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On-chip topological nanophotonic devices, which take photons as in- 
formation carriers with topological protection during light propaga- 
tion, have great application potential in the next generation photonic 
chips. The topological photonic states enable the nanophotonic de- 
vices to be robust and stable, immune to scattering even with imper- 
fect structures. The development, opportunities and challenges of the 
on-chip topological nanophotonic devices have attracted great atten- 
tion of scholars, and desired to be known. In this review, topologi- 
cal devices were introduced in the order of functionalities on an in- 
tegrated photonic chip, i.e. topological light source, topological light 
waveguiding, topological light division and selection, topological light 
manipulation and topological light detecting. Finally, we gave out- 
looks for predicting and promoting the performances of on-chip topo- 
logical nanophotonic devices from the angles of non-Hermitian sys- 
tems, non-Abelian topology, metasurfaces, intelligent algorithms and 

multiple functional topological nanophotonic integration. This review 

provides rich knowledge about on-chip topological nanophotonic de- 
vices. The insights in this paper will spark inspiration and inspire new 

thinking for the realization of topological photonic chips. 

Keywords: Topological photonics, Nanophotonic devices, Photonic chip 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. INTRODUCTION 

Topology, as a branch of mathematics, was introduced into condensed
matter physics by Thouless et al. 1 and Kohmoto 2 when explaining the ex-
periment of quantum Hall effect conducted successfully by K. Klitzing 3 .
In recent years, topology has been extended to photonic systems and has
achieved great progress 4–6 . The introduction of topology in the photonic
realm initially originated from the direct analogy to quantum Hall effect
in electronic system where the topology structures of energy bands were
described by topological invariants like Chern number. 
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The analogy of topological photonics was first proposed by Haldane
and Raghu 7 . Subsequently, Wang et al. realized a one-way topological
waveguide, and the device was achieved in microwave range and immune
to large scatters 8 , 9 , which were early works in the field of topological pho-
tonics. After that, motivated by the novel phenomena and rich physics,
topological photonics became more and more popular in the research com-
munity. Several reviews about topological photonics have been published
since 2014 4–6 , 10–18 . A variety of mechanisms to achieve topological pho-
tonic states have been proposed 6 . Topological photonic devices can be
designed based on these topological protection mechanisms. For example,
one-way waveguides are designed based on the one-way transmission of
topological edge states, in which light can propagate with ignorance of
defects 19 , 20 . 

In the tide of big data, the development of electronic chips that fol-
low Moore’s Law faces great challenges, i.e. increasing heat dissipation
and tunneling effect problems 21 . On-chip nanophotonic devices, which
carry and process information with photons in the nanoscale, have the
advantages of low energy cost and broad bandwidth and are considered
potential candidates for the solution in certain application situations, in-
cluding all-optical connection, all-optical computing, and all-optical net-
work 22–25 . However, there also exist inevitable errors, especially during
the preparation process of nano-devices, usually leading to the decay of
the functionality. The introduction of topology photonics promises a broad
prospect for robust on-chip light information processing. The trend of ap-
plying topological states to constructing on-chip nanophotonic devices is
growing fast. A number of on-chip topological nanophotonic devices are
designed 11 , 26 , 27 . Empowered by the robustness of topological edge states,
the unbeneficial effects brought by fabrication errors will be suppressed.
Noticing the obvious advantages of topological photonics and the impor-
tance of on-chip light processing, here we present a review of the on-chip
topological nanophotonic devices. As shown in Fig. 1 , the introduced de-
vices in our review are divided into six categories according to their re-
spective function, which begins with the topological light source, followed
by topological light waveguiding, topological light division and selection,
topological light information processing, topological quantum informa-
tion processing and topological light amplifiers and sensors. 

Nine sections are included in the review. The first section is the intro-
duction, where the development of topological photonics and the advan-
tages of topological nanophotonic devices were introduced respectively.
The second section is topological light sources, which includes topologi-
cal lasers and topological quantum light sources. Several typical topolog-
ical lasers based on different topological systems were firstly summarized
in this section, and subsequently introducing the recent development of
topological quantum light sources based on ring-resonator systems. In the
third section, some typical achievements of topological photonic waveg-
uides were introduced, including the photonic quantum Hall effect, pho-
tonic quantum spin Hall effect, photonic Valley Hall effect and topological
photonic waveguides arrays. The fourth section is focused on topological
1 , 100025 (2022) 1 of 21 
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Fig. 1 | The organization of the on-chip topological nanophotonic devices . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

light division and selection, introducing the topological rainbow, topolog-
ical routers, topological power splitter and topological filters, which are
key components of photonic chip. The fifth section is the topological light
information processing, including topological optical switches, topologi-
cal optical isolators and circulators, as well as topological optical logical
devices which are important devices for manipulation of light signals. The
sixth section covers devices in topological quantum information process-
ing, which are different from topological devices in traditional informa-
tion processing. The seventh section is about topological light amplifiers
and topological light sensors, which are fundamental components to col-
lect and convert the signals on chip. In the eighth section, an outlook on
designing future on-chip topological nanophotonic devices was discussed,
focusing on the following three aspects: the idea of constructing on-chip
topological devices based on other systems such as Non-Hermitian, Non-
Abelian and metasurface, the application of intelligent algorithms, and the
realization of multiple functional topological nanophotonic integration. In
the end, a summary was given to summarize the contents. In each section
from the second to the seventh, a simple introduction was given before
reviewing the devices, and discussions about the opportunities and chal-
lenges were given at the end, which is expected to bring new inspiration
for special devices in which researchers have great interest. 

This review provided an overview about the development of on-chip
topological nanophotonic devices in the recent decades and gave sugges-
tions about future development, laying a foundation for the application of
topology photonics to on-chip light information processing. 

2. TOPOLOGICAL LIGHT SOURCES 

On-chip light source provides light signal through emitting special wave-
length on chip. However, the performance of the traditional on-chip light
source is generally degraded when there exist disorders and defects . Topo-
logical photonics has greatly promoted the development of on-chip light
sources based on topological states, such as topological lasers and topo-
logical quantum light sources, which are inherently robust against exter-
nal disorders. In this section, we will review the recent progress of on-chip
topological light sources. 

2.1. Topological lasers Single mode, small divergence angle, low thresh-
old, and high efficiency are important characteristic properties of on-chip
lasers, which determine whether they possess high performance as on-chip
light sources for numerous applications. The study of topological phase of
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
light opens up a new insight for designing disorder-immune compact on-
chip light sources. Topological photonic cavities are the basic platforms
for on-chip topological lasers, which benefit from non-trivial band topol-
ogy and topological states. The realization of on-chip topological lasers
will have wide applications in near-field spectroscopy, free-space opti-
cal sensing, electrically driven laser sources and photonic-crystal surface-
emitting laser. In the current work, several kinds of typical topological
lasers based on photonic Quantum Hall effect 28 . non-Hermitian topol-
ogy 29 , 30 . valley Hall effect, photonic quantum spin Hall effect 32–35 and
high-order topological state 36 are summarized, respectively. 

