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ABSTRACT: Topological photonics, owing to its band topology, has substantial potential in applications such as quantum
computation and photonic chips. However, attaining flexible control over band topology for effective light−matter interactions at the
subwavelength scale remains elusive. In this study, we present a metal−insulator−metal (MIM) dimerized grating structure based on
the one-dimensional (1D) Su−Schrieffer−Heeger model (SSH). This structure is designed for tuning optical band topology with a
relatively high quality factor and small mode volume. Specifically, by variation of the grating thickness, topological band inversion
with plasmonic quasi-bound states in the continuum (q-BICs) can be achieved. Moreover, through the modulation of gain−loss and
coupling strength, the corresponding exceptional points (EPs) can emerge near the Brillouin zone center (Γ point). Consequently,
this MIM dimerized grating structure offers a novel approach for the design of advanced topological devices.
KEYWORDS: q-BIC, EPs, SSH model, band topology

In recent decades, topological photonics has attractedsubstantial attention in fields such as optical quantum
computation1,2 and on-chip integration,3−5 because of its
unique features like backscattering-immune propagation6−8

and topological protected chirality.9−11 These distinctive
topological properties stem from the principles of topological
phases and phase transitions in condensed matter physics,12,13

which underpin the construction of topological edge states and
phase modulation. In photonic systems, topological concepts
from electronic systems in condensed matter physics can be
introduced into photonic crystals and metasurfaces. This is
achieved through the direct analogy between the Dirac
equation and Maxwell’s equation, resulting in nonzero
topological invariants in the photonic band structures, such
as the Chern number and Z2 charge.

14−16 A crucial aspect is
the connection between topological and non-Hermitian
concepts. Photonic systems are usually open and non-
Hermitian, in contrast to their conventional Hermitian
counterparts. Due to the inclusion of an additional gain−loss
factor,17−19 it can exhibit more diverse optical field
manipulation effects. In particular, a significant singularity

known as the exceptional point (EP) can emerge in the near-
degenerate regime during the parity-time (PT) phase
transition in non-Hermitian systems. EPs are branch point
singularities arising from the coalescence of eigenvalues and
their corresponding eigenvectors. They possess a specific
topological phase in parameter space and high sensitivity to
perturbations, thus holding promising potential for applica-
tions in sensing,20,21 holograms,22−24 and chiral laser
emission.25−27

Generally, topological photonic crystals and metasurfaces
can be classified based on different material platforms,
primarily focusing on dielectric and metallic nanostruc-
tures.28−31 To date, most of the previous research has been
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centered on all-dielectric topological nanostructures, due to
their advantages of minimal additional losses and structural
integration.32−34 Nevertheless, considering the widespread
application of efficient light−matter interaction, in which
topological structures interact with excitonic materials,
plasmonic nanostructures with small mode volumes excel in
localizing optical fields on subwavelength scales. This property
grants them considerable potential for applications in strong
coupling at the few-exciton level,35,36 single-photon emis-
sion,37,38 and entangled state modulation.39,40 However, there
is a significant difference between all dielectric and plasmonic
topological nanostructures. In the visible range, plasmonic
nanostructures are characterized by low quality (Q) factors of
the plasmonic energy bands and relatively small sizes. These
characteristics pose obstacles to the modulation of topological
phases through structural parameter adjustments in plasmonic
nanostructures, thereby further limiting the application of
tunable topological devices.
Fortunately, the emergence of bound states in the

continuum (BICs) provides a compelling solution to these
challenges. As an exotic singularity, BICs are perfectly isolated
eigenstates with an infinite Q factor, coexisting with a
continuous spectrum of extended states in theory.41 Exper-
imentally, BICs can be observed through Fano-like resonance
in angle-resolved reflectance/transmission spectra.42−45 In
contrast, the Q factor of BICs in open non-Hermitian systems
is inevitably finite. For instance, plasmonic BICs possess small
mode volumes but relatively low Q factors compared to their
dielectric counterparts due to intrinsic losses, thus commonly
referred to as plasmonic quasi-BICs.46 Moreover, BICs exhibit
polarization vortex properties in the far-field momentum
space,47−51 which can be utilized to define band topology.
Notably, the Su−Schrieffer−Heeger (SSH) model,52 regarded
as a dimerized atomic chain, has been extensively utilized to
characterize the band topology of the system.53−55 Conven-
iently, band topology with the SSH model can be implemented
in a one-dimensional (1D) system by simply tuning the
coupling strength, thereby reducing design and processing
difficulties.56 In this paper, we design and fabricate a metal−
insulator−metal (MIM) dimerized grating structure to

