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The coupled cavity-waveguide approach provides a flexi-
ble platform to design integrated photonic devices that are
widely applied in optical communications and information
processing. Topological photonic crystals that can excite
the nontrivial edge state (ES) and corner state (CS) have
an unprecedented capability to manipulate electromagnetic
(EM) waves, leading to a variety of unusual functionalities
that are impossible to achieve with conventional cavity-
waveguide systems. In this Letter, two-dimensional photonic
crystals consisting of an ES waveguide, a CS cavity, and a
trivial cavity are proposed as a means to robustly control
the transmission characteristics of electromagnetic waves.
As a proof-of-principle example, the analog of electromag-
netically induced transparency (EIT) that is tolerated in
disorders due to the robustness of the CS is numerically
demonstrated. In addition, the analog of multi-EIT is also
verified by introducing a trivial cavity with two degener-
ate orthogonal modes. This unique approach for robustly
manipulating EM waves may open an avenue to the design
of high-performance filters, modulators, and on-chip pro-
cessors. © 2022 Optica Publishing Group

https://doi.org/10.1364/OL.472677

Photonic crystals consisting of periodic dielectric structures pos-
sess photonic bandgaps which give rise to applications in guiding
the transmission of EM waves. By simultaneously integrating a
waveguide and a cavity into two-dimensional photonic crystals,
one can obtain an on-chip coupled cavity-waveguide system [1],
which provides an ultra-compact platform to flexibly control the
propagation characteristics of EM waves. A variety of appli-
cations based on coupled cavity-waveguide systems have been
demonstrated, ranging from all-optical buffers [2,3] to sensors
[4,5], filters [6–8], Fano effects [9,10], and electromagnetically
induced transparency [11–13], to name a few. However, the
aforementioned functionalities and applications realized by a
traditional coupled cavity-waveguide system (based on pho-
tonic crystal) are fragile and easily affected by disorders due
to fabrication errors.

Photonic topological insulators (PTIs), in which the ES and
CS can be excited due to symmetric protection, have provided
an unprecedented capability to manipulate EM waves, and thus

a variety of unusual functionalities can be realized [14–20].
In the past few years, a variety of photonic structures to gen-
erate ES modes have been proposed and designed [21–28].
Recently, high-order topological insulators (HOTIs) related to
CS and hinge states (HSs) have been discovered due to non-zero
higher-order multiple moments (i.e., quadrupole and octupole
moments) that can be quantized due to crystalline symmetries
[29–36]. Unlike a trivial cavity with defect structures [37,38],
a topological CS (without defect structures) enables a stronger
capability to trap EM waves [39]. By coupling an ES waveguide
and CS cavity in a two-dimensionally topological photonic crys-
tal, the unique properties of strong localization and robust trans-
mission lead to unprecedented capabilities to modulate the inci-
dent EM waves. However, previous studies [40,41] have mainly
focused on the manipulation of EM waves in an ES waveguide
coupled with only one trivial or nontrivial cavity. The modula-
tion of EM waves in an ES waveguide coupled with two cavities,
i.e., a nontrivial cavity coupled with a trivial cavity, has not
attracted much attention, because the constructive and destruc-
tive coherence between nontrivial and trivial cavities/modes
provides a new degree of freedom to manipulate EM waves.

In this Letter, we propose a coupled cavity-waveguide sys-
tem consisting of a topological ES waveguide, a CS cavity, and
a trivial cavity to study the propagation characteristic of EM
waves. The robust transmission characteristic, i.e., the analog of
EIT that is immune to disorders, is numerically demonstrated
due to the robustness of the CS. In addition, multi-EIT (with
a robust transmission characteristic) is also realized by intro-
ducing a trivial cavity with two degenerate orthogonal modes.
A theoretical model is also constructed to further analyze the
simulated transmission spectra.