Single mode is an important characteristic for on-chip lasers, thus
many efforts have been made to realize single-mode topological lasers.
In 2017, Bahari et al. realized nonreciprocal single-mode lasing based on
topological cavities made of yttrium iron garnet (YIG) materials, which
could operate at room temperature and telecommunication wavelengths 28 .
Based on the YIG substrate, the time-reversal symmetry in the system
could be broken under a static magnetic field. Topological cavities with
arbitrary shapes were designed and experimentally realized, as shown in
Fig. 2 a. Their work provided the opportunity to develop complex topolog-
ical circuitry of arbitrary geometries for photonic integration. However,
the spectral band gap induced by magneto-optic effects is narrow, and the
magneto-optic effects is very weak at optical frequencies. It is necessary
to realize single mode topological lasers without adding external magnetic
field. 

In 2018, Bandres et al. reported the observation of topologically
protected edge-mode lasing in non-Hermitian system without magnetic
fields, which is based on adding gain and loss to InGaAsP quantum wells
platfor m 

29 . The proposed str ucture consisted of a 10 unit cell-by-10 unit
cell coupled ring-resonator array on an active platform involving InGaAsP
quantum wells. Each ring resonators were coupled to each other through
link rings, and the link rings were anti-resonant to the main ring res-
onators. The inter mediar y links were judiciously spatially shifted along
the y axis and introduced an asymmetric set of hopping phases, providing
the lattice with a synthetic magnetic field and topological bandgaps. Laser
characteristics of the topological array is shown in Fig. 2 b under their full
perimeter is selectively pumped, which provides a route for developing a
new class of active topological photonic devices. 

In addition to the property of single mode, electrical pumping per-
formance plays a key role in practical applications. In 2020, Zeng et al.
demonstrated an electrically pumped terahertz quantum cascade laser
based on topologically protected valley edge states 31 . As shown in Fig. 2 c,
1 , 100025 (2022) 2 of 21 
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Fig. 2 | a, A schematic of the topological cavity with arbitrary shapes and real-space camera image of the top of the topological cavity 28 . b, Lasing characteristics of the 

topological micro-resonator array 29 . Reprinted with permission from ref. 28-29 . © 2017, 2018 American Association for the Advancement of Science. c, SEM image of 

the fabricated topological waveguide near the corner 31 . d, Intensity distribution for an eigen-mode of the topological triangular loop cavity 31 . Reprinted with permission 

from ref. 31 . © 2020 Nature Publishing Group. e, SEM image of the scalable open-Dirac electromagnetic cavity 37 . f, Schematic of a Berkeley surface-emitting laser 37 . 

Reprinted with permission from ref. 37 . © 2022 Nature Publishing Group. g, The SEM image of a fabricated topological bulk laser. Reprinted with permission from ref. 32 . 

© 2020 Nature Publishing Group. h, Electric field distribution of a confined cavity mode. Reprinted with permission from ref. 32 . © 2020 Nature Publishing Group. i, The 

SEM image of a topological vortex laser with X -shaped cavity 33 . j, Lasing emission pattern of the topological vortex laser 33 . Reprinted with permission from ref. 33 . 

© 2020 The American Physical Society. k, Near fields of the Dirac-vortex topological cavity 34 . l, A schematic of the Dirac-vortex topological-cavity surface-emitting 

laser 35 . m, The SEM image of a fabricated topological photonic cr ystal cor ner state cavity and lasing behavior of the corner state 36 . Reprinted with permission from 

ref. 34-36 . © 2020 Nature Publishing Group. n, A schematic of the topological hybrid nanocavity 38 . o, Color map of coupling phase transition 38 . Reprinted with permission 

from ref. 38 . © 2021 Optica Publishing Group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 1 , 100025 (2022) 3 of 21 

https://doi.org/10.1016/j.chip.2022.100025


Review DOI: 10.1016/j.chip.2022.100025 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a topological interface (green dashed line) is generated by jointing two
domains of opposite valley Chern numbers together. The electric field of
valley edge states is concentrated in the interface. The topological laser
based on valley photonic crystal is designed by introducing a straight val-
ley edgy-state waveguide below the bottom arm of the triangle loop cavity.
The intensity distribution of a typical topological eigenmode and the spec-
tra for the topological lasing mode are shown in Fig. 2 d. The laser based
on valley edge states may open routes to the practical use of topological
protection in electrically driven laser sources. 

Single-mode surface-emitting lasers play an important role in science
and technology, such as in virtual reality systems and lasers for imaging.
However, whether the single mode operation can be preserved or not de-
pends on the cavity size. How to realize a ‘scale invariant’ cavity remains
a challenge. 

Recently, Contractor et al. have proposed and demonstrated a scal-
able single-mode surface-emitting laser (Berkeley surface-emitting lasers)
based on an open-Dirac electromagnetic cavity 37 . The SEM image of the
proposed structure is shown in Fig. 2 e, where a hexagonal lattice photonic
crystal is truncated to form an open-Dirac electromagnetic cavity. The
free-standing cavity is connected to the main membrane by six bridges
at the corners of the hexagon for mechanical stability. The single mode
lasing is maintained as the size of the cavity increases because the free
spectral range in open-Dirac cavities towards a constant is governed by the
loss rates of distinct Bloch bands. The unconventional open-Dirac cavity
mode synchronizes all unit cells (or resonators) in phase, and all unit cells
take part in lasing mode. As shown in Fig. 2 f, the schematic of a Berkeley
surface-emitting laser illustrates the pumping beam (blue) and the las-
ing beam (red) from an unconventional open-Dirac cavity mode. This
work demonstrates the fundamental importance of openness and mode ad-
mixtures in reciprocal space for enabling scaling in optics. The proposed
open-Dirac cavities unlock avenues for light-matter interaction and cavity
quantum electrodynamics. 

