constructing low-Q and high-sensitivity photonic devices can be applied to biosensing, wide-band filters,
and sensitive modulators.

high sensitivity, terahertz, metasurfaces, ultrafast switching, bound states in the continuum, quality factor

n photonics, high-quality (Q) resonances have garnered

significant interest due to their pivotal role in sensitive

devices. The features, such as narrow linewidth, long
photon lifetime, and energy storage capability, make high-Q
resonators highly desirable for diverse applications, including
sensing,1 lasing,2 and nonlinear optics.3 In subwavelength
micro/nanostructures, the significance of high-Q resonances
arises from the ability to confine light in extremely small
volumes, thereby fostering intensified light—matter interac-
tions.”” Despite numerous advantages, high-Q resonances also
present specific challenges that require careful consideration.
The realization of high-Q resonances often necessitates
ultralow material losses, such as dielectric platforms.’”"’
However, this limitation hinders the development of high-Q
resonances to broader systems such as plasmonic platforms
suffering from inherent Ohmic losses. Simultaneously, low-Q
factors resulting from Ohmic losses make plasmonic devices
insensitive and unsuitable for practical applications. Although
existing efforts explore ways to achieve high-Q resonances in
plasmonic structures as a means to tackle this challenge,'' ™"
engineering a high-sensitive device within the realm of low-Q
resonances remains unexplored, requiring intensive attention.
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Within the broader context of photonics, the terahertz
(THz) frequency,'® ranging from 0.1 to 10 THz, has recently
attracted considerable interest due to its unique properties.
This spectrum holds great promise for applications in various
fields, including communication,'®"” imaging,18 spectrosco-
py,'” security detection,” and sensing.”'~*> Recently, meta-
surfaces have revolutionized THz photonics by providing
efficient control over THz waves.”® By precisely tailoring the
subwavelength-scale meta-atoms within metasurfaces, it is
possible to modulate the phase,”” amplitude,”® and polar-
ization™” of THz waves. The fixed structure of the metasurfaces
solidifies their functionality, so the quest for dynamic
modulation is critical in unlocking further potential within
this technology.”® Dynamically controllable components, such
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Figure 1. Schematic of the ultrasensitive quasi-BIC metasurface driven by strong mode coupling. (a) Working principle of the metasurface
for ultrasensitive switching and sensing. The metasurface is composed of a resonant gold layer and a quartz substrate. To achieve dynamic
modulation, the metasurface is hybridized with a photoactive Ge layer, and the photocarrier concentration in Ge is controlled by an optical
pump knob. For sensing, the analyte layer is uniformly coated onto the surface of the metasurface. (b) The geometric parameters of the
meta-atom: P, =75, P, =140, L, = 52, L, = 125, w = 8, and g = 0.5 pm. (c) Optical microscope image of the fabricated metasurface. Scale bar:
100 pm.
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Figure 2. Phase diagrams for the two-port, two-mode coupling system. (a) Schematic of the coupled systems. f;, 7, 7/, qu(i = p,q) are the
resonant frequency, radiative losses, nonradiative losses, and near-field coupling, respectively. Uncoupled mode “p” is a low-Q mode with
high radiative losses of 7, = 0.2f,. Phase diagrams of the Q factor of coupled bonding modes (b) “q” and (c) “p,” and (d) the system’s
sensitivity to nonradiative losses. Each phase diagram can be qualitatively divided into four regions: Region I, low y,, weak k, ; Region II,
high Yo weak K,q; Region III, high Y Strong K,,.; Region IV, low Y strong K,,. In Region IV, both coupled modes “p” and “q” exhibit low Q
factors, and the resonator exhibits enhanced sensitivity to nonradiative losses.

as two-dimensional semiconductors,®' ™% liquid crystals,34 dichalcogenides,38 can be modulated by external stimuli such
1< 35,36 37 i . . 39-41 L 36,42,43
phase change materials, graphene,”” and transition metal as optical pumping, voltage- or current-bias, and
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temperature," thereby offering the potential for reconfigurable
THz metadevices. On the other hand, widely used terahertz
systems, such as Terahertz time-domain spectroscopy (THz-
TDS) systems, are not compatible with high-Q devices due to
limited spectral resolution.*>*® This limitation constrains the
practical applications of high-Q resonators and significantly
impedes the advancement of terahertz technology. Thus, it is
essential to reassess the potentiality of low-Q resonators
possessing high compatibility with the THz-TDS system.