introduce the 1D SSH model, wherein plasmonic quasi-
bound states in the continuum (q-BICs) can be observed at
the center of the Brillouin zone (Γ point) within the visible
spectrum. By varying the grating thickness, the coupling
strength can be adjusted, gradually closing the bandgap to form
a 1D Dirac point. Subsequently, the bandgap can be reopened,
resulting in a topological band inversion. Furthermore, the
emergence of EPs can be induced by the collapse of q-BICs,
controlled by manipulation of the gain−loss factor and
coupling strength. Our results offer a novel approach for
controlling singularities and the associated topological phase in
plasmonic non-Hermitian optical systems, with potential
applications in topological edge state construction,57−60

topological polaritons,61−64 and robust wavefront manipula-
tion.65−67

To achieve flexible band engineering of plasmonic q-BICs
and the emergence of EPs in non-Hermitian optical systems,
an MIM-type metasurface featuring a 1D dimerized silver
grating on the top was designed and fabricated. As illustrated
in Figure 1(a), a 100 nm silver layer at the bottom acts as a
mirror, and an amorphous quartz layer with a thickness (H)
ranging from 300 to 400 nm was deposited on the silver
mirror. Additionally, the periodic dimerized silver gratings with
varying thicknesses (h) were fabricated by microfabrication
techniques (for details see the Supporting Information). In this
plasmonic non-Hermitian system constructed with an MIM
configuration, the variation in material thickness plays a key
role in band engineering. Specifically, the thickness of the silver
grating and the SiO2 layer are critical for the evolution of
transverse magnetic (TM) and transverse electric (TE) bands.
The 1D SSH model offers a straightforward, equivalent
platform for structural design. As shown in Figure 1(b), this
tight-binding model of a 1D SSH model considers only
nearest-neighbor interactions with extra gain and loss (±γ/2),
where the relative strength of the intracell (J) and intercell (J′)
couplings determines the topologically trivial and nontrivial
phases. In the systems with inversion symmetry, the
topological phase (Zak phase) can be quantized to 0 (trivial)
or π (nontrivial) for different bands, respectively.68 In general,
the Hamiltonian of the 1D SSH model can be formulated as

Figure 1. (a) The schematic of the MIM-based nanostructure. (b) The schematic of the 1D SSH model. (c) The square of the bandgap as a
function of wavenumber (k) and γ. (d) The square of the bandgap as a function of ΔJ and γ. (e) The band structure (real lines) and the Q factor
distribution (dotted lines) of the sample. (f) Simulated reflectance spectra of the sample with different incidence angles (0° and 2°) for TM
excitation. Insets: the electric field for 2° at 645 nm (left) and 656 nm (right), respectively.
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where ω0 represents the resonant frequency, k is the
wavenumber, and a denotes the lattice constant. By solving
the eigen-equation Ĥ (k)ψ(k) = ωψ(k), the eigen-frequencies
can be written as

= + ± +±
i
k
jjj y

{
zzzi J J JJ ka

2
2 cos( )

20
2 2

2

(2)

Evidently, the bandgap (Δω = ω+ − ω−) can be adjusted by
the coupling constants and gain−loss factor, as described by eq
2. Accordingly, Figure 1(c) illustrates the evolution of the
(Δω)2 at the Γ point as a function of ΔJ (J − J’) and γ, where
the Dirac point (indicated by the white line) represents the
degenerate regime (phase transition point). Furthermore, EPs
can be induced in the near-degenerate regime by varying the γ.
As shown in Figure 1(d), the evolution of (Δω)2 is presented
as a function of cos(ka) and γ, with the coupling constants
fixed at 1 and 1.1, respectively. Clearly, the EPs emerge at Δω
= 0, as depicted by the white line. Therefore, it is important to
establish the relationship between structural parameters of