The group of Ma et al. proposed a single-mode topological bulk laser
and a topological vortex laser in micro/nano scale based on all dielec-
tric quantum spin Hall analogy topological photonic crystal 32 , 33 . By ex-
ploring the physics of band structures from different angles, topological
lasers with different merits can be realized respectively. As shown in the
scanning electron microscope (SEM) image Fig. 2 g, the designed single
mode topological bulk laser is composed of a topological photonic crys-
tal with quantum spin hall effect surrounded by a trivial photonic crystal.
The topological interface is marked by a red line. By arranging the triv-
ial unit nanocavity and topological unit nanocavity together on the same
chip, band inversion reflection happens on the interface due to bulk band
inversion at the � point. The light wave is reflected at the interface form-
ing effective cavity feedback for lasing, because the states in the trivial
photonic crystal cannot propagate into the topological photonic crystal.
Fig. 2 i shows the full-wave simulated fundamental cavity mode at the
low-frequency side of the bandgap where the electromagnetic field is well
confined in the topological bulk laser cavity. Topological vortex laser is
also realized based on two kinds of spin-momentum-locked edge states,
which has opposite momenta with opposite spin respectively 33 . The SEM
image of the fabricated topological vortex laser with X -shaped topologi-
cal interface is shown in Fig. 2 i. As shown in Fig. 2 j, the emission at the
topological interface is suppressed and appears as a dark “X ”, Their work
indicates the possibility of exploiting the bulk band structures with non-
trivial topology, which may be useful for collecting topological effects in
bulk states beyond the edge and interface effects explored so far. 

The group of Lu proposed a single mode Dirac-vortex topological
cavity based on Jackiw-Rossi zero modes, which is constructed by apply-
ing a generalized Kekulé modulation in the supercell of honeycomb pho-
tonic crystal 34 . The near field distribution of the topological zero mode
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
with Dirac vortex is shown in Fig. 2 k. The proposed Dirac vortex cavity
could offer a robust single mode and have the largest free spectral range
(FSR) among all known conventional cavities. Based on the Dirac vortex
topological cavity, a best-reported performance topological-cavity surface
emitting laser is realized (see Fig. 2 l, exhibiting 10 W peak power, sub-1 °
divergence angle and 60 dB single-mode suppression 35 . Benefiting from
the above advantages, it has great potential to achieve on-chip application.

Low threshold and high energy efficiency on-chip lasers are of great
significance for the development of topological nanophotonic circuity. In
2020, Zhang et al. demonstrated a low-threshold topological nanolaser
based on the corner state 36 . The fabricated topological nanolaser is shown
in Fig. 2 m, it consists of two kinds of photonic crystal slabs with square
air holes, which have the same lattice constant but different unit cells. The
two kinds of unit cells have a common band structure but different 2D Zak
phase, θZak . The electric field profile of topological corner state is shown
in the inset, which is tightly localized around the corner. The experimental
demonstration of a low-threshold topological nanolaser in this work will
be of significance for the development of topological nanophotonic cir-
cuitry for the manipulation of photons in classical and quantum regimes.
However, it is difficult for the mode volume V of the proposed structure
to decrease due to light diffraction limit, makeing the figure of merit Q / V
not high and couldn’t support strong coupling. 

Nanoparticle systems play an important role in studying light-matter
interaction at the nanoscale. The combination of topological photonics
and nanoparticle systems provides a new avenue for exploring topological
phases 39 . In 2021, the group of Lu et al. proposed a topological hybrid
nanocavity with ultra-high figure of merit Q / V , which consists of a topo-
logical photonic crystal nanocavity and a plasmonic nano-antenna (shown
in Fig. 2 n 38 . The value of the Q / V is two orders more than the bare topo-
logical photonic nanocavity and it enables the coupling between light and
a single emitter to enter a strong coupling region. The coupling strength
and figure of merit are controllable by adjusting the length and gap of plas-
monic nano-antennas. Consequently, a coupling phase transition between
weak coupling and strong coupling is achieved (shown in Fig. 2 o. The
variation of Q / V with the length and gap of antennas are also calculated
(shown in Fig. 2 o. The work provided a new method to achieve strong
coupling and coupling phase transition between light and a single emitter,
which will promise broad applications in quantum optics. 

2.2. Topological quantum light sources Quantum light sources are of
important applications in quantum communication, quantum informa-
tion processing and quantum precision measurement. Most single photon
sources rely on spontaneous parametric processes, which can be medi-
ated by vacuum fluctuations of the electromagnetic field 40–42 . However,
the disorders caused by nano-photonic fabrication contribute to spectral
variation, seriously affecting the spectrum of generated photons. How to
realize a quantum light source based on a topologically robust electromag-
netic mode remains a core problem to be resolved. 

The rich topological physics in coupled ring resonator systems has
attracted more and more attention in recent years. Ao et al. revealed the
topological phase transition in a two-dimensional coupled-resonator opti-
cal waveguide system with gain and loss 43 . As shown in Fig. 2 a, topologi-
cal phase transition occurs along the horizontal blue line with the variation
of coupling strength γ , and vertical green line with the variation of gain-
loss quantity κ . The electric field distributions under different gain-loss
quantities κ are shown in Fig. 2 b. When κ = 0 and κ = 0.322, the sys-
tem is in topological region, as shown in the two graphs above. The two
graphs below in Fig. 3 b show that the system evolves into a bulk state ( κ =
0.761) and trivial region ( κ = 0.804), respectively. This work provides a
new degree of freedom to control topological states. 
1 , 100025 (2022) 4 of 21 
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Fig. 3 | a, Topological phase diagram of coupling strength γ and gain-loss quantity κ43 . b, The electric field distribution under different gain-loss quantities κ43 . c, 
Reprinted with permission from ref. 43 . © 2020 American Physical Society. The SEM image of site-ring resonators (cyan) and coupled using link rings (yellow). Reprinted 

with permission from ref. 40 . © 2018 Nature Publishing Group. d, Diagram of a topological quantum device in which entangled photons emerge and flow at a pair of 

edge modes whereas they insulate and dissipate in the bulk lattice 41 . e , 2D g rating coupler consisting of periodic array of air holes 41 . Reprinted with permission from 

ref. 41 . © 2022 Nature Publishing Group. f , Histog ram for the cross-correlation function g (2) 
s,i (τ ) between signal and idler photons. Reprinted with permission from ref. 40 . 

© 2018 Nature Publishing Group. g, Measured real-space distributions of electromagnetic fields in different modes: topological pseudospin-up edge mode 41 . Reprinted 

with permission from ref. 41 . © 2022 Nature Publishing Group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In 2018, Mittal et al. demonstrated correlated photon pairs genera-
tion by using a topological edge state realized in a two-dimensional ar-
ray of ring resonators 40 . The SEM image of the proposed structure is
shown in Fig. 3 c, it consists of two-dimensional square lattice of ring
resonators, which contains site-ring resonators (cyan) and coupled us-
ing link rings (yellow). A uniform magnetic field was synthesized by us-
ing link rings to couple the neighboring site rings so that a photon hop-
ping from one lattice site to its neighbor experiences a position-dependent
and direction-dependent hopping phase. The non-trivial nature of corre-
lations between the generated photons was characterized by second-order
cross-correlation function g (2) 

s,i (τ ) . A maximum g (2) 
s,i (τ ) ≈ 80 at τ = 0 is

observed ( Fig. 3 f), which is different from the condition of two uncorre-
lated sources ( g (2) = 1 for all τ ). The topological source of quantum light
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
is promising to pave the way for the development of robust quantum pho-
tonic devices, which is of broad applications in quantum communications.