Here, we experimentally demonstrate a highly sensitive, low-
Q THz reconfigurable plasmonic THz metasurface based on
our proposed theoretical framework. Theoretically, it is found
that a low-Q resonator with high sensitivity to nonradiative
losses can be achieved by facilitating the coupling between two
specific modes. Utilizing this concept, a quasi-bound state in
the continuum (quasi—BIC) metasurface is constructed,
wherein a nanogap facilitates the mode coupling. This strategy
serves to significantly reduce the Q factor of the quasi-BIC,
simultaneously enhancing both the sensitivity and near-field
strength within the metasurface. Subsequently, we achieve
dynamically controllable functionality by hybridizing the
metasurface with a germanium (Ge) layer. Notably, in the
ultrafast THz switching with a time scale of several
picoseconds, the pump threshold is as low as 192 uJ/cm? an
order of magnitude lower than analogous works (>1100 yxJ/
cm?).***73% Furthermore, benefiting from large near-field
enhancement, the metasurface demonstrates a high sensitivity
of 224 GHz/RIU in refractive index sensing. This work
presents an approach to overcoming high-Q limitations in
plasmonic metasurface for ultrasensitive THz switching and
sensing, offering a pathway toward developing highly sensitive,
tunable THz metadevices compatible with existing photo-
electronic devices (Figure 1)

RESULTS AND DISCUSSION

Theoretical Model. In the realm of photonics, researchers
are relentlessly pursuing advancements in the Q factor of
resonators, which is a pivotal element for enhancing the light—
matter interactions in photonic devices. Nonetheless, when
delving into the realm of plasmonic nanostructures, there exists
a formidable obstacle. The resistive loss inherent to plasmonic
structures serves as a bottleneck, impeding progress in
elevating the Q factor to the desired levels. Here, we aspire
to reveal a paradigm for enhanced light—matter interaction,
transcending the traditional reliance on high Q factors alone.
Following this, we establish a two-mode, two-port coupling
resonant system, as illustrated in Figure 2a, grounded in
temporal coupled-mode theory (CMT), to facilitate deeper
exploration. Based on the Hamiltonian formalism,”*** the
coupled system is described in terms of two eigenmodes: “p”
and “q.” The Hamiltonian is provided by HIV;) = 2xf; ¥ (i =
£,9)- The total wave function of the system is regarded as the
linear combination of the wave function of each mode: I¥) =
a,l¥,
resonance modes, respectively. Then, the amplitudes of two
resonant modes in the open system can be described as

) + a, I¥,), where a, and a, are the amplitudes of two

1 0[“?] ) fo Keg ,}/1; 0 [“p) v X (“p]
-9 - _ _ _
27 0t\ % Kp f 0 yq’ % X 7 \%

dy, d,
+ 0 st
dlq dlq (1)
— [rsub tsub) + dlp dl‘l (ap]
§ = St o+
tsub Tsub dzq d2p aq (2)

where f,, 7,(i = p,q) are the resonant frequencies and radiation
losses, which have been seen as the intrinsic parameters of
modes. 7/ (i = p,q) presents the nonradiation losses, mimicking
the loss-induced active modulation. k,, and k,, present the
near-field coupling coeflicients of two eigenmodes, and they
are conjugate to each other. §' = [S}, $3]7(i = +, —) denotes the
strength of incoming (+) and outgoing (—) waves of port 1
and port 2, and d;; (i = 1, 2; j = p,q) represents the couplings
between the excitation of the external port (1 or 2) and
radiative mode (“p” or “q”). ry, and t, are the reflection and
transmission amplitudes of the substrate, constituting the
background scattering matrix between two ports without
resonant modes. Based on energy conservation and time-
reversal symmetry, we get

(rsub tsub) dll’ dlq ‘ dll’ dlq

tsub rsub de dlq qu qu (3)
T
1 dy, dyg)(dy, dy _ X
2 dzq qu d2p dlq X e (4)

For further analysis and solution through standard CMT, the
transmission coefficients from port 1 to port 2 are given by
solving eqs 1—4

SZ_ ! .

