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The topological corner state (TCS) and topological edge
state (TES) have created new approaches to manipulate the
propagation of light. The construction of a topological cou-
pled cavity-waveguide (TCCW) based on the TCS and TES
is worth looking forward to, due to its research prospects
in realizing high-performance micro-nano integrated
photonic devices. In this Letter, the TCCW is proposed
in two-dimensional (2D) photonic crystal (PC), which
possesses strong optical localization, high quality factor,
and excellent robustness compared with the conventional
coupled cavity-waveguide (CCCW). This work will pave the
way toward designing high-performance logic gates, lasers,
filters, and other micro-nano integrated photonics devices
and expanding their applications. © 2021 Optical Society of
America

https://doi.org/10.1364/OL.418570

Manipulating the propagation of light is the core content in
the field of optical communication. With its unique bandgap
and local characteristics, photonic crystal (PC) has become an
effective carrier for realizing on-chip integrated optical com-
munication [1,2]. A coupled cavity-waveguide (CCW) based
on PCs can realize the input, localization, and output of optical
signals, and has been widely used in filters [3,4], sensors [5,6],
lasers [7,8], and other micro-nano integrated photonics devices.
However, the performance of the conventional optical wave-
guide and optical cavity is easily affected by obstacles and defects
caused by actual fabrication errors.

Photonic topological insulators and their topological states
have created new materials and new approaches to manipulate
the propagation of light. The topological edge state (TES)
[9–24] and topological corner state (TCS) [25–32] have been
generated based on topological phase transition. The optical
waveguide based on the TES (i.e., TES waveguide), without
backscattering and immune fabrication errors [9–12], has
been applied to splitters [17], logic gates [18], and lasers [21],
which significantly improved device performance. The optical
cavity based on the TCS (i.e., TCS cavity) can achieve strong
localization without introducing defect structures [26], but its

application is very limited by its inability to transmit optical
signals. If the TCS cavity and TES waveguide are combined,
a unique CCW named the topological CCW (TCCW) will
be formed, which will be topologically protected. The con-
struction of the TCCW is worth looking forward to, since it
possesses both strong localization and robust transmission, and
possesses the possibility to design high-performance logic gates,
lasers, filters, and other micro-nano integrated photonic devices
and expand their applications. Different from the previous
CCWs [18,21], which localized the energy within an annular
region, this TCCW will localize the optical signal at a point,
so as to achieve stronger localization with smaller geometry
volume, which will be more conducive to the design of on-chip
integrated optical communication devices.

In this Letter, the TES waveguide and the TCS cavity are
proposed based on the bulk-edge-corner correspondence of
the square lattice PC. Owing to the flat band characteristics of
the edge of the TES band and the strong localization of the TCS,
the TCCW constructed with the TCS cavity and TES wave-
guide has strong cavity-waveguide interaction. In contrast to the
conventional CCW (CCCW) constructed with a point-defect
cavity and line-defect waveguide, the strong optical localization,
high quality factor, and excellent robustness of the TCCW are
verified by theoretical investigation and numerical simulation.

The lattice constant of the square lattice PC is a = 0.5 µm,
the initial side length of the square dielectric rod is l0 = 0.44a ,
the refractive index na = 3.47, and the background refrac-
tive index nb = 1. As shown in Fig. 1(a), the square lattice PC
protected by inversion symmetry has four inversion centers,
denoted as A, B, C, and D, respectively. As shown in Figs. 1(b)
and 1(c), the four inversion centers correspond to four types of
the unit cell (UC), respectively. After the periodic array, four
types of square lattice PCs can be obtained (only the shapes of
scatterers at four boundaries of each PC are not the same). It
can be seen from Fig. 1(d) that, although the arrangement of
the scatterers in the four UCs is different, their band structures
are the same and have a common bandgap. By analyzing the
symmetry of the electric field E z at the0 and X(Y) points in the
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Fig. 1. (a) Square lattice PC. (b) Four types of UC. (c) Four kinds
of square lattice PC constructed with periodic arrays of four UCs (red
box). (d) The band structures of four UCs under TM polarization,
among which the three dotted lines of green, red, and blue overlap, and
only the blue dots are shown. (e) The electric field E z of the four UCs
at the high symmetry points of the first bulk band.