Recently, Dai et al. demonstrated on-chip topological protected quan-
tum entanglement emitters, which could generate topological protected
entanglement and immunity against the environmental perturbations 41 .
The diagram of the proposed structure is shown in Fig. 3 d, it consists of
a 10 × 10 lattice of strongly coupled micro-ring resonators and supports
two counter propagating edge states (CCW and CW) in the site rings. A
2D grating coupler is located at the terminal to ensure the coherent super-
position of pseudospin states ( Fig. 3 e). Real-space distributions of electro-
magnetic fields in different modes were measured, as shown in Fig. 3 g, and
the robustness of the device was also demonstrated by introducing defects
arranged in a ‘PKU’ shape. The topologically protected quantum entan-
1 , 100025 (2022) 5 of 21 
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glement emitters can promote the research of other topological quantum
photonic sources and are promising to be applied in quantum computa-
tion. 

2.3. Opportunities and challenges The development of topological pho-
tonics has greatly promoted the generation of high performance on-chip
topological light sources. They are robust to perturbations and possess the
performances of pure single-mode, small divergence angle, low threshold
and high energy efficiency. All of the advantages above ensure that the
topological light source have wide application in near-field spectroscopy,
free-space optical sensing, photonic-crystal surface-emitting laser, quan-
tum communication and quantum computation. However, for the realiza-
tion of photonic chip, two existing challenges still remain to be resolved:
the first is how to integrate the topological light source with other on-chip
functional optical device; the second is how to increase the energy con-
version efficiency or reduce the energy loss between these devices. For
the first concern, it is determined by the progress in micro/nano fabrica-
tion technology in the future. For the second concern, maybe the method
of inverse design could optimize the efficiency problems. 

3. TOPOLOGICAL LIGHT WAVEGUIDING 

Topological photonics emerges as a novel route to manipulate the flow
of light. Topologically protected photonic states, which are supported at
the interface of trivial and topologically nontrivial insulating structures,
play an important role in enabling low-loss optical waveguides in the pres-
ence of structural imperfections. Since the first discovery of robust optical
waveguides in the microwave regime by using photonic chiral edge states 9 ,
topologically protected wave propagation based on topological edge states
in photonic quantum Hall effect, photonic quantum spin Hall effect, pho-
tonic Valley Hall effect and photonic Floquet Hall phase, have been ob-
served not only in microwave 44–48 , but also in the optical and near-infrared
range 49–52 . Below, we will discuss some typical achievements of topolog-
ical photonic waveguides. 

3.1. Topological waveguides based on photonic quantum Hall effect Hal-
dane and Raghu theoretically demonstrated that a photonic crystal with
broken time reversal symmetry could exhibit photonic analogue of the
quantum Hall effect 7 , 53 . The chiral edge states could travel only in one di-
rection along the boundary of two photonic crystals forming a waveguide,
even in the presence of structural imperfections and sharp bends. The first
theoretical 8 and experimental 9 photonic quantum Hall effect was verified
by Wang et al. in gyromagnetic photonic crystals. Fig. 4 a (top) shows the
calculated light propagation field diagram 

9 . It can be clearly seen that the
forward propagation of light is almost not subject to the backscattering
of obstacles. The forward and backward transmission spectra measured in
the experiment are shown in Fig. 4 a (bottom), and the huge differences
between them prove the robust propagation of chiral edge states. 

Subsequently, several experimental works were also reported based on
the gyromagnetic photonic cr ystal platfor m 

19 , 45 , 54 , 55 . A hybrid approach
was adopted to break the time-reversal symmetry of a semiconductor pho-
tonic crystal under a static external magnetic field 28 . They bonded a pho-
tonic crystal slab with InGaAsP quantum multiple wells on an YIG film.
In addition, topological nontrivial gaps and edge states are proved in amor-
phous systems ( Fig. 4 b) 56 . 

3.2. Topological waveguides based on photonic quantum spin Hall effect
Magneto-optical effect is limited to microwave frequencies and tends to be
very weak in the optical range 57 . Difficulties in applying magnetic fields
and the scarcity of gyromagnetic materials make it difficult to realize the
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
photonic quantum Hall effect. The challenges of breaking time reversal
symmetry have stimulated the search for the photonic analog of quantum
spin Hall (QSH) effect in time-invariant systems 58 . The edge states at the
QSH topological systems have some different features from the quantum
Hall systems. Firstly, the edge states are no longer one-way transmission,
and light can travel either forward or backward. Fur ther more, quantum
spin Hall systems are characterized by Z2 topological invariants. The ro-
bustness of edge states against sharp bending, random distribution of syn-
thetic gauge field, and lattice disorder have been experimentally verified. 

Photonic QSH states were theoretically proposed by Hafezi et al .
in 2011 using a network of coupled resonator optical waveguides
(CROW) in two dimensions, which produced phase shifts that were non-
commensurate with the lattice 59 . This proposal was realized experimen-
tally in 2013 50 , and other schemes were proposed using optical ring-
resonators soon 60 . Additionally, QSH effect could also be realized in bi-
anisotropic metamaterials ( Fig. 4 c). In this case, the spin components
were represented by two linear combinations of transverse electric (TE)
and transverse magnetic (TM) modes. Compared with CROW, the bi-
anisotropic metamaterials could be fabricated at the same order of size
as the electromagnetic wavelength 61 . 

Recently, a different method based on all-dielectric materials to im-
plement an analog of the quantum spin Hall effect for photons in two di-
mension has been proposed theoretically 65 and realized experimentally 62 

by Hu and Hang group, which was friendly to on-chip integration in the
optical range. The configuration was based on all-dielectric materials, and
QSH effect could be induced by deforming honeycomb lattices of rods
into triangular lattices, as depicted in. Fig. 4 d. The simplicity of this pro-
posal has triggered the implementation in other photonic systems, such as
microwaves ( Fig. 4 e) 46 , and photonic crystal slab ( Fig. 4 f) 63 . 

3.3. Topological waveguides based on valley Hall effect Another structure
that can construct topological waveguide is valley photonic crystal, which
is photonic analogue of the valley Hall electronic system. The photonic
valley Hall effect was firstly proposed by breaking the spatial inversion
symmetry of triangularly arranged dielectric rods, and the unidirectional
propagation of edge states and efficient in-coupling and out-coupling were
also demonstrated 66 . The valley-dependent robust propagation was exper-
imentally observed in microwaves using designer surface plasmon crystals
( Fig. 4 g) 47 , and was further extended to surface waves based on photonic
crystals ( Fig. 4 h) 64 . 

