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Bound states in the continuum (BIC) are a non-radiative state embedded in a continuous spectrum of radiating
waves. BICs have emerged as a promising platform for opto-electronic phenomena that are dependent on
high quality factors. However, the quality factor of metallic metamaterial-based BICs is limited due to
ohmic loss, even at terahertz frequencies. As an alternative, we investigate active all-silicon BIC terahertz
metamaterials. Quasi-BIC states can be realized either through structurally symmetry breaking or by changing
the incident angle of the terahertz waves, as verified with coupled mode theory (CMT). Samples fabricated
using micromachining techniques were characterized using terahertz time domain spectroscopy revealing
good agreement with simulations. Moreover, we investigated optical tuning of the quasi-BIC response using
low-fluence (<25 pJ/cm?) excitation with 1.5 eV pulses. The dynamic response is consistent with full-wave
electromagnetic simulations and indicate that all-silicon metamaterials are a viable active BIC platform with

potential applications including terahertz sensing and terahertz nonlinear lightwave phenomena.

1. Introduction

High-quality factor (high-Q) resonators are in demand in photonic
systems across the electromagnetic spectrum as enablers for a raft of
potential applications. Narrow spectral widths enhance bio-/chemical
sensing and filtering [1-8], while near-field localization facilitates
strong light-matter interactions, which is important for lasing [9-15]
and harmonic generation [16-21]. Recently, photonic bound states
in the continuum (BIC), where a non-radiative state resides in a
continuous spectrum of radiating waves, have emerged as a promising
platform for achieving extremely high-Q resonances [22-27]. Ideal BIC
structures remain experimentally elusive given their infinite quality fac-
tor (Q-factor) and impermeability to external influences. Nevertheless,
by strategically introducing structural perturbations into the metasur-
face housing a BIC, a fascinating phenomenon emerges: quasi-BICs.
Quasi-BICs reveal themselves in the far-field response as finite high-
Q resonant modes, and are experimentally accessible [28]. The BIC
concept was originally proposed in the context of quantum mechanics,
but has since been extended to all wave-based phenomena [29-31].

Two main physical mechanisms are generally used to realize BICs.
One approach is symmetry-protected BICs where a mode is trapped
under given symmetry constraints [32,33]. It exists as a bound eigen-
mode embedded above the photonic light cone and is not detectable
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in the far field [29]. Through external perturbation, the BIC can be
transformed into a leaky Fano resonance with a finite Q-factor. The
other approach to realize a BIC is parameter tuning (or “accidental”),
referring to a structure with tailored structural parameters for cancel-
lation of radiative channels [34]. Both BIC types are of importance
for myriad light-matter applications [35,36]. Besides these two mecha-
nisms, new design schemes have been found for the transform between
BICs and quasi-BICs. This includes up—-down mirror symmetry [37],
twisted metalattices [38], and Brillouin zone folding [39,40].

Metamaterials (MM) and metasurfaces (MS) are widely employed
in photonic structures to investigate BIC phenomena since the vast
array of configurations provides considerable engineering flexibilty.
Previously, many instances of BIC and quasi-BIC MM/MS were realized
using split ring resonator (SRR)-based structures [32,41-43]. However,
ohmic loss is significant in metals, placing a limit on the magni-
tude of the Q-factor. Dielectric MM and MS complement traditional
metallic-based MM and MS, allowing for higher Q-factors coupled
with additional advantages such as increased temperature stability and
better compatibility with CMOS processing [44-49]. Several dielectric
MM and MS high-Q BIC structures have been demonstrated at terahertz
frequencies [24,50,51], but the inclusion of a low-index substrate for
supporting the MM and MS requires additional fabrication processing
(e.g. bonding).
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Fig. 1. (a) Design of the all-silicon active bound states in the continuum (BIC) terahertz metamaterial with periodicity P = 250 pm, h; = 35 pm, h, = 65 pm, W =70 pm, L,
=150 pm. (b) Simulated angular dependence on the transmission spectra. (¢) Dispersion diagram (w vs. k,/). (d) Dependence of Q factors from simulations on the incident angles.
The inset shows the comparison of the Q factors from simulations and experimental results in Fig. 2.