Brillouin zone, the corresponding Zak phases can be obtained,
as shown in Fig. 1(e).

According to the bulk-edge correspondence, when the Zak
phase of the PC bulk bands changes, there will be a TES in the
corresponding bandgap [33]. When considering the first bulk
band, the Zak phase of the two-dimensional (2D) PC along the
j direction is [13,27]

θZak
j =

∫
dkx dky Tr[A j (kx , ky )], j = x , y , (1)

where the integral range is the first Brillouin zone, A j (kx , ky )=

i〈ψ |∂k j |ψ〉 is the Berry connection, and ψ represents the
periodic parts of Bloch functions. There is a corresponding
relationship between the Zak phase and the 2D polarization
(P) along the j direction: θZak

j = 2πP j [13]. In the structure
protected by inversion symmetry, the value of the Zak phase is
quantized and can only be 0 or π . In this Letter, the Zak phase
is determined by the electric field E z of the eigenvalues at the
high symmetry points in the Brillouin zone. Considering that
the electric field E z at 0 point is mirror symmetric, if the elec-
tric field E z at X(Y) point along the x (y ) direction is mirror
symmetric/antisymmetric, the Zak phase in this direction is
0 (trivial phase)/π (topological non-trivial phase) [12,27]. It
can be seen from Fig. 1(e) that the 2D Zak phases of the four
PCs are (0, 0), (π , 0), (0, π ), and (π, π ) respectively, and the
corresponding 2D P is (0, 0), (1/2, 0), (0, 1/2), and (1/2, 1/2).
The Zak phases of the four PCs are different. The reason is that
the value of the Zak phase is related to the inversion center (the
center of the UC), and the Zak phase difference of the UCs
corresponding to the two inversion centers along the j direction
is π [33]. For two PCs with a Zak phase difference along the
x (y ) direction, their combined structure will lead to the TES at
the interface along the y (x )direction.

In order to observe the TES, PC1 is combined with PC3
and PC4 along the x direction, respectively, and the projected
band structures are calculated as plotted in Figs. 2(a) and 2(b).
There are TESs (TES1 and TES2, respectively) in the bandgap
of the combined structures. However, the topology of the TESs
in Figs. 2(a) and 2(b) is not the same, which is related to edge

polarization (pedge
j ). Similar to bulk polarization, edge polariza-

tion can be determined by the symmetry of the electric field E z
at high symmetry points in the Brillouin zone. From the illustra-
tions in Figs. 22(a) and 2(b), at (0, 0), the electric field E z of the
two TESs are mirror symmetric, and at (π/a , 0), TES1 is mirror
symmetric, while TES2 is mirror antisymmetric. Therefore, the

two edge polarizations along the x direction are pedge
x (TES1) = 0

and pedge
x (TES2) = 1/2, respectively. If PC1 is combined with PC3

and PC4, respectively, along the y direction, the former will

no longer have TES (i.e., pedge
y (TES1) = 0), while the latter will

still have TES with pedge
y (TES2) = 1/2. The existence of the TCS

depends on the edge polarization [34],

Qcorner
= pedge

x + pedge
y . (2)

According to Eq. (2), when pedge
j = 1/2, Qcorner

= 1, which

corresponds to the existence of the TCS, while pedge
j = 0 cannot

lead to TCS. By calculating the eigenmodes of the combined
structure of PC1 and PC4, the existence of TCS can be verified,
as depicted in Figs. 2(c) and 2(d).

It can be seen from Fig. 2(c) that there is TCS in the bandgap
of the TES, and the corresponding normalized frequency is
0.325. Figure 2(d) shows the electric field E z of the TCS. The
electromagnetic energy is strongly located in the 90◦ corner
formed by the combination of two PCs.