metasurface, couplings (ΔJ), and loss factors (γ). The
emergence of EPs can be effectively controlled through the
simultaneous consideration of ΔJ and γ, while the topological
inversion based on the BIC may be achieved by considering ΔJ
in isolation.
The quasi-normal mode method (QNMs) can be utilized to

identify the characteristics of the q-BICs in our system and
investigate the band evolution accurately.69 Initially, the
parameters of the corresponding structure are a SiO2 thickness
of H ∼ 350 nm and silver grating thickness of h ∼ 30 nm.
Figure 1(e) exhibits the eigenmodes calculated numerically.
Since this work mainly focuses on plasmonic modes, the band
structure is derived from TM excitation, where the electric
vector is parallel to the periodic direction. The real lines in
Figure 1(e) depict two bands that satisfy the SSH model
discussed above. The symmetry-protected BIC is located at the
Γ point on the blue line, identified by the red circle (∼650
nm), while the corresponding Γ point on the green line
represents the leaky mode. The dotted lines in Figure 1(e)
display the Q factor of the two bands. It is evident that the Q
factor at the BIC is significantly higher than that of the leaky
mode, although it is not infinite due to the intrinsic loss of the
metal. Therefore, the plasmonic BICs can be considered as q-
BICs in nature. To further identify the symmetry-protected q-
BICs further, the angle-resolved reflectance spectrum was

Figure 2. (a) The SEM image of the dimerized silver grating. (b) The schematic of the angle resolved spectra measurement system in the
momentum space. (c, d) The simulated angle-resolved reflectance spectra for the samples with different height of the grating ((c) 30 nm, (d) 50
nm, (e) 70 nm). (f−h) The experimental angle-resolved reflectance spectra for samples with different height of the grating ((f) 30 nm, (g) 50 nm,
(h) 70 nm).
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simulated by the finite element method (see the Supporting
Information). As illustrated in Figure 1(f), two reflectance
spectra were calculated for TM excitation at incident angles of
0° and 2°. A distinct Fano-like resonance is observed at 654
nm for the 2° incident angle due to additional radiation loss
caused by mode symmetry breaking. The vertical cross sections
of the simulated electric field in the near-BIC regime at 654 nm
and 2° are depicted in the inset (left) of Figure 1(f), showing
that the electric field is predominantly localized at the corner of
the silver grating with minimal radiation into the air,
confirming the plasmonic nature of this BIC. To further
determine the mechanism underlying the generation of this q-
BIC, the multipole expansion of the metasurface under
different incident angles is performed. These results indicate
that the plasmonic q-BIC mainly originates from the electric
quadrupole mode (for details see the Supporting Information).
Meanwhile, the inset (right) of Figure 1(f) presents the vertical
cross sections of the simulated electric field at 656 nm and 2°,
suggesting that even a slight deviation (2 nm) from the near-
BIC regime could result in significant radiation into the air and
a dramatic reduction in the electric field enhancement.
Additionally, the detailed influences of structural parameters
on the q-BICs are provided in the Supporting Information
(Figure S2).
It is necessary to manipulate the intracell couplings in our

system in order to observe the band evolution by varying the
thickness (h) of the silver gratings ranging from 30 to 70 nm
while other structural parameters are fixed (H ∼ 350 nm). The

home-built angle-resolved reflectance spectra measurement
system for the corresponding samples is depicted in Figure
2(b), with samples, whose SEM image is shown in Figure 2(a),
pasted on the sample table (for details, see the Supporting
Information). To begin with, the simulated angle-resolved
reflectance spectra with the incident angle ranging from −25°
to 25° for TM excitation were calculated, as shown in Figure
2(c)−(e). It is clear that there is a “white point” (high-
reflectance point) in the band as marked by a red circle. This is
an important feature in the generation of BICs. As depicted in
Figure 2(c), the symmetry-protected plasmonic BIC is located
at the Γ point of the lower-energy band (upper band) with a
bandgap of approximately 13 nm. The intracell couplings can
be enhanced via increasing the thickness of the gratings, as the
electric field is more likely to be localized in the gap of the
dimerized unit. As the thickness of the grating increases, the
bandgap narrows. As shown in Figure 2(d), the bandgap closes
completely at a grating thickness of 50 nm, resulting in a Dirac
point at 650 nm. With further increment in the grating
thickness, the bandgap reopens. As shown in Figure 2(e), the
bandgap measures approximately 20 nm at a grating thickness
of 70 nm. In contrast to the former case shown in Figure 2(c),
the symmetry-protected plasmonic BIC is located at the Γ
point of the higher-energy band (lower band) instead. These
results suggest the need for topological band inversion. As
shown in Figure 2(f)−(h), the experimental results are satisfied
with the simulation results, where the deviation of the
experimental BIC is attributed to the errors in sample