Figure 1(a) schematically shows the coupled cavity-
waveguide system composed of two-dimensional photonic
crystals. The structural parameters are as follows: the lattice
constant a of the photonic crystal is 25 mm, while the permit-
tivity of the dielectric rods (i.e., the alumina) εd is 9.5 (the
background index na is 1.0). d1 = 5.8 mm, d2 = 4.86 mm, and
W= 5.414 mm. The ES waveguide is obtained by combining
one photonic crystal (PC1) consisting of periodic unit cells of
UC1 [see Fig. 1(a)] and another photonic crystal (PC2) com-
posed of periodic unit cells of UC2 [see Fig. 1(a)]. The Zak
phases of the designed photonic crystals (PC1 and PC2) are
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Fig. 1. Schematic and the corresponding resonant modes of the
designed cavity-waveguide system. (a) Schematic of the designed
system. (b) Projected band of PC1 and PC2; insets show the electric
fields (Ez) of UC1 and UC2 at high-symmetry points. (c) Eigen-
modes of the combined structure of PC3 and PC1; insets show the
electric field (Ez) of UC3 at high-symmetry points. (d) Electric field
(Ez) of the topological CS. (e) Electric field (Ez) of the trivial cav-
ity that is far away from the waveguide. Insets in the bottom right
corner of (b) and the top right corner of (c) show the models used
for the simulations.

quantized and possess values of 0 or π. In fact, the Zak phase
of PC1 (or PC2) can be numerically revealed by calculating the
electric field (Ez) at high symmetry points in the Brillouin zone
[31,42]. When the electric-field distribution at X (Y) (symmetry
points in the Brillouin zone) is symmetric or asymmetric, the
corresponding Zak phase in the x (y) direction is 0 or π. As
shown in the inset of Fig. 1(b), the Zak phases for PC1 and PC2
are (0, 0) and (0, π), respectively. According to the bulk-edge
correspondence, there will be edge state(s) in the bandgap of
the combined structure (the combination of PC1 and PC2), as
shown in Fig. 1(b) (see the red curve). Here, two-way edge states
that are not protected by bulks with different topological num-
bers can be generated (see the detailed discussion in Supporting
Materials 1). In contrast, the Zak phase of PC3 (consisting of
periodic UC3 at X (Y) points along the x (y) direction) is (π,
π) [also see the insets showing the electric-field distributions at
X and Y points in Fig. 1(c)]. Therefore, the corner state can be
excited by PC3 surrounded by PC1 [see the inset in Fig. 1(c)],
and the topological corner charge is determined by the polar-
ization of Qc=Px

edge + Py
edge= 1/2+ 1/2= 1. The eigenmodes of

the hybrid structure composed of PC1 and PC3 are shown in
Fig. 1(c), and the topological CS in the bandgap is excited at
f= 4.4214 GHz. The corresponding electric-field distribution is
shown in Fig. 1(d). In addition to the CS cavity, the designed
cavity-waveguide system introduces another trivial cavity (in
PC1) that can be excited by the CS cavity. The eigenmode (at
f= 4.4201 GHz) of such a cavity is shown in Fig. 1(e).

The performance of such a cavity-waveguide system [see
Fig. 1(a)] is numerically simulated and theoretically analyzed
in Fig. 2 (which consists of a waveguide, a CS cavity, and a
trivial cavity). The theoretical schematic of our designed cavity-
waveguide system [see Fig. 1(a)] is shown in Fig. 2(a). Therefore,
the Hamiltonian of the theoretical mode can be described as
[43,44]

H =
∫

dx
[︃
C†

R(x)
(︃
ω0 − ivg

∂

∂x

)︃
CR(x) + C†

L(x)
(︃
ω0 + ivg

∂

∂x

)︃
CL(x)

]︃
,

+ ωcCc
†Cc + ωeC†

eCe +

∫
dxVδ(x)[C†

R(x)Cc + C†

L(x)Cc]

+ gC†

cCe + h.c,

(1)

Fig. 2. (a) Theoretical model of the designed cavity-waveguide
system. (b) Theoretical (black curve) and calculated (red curve)
transmission spectra of the designed cavity-waveguide system.
(c), (d), and (e) Calculated electric field (|Ez |

2) at points I
(4.42592 GHz), II (4.42645 GHz), and III (4.42708 GHz), respec-
tively. (f) Phase shift (yellow curve) and group delay (green curve)
of the designed cavity-waveguide system.

