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Tunable plasmonic bound states in the continuum in the visible range
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Bound states in the continuum (BICs) have been observed in a variety of systems. A plasmonic BIC offers
interesting opportunities, since a surface plasmon is known to confine light to the nanometer scale. However, the
observation and manipulation of plasmonic BICs is a challenge due to the intrinsic loss of metals. Here, we study
plasmonic BICs in the visible range in a one-dimensional all-metallic grating. First, by tuning the resonances
of localized and propagating surface plasmon modes to resonance, we successfully observe symmetry-protected
plasmonic BICs in an all-metallic system. Next, by continuously tuning the localized mode, we demonstrate
topological band inversion characterized by a Zak phase transition. In addition, we engineer off-I"-point BICs
and confirm their formation mechanism. Finally, we experimentally determine that the quality (Q) factor of a 10-
groove structure can exceed 60, about one order of magnitude greater than conventional metallic structures. The
simulations reveal that, with more grooves, the Q factor can be over 200. The plasmonic BICs in the visible range
demonstrated in this paper pave the way to promising applications in lasers, sensors, light-matter interactions,

nonlinear optics, and quantum optics.
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I. INTRODUCTION

In 1929, von Neumann and Wigner proposed the concept
of a “bound state in the continuum” (BIC) when studying the
single-particle Schrodinger equation [1]. A BIC can support
a perfectly confined state, even above the continuum thresh-
old. In theory, a BIC, also known as an embedded eigenstate
[1], manifests itself as a resonance with an infinite radiative
quality factor and a zero linewidth. The initial concept was a
somewhat artificial proposal which has never been observed
in quantum mechanics. Since then, various formation mech-
anisms of BICs have been studied. In 1985, Friedrich and
Wintgen derived the equation of a special type of BIC (named
after them), which is due to the destructive interference of two
resonances coupled to the same radiation channel [2]. As a
wave phenomenon, BICs can be found in different areas of
wave physics, including acoustics, microwaves, and photon-
ics [3—14]. BICs in photonic systems have been realized in
one-dimensional (1D) arrays of coupled waveguides [9,15],
dielectric spheres [16,17], disks [18,19], and two-dimensional
(2D) photonic crystals (PCs) [20-22]. On the other hand,
surface plasmon polaritons (SPPs) have been observed in
many applications during the past few decades, due to their
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ability to confine the optical field to the nanometer scale
[22-25]. However, the design and manipulation of BICs in
an all-plasmonic system have yet to be reported. Due to its in-
trinsic loss, the observation of a plasmonic BIC is a challenge
[26], and metallic structures that support plasmonic BICs have
remained limited [27-29]. In particular, a plasmonic BIC in
the visible range has not been reported. Strong coupling in all
plasmonic systems has been previously reported [30,31] but
has never been used to study BIC.

In this paper, using more than 20 samples, we system-
atically studied plasmonic BICs in the visible range by
harnessing the strong coupling between localized surface plas-
mon resonant (LSPR) modes and lattice SPPs (LSPPs). Due to
intrinsic loss, the effective interaction length between different
modes is finite; therefore, a plasmonic BIC is always a quasi-
BIC. First, by tuning the LSPRs and LSPPs to be completely
on resonance, we successfully observed symmetry-protected
plasmonic quasi-BICs (Type I BIC) in an all-metallic system.
Next, by continuously tuning LSPRs, we observed a topo-
logical band inversion corresponding to the “vanishing” of
a BIC, which, to our knowledge, has never been reported in
plasmonic crystals. The bandgap at the center of the Bril-
louin zone (I" point) is closed, resulting in a 1D Dirac point,
which is then opened again. This topologic band inversion can
be characterized by a Zak phase transition. In addition, we
also implemented nontrivial off-I"-point quasi-BICs (Type II
BICs) and explained their formation mechanism. Previously,
this type of off-I"-point BIC in other systems was referred to
as an “accidental BIC” [11]. Finally, we also measured the
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Q factors of samples with various parameters. Although each
sample was composed of only 10 grooves, so lattice effects are
expected to be quite limited, the typical Q factor can exceed
60, which is considerably larger than that in typical metal-
lic structures (<10). The simulations reveal that, with more
grooves, the Q factor can even be increased to over 200. The
observation and manipulation of plasmonic quasi-BICs open a
route for obtaining a high Q plasmonic cavity, which may find
applications in high-sensitivity sensors, low-threshold lasers,
nonlinear frequency conversion, light-matter interactions, and
quantum information [32—45].