Silicon-on-insulator (SOI) platform, which is compatible with com-
plementary metal oxide semiconductor (CMOS) technology and allows
integration with other optoelectronic devices on a single chip, is a widely
used platform in silicon photonics. The robust light propagation in an
SOI valley photonic crystal waveguide was experimentally realized in
2019 67 . Slow-light effect has attracted wide interests of researchers due to
the fact that it could increase light-matter interaction and enhance linear
and nonlinear effects 68–72 . The theoretical study suggested that the valley-
protected slow lights were more robust than trivial waveguides against the
disorder 70 . It is of great significance to combine slow light waveguides
with topological nontrivial edge states, enabling a lot of possible applica-
tions in optical signal processing devices 71 , 72 . 

3.4. Topological photonic waveguide arrays Topologically protected
photonic states have been experimentally studied by making use of one-
dimensional SSH-model-based coupled silicon waveguide arrays 20 . The
structure was fabricated by connecting two silicon waveguide dimer
chains with different topological invariants, and the topological transition
would occur at the interface between them. The single topological state
formed by the long-long defect can be translated to the compound trivial
state which exists at the shor t-shor t defect by varying the configuration of
1 , 100025 (2022) 6 of 21 
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Fig. 4 | Topological photonic waveguides in 2D platform. a, The topological waveguide which show the robust transmission of light with little backscattering (top), 

and the measured transmission spectra of forward and backward light (bottom). Reprinted with permission from ref. 9 . © 2009 Nature Publishing Group. b, Robust TM 

edge propagation in amorphous lattices 56 . c, Excitation of surface waves by a point dipole source at the interface between topologically trivial and non-trivial photonic 

insulators 61 . Reprinted with permission from ref. 56,61 . © 2017, 2013 Nature Publishing Group. d, The robust transport of the out-of-plane electric field. Reprinted 

with permission from ref. 62 . © 2018 American Physical Society e, Experimental electric field maps for the LF and HF edge modes. Reprinted with permission from 

ref. 46 . © 2017 Nature Publishing Group. f, Electric field intensity for an edge state with four bends. Reprinted with permission from ref. 63 . © 2016 Institute of Physics 

Pub. g, Valley-dependent robust propagation experimentally observed in microwaves using designer surface plasmon crystals. Reprinted with permission from ref. 47 . ©

2017 Nature Publishing Group. h, Topological protection of the edge state in a Z-shaped waveguide 64 . i, Two silicon dimer chains connected by a long-long defect 20 . 

j, Modal amplitude of the topological defect mode for the long-long defect case 20 . k, Propagation simulations of the input signal propagating through the structures of 

Fig. 4 i 20 . Reprinted with permission from ref. 20,64 . © 2016, 2017 American Physical Society. 

 

 

 

 

 

 

 

 

 

the waveguides between the interfaces. The structure with the long-long
defect and the modal amplitude of single topological modes around the
defect are shown in Fig. 4 i and Fig. 4 j. Fig. 4 k depicts the propagation of
lights in the singular topological defect, and the lights are always being ex-
ponentially localized around the defect. This work provided experimental
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
evidence for topologically protected waveguides based on coupled silicon
waveguide arrays. 

The Floquet topological phase can be understood as a time counter-
part of the Bloch theorem, which means that a solution of a time-periodic
Hamiltonian can be expressed by multiplying a time-periodic function by
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a phase term. Just as spatially periodic structures can possess a topologi-
cal phase, a system under periodic temporal modulation can also support
a topological phase called the Floquet topological phase 73 , 74 . This phe-
nomenon has also been realized in photonics by using time-dependent in-
dex modulation 75 , 76 and using the propagation axis of a waveguide array
to mimic a time-like axis 77 , 78 . 

Coupled helical waveguides arranged in a graphene-like honeycomb
lattice have recently been investigated experimentally 49 , and the experi-
mental results clearly confirmed that the twisting of the waveguides pro-
duced a topological Floquet state, resulting in a topological edge state at
the open ends of the waveguide array. The robustness of the edge state was
also confirmed by reflectionless propagation across sharp corners between
different cuts of the lattice and around the waveguide with defects. The
discovery of a rigorous mathematical connection between Floquet topo-
logical systems and two-dimensional networks of ring resonator arrays
provided a mechanism for direct mapping and emulation of Floquet states
in this platform 

79 . Recently, another so-called anomalous Floquet insula-
tors, 79 , 80 have been demonstrated experimentally by lifting the condition
of fast modulation 77 , 78 . 

3.5. Opportunities and challenges Topological edge states were also
demonstrated in higher-dimensional and non-Hermitian photonic systems.
Photonic platforms that can support topological systems exist in a wide
range of frequencies, providing more possibilities for the design of on-
chip photonic devices in Hermitian and non-Hermitian systems in the
future. Of course, there is an upper limit to the robustness of topologi-
cal structures, which means the transmission of light will be affected by
strong disturbance. Due to the limitation of the size of platform and other
technical issues, it still remains difficult to realize the transformation of
miniaturization to the nanoscale. Therefore, great challenges will be con-
tinuously faced in the research of topological photonic waveguide in the
future. 

4. TOPOLOGICAL LIGHT DIVISION AND 

SELECTION 

In information processing on optical chips, light division and selection de-
vices are very important because they can be used for broadband informa-
tion processing, dividing lights with different information and allocating
them to different position or ports. Traditional devices based on topolog-
ically trivial nano-structures are sensitive to errors, disorders, and even
imperfect fabrication, whose performances will be seriously affected by
structure deviations. The introduction of topological photonics presents
a good platform to design robust topological light division and selection
devices. Here, topological light division devices include topological rain-
bow, topological routers, and topological power splitters. Topological light
selection devices mainly refer to topological filters. 

4.1. Topological rainbow Topological rainbow, which can separate, slow
and trap topological photonic states of different frequencies into differ-
ent positions, was firstly proposed and achieved in synthetic dimensional
topological photonic crystal systems by Lu et al. 81 . Before topological
rainbow, researchers have paid more attention to the special edge mode
and rich physical phenomenon of topological states instead of multiple
wavelengths of topological photonic states, which cannot satisfy the in-
creasing needs of on-chip broadband information processing of topolog-
ical states in the Big Data era. As shown in the first row of Fig. 5 a, the
synthetic dimension was introduced into the system by employing the
translational degree of freedom of nanostructures in the unit cell. The de-
formation of the translational degree of freedom will result in topological
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
states in the synthetic parameter space 81 . The group velocities of the topo-
logical states can be controlled by modulating of dispersion, and the slow
light effect of topological states can be realized by reducing the speed
of light propagation to zero through synthetic dimension, which can be
seen from the second row of Fig. 5 a. The topological rainbow based on
synthetic dimension has no restrictions for symmetries, lattice types, ma-
terials, wavelength band, and is easy for on-chip integration. Especially,
it provides a reliable method for the on-chip topological photonic states
with multiple wavelengths based on all-dielectric materials in the optical
frequencies range. 