Figure 3. (a−c) The eigen-electric field (Ey) of the higher energy band at the Γ point with different heights of the grating ((a) 30 nm, (b) 50 nm,
(c) 70 nm). (d−f) The eigen-electric field (Ey) of the higher energy band at the Χ point with different heights of the grating ((d) 30 nm, (e) 50
nm, (f) 70 nm). (g−i) The experimental energy band (dots) and fitted by the 1D SSH model (red line and blue line) with different heights of the
grating ((g) 30 nm, (h) 50 nm, (i) 70 nm).
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preparation. Besides, the Q factor of the q-BICs is more than
70, which can be derived from the experimental angle resolved
reflectance spectra (for details, see the Supporting Informa-
tion). The discussions presented above are all based on TM
excitations in the samples. Furthermore, the TE excitations
where the electric vector is perpendicular to the periodic
direction are also studied, as shown in Figure S4 (see the
Supporting Information).
To verify the topological band inversion straightforwardly,

the eigen-electric field at the Γ point and the boundary of the
Brillouin zone (Χ point) were calculated, as shown in Figure
3(a)−(f). The symmetry of the electric field at the high
symmetry points in the Brillouin zone (Γ and Χ points) is a
crucial principle for a certain topological phase. Without loss of
generality, the y component (perpendicular to the structure
surface) of the eigen-electric field at the Γ and Χ points of the
higher-energy band is considered. It is evident that the
symmetry of the electric field at the Γ point changes from odd
to even during the band inversion. In contrast, the symmetry of
the electric field at the Χ point remains even throughout the
phase transition, signifying that the Zak phase of the higher-
energy band shifts from π to 0 during the topological band
inversion. To determine the coupling constants, the 1D SSH
model was used to fit the experimental energy band, as shown
in Figure 3(g)−(i). For simplicity, Hamiltonian (1) can be
written with γ ignored. By solving the eigen-equation
Ĥ(k)ψ(k) = ωψ(k), the eigen-frequency can thus be written as

= ± +± J J JJ ka2 cos( )0
2 2

(3)

This equation can be utilized to fit the energy band and
determine the values of J and J′. In Figure 3(g), |J| and |J′ | are
68.29 and 77.72, respectively, satisfying |J | < |J′|, indicating a
topologically nontrivial phase. In Figure 3(h), |J| = |J′| = 62.65,
corresponding to the phase transition point. In Figure 3(i), the
|J| and |J′| are 77.58 and 69.86, respectively, satisfying |J | > |J′|,
indicating a topologically trivial phase. These results
demonstrate that the nanostructure that we proposed complies
with the SSH model.
Furthermore, the band engineering discussed above is

grounded in the 1D SSH model, which does not involve
tuning the diagonal terms of the Hamiltonian. Consequently,
the topological transition point in Figure 3(h) is fundamentally
a degenerate Dirac point. To construct an EP in our system,
diagonal terms are taken into account. In this two-energy
system, the different energy loss γ1 and γ2 can be introduced in
a specific scenario; thus the Hamiltonian of the 1D SSH model
can be written as

=
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Without loss of generality, the constant matrix
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1 2
can be extracted from eq 4 as the

background. Subsequently, the remaining Hamiltonian can be
formulated in the form of eq 1, where =

2
1 2 , representing

the non-Hermitian PT symmetry system with generalized gain

(+
2
) and loss (

2
) factor, providing a new dimension for

band engineering.
The emergence of the EPs depends on the coupling

constants (J, J′) and the system gain−loss factor (±
2
),

which can be manipulated by the structural parameters.
S p e c i fi c a l l y , t h e EP s o c c u r a t t h e po s i t i o n