II. THEORY FOR MULTIMODE COUPLING

We start from the well-known band structure of a two-
coupled-mode PC with finite size. Based on coupled mode
theory (CMT), the Hamiltonian is

Ei—iyi
7 8b
H= ( P g) )
=i
8bg p)

where E; and E; are two propagating plasmonic modes, y; =
y; = y are the decay rates of the modes due to absorption, and
8vg denotes the coupling strength between these two modes.
In this expression, due to symmetry, the original modes are
identical, except for the direction of the wave vectors. If we
only consider the I' point (E; = E}), then the eigenvalues are
simply given by

Esza:Et_gbg_?v (2a)
iy
Ey =E, =E; + 8vog — ER (2b)
for the corresponding eigenstates (as an approximation, ignor-
ing y/2):
V2( 1
v = 7(_1), (3a)
V2 (1
vy = 7(1) (3b)

These general results apply to both photonic and plasmonic
structures. From Eq. (3a), we can see that the zero-detuning
point of the lower eigenstate is a BIC, which is referred to
as a symmetry-protected BIC. A typical example is a one-
layer PC, the dielectric grating. According to convention, this
state is defined as a Type I BIC in the following discussions.
These results are well established for low-loss PCs, where the
bandgap equals twice the coupling strength g,. However, for
plasmonic crystals (e.g., metallic gratings), due to the larger
Ohmic loss of metals (¥ > gpg), the quasi-BIC is usually
hidden by the bright upper mode [Eq. (3b)] on the other side
of the small bandgap, making it difficult to observe. Note that,
for this one-layer PC, state v, can strongly couple to the far
field, which will add an extra radiation decay y;,q and hence a
broader linewidth than in Eq. (2b).

To circumvent this problem, we consider a three-coupled-
mode plasmonic crystal containing two LSPP modes and one

LSPR mode:
ELspr — iVLQSPR 8str 8str
H = 8str E; — % 8bg s 4
8str 8bg j %

where gy, is again the coupling strength between LSPP
modes, and g represents the coupling between LSPR and
LSPP modes. The full expression becomes more complex, but
if we operate at the I' point and assume that all plasmonic
decay rates are the same, i.e., yLspr = ¥; = ¥; = ¥, the eigen-
values can be written as

iy
E; =E; — gpg — ER (5a)
E Erspr + Ei + 8bg + \/(ELSPR — E; — gne)* + 8gu?
b= 2
iy
_ir 5b
> (5b)
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E. = 5
iy
- —. 5¢c
5 (50)

The eigenstate corresponding to Eq. (5a) is (as an approxi-
mation, ignoring y /2)

0
2
x/fa=—‘2f 1], ©)
—1

which still supports a quasi-BIC.

From Eq. (5a), we see that the BIC point remains un-
changed even in the presence of a third mode. This behavior
can be understood because a BIC is inherently nonradiative;
hence, it can neither be excited directly from, nor radiate to,
the far field. However, different from Eq. (2), the bandgap at
the I” point is

Q= E, — Ec = \/(Euser — Ei — go)” + 882 (D)

which can be tuned by the coupling strength g, and the detun-
ing of the LSPR with respect to LSPP. The minimum value of
Q2 is equal to the Rabi splitting of the strongly coupled system
~ Zﬁgm. In other words, the bright upper mode [Eq. (2b)]
is now split into two bands and pushed away from the Type 1
BIC, making it easier to observe it. Notice again that an extra
radiation decay y;aq should be added to Eqgs. (5b) and (5c¢).
These results are summarized in Fig. 1.

When more than one LSPR mode is involved in strong
coupling, even at the I" point, the results become more com-
plicated. However, one can always prove that Eq. (5a) is a
solution to the system. An example of a four-coupled-mode
system can be found in Eq. (S1) (see the Supplemental Ma-
terial [46]). Therefore, in any metallic grating, if the Rabi
splitting is larger than the linewidth of the plasmonic mode,
a Type I BIC can always be observed by careful mode tuning.
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FIG. 1. Iustration of Type I bound states in the continuum
(BICs) in an all-plasmonic system. (a) and (b) Without strong
coupling, only one mode is bright at the I" point, hindering the
observation of the dark mode (BIC) in the visible range. (c) and (d)
With the addition of the localized surface plasmon resonant (LSPR),
the single bright mode is split into two modes, making the dark BIC
uncovered.