The first experimental realization of on-chip topological rainbow at
the nanoscale was given by Lu et al., which is shown in Fig. 5 b 82 . The
device consisted of two regions, the dispersing region (denoted with blue
color) and barrier regions (denoted with red color). The dispersing region
was used to divide topological states with different wavelengths to dif-
ferent positions. The barrier region was used to limit light in the device.
Light with wavelengths within the bandgap of trivial photonic crystals was
injected from the right side through a waveguide and was dispersed by
the designed structure to different positions. The SEM image was shown
in the first column of Fig. 5 b. The measured results by scanning near-
filed optical microscope were shown in the second column of Fig. 5 b. It
can be seen that topological states with different wavelengths were lo-
calized at different positions. The work provided an effective method to
detect on-chip topological photonic devices with multiple frequencies at
the nanoscale. 

Another method to achieve topological rainbow is building graded
structures along the topological interface. Zhang et al. designed a topo-
logical rainbow by gradually contracting and expanding the lattice 83 .
By shrinking and expanding the dielectric cylinders from the center of
hexagon, doubly degenerate Dirac cones will be opened. Topological rain-
bow can be achieved by putting the expanded and contracted lattice on
the opposite sides of the interface. The g raded str uctures and the simu-
lated results of topological rainbow trapping effects are shown in Fig. 5 c.
Light with frequencies within the bandgap was injected from the left port
and separated into different positions according to frequencies. Elsha-
hat et al. proposed a structure to realize multiple topological rainbows
by inserting sandwiched gradient structure as a coupling region in the
topological photonic crystal waveguide, as shown in Fig. 5 d 84 . In addi-
tion, the coupling area can generate unique topological edge states by
introducing multi-line topological waveguides. A one-way topologically
protected slow-light coupling state with low group velocity, bandwidth-
broadening and robust transmission was introduced. Due to the coupling
between different modes in the multi-line topological waveguides, energy
exchange existed in the coupling area during the transporting process.
Besides, they showed that the system could be reconfigured to rainbows
of different shapes as shown in Fig. 5 d, which are essential in practical
application. 

Besides, Li et al. proposed a topological rainbow based on a sand-
wiched dual-mode topological waveguide,which was made by putting
non-trivial photonic crystals between two regions of trivial photonic crys-
tals 85 . Mao et al. designed a topological rainbow using valley photonic
crystals 86 . They tuned the distance between cylinders in two regions on
the opposite sides of the interface gradually to form a topological rainbow.
Recently, Liang et al. have showed that the topological rainbow can also be
designed with higher-order topological corner modes (HOTCMs) 87 . They
found that the HOTCMs with different geometry configurations have dif-
ferent dispersive properties, which is the start point of designing topolog-
ical rainbow with HOTCMs. Elshahat et al. also reported a bidirectional
rainbow trapping, which are realized based on trapping a chirped photonic
crystal as a sandwich between two edge states 88 . This work provided a new
way to construct topological nanophotonic devices. 
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Fig. 5 | Topological rainbow. a, Topological rainbow concentrator based on synthesis dimension of translation. The group velocity distribution shown in the dispersion 

diagram of synthetic space. The intensity distributions in the synthetic dimensional topological photonic crystal excited by incident plane wave from the left side. 

Reprinted with permission from ref. 81 . © 2021 American Physical Society. b, On-chip topological rainbow samples and experimental results based on synthetic dimension. 

Reprinted with permission from ref. 82 . © 2022 Nature Publishing Group. c, The graded topological photonic crystal and electric filed distributions of electric field for 

different frequencies of topological rainbow trapping device. Reprinted with permission from ref. 83 . © 2021 Optical Society of America. d, The broadband unidirectional 

topological rainbow. Reprinted with permission from ref. 84 . © 2022 Wiley-VCH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Light information trapping and releasing are two important applica-
tions of topological rainbow. Topological rainbows, which can switch be-
tween trapping and releasing, are very important in light information dy-
namic access. Mao et al. designed a topological rainbow based on electro-
optical material whose refractive index can be tuned by external voltage 89 .
The topological protection was provided by valley photonic crystals. 

4.2. Topological routers Topological routers can guide and route light,
usually carrying different information, into different output ports. Tradi-
tional routers such as wavelength routers based on micro rings are sensi-
tive to fabrication errors 90 . There are different topological mechanisms to
achieve topological routers, including gyromagnetic materials 91 , 92 , bian-
isotropic photonic crystals 93 , 94 , and valley photonic crystals 67 , 95–100 . 

Topological photonic crystal based on gyro-magnetic materials was
firstly proposed by Wang et al. 8 . By adding an out-of-plane magnetic
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
field, time reversal symmetry was explicitly broken. In analogy to quan-
tum Hall effect, there are topologically protected edge states occurring in
the bandgap. The propagation direction was determined by the magnetic
field direction. By tuning the magnetic field distribution in different re-
gions, He et al. achieved a tunable one-way edge states router using YIG
rods and Alumina rods in 2010 92 . As shown in Fig. 6 a, YIG and Alumina
were distributed to form a cross waveguide. By tuning the perpendicular
magnetic field direction added to the YIG regions, the cross waveguide
supported different edge modes, guiding different edge modes to different
output ports. 

Skirlo et al. explored the large Chern number phenomenon in topolog-
ical gyromagnetic photonic crystals 91 . With the designed photonic crys-
tals with large Chern number, they designed a continuously tunable power
splitter, as shown in Fig. 6 b. The power splitter was made of a metal wall
and two kinds of topological photonic crystals with Chern numbers of + 1
1 , 100025 (2022) 9 of 21 
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Fig. 6 | Topological routers and power splitters . a, Tunable edge states router based on gyromagnetic materials. Reprinted with permission from ref. 92 . © 2010 American 

Institute of Physics. b, Continuously tunable topological power splitter based on gyromagnetic photonic crystals with large Chern numbers. Reprinted with permission 

from ref. 91 . © 2014 American Physical Society. c, Topological spin-locked wave splitter based on bianisotropic materials. Reprinted with permission from ref. 93 . 

© 2016 Nature Publishing Group. d, Pseudospin-polarized power splitter based on topological bianisotropic metamaterials. Reprinted with permission from ref. 94 . 

© 2015 American Physical Society. e-g, Topological edge states routers based on valley photonic crystals 67,95,100 . Reprinted with permission from ref. 67,95,100 . © 2018, 

2019 Nature Publishing Group. © 2019 Wiley-VCH. h-i, Topological power splitters with arbitrary ratio based on valley photonic crystals 97 , 99 . Reprinted with permission 

from ref. 97,99 . © 2022 Wiley-VCH. © 2020 Optical Society of America. j, Topological wavelength router based on valley photonic crystals. Reprinted with permission 

from ref. 96 . © 2021 Multidisciplinary Digital Publishing Institute. k, Wavelength filter based on gyromagnetic photonic crystals. Reprinted with permission from ref. 101 . 