As mentioned above, metallic BIC metamaterials exhibit signifi-
cantly smaller Q-factors compared to dielectric BIC metamaterials,
primarily due to ohmic loss [32]. In contrast, silicon metamaterials can,
based on theoretical estimates, exhibit a Q factor on the order of 104,
comparable to other reported dielectric metamaterials [52]. Moreover,
in the case of silicon, the ease of fabrication, integration, and compati-
bility with diverse technological platforms is important. In conjunction
with potentially higher Q-factors, these advantages suggest that that all-
silicon metamaterials are promising for applications requiring superior
performance and efficiency.

In this work, we propose and experimentally demonstrate an eas-
ily fabricated all-silicon symmetry-protected BIC MM with an overall
thickness of 100 pm operating at terahertz frequencies. We also inves-
tigate the optical tunability of the THz transmission amplitude upon
excitation by low-fluence ~100 fs optical pulses for dynamic control of
the quasi-BIC resonance.

2. All-silicon BIC metamaterial

The design of our all-silicon BIC MM is shown in Fig. la. It con-
sists of two symmetric rectangles, etched from a solid film of silicon
(fabrication detail provided below and in the Experimental Section) to
realize resonances in a single silicon sample without the need to adhere
anything to a different index substrate. The overall periodicity of the
MM is P =250 pm with a top layer 4, = 35 pm and a bottom layer h,
= 65 pm. For the top layer, the length of the two bars L, = 150 pm
and the width W = 70 pm while the distance between two bars is
55 pm. The transmission terahertz response was simulated utilizing
commercial full-wave simulations (CST Microwave Studio). Details of
the simulations can be found in the Experimental Section.

The quasi-BIC mode of the all-Si structure in Fig. 1 can be tuned by
changing the component of the in-plane wavevector k|, accomplished
by varying the angle of incidence of the THz beam [53]. The depen-
dence of the transmission amplitude profile for incident angles between
0 to 10 degrees is shown in Fig. 1b, while the dispersion diagram w
vs. k; is plotted in Fig. 1c as determined from an eigenmode analysis.

The band diagram only shows the band corresponding to the BIC that
we investigated between 0.6 to 0.7 THz. Both Fig. 1b and c show
that the BIC resonance is at ~0.63 THz. The y-component of magnetic
field distribution H, from the eigenmode analysis is included in the
inset of Fig. 1c. Fig. 1d shows the Q-factor dependence on incident
angle, determined using the simulations from Fig. 1b. The exponential
increase of the Q-factor as the incident angle approaches zero degrees
is consistent with a BIC mode [53-56].

We fabricated the BIC MM sample to validate and compare with
the simulated electromagnetic response. This was accomplished using
bulk micromachining with fabrication comprised of photolithography,
reactive ion etching (RIE), and deep reactive ion etching (DRIE) on a
silicon-on-insulator (SOI) wafer [44]. The transmission response was
measured using terahertz time domain spectroscopy (THz-TDS). De-
tails of the fabrication and THz characterization can be found in the
Experimental Section.

Fig. 2 compares the experimental and simulated transmission spec-
tra of the BIC MM for several different angles of incidence. From the
simulations in Fig. 2a—d, it is clear that increasing the angle of incidence
from zero degrees leads to the appearance of a transmission peak,
corresponding to the quasi-BIC state. As the figures show, the larger
the incident angle, the wider the transmission peak (lower Q-factor)
with a relatively non-dispersive resonance frequency near ~0.63 THz.
The experiments in Fig. 2e-h nominally agree with the simulations,
showing the same overall trend with angle and exhibiting similar
frequencies for the transmission maxima and minima. The experimental
transmission peak amplitudes are lower than simulations and can be
attributed to the spectral resolution of the THz spectrometer (limited
by etalon reflections) and transmission losses from the silicon that are
not included in the idealized simulations. The Q-factors are determined
through fitting with a Fano resonance lineshape:
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Fig. 2. (a) Comparison of transmission spectra for the all-silicon BIC metamaterial sample between simulations and experiments under different incident angles. (a)-(d) are
simulations and (e)-(h) are experimental results.
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Fig. 3. (a) Design of the symmetry-protected BIC metamaterial with the left bar length L, is not equal to the right bar length L,. (b) Transmission profile of the metamaterial at
L, =150 pm with varying dimension L, from 20 pm to 240 pm. (c) Dependence of the calculated Q factors from simulations on the asymmetry parameter «. The description of