III. EXPERIMENTAL RESULTS

To demonstrate this theory, we fabricated tens of sam-
ples with different groove depths. Single-crystalline Ag plates
were synthesized using platinum (Pt)-nanoparticle-catalysed
and ammonium hydroxide (NH4OH)-controlled polyol re-
duction methods [47]. The Ag plates were drop-cast over
an indium tin oxide (ITO)-coated glass substrate for subse-
quent nanofabrication. The V-shaped nanogrooves (gratings)
were milled by using an focused ion beam (FIB) lithography
system (FEI Nova Nanolab 200, 30-kV acceleration volt-
age, 10-pA ion beam current, and FEI Helios Nanolab 6001,
30-kV acceleration voltage, 7.7-pA ion beam current). The
FIB-fabricated samples were then immediately coated with
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5 nm-thick Al,O3; through atomic layer deposition (ALD)
to avoid the degradation of the silver plates in the ambient
environment. The key parameter to introduce and control
the third mode is the groove depth, since it determines the
LSPR photon energy. The angle-resolved reflection spectra
were then collected by a homemade angle-resolved spec-
trometer [Fig. 2(a)]. We used halogen lamps (HL-2000-CAL,
Ocean Optics, Inc.) as the light source. The polarization of
the incident light was controlled by a linear polarizer and
was perpendicular to the grating. Finally, the Fourier plane
of the diffraction light is projected on the entrance slit of
a spectrometer with a 2D charge-coupled device (CCD). A
CCD (DU970P-BVF, Andor) and spectrometer (Omni-X 500,
Zolix) were used to collect the back focal plane (Fourier
plane) signal. The experimentally measured data were [A,
sin()], which were converted to EN and k,, using the
formulas k;, = 2m x sin(8)/A and EN = hc/XA, where EN
represents the photon energy. The results from five typical
samples are shown in Fig. 3. We can see that, whenever an
LSPR is close to the crossing point of two LSPP modes, there
is a “breaking” point (high-reflectivity point) in the hybrid
band, as marked by black-dashed ellipses. Since this is a
far-field measurement, a breaking point is one distinct feature
of the BIC formation (another distinct feature is the quality
factor, which will be discussed later). The Type I BIC can
be seen more clearly with decreasing detuning between the
LSPR and LSPP [Figs. 3(a)-3(e)], which is finally completely
isolated from the broad linewidth of the bright mode, showing
the ability to tune the plasmonic BIC with strong coupling.
The dark- and bright-field images on top of each spectrum
show the variation of sample color due to the tuning of strong
coupling between LSPR and LSPP, although the pitch is
fixed.

Based on multimode CMT, we could fit the results using
gvbe = 0.02eV and gy = 0.15eV, as shown in Fig. S2 (see the
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FIG. 2. Experimental optical path diagram. (a) Schematic of the optical setup of angle-resolved spectroscopy. A white light beam (halogen
lamp) was projected on the sample by a microscope objective (Olympus,100 x, NA = 0.9). Parallel light reflected from the sample was
focused at the back focal plane (Fourier plane) of the objective and a lens assembly (Lens1 and Lens2) was used to project the Fourier plane
onto the entrance slit of a spectrometer. An image of the sample was project on the camera after Lens1 and BS2. BS: beam splitter, Lens: tube
lens. (b) Schematic of the optical setup of diffractive angle-resolved spectroscopy. Here, we only show the incident part; the other part is the
same as (a). White light is incident on the sample with a very large incident angle using a dark-field objective. The diffractive light is collected

by the objective and sent to the angle-resolved spectrometer.
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FIG. 3. Angle-resolved reflection spectra of a one-dimensional (1D) silver grating with a fixed pitch (670 nm) with different groove depths
of 335, 411, 446, 501, and 550 nm. (a)—(e) The two localized surface plasmon resonant (LSPR) modes are tuned from blue to red by increasing
the groove depth. The black-dashed ellipses mark the positions of the Type I bound state in the continuum (BIC). The yellow ellipse denotes
the 1D Dirac point, which will be discussed in Fig. 5. The blue rectangle represents the Type II BICs, which will be discussed in Fig. 6. The
top of each spectrum shows the dark-field and bright-field images of the corresponding grating. The size of each grating is ~10 pm. The fitting
curves based on CMT can be found in Fig. S2, which indicates that g, = 0.02eV and gy, = 0.15eV.

