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All-dielectric metasurfaces are a versatile platform to investigate a host of unconventional physical scattering re-
sponses. Effects, including high absorption and Huygens’ surfaces, have been demonstrated; however, a more exotic
materialization—termed bound states in the continuum (BSCs)—exists and consists of nonradiating localized waves
that lie within the energy spectrum of the continuum. Here we experimentally demonstrate a dynamic BSC at tera-
hertz frequencies that realizes a material-limited high-quality factor (Q) resonance Q � 8.7 × 103, which may be
modified by over 2 orders of magnitude through photodoping with band gap light. We elucidate the nature of
the BSC resonance, and our experimental results are well supported by eigenvalue and S-parameter simulations.
The demonstrated system and underlying theory establish a path to realize extremely high-Q dynamic resonances,
which may be useful for detection of hazardous materials and frequency-diverse imaging. © 2019 Optical Society of

America under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.6.000169

The ability to confine and localize electromagnetic waves is a
powerful concept that has long been a goal of numerous theoreti-
cal and experimental investigations. One particularly intriguing
approach to achieve light localization is by exploiting the so-called
bound states in the continuum (BSCs) [1,2]. The concept of
BSCs originated in quantum mechanics and can be described
as discrete solutions of the single-particle Schrödinger equation
embedded in the continuum of positive-energy states [3]. Such
bound states exist in the continuum, but possess infinite lifetime,
i.e., an infinite quality factor, (Q � ∞), and thus are perfectly
localized with no coupling to the vacuum. However, in an open
system, the effective Hamiltonian of Maxwell’s equations can be
described as a non-Hermitian matrix, which includes discrete
bound states of the scatters, and the coupling between the bound
and scattering states. Therefore, the associated eigenfrequencies
are complex ω � ω0 − iγ, where ω0 represents the resonant
frequency and—for a lossless system—γ is the damping rate of
radiation to free space, i.e., lifetime of the resonance.

There are several physical conditions that may lead to BSCs,
and they may be characterized by the mechanism responsible for
electromagnetic wave localization [4–6]: (i) symmetry protected
[7–9], (ii) Fabry–Perot [10], (iii) resonance interference
[2,11–14], and (iv) accidental zero [15]. More specifically, the
system we investigate supports various Bloch BSCs, and here
we confine our study to a particularly intriguing symmetry pro-
tected BSC with zero Bloch vector, which arises due to violation
of the uniqueness theorem [9,16–20]. The Bloch BSC is charac-
terized by the intersection of three zeros in (ω, k) space, i.e., those
of the reflectivity coefficient (r), transmissivity coefficient (t), and
the tangential wavevector (k∥), and we denote this state by
(ωB , kB).

Our dynamic BSC is realized in a two-dimensional silicon-
based metasurface operating at terahertz (THz) frequencies
which—as we will demonstrate—can be tuned through optical
photodoping. The metasurface consists of free-standing low-loss
cylindrical resonators and realizes several high-quality factor (Q)
modes near 1 THz. The silicon carrier density is modified
through photodoping, thereby achieving control of the Q factor
of the BSC. In Fig. 1(a), we show a schematic depicting optical
control of the BSC and a SEM image of the fabricated structure is
shown in Fig. 1(b). The BSC is freely suspended and supported
with thin interconnects between unit cells. The use of high-resis-
tivity silicon—coupled with the lack of a substrate—allows for an
extremely low material (nonradiative) loss rate. Thus, the BSC
mode within the all-dielectric metasurface presented in Fig. 1
can be precisely controlled by its radiative and nonradiative damp-
ing rates (γ and δ, respectively) through modification of the sym-
metry of the system with respect to the k vector (k) of incident
light, and/or through photodoping. The surface normal n̂ lies
along the cylindrical axis (oriented in the ẑ direction), and we
define the incident angle θ as k̂ · n̂ � cos θ, where the usual def-
inition applies, k � jkjk̂. Our study focuses on results for the
transmission only in transverse magnetic (TM) polarization.