is indicated in the inset.

where T is the transmission, w, is the resonance frequency, y is the 3. Quasi-BIC through structural symmetry breaking
damping rate, a;, a, and b are constants and Q is the quality factor.
Higher Q-factors can be achieved with smaller incident angles, i.e. be-
low 5 degrees (Fig. 1d), but we only chose the incident angles larger We now consider all-silicon high-Q quasi-BIC states with structural
than 5 degrees due to our limited measurement resolution. symmetry breaking. The design of the asymmetric structure is shown

3.1. Design, simulations, and experiments
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Fig. 4. Comparison between simulated and experimental transmission spectra of symmetry-broken all-silicon BIC metamaterial samples for varying values of a =0.87, 0.67, 0.47

and 0, respectively. (a)-(d) are simulations and (e)-(h) are experimental results.

in Fig. 3a where the length of one bar in the unit cell is decreased. As
shown in the upper portion of Fig. 3a, L, is held constant at (150 pm)
while the length of the left bar L, is changed. All other structural
parameters including the thickness of both layers (h, and h,) and
periodicity (P) are kept constant. Fig. 3b plots the simulated trans-
mission amplitude, varying L; from 20 pm to 240 pm. The simulations
show that Fano resonances with finite Q-factors occur in the vicinity of
the BIC state upon changing L,;. The Q-factor is determined from the
simulations as summarized in Fig. 3c as a function of the asymmetry
parameter « = (Ly — L;)/L,. The asymmetry parameter describes
the deviation of the structure from the symmetric BIC configuration.
The relationship between the calculated Q-factor and « agrees with
published work, proving the origin of the symmetry-protected BIC [52,
57].

In addition to the symmetric sample (a = 0), samples were fabri-
cated with L; = 20 pm (¢ = 0.87), 50 pm (a = 0.67), and 80 pm (a
= 0.47). The transmission spectra were measured to compare with the
simulations shown in Fig. 4a—d (the calculated Q-factors are included
in the insets). The simulations reveal that there are two quasi-BIC
resonances. The lower extreme Fano resonance occurs at ~0.45 THz,
with the higher frequency resonance lying between 0.60-0.65 THz
(similar to the resonance for the symmetric quasi-BIC discussed above).
In what follows, we do not focus on the 0.45 THz resonance response
as the Q-factor is too high to adequately resolve using our THz-TDS
experiment (though, as shown in Fig. 4e-h, hints of this resonance
and Fano-like lineshape are evident). Turning to the higher frequency
resonance, Fig. 4e-h show the experimental results with the same
designs as in the simulations. Similar to the transmission spectra of the
symmetric BIC for different incident angles, transmission peaks appear
at similar frequencies for the asymmetric configurations (« # 0). The
THz-TDS measurement results clearly identify the position of the quasi-
BIC transmission peaks for L; = 20 pm (¢ = 0.87, Fig. 4e) and L,
= 50 pm (a = 0.67, Fig. 4f). However, the transmission peak for L,
=80 pm (a = 0.47, Fig. 4g) is not observed as the Q-factor is too high
to be resolved with our THz-TDS system. Nevertheless, the transition
from the BIC state to quasi-BIC state with decreased Q-factors is evident
for decreasing L,.