‘=5 = F(fr =, k)i = p, @) )
where the detailed expression of eq S is shown in Supporting
Information Note 1. The multiple physical parameters in this
equation enable us to delve into and uncover fascinating
phenomena in the coupled system. It is necessary to discuss
how these parameters impact the Q factors of coupled bonding
modes and the system’s sensitivity to nonradiative loss
perturbations. The Q factor of resonance is defined as

f
Q=+

Af (6)
where f is the resonant frequency and Af is the full width at
half maximum of the resonance. The theoretical sensitivity of
the resonator to nonradiative losses is defined as

1

S =

/

o (7)

where y7, = 0.5 represents the value of the nonradiative losses

when both transmission coeflicients of resonance dips achieve
0.5. A large S signifies that weak nonradiative loss injection can
induce a great modulation depth, beneficial to the design of
optical THz switches with low thresholds.
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Figure 3. Implement of the low-Q metasurface. (a) Transmission spectrum of the cruciform meta-atom (inset), which supports a dipole
mode (red circle) and a symmetry-protected BIC (red star). (b) Far-field polarization states near the BIC (V point) in momentum space. (c)
Transmission spectrum of the meta-atom in which the asymmetric perturbation is introduced to break the in-plane C, symmetry, BIC
transitions into quasi-BIC, nanogap width g = 0.5 ym. (d) Q factor of quasi-BIC diverges as a function of nanogap widths g. (e) Transmission
spectra for different nanogap widths. A smaller gap width g means stronger coupling, resulting in a wider line width of quasi-BIC.

By tuning the radiation losses 7, of mode “q” and near-field
coupling «,,, we get the phase diagrams of the coupled bonding
modes’ Q factors, Q,, Q,, and the sensitivity S, respectively, as
shown in Figure 2b—d. Here, uncoupled mode “p” is set as a
low-Q mode with a high radiation loss of y, = 0.2f; and a
resonant frequency of f, = 0.9f,. Mode “q” with a resonance
frequency f, = 1.1f, has varying radiation rates.

We qualitatively divide each phase diagram into four regions
to discuss, which correspond to four conditions of the resonant
system. In Region I, mode “q” holds tiny radiation losses and
weak coupling with the low-Q mode “p,” exhibiting a high Q
factor, as shown in Figure 2b. Maintaining constant coupling
and increasing the radiation losses of mode “q,” the system
transitions into Region II. In this regime, both the and S
exhibit a decline relative to those observed in Region I. This
trivial region corresponds to the case when two low-Q modes
are weakly coupled in a resonant system. In Region III, both y,
and K, are high, indicating that two modes with high radiation
losses are strongly coupled. However, this case does not
necessarily enhance the resonator’s sensitivity significantly,
instead, resulting in a high Q,. This regime is undesirable and
should be avoided in the design of low-Q resonators. It is
worth noticing Region IV, which indicates that a low-radiation
rate mode “q” and a high-radiation rate mode “p” are strongly
coupled. This strong coupling effect not only converts mode
“q” into the low-Q mode but also improves the S. This
intriguing phenomenon provides a fascinating possibility of
realizing highly sensitive active modulators with low Q factors,
consistent with our aspirations.

Implement of Low-Q Quasi-BIC Metasurface. In the
following, based on the theoretical framework, we design a
low-Q metasurface working in Region IV of Figure 2b—d.
Considering the prerequisites to construct the desired
resonator, a high-radiation rate mode and a low-radiation
rate mode must be supported by the metasurface. The building
block of the metasurface is configured with a cruciform

21214

geometry (inset in Figure 3a). This structure with in-plane C,
symmetry can host a low-Q dipole mode (red circle) and a
symmetry-protected BIC without radiation losses (red star), as
shown in Figure 3a. The far-field polarization states near the
BIC within the momentum space are shown in Figure 3b. The
red and blue ellipses represent the eigen right-handed and left-
handed far-field polarization states, respectively. As a vortex-
like singularity (V point) with an undefined polarization state,
the BIC cannot radiate outward to the far-field.***® Never-
theless, the BIC can transition into high-Q quasi-BIC with low
radiative losses by breaking structural symmetry or mismatch-
ing the mode coupling condition.””*

Subsequently, we disrupt the in-plane C, symmetry by
introducing asymmetric perturbation (inset in Figure 3c), and
the spatially symmetric field distribution of the BIC is
consequently broken. This leads to the BIC leaks to quasi-
BIC, as shown in Figure 3c. The nanogap between the
cruciform structure and asymmetric perturbation, with a width
denoted as g as shown in Figure 1b, plays a key role in
controlling the coupling of the dipole mode and quasi-BIC.
The narrower the gap width, the stronger the coupling. As
shown in Figure 3d,e, during the reduction of g, the Q-factor of
quasi-BIC experiences a gradual decrease, accompanied by a
broadening of its spectral line width.