In this Letter, TCCW is constructed with the TCS cavity and
TES waveguide. At the same time, the CCCW is constructed
with the point-defect cavity and line-defect waveguide. The
performances of the two structures are simulated and analyzed,
as shown in Fig. 3. The blue part is the TCS cavity in Fig. 3(a),
which is constructed with PC1 and PC4, and the side length
of the square dielectric rod is lc = 0.44a . The yellow part is
the TES waveguide, which is constructed with PC1 and PC3,
and the side length of the square dielectric rod is lw = 0.386a .
The size of square dielectric rods in TES waveguide is different
from that in the TCS cavity to make edge states covering the

Fig. 2. (a) and (b) The projected band structures of PC1 combined
with PC3 and PC4, respectively. The insets show the supercells (15
unit cells for each PC) and electric field E z of two TESs at the high
symmetry points (0, 0) (left) and (π/a , 0) (right). (c) The eigenmodes
of the combined structure of PC1 and PC4. (d) The schematic of the
combined structure (256 unit cells) of PC1 (192 unit cells) and PC4
(64 unit cells) and the electric field E z of the TCS.
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Fig. 3. (a) Schematic of the TCCW (top), the electric field E z of
the resonance mode (bottom). The red arrow and the purple rect-
angle correspond to the light source and the monitor, respectively.
(b) Transmission spectrum: simulated data points and Fano fitting.
(c) The schematic of the CCCW (top), and the electric field E z of the
resonance mode (bottom). (d) Transmission spectrum: simulated data
points and Fano fitting.

frequency of corner state. In order to make the performance
comparison of TCCW and CCCW fairer, a similar structure is
adopted for both. The side length of the square dielectric rod of
the CCCW is lm = 0.4a . To construct the point-defect cavity of
the CCCW, the interval between four adjacent square dielectric
rods is expanded from a to 1.4a . To construct the line-defect
waveguide of the CCCW, a row of rectangular dielectric rods
with a size of 2.5 lm × lm is introduced, as shown in Fig. 3(c).

The CCW constructed with localization mode cavities and
transmission mode waveguides will lead to Fano resonance with
the line shape of sharp and asymmetry. The line shape of the
Fano resonance can be expressed as [35,36]

F (ω)= A0 + F0
[q + 2(ω−ω0)/1ω]2

1+ [2(ω−ω0)/1ω]2 , (3)

where A0 and F0 are constants, ω0 is the resonance frequency,
1ω is the resonance linewidth, and q is the Fano param-
eter, indicating the degree of asymmetry. It can be seen from
Figs. 3(b) and 3(d) that the transmission spectrum data points
calculated by simulation fit well with the Fano line shape, and
the resonance linewidth of the TCCW is much smaller than that
of the CCCW, which corresponds to stronger localization.

The quality factor (Q) is an important performance param-
eter of CCW, which can be expressed by the resonance frequency
(ω0) and the decay time (τ ) of the electromagnetic energy in the
cavity or the resonance linewidth (1ω) [37] as

Q =
ω0τ

2
=
ω0

1ω
, (4)

and Q = 2.3139× 106 (1.9144× 105) of the TCCW
(CCCW) can be calculated from Eq. (4).

Next, we further analyze the reasons why both the TCCW
and CCCW have high Q and the Q of the TCCW is better than
that of the CCCW. The Q in the CCW consists of two parts in
time τ , namely the radiation part Qr to the surrounding envi-
ronment in time τr and the coupling part Qw to the waveguide
in time τw. The relationship between the parameters can be
expressed as 1/Q = 1/Qr + 1/Qw and 1/τ = 1/τr + 1/τw

Fig. 4. (a) Projected band structure of the TES waveguide. The pur-
ple dotted line corresponds to the frequency of TCS. (b) The projected
band structure of the line-defect waveguide, the green dotted line cor-
responds to the resonance frequency of the point-defect cavity.

[37], where τr is determined by the material and geometry of the
cavity and can be qualitatively expressed as τr = f (a , ε, δ, N),
a is the lattice constant, ε is the dielectric constant, δ is the
filling rate, and N is the number of lattice periods around the
cavity. The τw is determined by the material and geometry of
the waveguide and the distance (dcw) between the cavity and the
waveguide.