© 2021 American Physical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and + 2. The light source excited light mode which was a linear combina-
tion of two edge modes. When light propagated through the metal obsta-
cle, two edge modes would interfere with each other. The height of metal
obstacle affected the interference way of these two modes and modulates
these two modes to be supported by channel 1 and channel 2, which were
single mode waveguides. 

Besides gyromagnetic photonic crystals, optical bianisotropic meta-
materials are also a candidate to achieve topological photonic system 

61 .
The key advantage of bianisotropic metamaterials is the flexibility of
engineering their electromagnetic response parameters. The mechanism
of bianisotropic metamaterial is analogous to quantum spin Hall effect,
which supports edge states in the band gap without external magnetic
field. Based on bianisotropic metamaterials, Cheng et al. realized a spin-
locked wave splitter, as shown in Fig. 6 c 93 . Two kinds of topological pho-
tonic crystals with different spin-Chern numbers formed a cross waveg-
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
uide. Pseudospin down edge mode input from port 1 and was divided
into port 2 and 4. There was nearly no light transmitted to port 3. Chen
et al. presented a pseudo-spin-polarized power splitter based on topolog-
ical bianisotropic metamaterials 94 , as shown in Fig. 6 d. In their device,
light with different TE-TM polarization would be guided to different ports
along the corresponding topological channels. 

As a typical topological photonic crystal, valley photonic crystal,
which provides “valley” information degree of freedom, can be con-
structed after opening the Dirac point by breaking spatial symmetry 26 .
The fabrication-friendly and absence of external magnetic field make it a
good platform to demonstrate topology protected photonic devices with
all-dielectric materials. Based on valley photonic crystals, there are vari-
ous routers and splitters reported, as shown in Fig. 6 e-j. 

A valley-selective topological router was presented by Kang et al. in
2018 100 . The structure is shown in Fig. 6 e. The junction was formed with
1 , 100025 (2022) 10 of 21 
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three kinds of valley photonic crystals. In the waveguide of port 1, spin-
down states at K and K’ valley were suppor ted, while por t 2 and por t 3 only
supported spin-down state at K valley and K’ valley, respectively. When
spin-down states at K and K’ arrived at the junction, they would be guided
into different ports. He et al. explored the phase vortex features of edge
states at different valleys and took advantage of their discovery to design
a topological valley-charity locking router, as shown in Fig. 6 f 67 . A sub-
wavelength microdisk was used to serve as phase vortex generator. Light
injected from waveguide 1 (WVG1)/waveguide 2 (WVG2) would excite
anticlockwise/clockwise phase vortex in the microdisk and couple to dif-
ferent topological channels. The right column of Fig. 6 f shows the SEM
image around the microdisk for samples. Besides, Ma et al. also achieved
a router of valley kink states experimentally, as shown in Fig. 6 g 95 . Their
results showed that the topological kink states hadgood robustness to sharp
bends in routers. 

There are also power splitters made with valley photonic crystals. He
et al. studied the band structure of so-called ABC-type superlattice and
employed it to design a power splitter with arbitrary ratio, as shown in
Fig. 6 h 99 . The ABC-type superlattice was composed of trivial photonic
crystals in the middle and two kinds of valley photonic crystals separated
in two sides. These two kinds of valley photonic crystals had similar sym-
metry but had gap at different points (K and K’ in the first Brillouin zone).
In Fig. 6 h, the trivial photonic crystal is represented with green color while
the other two kinds of photonic crystals represented with blue and orange.
By tuning the shift of these three types of photonic crystals around the
junction, light power allocated to different ports would be changed con-
tinuously. Wang et al. studied the asymmetric valley photonic edge states,
which have asymmetric field distributions 97 . They demonstrated that, by
tuning the geometry parameters of asymmetric valley photonic crystals,
an arbitrary ratio power splitter could be achieved. Fig. 6 i, as an example,
shows a 1:2 power splitter. 

Yuan et al. combined intelligent algorithm with valley photonic crys-
tals to design an on-chip topological nanophotonic wavelength router
working in the photonic crystal band gap around optical communication
range 96 . The left panel of Fig. 6 j shows the test platform with three waveg-
uides connecting the designed router and the right panel is the designed
device. The three topological channels, In, O1 and O2, were made with
valley photonic crystals. The input light entered the structure from the left
edge and was divided by the central region. Light with different wave-
lengths of topological photonic states wouldbe output from O1 and O2,
respectively. The central region was optimized with topology optimiza-
tion. The introduction of intelligent algorithm into on-chip topological
nanophotonic devices provides an effective method to predict new struc-
tures and design devices with excellent performances. 

4.3. Topological filters Topological light filters are important light pro-
cessing devices which can filter out unwanted light and leave target light
protected. Gu et al. designed a wavelength-selective notch and channel-
drop filter based on a topological photonic ring resonator 102 . The triangu-
lar ring resonator was designed using silicon-based valley photonic crys-
tals. Two topological waveguides connect the ring at a corner of the trian-
gle to form a junction. Input light meeting the resonating condition prop-
agated in the topological ring to form a stable mode, leading to periodic
dips on the transmission spectrum. 

Han et al. studied edge states with gaps in gyromagnetic photonic
crystals 101 . By breaking the electromagnetic duality symmetry in the sys-
tem, there occurred a band gap for edge states. They designed a wave-
length filter with this kind of photonic crystal, as shown in Fig. 6 k. The
spectrum in the left panel shows that this kind of topological photonic
crystals have good filtering effects for light with frequencies in the gap.
The structure diagram of their designed filter is shown on the right panel
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
of Fig. 6 k. Fur ther more, the filter bandwidth can be adjusted by changing
the electromagnetic response parameters of the material. 

4.4. Opportunities and challenges Owing to the steering ability of light
with different wavelengths, topological rainbow has good application po-
tential in on-chip light processing . It is also shown that topological rain-
bow can switch between trapping and releasing by tuning external elec-
tric field. However, there still remain challenges for further application.
The first one is large bandwidth. Due to the fact that the working wave-
length range usually lies in the bandgap, the bandwidth is no larger than
the bandgap. Secondly, dynamic with the external magnetic field is not
beneficial for on-chip integration. Much more efforts should be made in
the development of concepts and theory to achieve broader application of
topological rainbow. 