Supplemental Material [46]). We used the finite-difference-
time-domain method to calculate the angle-resolved reflection
spectrum, and the simulated reflectivity is shown in Fig. 4. The
pitch is the same as in the experiment 670 nm. The groove
depth varied from 180 to 270 nm. The substrate material was
silver (Palik, 0-2 pm). We set the light source as a plane wave,
and the polarization of the incident light was perpendicular
to the grating. The angle scanning range was from —30° to
+30°. The wavelength range was from 400 to 800 nm, and
the obtained data were partially intercepted. Type I BICs are
also marked by black-dashed ellipses. Both theoretical results
and simulations are consistent with the experimental results,
validating our analysis.

IV. TOPOLOGICAL PROPERTY OF THE BAND

Next, we studied topological band inversion in this system.
In Fig. 3, by continuously tuning the LSPR resonance, we
observe that the hybrid bandgap I" point is closed and opened
again. When closed, a 1D Dirac point arises [marked by a
yellow ellipse in Fig. 3(b)], corresponding to the vanishing
of the Type I BIC. Since at least two LSPR modes are
involved here, we considered the simplified four-mode
system in Eq. (S1). When Eq. (S3) is satisfied, two of the four
eigenvalues are equal:

iy

Eb:Ea:Ei_gbg_?» (8)

leading to the generation of a plasmonic 1D Dirac point.
Since the bright mode and quasi-BIC overlap, the Type I BIC
seems to disappear in the far field [Fig. 3(b)].

This phenomenon is consistent with the results observed
in 1D dielectric PCs [44] but based on different principles.
We observe a topological band inversion, corresponding to
a transition of the geometric phase of the hybrid bands. To
examine the properties of all bands, we calculated the Zak
phase using [44]

7/p
anak=/ dq[i dxdyu:,q(x,y)8qun,q(x,y):|, 9)
—m/p unitcell

where i fu nitcell dxdyuj,‘, q(x, ¥)04ity 4(x,y) is the Berry connec-
tion and u, 4(x,y) is the periodic-in-cell part of the Bloch
magnetic field eigenfunction of a state on the » th band with
wave vector g [44]. Here, the center of the unit cell was chosen
to be its inversion center located in the middle of the groove
to calculate the Zak phase.

The calculated results are shown in Fig. 5. A clear Zak
phase transition at the Dirac point is revealed, which confirms
band inversion. Zak phases can also be determined by the
symmetry of band edge states. The wave functions are always
even functions of periodic direction for the band edge states at
k;; = & /d, as shown in the lower panel of (¢). In (a), the Zak
phase is 7 since the symmetry of the Bloch state at the I point
is odd for the lower band. As the groove depth increases, the
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FIG. 4. Full wave simulation of the angle-resolved reflection spectra corresponding to Fig. 3. (a)—(e) The groove depth change from (a)
180 nm to (e) 270 nm. The pitch is the same as in the experiment 670 nm. The black-dashed ellipses correspond to the Type I bound states in
the continuum (BICs).

band gap closes, giving rise to a Dirac point. For larger groove Note that a Type I BIC is always in the band with QnZak = 7.
depths, the gap reopens, and the symmetries of the states at the When enzak cannot be determined [e.g., at the Dirac point,
I" point are inverted, leading to a topological phase transition.

(a) (b) (e)
24 ) 24
0 -
— 20 204
Eﬂ 1.6 b T 1.6
5} =}
=] 9 53}
53]
12- 12
1 0 1 -1 0 1
k, (p) k, (nlp)
(©)] (d
24 244
o ] >
o 207 . S 20-V
=19}
gﬁ 161 0 5 1.6 0
=] 43) ")
8a]
-1 0 1 -1 0 1 Min 0 Max
k// (TC/P) k// (TC/p)