The material and geometry of the waveguide determine
the dispersion relationship and, thereby, the density of states
DOS(ω) of the transmission mode. When the frequency of
the transmission mode is equal to the resonance frequency of
the cavity, that is, ω=ω0, the waveguide mode and the cavity
mode are coupled. Considering the DOS(ω0) at the resonance
frequency, its definition is [38]

DOS(ω0)=

(
1

π

)(
∂k
∂ω

)
ω=ω0

, (5)

where ∂k/∂ω is the reciprocal of the slope of the dispersion
curve (that is, the reciprocal of the group velocity). DOS(ω0)
represents the number of eigenmodes corresponding to the
cavity resonance frequency, and decay time is proportional
to it, τw ∝DOS(ω0) [39]. The decay time is proportional
to the decay distance, namely τw ∝ dcw. Consequently, τw
can be qualitatively expressed as τw = f (DOS(ω0), dcw).
Considering Qr � Qw in the CCW [37], it can be deduced
from 1/Q = 1/Qr + 1/Qw that Q mainly depends on Qw.
Under the condition of dcw = 4a , DOS(ω0) of the TCCW
and CCCW is compared and discussed as depicted in Fig. 4.
As elaborated below, the group velocities corresponding to the
resonance frequency of both the TCCW and CCCW are small;
that is, the values of ∂k/∂ω are large. According to Eq. (5),
DOS(ω0) has large values, which leads to high Qw; thus, both
the TCCW and CCCW have high Q. However, the TCCW has
stronger optical localization, which also enhances the interac-
tion between the cavity and waveguide, thus leading to a higher
Q than the CCCW.

In addition to strong localization and high Q, the TCCW
can also be immune to obstacles and defects caused by actual
fabrication errors, which is the main difference between the
TCCW and CCCW. To verify this point, the robustness (R)
(anti-interference performance) of the TCCW and CCCW
is further explored. Under certain external disturbances, R
denotes the change of CCW performance parameters, which
can be qualitatively expressed as

RCCW = f (α, β, s ), (6)

where α =1λ0/λ0, λ0 is the resonance wavelength, and 1λ0
is its offset; β =1Q/Q, Q is the quality factor of the structure,
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Fig. 5. (a) and (b) TCCW: the resonance wavelengths are
1536.48 nm and 1538.64 nm, respectively, and corresponding Q
are 2.2463× 106 and 1.7698× 106. (c) and (d) CCCW: the reso-
nance wavelengths are 1380.20 nm and 1363.43 nm, respectively,
and corresponding Q are 9.3857× 104 and 5.8238× 104. The red
rectangle corresponds to the metal obstacle (s 1), and the purple circle
corresponds to the defect (s 2).

Table 1. Comparison of Robustness between TCCW
and CCCW

CCW α(s1) β(s1) α(s2) β(s2)

TCCW 1.6× 10−6 2.9% 0.1% 23.5%
CCCW 2.3× 10−6 50.9% 1.2% 69.6%

and1Q is its offset; s is the interference factor, corresponding
to the obstacle, defect, etc.

In this Letter, the RCCW of the TCCW and CCCW are
compared in the case of introducing metal obstacle (s 1) in the
waveguide and introducing a defect (s 2) of the square dielectric
rod with side length of 0.25a in the cavity. It can be seen from
Figs. 5(a)–5(d) and Table 1 that α(s 1), α(s 2), β(s 1), and β(s 2)
of the TCCW (CCCW) have small (large) changes under the
same interference conditions. It should be noted that for side
coupling of the cavity and waveguide, there are several lattice
periodic intervals between the cavity and waveguide. In this
case, the disturbance of the waveguide structure has little effect
on the inherent resonance frequency of the cavity [37]; thus,
the α(s 1) is small with 10−6 orders of magnitude in our CCWs.
Although the TCCW is also affected by fabrication errors,
its affected degree is far lower than that of the CCCW, which
reflects a relatively excellent anti-interference performance.
Therefore, the TCCW proposed in this Letter possesses excel-
lent applicability for micro-nano integrated photonic devices
that require strong localization, high Q (i.e., narrow linewidth),
and stable resonance frequency, such as filters [3,4] and lasers
[7,8,21].

In this Letter, TCCW is constructed with a TCS cavity and
TES waveguide, and its resonance characteristics and DOS
are investigated. In contrast to the CCCW, it is proved that
the TCCW possesses strong optical localization, high Q, and
excellent robustness, which paves the way toward manipulation
of the propagation of light and realizing high-performance
micro-nano integrated photonic devices.
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