Metasurface Fabrication and Ultrasensitive Photon-
induced Modulation. The above-mentioned have success-
fully demonstrated the achievement of low-Q metasurface
through strong coupling of quasi-BIC and dipole mode. Next,
we incorporate a photoactive Ge layer into the metasurface to
endow it with dynamic reconfigurability. This material is
selected due to its favorable bandgap (0.66 €V) and carrier
mobility properties. The hybrid metasurface consists of a 200
nm-thick layer of lossy gold and a 300 nm-thick layer of
amorphous Ge. The schematic of the meta-atom is shown in
Figure 1b, with well-optimized dimensions: P, = 75, P, = 140,
L,=82, L, =125 w = §, and g = 0.5 um. An optical
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Figure 4. Ultrasensitive photoinduced modulation and near-field enhancement of the metasurface. (a) Measured transmission spectrum with
different pump fluence. The pump threshold to switch the metasurface is as low as 192 pJ/cm?, an order of magnitude reduction compared
to previous similar works (>1100 pJ/cm?). (b) Numerical simulated transmission spectrum responses as a function of the photoconductivity
of Ge. (c) Distribution maps of the near-field enhancement ratios for the upper right section of the metasurface, at the frequencies of dipole
mode (0.7 THz) and quasi-BIC (0.92 THz) with the photoconductivity of Ge of (i—ii) 0 and (iii, iv) 400 S/m. (d) The maximum near-field
enhancement ratios at 0.7 and 0.92 THz as a function of the photoconductivity of Ge.

microscope image of the fabricated metasurface is shown in
Figure lc. The Ge layer and gold layer are deposited on the
quartz substrate uniformly, and then, gold structures are etched
using ion beam etching (IBE) technology (the detailed process
is shown in the Methods Section).

To validate the photon-induced modulation properties of
the Ge-hybrid metasurface, we initiated the characterization
process using the THz-TDS systems. The THz pulse is
incident on the sample in a normal direction (k,), with its
polarization along the long side of the cruciform structure (E),)
Femtosecond optical pulses with durations of 100 fs and a
wavelength of 800 nm possess photon energies exceeding the
bandgap of amorphous Ge, thereby enabling the efficient
pump of carriers from the valence band to the conduction
band and consequently inducing dynamic photoconductivity.
These photoexcited carriers induce absorption losses within
the resonant cavity, concurrently suppressing both the quasi-
BIC and dipole resonances, resulting in the effective
modulation of transmission amplitude.

The experimental result of the photon-induced modulation
effect on the transmission spectrum of the metasurface is
presented in Figure 4a. The transmission spectrum manifests a
Fano resonance featuring two dips positioned at frequencies of
0.69 and 0.9 THz, corresponding to the dipole and the quasi-
BIC resonances, respectively. Significantly, the transmission
amplitudes exhibit high variability with a slight increase in
pump fluence, underscoring the ultrasensitive susceptibility to
photocarrier injection. As the pump fluence incrementally
rises, the transmission amplitudes at the dipole and quasi-BIC
resonances gradually ascend, while the Fano peak descends. At
192 puJ/cm?, the resonance of the dipole mode is annihilated,
and the transmission difference between the dipole resonance
and Fano peak approaches zero, presenting the annihilation of
Fano resonance. The pump threshold to switch this metasur-
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face represents an order of magnitude reduction compared to
other optical-controlled Ge metasurfaces (>1100 yJ/cm?), as
shown in Figure 6f This metasurface exhibits a higher
sensitivity to photoconductivity perturbation than other
studies, highlighting its superior performance and potential
for sensitive photonic applications.

As depicted in Figure 4b, the simulated results match well
with the measured results, and the Fano resonance undergoes
complete deactivation when the photoconductivity is raised to
a mere 400 S/m. In numerical simulations, the photo-
conductivity is modeled as an adjustable parameter that
reflects the concentration of photocarriers in Ge, allowing us to
mimic the effects of optical pumping. Notably, the
experimental transmission amplitudes exhibit a decrease
compared to the simulated results, potentially attributed to
the lower experimental conductivity of gold in contrast to the
simulation settings (4.52 X 10" S/m).