where CL(x) (CR(x)) is the annihilation operator of the left-
moving (right-moving) edge state (ES). vg is the group velocity
of the ES. Ci (i= c, e) is the annihilation operator of the ith cavity
with a corresponding eigenfrequency of ωi. V(g) describes the
coupling between the cavity C and the waveguide (cavity e). The
stationary eigenstate of the Hamiltonian is given by

|Φ⟩ =

∫
dx[ϕR(x, t)C†

R(x) + ϕL(x, t)C†

L(x)]|Θ⟩ +

(︄
e∑︂

i=c

ϕi(t)C†

i

)︄
|Θ⟩,

(2)
where ϕL(x) (ϕR(x)) and ϕi are the wave functions of the
left-moving (right-moving) ES in the waveguide and cavi-
ties, respectively. |Θ⟩ is the vacuum state. The transmission
coefficient (t) can be deduced from H |Φ⟩ = iℏ ∂

∂t |Φ⟩:

t =
(ω − ωe)(ω − ωc) − g2

(ω − ωe)(ω − ωc + i V2

Vg
) − g2

. (3)

According to Eq. (3), a symmetric transmission spectrum
containing one peak and two dips is observed, as shown in
Fig. 2(b) (black curve; the fitted parameters and the effects of
these parameters are given in Table I of the supporting mate-
rials). When ω = Ω = 4.4265 GHz, the complete transmission
of incident EM waves (shown as a peak) is realized, while two
side dips at ωL/R =Ω ± g (ωL= 4.4259 GHz and ωR= 4.4271
GHz) are related to Rabi splitting. The numerically calculated
transmission spectrum is shown in Fig. 2(b) (see the circular
curve, which was calculated based on COMSOL), which is well
matched with the theoretical mode (the difference between the
fitted and simulated spectra is given in Supporting Materials
2). The electric-field intensity distributions at points I, II, and
III are shown in Figs. 2(c)–2(e) and demonstrate the EIT-like
transmission characteristic. The phase shift and group delay are
shown in Fig. 2(f). The group delay at 4.4265 GHz (with T =
|t|2= 1) is about 2 µs.

Although the traditional cavity-waveguide system can real-
ize the EIT-like phenomenon, it is limited to fabrication
errors/disorders, which means that the manipulation of EM
waves in the traditional cavity-waveguide system is fragile and
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Fig. 3. (a), (c) Schematics of the designed cavity-waveguide sys-
tem by embedding disorders. The cavity closed to the waveguide
can excite a corner state (a) or a trivial mode (c). (b), (d) Transmis-
sion spectra (red curves for the calculated results) in the designed
systems shown in (a) and (c), respectively. The gray curves in (b)
and (d) are the transmission spectra in (a) and (c) without disorders.
The dotted black boxes show the trivial cavities.

easily affected by disorders. In contrast, our proposed cavity-
waveguide system is immune to the disorders resulting from
fabrication errors. As a proof-of-concept example, we introduce
disorders into the CS cavity and demonstrate the robust trans-
mission characteristic of EM waves. As schematically shown
in Fig. 3(a), the disorder is introduced by shifting a rod that
is in the diagonal direction of the CS cavity. The calculated
transmission spectrum for d= 6.25 mm (= a/4) is illustrated in
Fig. 3(b) (see the red curve). In this case, the calculated detun-
ing between the CS cavity and trivial cavity is about 0.001 GHz,
which can be considered to be small detuning (between these two
cavities). Therefore, an EIT-like transmission spectrum is also
obtained (see the electric-field intensity distributions at the peak
and two dips in Supporting Materials 3). In contrast, when the
CS cavity is replaced by a trivial cavity (and the EIT-like trans-
mission spectrum appears for d= 0; see the dotted gray curve
in Fig. 3(d)), and the disorder is introduced by shifting a rod
that is in the diagonal direction of the center of the trivial cavity
(see Fig. 3(c)), the EIT-like phenomenon disappears from this
system (see the red curve in Fig. 3(d), which is due to the inde-
pendently excited trivial cavity far away from the waveguide).
In this situation [for d= 6.25 mm (= a/4)], the detuning between
these two trivial cavities is about 0.0933 GHz, which means
that the trivial cavity far from the waveguide cannot be excited
by the trivial cavity (close to the waveguide) due to the strong
detuning between these two trivial cavities. It should be noted
that these two trivial cavities are only independently excited
(for d = 6.25 mm) without coupling with each other, result-
ing in the disappearance of the EIT-like phenomenon (detailed
discussions of this are shown in Supporting Materials 3). In
comparison with Figs. 3(b) and 3(d), we can conclude that the
analog of EIT can be maintained (with the disorders) in our
designed cavity-waveguide system.