3.2. Temporal coupled mode theory analysis

To better understand the structural symmetry broken quasi-BIC
response, the field distributions are analyzed at critical frequencies
spanning the 0.60-0.65 THz spectral range. To be specific, there are
three critical frequencies in the quasi-BIC transmission spectrum. This
includes two transmission minima and one maximum, in contrast to
the one minimum in the pure BIC state (a« = 0). The structure with L,
= 120 pm (@ = 0.2) is used as an example. As shown in Fig. 5c, two
transmission dips occur at 0.607 THz and 0.625 THz while the peak
appears at 0.608 THz. The y-component of the magnetic field (H,) at
these three frequencies is shown in Fig. 5e-g. We also plotted H, at
the transmission dip (0.62 THz) in the BIC state when L; = 150 pm
(Fig. 5d), as shown in Fig. 5h for comparison. Fig. 5g and h show similar
H, distributions, suggesting the same mode origin (i.e., transverse
magnetic (TM) mode). Fig. 5e and f share some degree of similarity,
though the magnetic field inside the two bars is in phase in Fig. 5e
while being out of phase in Fig. 5f. We note that Fig. 5f is very close to
the H,, distribution of the eigenmode in the inset of Fig. 1c although the
field inside the left bar in Fig. 5f is not as strong as in Fig. 1c. Clearly,
these two plots share the same mode origin. Therefore, we conclude
that the quasi-BIC state with the transmission peak is attributed to the
coupling between the degraded eigenmode of the intrinsic TM mode of
the symmetric structure.

The electromagnetic response in Fig. 4 is similar to our previous
research on metallic BICs [41]. That work utilized generalized temporal
coupled mode theory (CMT) with the response arising from coupling
between two modes (an LC mode and a dipole mode). Similarly, for all-
Si quasi-BIC devices there is coupling between two modes. The general
CMT model for a multi-resonant system with two coupled modes is
given as [41]:

Lo =0a- o]+ ®
t|ay a) Sot
, k y y k k
0= |®o ],F:[l ‘2],K=[” 12] )
[ k oy 2 n kyy  kp

where [a;,a,]T are the resonance amplitudes while o, and wg, are
the resonant frequencies of the two modes supported by the system.
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Fig. 5. Comparison of transmission spectra for the symmetry-protected BIC metamaterial samples between simulations and calculation from CMT with (a) L, =20 pm, (b) L,

=80 pm, (c)L, = 120 pm, and (d)L,
transmission dip (minimum) when L, = 150 pm.

7, and y, are the damping rates of the two modes, respectively. In
this case, no ohmic loss is included since we utilize high-resistivity
silicon. k represents the direct coupling rate between the two modes
and y;; = 7, = 4/717; is the coupling coefficient generated by the
dampling due to the symmetry of the system. k;; (i,j € {1,2}) is the
coupling coefficient between the mode i and the mode j while s, (s,,)
is the input wave amplitude from the port 1(2). The outgoing waves
from the excited resonance modes follow [41]:

=]+ ) @

So_

C= [’d ’d] D= [dn d12] 6)
ta  Ta

dy  dy
where s,_ (s,_) is the outgoing wave amplitude at port 1(2). r; and
t, are the direct reflection and transmission coefficient between the
ports without resonances. d; 5 (i,j € {1,2}) is the coupling coefficient
between the port j and the mode i. Based on energy conservation,
ki =kip=ldyi| =ldp| = /) and kyy = kyy = |dyy| = dpy| = /12
After solving the Egs. (1) and (2), we obtain:

_ k-1 141
a(w) = RN ay(w) + J@—og 7, s14(@) @
jk — + Li(w — wg;) +
() = Uk Z 1)y + o - o) + 1y > 514(@) (8

Li(@ — o) + 12lli(@ — wg) + 711 = Gk —712)
Based on Egs. (3) and (4), the outgoing wave amplitude at port 2 is:

=14514(@) = (/1101 (@) + \/1,0,()) ©)