The nanogap within the metasurface generates significant
field enhancement and light confinement. This phenomenon
dramatically facilitates the interaction between light and matter
and the sensitivity of the metasurface. In Figure 4c(i), at 0.7
THz, the metasurface achieves a 159-fold maximum field
enhancement. Furthermore, the localized field is highly
susceptible to nonradiative losses, which can reduce the
confinement efficiency of light. As depicted in Figure 4c, near-
field enhancement |E/E,| is predominantly localized within the
nanogap. The introduction of 400 S/m photoconductivity
notably attenuates the near-field enhancement ratio, leading to
the annihilation of the resonance. Moreover, the maximum
near-field enhancement ratios of the two resonances at 0.7 and
0.92 THz decrease linearly with the increase of the
photoconductivity of Ge, as shown in Figure 4d. The
intensified local fields can significantly boost light—matter
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Figure 5. Measured transient dynamics of ultrafast metasurface switching. (a) Color-coded map of the variation in THz transmission
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time scale of picoseconds. (b) Transient peak-to-dip amplitudes 6T of the Fano resonance and normalized modulation depth map as a
function of pump—probe time delay. Detailed evolution of transmission spectra during metasurface (c) switching off and (d) switching on at

several pump—probe time delays.

interactions, making it possible to design compact devices for
frequency mixing, harmonic generation, and sensing.
Ultrafast THz Switching. By harnessing the transient
photocarrier excitation and relaxation of two-dimensional
semiconductor materials, achieving ultrafast tunability and
switching in the temporal domain in THz metadevices
becomes feasible. This technology gives possibilities for
utilization in THz communication and ultrafast photonics
research. The following will showcase the ultrafast switching
function of the Ge-hybrid metasurface by varying the pump—
probe time delay of the optical pump and THz probe (OPTP)
systems (for a detailed measurement, see Methods Section).
We first measure the ultrafast photocarrier excitation and
relaxation dynamics of the 300 nm-thick amorphous Ge film
using the OPTP systems at selected pump fluences,™ as shown
in Figure S1 (Supporting Information Note 2). The measured
transient differential transmission (—AE/E,) of THz pulse
passing through the Ge film versus pump—probe time delays
reflects the ultrafast carriers’ excitation and relaxation process.
This whole process is about 3 ps, with the photocarrier lifetime
of 7 < 0.7 ps, where E; is the maximum peak amplitude of the
THz electric field and AE is the attenuation value of E,,.
Generally, such an ultrafast photocarrier relaxation is treated as
a transient perturbation of the metasurface resonant cavity.
Figure Sa presents the measured transmission spectra map of
the metasurface concerning the pump-—probe time delays,
where the pump fluence is 560 pJ/cm?. It illustrates how the
THz spectrum undergoes a switching process under dynamic
modulation of the hybrid metasurface, starting from activation
(“On” state) to deactivation (“Off” state) and then back to
activation (“On” state) as the time delay changes from —4 to 3
ps. This complete on—off—on switching cycle spans a duration
of 7 ps, which is faster than other works, as shown in Figure Sf.
To quantify the properties of the ultrafast switching, we define

8T = (Tpewe — Tap) X 100% and D = (6T ppesve — 5T pump)/
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ST ssive X 100% as the peak-to-dip amplitudes (inset in Figure
5b§ and the normalized modulation depth. When the
resonance dip is higher than the peak, the resonance
attenuates, and 6T equals zero, and D reaches 100%. Figure
Sb illustrates the variation of 6T in response to the pump—
probe time delay. As the time delay transitions from —8 to
—2.4 ps, 6T rapidly decreases from 48 to 0%. This is succeeded
by a phase where the Fano resonance is entirely deactivated
within the —2.4 to 1 ps range. Subsequently, as the optical
pump is incrementally separated from the THz pulse, the Fano
resonance re-emerges, leading to an increase in OT.
Furthermore, Figure Sb also quantitatively identifies the
modulation depth within the range from 0 to 100%. In this
visualization, the shade of the gradient color is indicative of the
magnitude of the modulation depth. Figure 5c,d shows the
detailed evolution of transmission spectra during the metasur-
face switching oft and switching on at several selected pump—
probe time delays. This high-speed, low-energy threshold THz
switching is an ideal candidate for efficient THz spatial
communication devices.