In addition, the proposed device can also manipulate EM
waves with multiple EIT-like transmission characteristics by
introducing a trivial cavity with two degenerate and orthog-
onal resonant modes, as shown in Fig. 4(a). The structural
parameter for such a trivial cavity is w1= 8 mm [the other

 

Fig. 4. (a), (b)Schematic and theoretical model of the cavity-waveguide 
system. (c) The eigenmodes of the trivial cavity that can generate two 
degenerate and orthogonal resonant-modes at 4.4261 GHz. (d) The 
theoretical (black curve) and calculated (red curve) transmission spectra of 
the designed cavity-waveguide system. (e) The phase shift (yellow curve) 
and group delay (green curve) of the designed cavity-waveguide system. 

Fig. 4. (a), (b) Schematic and theoretical model of the cavity-
waveguide system. (c) Eigenmodes of the trivial cavity that
can generate two degenerate and orthogonal resonant modes at
4.4261 GHz. (d) Theoretical (black curve) and calculated (red curve)
transmission spectra of the designed cavity-waveguide system. (e)
Phase shift (yellow curve) and group delay (green curve) of the
designed cavity-waveguide system.

structural parameters are the same as in Fig. 1(a)]. The theo-
retical schematic of such a designed cavity-waveguide system is
shown in Fig. 4(b), and thus the transmission coefficient (t) for
the theoretical model [deduced from Fig. 4(b)] is governed by
(see the detailed theoretical model in Supporting Materials 4)

t =
(ω − ωe1)(ω − ωe2)(ω − ωc) − (ω − ωe2)g1

2 − (ω − ωe1)g2
2

(ω − ωe1)(ω − ωe2)(ω − ωc + i V2

Vg
) − (ω − ωe2)g1

2 − (ω − ωe1)g2
2
.

(4)
The eigenmodes of the trivial cavity [located at the top left

corner; see Fig. 4(a)] are excited at ωe1 = ωe2= 4.4261 GHz, and
two degenerate orthogonal modes are generated, as shown in
Fig. 4(c). g1 and g2 describe the coupling between the CS cavity
and the trivial cavity (with two degenerate orthogonal modes).
Since these two resonant modes (in the cavity that is far from the
waveguide) are asymmetrically distributed to the CS cavity, the
resonant frequencies of these two orthogonal modes will be split
into two separate frequencies, and thus the constructive coher-
ences between the CS and the two orthogonal resonant modes
will generate two transparent peaks in the transmission spectrum
[see the fitted and calculated transmission spectra in Fig. 4(d);
the fitted parameters and the effects of these parameters are
given and discussed in Table II of the supporting materials],
leading to the multiple EIT-like transmission characteristic (the
difference between the fitted and simulated spectra is given in
Supporting Materials 2, and the electric-field intensity distribu-
tions at I, II, III, IV, and V are given in Supporting Materials 5).
The phase shift and group delay are shown in Fig. 4(e), and the
group delay at 4.4261 GHz and 4.4265 GHz (with T = |t|2= 1) is
about 22 µs and 41 µs, respectively. The robust characteristics of
this multiple EIT-like phenomenon are discussed in Supporting
Materials 6.

In summary, a cavity-waveguide system containing an ES
waveguide, a CS cavity, and a trivial cavity was constructed
to robustly control the propagation of EM waves. In contrast
to conventional cavity-waveguide systems, this work showed
that the propagation characteristic of EM waves is robust and
immune to disorders. As proof-of-principle examples, robust
EIT and multi-EIT were also demonstrated in the designed sys-
tem. This unique approach for robustly manipulating EM waves
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may open a new window to the design of ultra-compact devices
with high-performance applications.
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