FIG. 5. Zak phase transition of the hybrid band. (a)—(d) Zak phase evolution corresponding to Figs. 3(a)-3(d). The band inversion occurs
in (b), where the Zak phase cannot be defined. The center of the unit cell is chosen to be its inversion center located at the middle of the groove
to calculate the Zak phase. Therefore, the Type I BIC is always in the band with 6Z*= 7. () The field distribution at k;, = 0 (top panel) and
k), = £m /p (lower panel).
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FIG. 6. Observation and characterization of Type II bound states in the continuum (BICs). (a) Angle-resolved reflection spectrum of
another sample with different pitch and groove depths, showing several clear BIC features. Black-dashed ellipse: Type I BIC. Blue rectangle:
Type II BIC. (b) Angle-resolved diffraction spectrum of the same sample, showing a consistent result with (a). White rectangle: Type II BIC.
(c) Coefficient analysis of the band indicated by the blue arrow in (a), including both the magnitude and sign. The normalized fraction can
be obtained by the square of the magnitude of the coefficient. (d) Same as (c) but a sum of the lattice surface plasmon polariton (LSPP) and
localized surface plasmon resonant (LSPR) components. () and (f) Measured Q factors of Type I BIC (e, 62) and Type II BIC (f, 51.4) in (a)

by tuning ;.

Fig. 5(b)], the Type I BIC vanishes. This property shows that,
in addition to the normal dynamic phase, the launched SPP
has an extra geometric phase, even for similar band structures.
This geometric phase can be modified by the LSPRs, which
were determined by the groove depth and dielectric index.
For example, by changing the temperature or the dielectric
environment, the LSPR can be tuned across the entire visible
range. This control mechanism of the SPP phase may find
applications in on-chip photonic and plasmonic logic devices
[45], nonlinear frequency conversion, etc.

V. FRIERICH-WINTGEN BIC

In the following section, we focus on another type of
plasmonic BIC, the off-I"-point Friedrich-Wintgen BIC. In
Fig. 3, we already see that, except for Type I BICs, there are
several other breakpoints at the k;; # 0 zone, highlighted by
blue-dashed rectangles. These properties can also be found
in the simulation results in Fig. 4. To confirm that these
results are universal in plasmonic systems, we fabricated 10
new samples with different pitches and groove depths. A
typical angle-resolved reflection spectrum of one of these
samples is shown in Fig. 6(a), and the others can be found
in Fig. S3 (see the Supplemental Material [46]). From these
figures, we can find more BIC-like breakpoints. In addi-
tion to Type I BICs, we find at least two breakpoints at
the hybrid LSPP spectra bands between any two LSPRs.
We also measured angle-resolved diffraction spectra of the
same samples at grazing incidence [Fig. 2(b)]. For diffrac-

tion angle-resolved spectroscopy, we replaced the objective
with a dark-field objective and added a customized dark-field-
blocking module behind the light source. The incident light
was projected on the sample by grazing incidence (~75 °)
and blocking zero-order diffracted light (reflected light). The
spectrum shown in Fig. 6(b) corresponds to Fig. 6(a), and the
others can be found in Fig. S4. Because the backgroundless
diffraction spectrum is not interfered with by the surface re-
flection of the light-collecting elements, the breakpoints have
a higher contrast than those in Fig. 6(a). As will be shown
later, the breakpoints marked by blue-dashed rectangles are
Friedrich-Wintgen BICs, which are usually defined as Type
II BICs.

To understand the formation mechanism of Type II BICs
in these samples, we use the simplified model (ignoring
decay)

ELspri 0 &str
H= 0 ELspr2 & |- (10)
&str &str ELSPP

The eigenvalue corresponding to Type II BIC is

_ Eispri + Erspr2

E, = , 11
5 (1)

i.e., the average of the two LSPR modes. Note that this prop-
erty is not universal, as shown later.
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FIG. 7. The typical Q factors of Type I bound states in the continuum (BICs) extracted from experimental and simulation results. (a)
Experimental results of a 10-groove sample (62). (b) Simulation results (105.8) corresponding to (a). (c) Simulation results (216) with
optimized groove shape. The simulation results correspond to infinite groove numbers.

The corresponding eigenstate is
1 285

— 28« |,
A% 88%& + A2 ASH

where A = Erspri — ELspr2- From Eq. (12), we see that the
two LSPR modes cancel each other.

A more rigorous analysis is shown in Figs. 6(c) and 6(d),
including all the nearby LSPRs and LSPPs (10 modes). From
these results, we can see that, for each hybrid band, the con-
tributions of the original LSPR modes cancel each other out
precisely at certain points in k-space (£2.32um™" in this
example), consistent with Eqs. (11) and (12). However, this
model shows that the LSPP mode still exists, which seems to
conflict with both experimental results and the BIC require-
ment that all far-field channels should disappear.