High-Sensitivity THz Refractive Index Sensor. Reso-
nant electromagnetic excitation gives rise to both temporal and
spatial energy confinement within a resonator structure.
Temporally, this confinement is manifested through the
spectral line width of the resonance, serving as a proxy for
the photon lifetime within the cavity and thereby defining the
cavity’s Q factor. Spatially, the degree of confinement is
intrinsically linked to the photon density, which is, in turn,
influenced by the intensity of the resonance. Investigations in
the meta-sensor domain have predominantly centered on the
quest for high-Q resonators to facilitate long-lasting light—
matter interaction. However, high-Q devices are impractical in
the THz regime. In contrast to approaches of extended
temporal confinement, our research employs a nanogap to
enhance spatial confinement, effectively boosting the photon
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speed.

density and the intensity of resonances. The proposed
metasurface, while not characterized by a high-Q factor,
demonstrates a significantly enhanced field, which boosts the
light—matter interactions, also beneficial to sensing perform-
ance. Subsequently, we present the ultrasensitive sensing
capabilities of the metasurfaces via numerical simulations.

As evidenced by prior research,’’~%* variations in the analyte
material’s refractive index or thickness effectively perturb the
metasurface’s local electromagnetic surroundings, conse-
quently giving rise to measurable shifts in its resonance
frequency. These shifts indicate the analyte properties and are
vital to the sensing approach. As shown in Figure la, the
analyte, with its refractive index ranging from 1 to 2, is
uniformly coated onto the metasurface. Upon increasing the
analyte thickness from 0 to 2 ym, there is a marked increase in
the frequency shift (f,., — f,-,) of the Fano resonance peak,
an interval that we identify as the “linear zone.” Subsequently,
when the analyte thickness extends from 2 to 6 um, the
frequency shift experiences a gradual deceleration in its rate of
increase. Upon reaching a thickness greater than 6 um, the
frequency shift virtually plateaus, indicating the transition into
the so-called “saturated zone,” as shown in Figure 6a.

The amplified electric field concentrated around the gap
region significantly boosts the interaction between the light
and analyte, accounting for the swift rise in the frequency shift
within the “linear zone.” Nonetheless, once the analyte
thickness exceeds the region where the field enhancement
effect is most pronounced in the z-direction, the excess analyte
no longer experiences substantial interaction with the localized
electric field. Consequently, the contribution of additional
analyte layers to the frequency shift becomes negligible or nil,

thus marking the entrance into the “saturated zone.” When the
analyte is present with a saturated thickness of 6 um and its
refractive index is varied from 1 to 2 at a step of 0.1, the
transmission spectrum experiences a red shift with the increase
in refractive index, as shown in Figure 6b.

To evaluate the sensor responsiveness quantitatively, we
define the sensing sensitivity S,..,. = Af/An as the frequency
shift per unit change in the refractive index. The corresponding
Seense Of the Fano peak, dipole mode, and quasi-BIC are 224
GHz/RIU, 141 GHz/RIU, and 190 GHz/RIU, respectively,
obtained by the least-squares fit, as shown in Figure 6c.
Besides, the effective mode volumes of the coupled dipole
mode and quasi-BIC are 7.35 and 94.5 um’, respectively
(Supporting Information Note 3). Additionally, to highlight
this metasurface sensor’s low-Q yet sensitive properties, we
define figures of merit (FoM) = S..../Q(n), where Q(n) is the
Q factor of the resonance concerning the refractive index n.
The calculated FoM of the Fano peak decreases from 25.7 to
23, with the refractive index increasing from 1 to 2, as shown in
Figure 6d. We compare other THz sensors with this work
regarding the Q factor and FoM,*>%*7% a5 shown in Figure Ge.
Furthermore, a more comprehensive comparison across
different studies is given in Table S1 (Supporting Information
Note 4), encompassing aspects such as resonant types, working
frequencies, Q factors, sensing sensitivity, figures of merit
(FoM), and effective mode volumes.

Our proposed metasurface sensor has excellent potential for
advantages in low-Q ultrasensitive sensing, providing a system-
friendly paradigm for THz sensors. The high sensitivity of this
metasurface to changes in the refractive index, combined with
its low-Q property, allows for the precise detection of even
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minute variations in chemical compositions or in the presence
of biomolecules.