Thus, the transmission coefficient can be calculated by 5, (@) = s,_(®)/
s14(w). In an ohmic lossless system, the decay rate is fully determined
by the radiative loss, i.e. y; = 7,1, o = 7,,. In contrast, in metallic
metamaterials, the loss comes from radiative and ohmic contributions,
i.e. yo; # 0 and yy, # 0. Quality factors are usually expressed in terms
of the decay rates:

0, =wy/2r)

55— (w)

(10)

0, =0y /(2r) 11

We used the above CMT equations to fit the simulations with L,
= 20 pm (a« = 0.87, Fig. 5a), L, = 80 pm (a = 0.67, Fig. 5b), L,
= 120 pm (a = 0.47, Fig. 5¢) and L, = 150 pm (Fig. 5d), shown as
the orange dashed lines in Fig. 5a-d. The values of the parameters

= 150 pm. (e)-(g) show the y-component magnetic field distributions (H,) at 3 critical frequencies when L;

=120 pm and (h) is the H, at

Table 1
Fitting parameters for the BIC MMs based on CMT.
L, (pm) wy (x27 THz) 0, wy, (27 THz) [0 k (x27 THz)
20 0.618 23 0.633 100 0.013
80 0.618 23 0.624 45 0.011
120 0.618 23 0.6148 23 0.0082
150 0.618 23 / / /

are listed in Table 1. Both w,; and Q; remain unchanged while wg,
and Q, decrease with increased L,. Mode 1 can be understood as
the intrinsic TM mode, disregarding the symmetry of the structure in
our two-layer all-Si MM. Mode 2 is the eigenmode with no radiation
when the structure is symmetric. When the symmetry of the structure is
broken, the eigenmode couples with the intrinsic TM mode, resulting in
Fano resonances with finite Q-factors, shown as the transmission peaks
in Fig. 5a—c.

3.3. Dynamic optical response of all-silicon quasi-BIC

In addition to investigating the static electromagnetic response of
the quasi-BIC states, optical-pump THz-probe spectroscopy (OPTP) was
used to characterize the dynamic response when carriers are pho-
toexcited in the silicon. The pump beam consisted of ~40 fs 800 nm
near-infrared (NIR) pulses. Both the pump beam and THz probe beam
were at near-normal incidence. Fig. 6a shows the transmission spectra
of the quasi-BIC metamaterial in Fig. 4e (L, = 20 pm) for pump fluences
ranging from 0.4 to 26 pJ/cm?. As the pump fluence increases, the
transmission peak amplitude decreases with a relatively stable peak
frequency (0.62 THz). Similar to the THz-TDS experimental results in
Fig. 4, we are unable to capture the full transmission amplitude of the
dip at 0.605 THz due the limited experimental resolution.

In order to understand the decreased peak amplitude with in-
creasing fluence (i.e., increased excitation density), simulations were
performed. A penetration depth of 10 um (for 800 nm excitation) was
used for the simulations using carrier densities consistent with previous
work [41,44,53]. Fig. 6b shows the simulation results for various
carrier densities. Relatively good agreement is obtained between the
experimental results and simulations despite that fact that the quasi-BIC
transmission peak is less observable when the pump fluence increases
to 2.6 pJ/cm?. It is clear that the quasi-BIC transmission peak gradually
vanishes with increasing pump fluence.
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Fig. 6. (a) Experimental transmission spectra of the quasi-BIC metamaterial under different optical pump fluences. (b) Simulated transmission spectra for various carrier densities

within 10 pm of the thick top layer.
4. Discussion and conclusion

We theoretically and experimentally investigated a design for all-
silicon BIC and quasi-BIC metamaterials. By tuning the angle of inci-
dence or breaking the structural symmetry, quasi-BIC states with finite
Q-factors are realized. The change from the BIC state to quasi-BIC states
is explained using coupled mode theory, where an eigenmode becomes
a leaky mode when the symmetry of the structure is broken. This leads
to coupling with an intrinsic TM mode, resulting in a Fano resonance.
Optical pump excitation with low fluence pulses leads to a decrease
in the quasi-BIC transmission peak providing a route for on-demand
control of the quasi-BIC response.
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