The unique state of the BSC is highlighted in Fig. 1(c), which
shows results taken from S-parameter simulations, consisting of
t�ω� (red colors) and r�ω� (blue colors) as a function of θ. In
Fig. 1(d), the dispersion diagram ω vs kjj is calculated from
Fig. 1(c) as kjj�2πa � � ω

c sin θ, and we plot only the extrema of
r and t. The solid red and blue curves are t � 0 and r � 0,
respectively. The principle of the BSC is that incident light of
frequency and k vector (ωB , kB) cannot couple to the sym-
metry-protected BSC, since it is perfectly localized. However,

2334-2536/19/020169-05 Journal © 2019 Optical Society of America

Research Article Vol. 6, No. 2 / February 2019 / Optica 169

https://orcid.org/0000-0002-3325-3552
https://orcid.org/0000-0002-3325-3552
https://orcid.org/0000-0002-3325-3552
https://orcid.org/0000-0001-7734-8847
https://orcid.org/0000-0001-7734-8847
https://orcid.org/0000-0001-7734-8847
mailto:willie.padilla@duke.edu
mailto:willie.padilla@duke.edu
mailto:willie.padilla@duke.edu
https://doi.org/10.1364/OA_License_v1
https://doi.org/10.1364/OPTICA.6.000169
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.6.000169&domain=pdf&date_stamp=2019-02-08


if ω ≠ ωB or k ≠ kB, then the symmetry is broken, and incident
light may couple with the BSC. The electromagnetic signature of
this coupling is a high-Q mode characterized by rapid variation of
t and r as a function of ω or k [18–20].

In Fig. 2, we show S-parameter simulations of the free-
standing silicon metasurface as a function of frequency. The
red curve in Fig. 2(a) shows t�ω� for normal incidence, and
we find that, at low frequencies t�ω�, it is relatively high before
undergoing an absorptive resonance (minimum) near 0.96 THz
—we designate this mode (e1), since it is the first (lowest energy)
even eigenmode. Continuing to higher frequencies, another ab-
sorptive minimum occurs at approximately 1.09 THz, and we
find that this eigenmode possesses odd character (o1). Figure 2
(b) shows t�ω� for θ � 10°, and we find—in addition to the oc-
currence of modes present in the normally incident case—two

other modes with one even (e2) and one odd (o2) mode. It is
important to note that all the new modes resulting from oblique
incidence possess extremely narrow linewidth, thus indicating
high-Q factors. Figures 2(e) and 2(f ) show the normalized z com-
ponent of electric and magnetic fields in the σxy mirror plane for
odd and even modes, respectively. In what follows, we will focus
on the even eigenmode (e2), which lies at a frequency of 1.2 THz,
and has been shown to be a BSC with zero Bloch wave vector [4].
We thus have a system consisting of an even eigenmode (e2) em-
bedded within a continuum of odd symmetry (o1).

The BSC was characterized using THz time-domain spectros-
copy. In Fig. 2, we show the experimental t�ω� for θ � 0° (c), and
we find a good match to simulation, observing both (e1) and (o1)
modes. We note that our THz spectroscopic system uses lenses
with an f ∕# � 4, and thus we also find signature of (e2) at
θ � 0°. At oblique incidence θ � 10° [Fig. 1(d)] we find a
high-Q mode at 1.2 THz, i.e., (e2), and it is strongly enhanced
compared to normal incidence, spanning from a minimum of
about t � 14% to a maximum of 75%, i.e., a Δt � 61%.

In Fig. 3(b), we show the dispersion relation of the metasurface
for kjj determined with eigenvalue simulations. The simulated
transmission coefficients for normal incidence (gray curve) and
θ � 1.5° (blue curve) are shown in Fig. 3(a) for comparison.
The high-Q e2 mode only exists for off-normal t�ω� and occurs
near 1.2 THz. The red curve from the eigenvalue simulation
shown in Fig. 3(b) lies close to the light line (dashed black curve)
for low frequencies, before undergoing band folding at the
Brillouin zone boundary, and intersecting the gamma point at
a frequency of approximately 1.2 THz.