In fact, this confirms that CMT by itself is not a complete
theory. By reconsidering the physical mechanism of LSPPs,
we can understand and model the emergence of Type II BICs
very well. When far-field light is incident on a metallic grating
with nanogrooves, the LSPR can be excited, either resonant or
nonresonant. The LSPRs in all grooves couple to each other
to generate an LSPP. If the LSPR is resonant, then strong
coupling between LSPR and LSPP will take place, as shown
in the Type I BIC. If the LSPR is nonresonant, then the simple
scattering by the periodic grooves is sufficient to launch the
SPP but without strong coupling. However, when all the LSPR
channels to the far-field cancel each other, no SPP is launched,
and neither LSPR modes nor LSPP modes can be seen, re-
sulting in the formation of a Type II BIC. According to this
mechanism, these states are Friedrich-Wintgen-type BICs.

The above analysis shows that the Type II BIC can also be
controlled by the LSPR with even better sensitivity, which is
evident in Fig. 3. One example with deeper grooves (hence
more LSPR modes) is shown in Fig. S5. Here, more Type 11
BICs can be found. Note that, in this case, the three nearest
LSPRs should be considered together; therefore, Eq. (11) does
not hold anymore.

Friedrich-Wintgen BICs are robust to small changes in
the system parameters [48—50]. In our paper, Type II BICs
only depend on LSPRs and are not affected by pitch. From
Figs. 2-6 and Fig. S2-4, we find that both Type I and II BICs
can be tuned and controlled, either by the grating pitch or

groove depth. Thus, we can design and tune the two types of
plasmonic BICs with full degrees of freedom.

VI. Q FACTOR OF THE BICS

Before summarizing, we discuss the Q factors of the
observed plasmonic quasi-BICs. It is well known that an im-
portant feature of the BIC is the increase in Q factor associated
with the reduction of radiation loss. Taking Fig. 6(a) as an
example, we extracted the Q factor-angle curves of both Type
I [Fig. 6(e)] and Type II [Fig. 6(f)] BICs. Clearly, they both
increase when tuned close to the quasi-BICs. The measured
maximal Q factor of Type I BICs is over 62, which is smaller
than in simulations, as shown in Fig. 7. The reason for this
result is that, as a demonstration, each sample in our sample
has only 10 grooves, while in the simulations, we considered
an infinite grating using periodic boundary conditions. As
shown in Fig. 7(c), the simulation shows that the Q factor of
Type I BIC can grow to well beyond 200 for a grating size of
infinite grooves by optimizing the groove shape, thanks to the
emergence of the BIC. Since plasmonic BIC is a quasi-BIC,
the actual size does not need to be infinite to obtain the maxi-
mal Q factor. When the size is beyond the propagation length
of SPP (~80 pum in our silver plate), ohmic loss dominates
the response, and no further enhancement in Q factor can be
achieved. The measured maximal Q factor of Type II BICs is
51.4. Both are much larger than the Q factor associated with
the LSPR resonance (~10).

VII. CONCLUSIONS

In summary, we theoretically predicted and experimentally
demonstrated that plasmonic quasi-BICs in the visible range
in 1D all-metallic gratings can be observed and further con-
trolled by strong modal coupling, despite the broad linewidth
caused by metallic ohmic losses. The large Rabi splitting
pushes the nearby bright mode away, uncovering the dark
Type I BIC. By tuning the LSPRs, we observed a plasmonic
band inversion, which corresponds to the generation of the 1D
Dirac point and the “vanishing” of the BIC. This topological
band inversion is characterized by the Zak phase transition.
In addition, we also observe nonsymmetry-protected BICs in
a 1D all-plasmonic system, the formation of which can be
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understood by combining the CMT and SPP launching mech-
anisms. The measured Q factors of both Type I (62) and Type
II (51.4) BICs are increased by one order of magnitude with
only 10 grooves. The simulation results with an optimized
groove shape show that, with more grooves, the Q factor
can be over 200, which is 20 times larger than normal plas-
monic mode in the visible range while maintaining the field
confinement feature. Finally, we demonstrate that these two
types of BICs can be tuned and controlled by LSPR, LSPP, or
both. This additional degree of freedom makes the plasmonic
system a great platform to study BIC physics and applications.
For example, with the help of the BIC, the threshold of a
plasmonic laser (sometimes known as spaser) can be greatly
reduced. In another example, because the Q factor of BIC is

much larger than that of LSPR, the temperature and refractive
index sensor based on the BIC will have a much better sen-
sitivity than the conventional plasmon sensor, which may be
used as a high-sensitivity thermometer.
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