= +kacos( ) J J
JJ

( / 2)
2

2 2 2

if the condition | | <J J
2
is

satisfied. To meet the EPs’ condition, some structural
parameters of the dimerized MIM grating are adjusted as
follows: period (a) is 523 nm, SiO2 thickness (H) is 300 nm,
the height of the grating (h) is 50 nm, and the gap in the unit
(g) is 50 nm. The band structure of the sample was simulated
by QNMs (black dots) and fitted with the 1D SSH model,
including gain−loss (red and blue lines) to determine the
coupling constants and the gain−loss factor, as shown in
Figure 4. In Figure 4(a), the real part of the band was

numerically calculated in which a flat degenerate line extends
around the center of the Γ point and ends at the point k =
±0.0119 π/a. According to the fitted lines by the 1D SSH
model, the gain−loss factor γ ≈ 3.725 THz and the coupling
constants satisfy |J − J′| ≈ 1, fulfilling the EPs’ emergence
condition | | <J J

2
. In Figure 4(b), the distribution of the

Q factor in momentum space is carried out. It is evident that
the Q factors of the two modes differ significantly at the Γ
point. The lower frequency mode (blue line) with a higher Q
factor corresponds to the q-BIC mode, while the higher
frequency mode (red line) represents the leaky mode.
Furthermore, the Q factors of both modes gradually become
degenerate since wavenumber |k| exceeds 0.0119π/a, implicat-
ing that the points k = ±0.0119 π/a are the phase transition
points for the Q factor. Certainly, based on the fitted results
from the SSH model, the points k = ±0.0119 π/a satisfy the
EPs’ position where = =+kacos( ) 0.9993J J

JJ
( / 2)

2

2 2 2

, thus

satisfying the degeneracy of the real and imaginary parts of the

Figure 4. (a) The real part of the band structure in the near-
degenerate region. (b) The distribution of the Q factor (dots:
calculated by QNMs; red lines (higher frequency) and blue lines
(lower frequency): fitted by the 1D SSH model). (c) The simulated
angle-resolved reflectance spectra in the near-degenerate region. (d)
The reflectance spectra at the incident angle of 0.3 deg. (e) The
reflectance spectra at the incident angle of 0.8 deg.
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modes. To further demonstrate the experimental feasibility of
EPs, the simulated angle-resolved reflectance spectra in the
near-degenerate regime are performed. As shown in Figure
4(c), it is evident that a pair of phase transition points emerged
at the incident angle of 0.6 deg, which is consistent with the
results of QNMs. Additionally, Figures 4(d) and (e) present
the reflectance spectra at incident angles of 0.3° and 0.8°,
corresponding to the PT-broken phase and the PT-symmetric
phase, respectively. Therefore, it is a convenient approach to
manipulate the q-BICs and EPs in a plasmonic system by
mainly adjusting the thickness of the structure layer,
significantly simplifying the design of topological non-
Hermitian optical devices.
In conclusion, an MIM-type dimerized grating was

successfully designed and fabricated to realize the band
engineering of the plasmonic q-BICs and EPs in the visible
range. Benefiting from the 1D SSH model, the bandgap of the
TM band can be flexibly manipulated, and the topological
phase transition of the q-BICs can be achieved by adjusting the
coupling constants. Additionally, the introduction of the gain−
loss factor into the SSH model as a new manipulation
dimension allows for the emergence of EPs near the q-BICs by
simultaneous control of the coupling constants and gain−loss
factor. Our precise construction of the nanostructure based on
the SSH model offers a novel approach to band topology
engineering. This not only paves the way for the creation of
topological edge states and robust topological phase
modulation but also holds great promise for the development
of novel photonic devices with enhanced functionality. For
instance, topological photonic devices based on q-BICs and
EPs can enable strong coupling at the few-exciton level, crucial
for quantum state control. Also, they can contribute to more
reliable single-photon sources in single-photon emission and
are applicable in entangled state modulation, which is
fundamental for quantum communication and computing.
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