Eigenvalue simulations were undertaken in order to determine
radiative and nonradiative properties of the Bloch BSC. A com-
plex mode frequency ω̃ � ω1 − iω2 results, where ω1 is the res-
onant frequency of the mode and ω2 is the damping rate. Two
terms contribute to the imaginary term ω2 � γ � δ, where, as
mentioned previously, γ is damping of the mode due to radiation,
and δ is damping due to material loss. Eigenvalue simulations may

(a)

(c) (d)

(b)

Fig. 1. (a) Illustration of all-dielectric metasurfaces showing optical
photodoping of the structure. (b) SEM image of the fabricated free-
standing silicon structure with a diameter of 132 μm, height of 50 μm,
and a periodicity of 168 μm. The scale bar is 100 μm. (c) Simulated angular
dependence of the transmission and reflection. Red colors denote t ≈ 0 and
blue colors r ≈ 0. (d) dispersion diagram (ω, kjj) showing t � 0 (red curve)
and r � 0 (blue curve). Left inset shows Ez for the symmetry-protected
BSC, and right inset shows Ez for the broken symmetry state.

(b)(a)

(d)(c)

(e) (f)

Fig. 2. Simulated transmission coefficients of the BSC metasurface for
(a) normal and (b) 10° angle of incidence. (c) and (d) are the correspond-
ing experimentally measured results. (e) Normalized z component of
electric field for odd eigenmodes at the mirror symmetric xy plane of
the cylinders. (f ) Normalized z component of magnetic field for even
eigenmodes at the mirror symmetric xy plane of the cylinders.

(b)(a)

(c)

Fig. 3. Frequency-dependent transmission coefficient (a) and (c), si-
mulated at normal incidence (gray curve) and θ � 1.5° (blue curve)
for lossless cylinders. (b) Eigenvalue simulation of the dispersion diagram
for TM polarization. The black dashed line is the light line. The perio-
dicity is a � 168 μm. (c) Zoomed-in region of the transmission coeffi-
cient near ωB shown in (a).
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be performed with and without material loss, and thus one may
determine the separate γ and δ contributions to ω2. Results from
eigenvalue simulation are presented in Fig. 4(a), where we plot the
Q factor (red curve left axis) and radiative loss rate γ (blue curve
right axis), determined from eigenvalue simulation for e2 as a
function of incident angle. As can be observed, γ � 0 at
θ � 0°, and thus the even e2 mode is unable to couple to
free-space radiation at normal incidence. However, as θ is in-
creased, the Q factor reduces while the damping rate increases,
and the high-Q BSC mode e2 may radiate and thus couple to
incident THz radiation. The inset to Fig. 4(a) shows γ (blue
curve) and δ (gold curve) for 0 ≤ θ ≤ 2°. Our silicon has a resis-
tivity ρ ≥ 1000 Ω cm, corresponding to a carrier density of 1.4 ×
1013 cm−3 for p-type silicon. We thus have an expected angle-
independent material loss rate of δ � 0.436 ns−1. At near-
normal angles of incidence, the radiative loss rate is approximately
zero, and the material loss rate corresponds to a Q factor
of Q � 8733.

In Fig. 4(b), the left axis plots theQ factor (open black symbols),
and the right axis plots the radiative (blue curve) and material loss
(gold curve) rates, all as a function of doping for an incident
angle of θ � 10°. The dashed vertical gray line shows the doping
value where γ � δ. The real (Δωr � Refωe − ωBg∕RefωBg) and
imaginary (Δωi � Imfωe − ωBg∕ImfωBg)) relative frequency
difference are plotted on the left and right vertical axes of
Fig. 4(c), respectively, and are obtained from eigenvalue simula-
tions for the lossy metasurface at normal incidence. Here ωe�nd �
is the doping-dependent complex eigenfrequency and ωB �
1.2133� i6.9461 × 10−5 × 2π THz for high-resistive silicon.
Remarkably, we find that for modest photodoping values of
nd � 1.9 × 1015∕cm3, Δωr only changes by approximately
1%, whereas Δωi changes by nearly a factor of 300, correspond-
ing to a change in the Q factor by 2 orders of magnitude.