CONCLUSIONS

Our proposed quasi-BIC plasmonic metasurface, featuring a
low-Q factor, showcases high sensitivity in ultrafast switching
and sensing applications. The theoretical foundation of our
design lies in the discovery that a pivotal requirement for
achieving a low-Q resonator with heightened sensitivity to
nonradiative losses is to facilitate strong coupling between
high-Q and low-Q modes. Based on this physical mechanism,
we have engineered a quasi-BIC metasurface wherein the
nanogaps play a pivotal role in facilitating enhanced coupling
between the quasi-BIC and dipole modes. This coupling effect
results in not only a reduction of the Q factor of quasi-BIC but
also near-field electric enhancement. Then, we successfully
engineered a Ge-hybrid plasmonic metasurface. Experimental
results reveal that the pump threshold for switching is as low as
192 uj/ cmz, an order of magnitude reduction compared to
preceding Ge-based THz metasurfaces. Moreover, the ultrafast
switching cycle of the metasurface has been measured at an
exceptionally brief 7 ps. Furthermore, we have thoroughly
explored the potential applications of this metasurface,
confirming its efficacy as a low-Q and high-sensitivity refractive
index sensor, which can realize the maximal sensitivity of 224
GHz/RIU. Our study has thus not only demonstrated a
significant advancement in the design and functionality of THz
metasurfaces with high sensitivity but also laid the groundwork
for their diverse applications.

METHODS

Sample Fabrication. During the fabrication process, the z-cut
quartz substrate was first cleaned by using an ultrasonic cleaning
mixture of acetone and isopropanol. Subsequently, a 100 nm-thick
silicon dioxide layer was deposited on the substrate surface using
plasma-enhanced chemical vapor deposition. Following that, Ge (300
nm, Shenzhen six Carbon Technology Co., Ltd.), chromium (10 nm),
and gold (200 nm) were sequentially deposited on the silicon dioxide
surface using magnetron sputtering. The surface metal was then
patterned using a stepper lithography machine and metal etching
using an ion beam etching machine. Finally, the patterned photoresist
was removed.

THz Time-Domain Spectroscopy and Optical Pump Meas-
urements. The laser source of the home-built optical pump THz
measurement system is a femtosecond laser with a central wavelength
of 800 nm, a spectral width of 40 nm, a repetition rate of 1 kHz, and a
pulse width of 100 fs. The THz signal’s generation and detection are
realized using two 1 mm-thick ZnTe crystals (110). After passing
through the beam splitter, the 800 nm light beam is divided into three
parts: the first part is used to generate the THz pulse by the second-
order nonlinear effect of ZnTe; the second part is used to detect the
modulated THz signal passing through the metasurface and focused
on another ZnTe crystal; the third part is used to be an excitation for
photocarrier generation in Ge. THz signal detection is based on
electric field time domain scanning technology. By changing the time
of the femtosecond laser to reach the detector, the THz signal is
discretely sampled and then recovered. In optical pump measurement,
the pump—probe time delay is controlled by moving the translational
stage to measure the transient THz spectrum. Finally, the complex
THz transmission spectrum was obtained by standard Fourier
transform and substrate normalization.

Numerical Simulations. The data presented in Figure 3 were
obtained through simulations conducted in COMSOL Multiphysics
software, utilizing the finite element method (FEM) with periodic
boundary conditions applied along the x- and y-directions, the
plasmonic resonator was modeled as a perfect electric conductor

layer, and no substrate was included to maintain the conditions of
up—down mirror symmetry, which is very important to calculate the
far-field polarization states near the BIC in momentum space. To
mitigate the impact of backscattering on the resonance, a perfectly
matching layer (PML) and appropriate boundary conditions were
implemented on the interfaces of the additional spaces above and
below the plasmonic structures. The eigenfrequency module in
COMSOL was utilized to determine the eigenstates. The polarization
states near the BIC are calculated by setting up the surface electric
field integral of the far-field plane of the meta-atom. The transmission
and reflection spectra were extracted from the input and output ports.
Other simulation results were also extracted from CST Microwave
Studio software, and unit cell boundaries along the x- and y-directions
and open boundaries along the z-direction were employed. The
electrical conductivity of lossy gold materials was set to be 4.52 X 107
S/m in the THz regime, and the quartz substrate and Ge material
were set as a normal dielectric with a permittivity of 3.92 and 16.
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