Having characterized the transmissive properties of the all-
dielectric BSC metasurface, we demonstrate dynamical behavior
of the e2 eigenmode using optical excitation. The metasurface is
kept at an incident angle of θ � 10°, and we use an optical pump
to produce carriers in the silicon metasurface. The optical source
consists of a multimode laser diode with a wavelength of 980 nm.
In Fig. 5(a), we show the experimental transmission coefficient as
a function of frequency at θ � 10°, for a number of optical pump
powers ranging from undoped (black curve) to 536 mW (red
curve), which correspond to photodoped carrier density of
1.03 × 1016∕cm3. As can be observed, with no photon power,
the e2 mode realizes a relatively large response—characterized
by the difference between the high (thigh) and low (t low) transmis-
sion values Δt ≡ thigh − t low � 61%. However, as pump power is
increased, the strength of the e2 mode is monotonically reduced,
as shown in the inset to Fig. 5, which shows Δt as a function of
pump power. In Fig. 5(b), we show the simulated t�ω� for a
number of different doping carrier densities.

We next turn toward discussion of the results. The S-param-
eter and eigenvalue simulations presented in Figs. 1(c) and 1(d)
verify that as the t � 0 and r � 0 curves approach θ � 0, they
both converge to the same point, i.e., (ωB , kB). Thus, although
normally incident light achieves t � 65% at ω � ωB , it is unable
to couple to the e2 BSC mode, since it possesses t � 0, r � 0,
and kjj � 0, i.e., it is symmetry-protected—see gray curve in
Fig. 3(a) and the red curve of Fig. 3(b) [7,21]. However, once
the symmetry is broken through use of off-normal light, kjj moves

away from kB , and the frequency locations of t � 0 and r � 0
deviate from each other, thus permitting coupling to the high-Q
BSC [22]. Indeed, the radiative rate shown in Fig. 4(a) is zero at
normal incidence γ�θ � 0� � 0, thus suggesting Q � ∞ in the
limit of zero material loss. However, at oblique incidence, the
occurrence of radiative loss reduces the Q factor, where its value
is inversely proportional to the difference in frequency between
the r � 0 and t � 0 curves.

Notably, we find that the r � 0 and t � 0 curves of the
dispersion relation [Fig. 1(d)] all realize a specific kjj depend-
ence. Fits to the r � 0 and t � 0 curves in Fig. 1(d) find

(a)

(b)

(c)

Fig. 4. Simulation of the quality factor (red left axis), radiative (blue),
and nonradiative (gold) loss rates (right axis) as a function of (a) incident
angle and (b) doping. Inset to (a) shows a zoomed-in region for angles up
to 2°. Incident angle in (b) is θ � 10°. (c) Dependence of the real (green)
and imaginary (gold) parts of the relative change in complex eigenfre-
quency, defined in the text. Green and gold dashed curves in (c) identify
doping values needed for 1% change in Δωr and a factor of 300 change
in Δωi , respectively.

(a) (b)

Fig. 5. (a) Experimental and (b) simulated off-normal (θ � 10°) trans-
mission coefficient as a function of frequency for different optical pump
fluence. The black curve shows the transmission without photoexcitation
on the silicon metasurface. Inset to (a) shows the Δt ≡ tmax − tmin as a
function of optical pump power in the vicinity of the BSC.
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ω� −0.3248k1.964jj �1.212×2π THz, and ω � −0.7045k1.924jj �
1.212 × 2π THz, respectively, i.e., both are approximately quad-
ratic and have the same vertical axis intercept of ωB � 1.212 ×
2π THz. The character of the Bloch BSC shown in Fig. 2(b)
is such that, as a function of increasing frequency, it first under-
goes a minimum t, before achieving a maximum. This particular
form is well characterized as a Fano resonance, where the asym-
metry is due to interference between a resonant mode (e2) and a
broad continuum—in this case (o1) [14]. Thus the form of the
Fano asymmetry may be modified by moving the frequency
location of the Bloch BSC (i.e., changing the periodicity) to a
region where the transmitted phase is different, thereby yielding
an alternative interference condition.

In our case, the Bloch BSC arises from a leaky mode, which
becomes confined to the metasurface in the kjj direction due to
band folding at the Brillouin zone boundary, as shown in Fig. 3.
Similar modes in photonic crystals have been observed, and are
termed guided modes when they occur below the light line, and
guided resonances above [23,24]. Although a true BSC achieves
an infinite Q factor, the system realized is finite in spatial extent
and exhibits nonradiative loss, which ultimately limits the Q . An
ideal BSC with a Q � ∞ resonance requires an infinitely
extended system in order to cancel radiative losses. That is, the
leaky mode supported by the infinitely extended array experiences
destructive interference leading to a cancellation of radiative
losses. The mode is thus effectively bounded to the array with
no radiation. In any real system (with small material loss), the
array is finite, and thus the Q may be large, but not infinite.
However, in a finite system, the number of resonators (N ) sets
the Q value—the exact dependence for a symmetry-protected
BSC is Q ∝ N 2 [9]. Thus, since the Q factor scales quadratically
with the number of resonators, one effective route to achieve
higher-Q BSCs is to make the size of the periodic array larger.

We find our BSC may achieve a material-limited Q factor of
Q � 8733, at incidence angles infinitesimally close to θ � 0°, as
shown in Fig. 4(a). However, as the incident angle increases, the
radiative losses (blue curve) increase until they achieve a value
equal to the material loss (gold curve), and dominate for
θ ≥ 1.5°. On the other hand, as observed in Fig. 4(b), we find
that γ is largely independent of photodoping fluence, but that
the material loss rate realizes an approximate linear dependence.
Thus, as shown in Fig. 4(b), the effect of photodoping is to in-
crease the material loss, thereby reducing the Q factor (red curve)
and diminishing the strength of the BSC. It is important to detail
that although the radiative loss is doping independent—as can
be observed from the blue curve in Fig. 4(b)—it is nonzero.
Thus, the total Q factor (QT ) of the BSC mode consists of
two contributions—that of the material loss Qδ, and the radiative
loss Qγ—which add in parallel [14]. At an incident angle of
10°, Q−1

γ � 0.00442, which leads to a maximum value of the
total Q factor at low doping values. The solid red curve in
Fig. 4(b) is a fit of the total Q factor Q−1

T � Q−1
δ � Q−1

γ , where
Q−1

δ � αnd , with nd the carrier density resulting from photodop-
ing the silicon metasurface, and α � 1.68 × 10−17 cm3. As can be
observed, the fit matches the simulated total Q factor [open black
symbols in Fig. 4(b)] well, thus confirming the theory and the
expected dependence of the BSC Q factor on photodoping.

Simulations presented in Fig. 4(c) are for θ � 0 and further
elucidate the mechanism responsible for the dynamic Q factor
and its dependence on photodoping. The resonance frequency

of the Bloch BSC does not change significantly for doping values
explored, as demonstrated by Δωr shown in Fig. 4(c). However,
Δωi changes by a factor of 300, where Δωr only changes by 0.01
for doping values of approximately 1.9 × 1015∕cm3 [shown in
Fig. 4(c)], corresponding to a photodoping power of 100 mW
at a wavelength of 980 nm. These results indicate that the re-
duction of the BSC Q factor is not a result of shifting away from
(ωB , kB), but rather from the significant increase in the material
loss rate [9].

We have proposed and experimentally demonstrated dynamic
control of a BSC in a silicon metasurface. Off-normal incident
light permits coupling to the high-Q BSC, which may then be
controlled in real time with band gap light. Eigenvalue simula-
tions indicate a maximum achievable Q factor of Q �
8.7 × 103 in this system. The mechanism underlying control
of the BSC is through modification of the complex eigenfre-
quency via photodoping—or equivalently the complex refractive
index ñ � n1 � in2—which serves to increase the loss (n2),
thereby increasing the nonradiative loss rate and reducing the
Q . Although we have chosen to relax the symmetry by introduc-
ing off-normal incident light, similar response is expected at nor-
mal incidence if instead the BSCs rotational symmetry is broken.
Our demonstration of dynamic control of BSCs can be leveraged
for applications requiring narrow bandwidth and spatial filtering,
leading to more compact, efficient, and versatile photonic
components [25–29].
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