Routers based on different topological protection mechanisms are of
different features. Devices based on magnetic-optic effect are easy to be
tuned with external magnetic field, which is suitable for active tunable de-
vices. In addition, routers based on valley photonic crystals are easy to
achieve and to be integrated. The silicon-based valley topological routers
are compatible with currently integrated circuits technology, which is ben-
eficial for minimization and integration. Moreover, polarization splitting
of routers based on bianisotropic metamaterials could be achieved the-
oretically by designing the electromagnetic response of materials. How-
ever, there are still challenges for the development of topological routers.
Firstly, the external magnetic field brings inconvenience for on-chip inte-
gration. Secondly, the topological protection provided by valley photonic
crystals is not strong enough when compared with some other topological
protection mechanisms. Thirdly, it should be pointed out that bianisotropic
metamaterials are usually of complicated structures 103 and are not easy to
be fabricated or integrated on a chip. 

The reported works proved that topological photonics could be used
to design topological filters which are immune to fabrication errors. Topo-
logical filters based on edge states with gaps in gyromagnetic photonic
crystals have steep filtering spectra and adjustable bandwidth. However,
topological filters based on topological ring resonators are of a relatively
bulky size. Besides, topological filters based on edge states with gaps in
gyromagnetic photonic crystals are also not easy to be implemented in the
experiment. 

5. TOPOLOGICAL LIGHT INFORMATION 

PROCESSING 

In order to manipulate the light signals efficiently and achieve more func-
tionalities on the photonic chip, it is necessary to build topological light
circuits. Topological optical switches, topological optical isolators and cir-
culators, topological optical logical gates, and even topological quantum
light processing, which can manipulate light and deal with light informa-
tion, are core components of photonic chip. In this section, typical exam-
ples of these devices mentioned above will be introduced. 

5.1. Topological optical switches Optical switch is an essential compo-
nent of photonic circuits, which is defined as a structure with external
signal controlling the ON/OFF transition of light propagation. Ultrafast
response time and low energy consumption are key characteristics for op-
tical switch. Traditional all-optical switches are based on photonic crys-
tals, surface plasmon polariton, micro-ring resonators, and metamaterials,
which, however, have difficulties meeting the requirements of robustness,
high speed and high-capacity information processing 104 , 105 . Studies on
topological photonics help progress this traditional technology and bring
robustness in switch structure. 
1 , 100025 (2022) 11 of 21 
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Fig. 7 | a, Schematic the reconfigurable valley photonic crystal and a two-dimensional model of the valley photonic crystal composed of TiO2 (rod 1, gray rods) and 

BaTiO3 (rod 2, blue rods) 106 . b, Topological phononic switch regulated by sonic heating 107 . c, Schematic of Lorentz nonreciprocal grating with dimer unit cells 110 . d, 
Topological isolator based on combination of quantum Hall effect and quantum spin Hall effect 111 . e, Effective lattice made of a 1D array of resonators with coupling in a 

synthetic dimension 114 . f, Optical isolator based on synthetic two-dimensional lattice 114 . Reprinted with permission from ref. 106,107,110,111,114 . © 2016, 2018, 2019, 2020, 

2022 American Physical Society. g, Optical isolation based on 1D SSH model, realized by an array of coupled waveguides. Isolation ratio (IR), forward transmittance T f , 

and backward transmittance T b , versus input power I . Reprinted with permission from ref. 115 . © 2017 Institute of Physics Pub. h, Topological optical logic gates based 

on two-dimensional photonic cr ystals 116 . i, Schematic diag ram of XNOR, NAND, and NOR gates, composed of two logic inputs, a bias input, and an output 99 . Reprinted 

with permission from ref. 99,116 . © 2019, 2020 Optical Society of America. j, Demonstration of the XOR logic in the proposed device and XOR logic truth table. Reprinted 

with permission from ref. 117 . © 2021 IOP Publishing Ltd. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 

this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Such devices can be realized in photonic crystal by applying electro-
optical effect. Wu et al. 106 . theoretically proposed an optical switch based
on reconfigurable valley photonic crystal. As shown in Fig. 7 a, TiO 2 (Rod
1, gray) and BaTiO 3 (Rod 2, blue) are ar ranged in triangular ar rays to
form valley photonic crystal. A Dirac point locates in the energy band di-
agram, due to the inversion symmetry given by the same refractive index
of 2.38 between Rod 1 and Rod 2. An external voltage of 75V ( −75V )
gives n BT O = 2 . 26 ( n BT O = 2 . 5 ) and opens a topological band gap be-
tween the first and second energy band above (below) the original Dirac
point. Thus, different external voltage allows for light with different fre-
quency to propagate through the valley photonic crystal insulator. 
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
Another similar switch was designed using active control over
phononic crystal. 107 . Steel rods were arrayed in honeycomb lattice to form
a topological trivial phase. As shown in Fig. 7 b, the radii of steel rods
from both sides were correctly chosen to allow active control by using ul-
trasonic heating. The left side phase transition varies from trivial to topo-
logical nontrivial phase when the temperature was increasesdfrom 20 °C
to 90 °C, while the other side remained trivial throughout the whole pro-
cess. Thus, the sonic wave did not propagate through the disorder unless
the system was heated. 

Topological optical switch provides a strategy to achieve faster com-
puting and lower consumption. But active control over photonic topolog-
1 , 100025 (2022) 12 of 21 

https://doi.org/10.1016/j.chip.2022.100025


Review DOI: 10.1016/j.chip.2022.100025 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ical transition needs more exploration before better improvement can be
applied in topological optical switches. 

5.2. Topological optical isolators and circulators Nonreciprocal elements
play an important role in photonic circuits, and two hallmark examples are
optical isolators and circulators 108 . Optical isolators allow light to trans-
mit in one direction but block the transmission in the other direction non-
reciprocally. To build a nonreciprocal device, the Lorentz reciprocity in
electro-magnetism should be broken. It can be achieved in three different
ways: using magneto-optical material, posing temporal modulation of the
material and employing optical nonlinearity. Topological phase transition
can be induced by all the above-mentioned effects. Examples for each
type will be introduced for topological isolators. Specifically, an optical
circulator is essentially a multiport realization of an isolator, which will
be discussed in the same classification along with the isolator. 

Magneto-optic material breaks the Lorentz reciprocity easily, and has
been widely used in nonreciprocal devices 109 . Wong et al. 110 introduced
a topological theory for perfect isolation based on metasurface, using
magneto-optical material, YIG to build nonreciprocal effects. As shown in
Fig. 7 c, y-axis is the forward direction for incident light, and green (blue)
rods stand for YIG (dielectric material). Parameters including center-to-
center displacement dr = ( d x, d y ) , frequency and incident angle of wave
form a parameter space, over which the winding number is calculated. As
depicted in Fig. 7 c, two points at which transmission and reflectance meet
100% are called perfect isolation points. The winding numbers for the
two points are + 1 and -1, respectively, demonstrating a pair of topological
nontrivial isolation points in the parameter space. 

Magneto-optic material has also enabled quantum Hall effect in topo-
logical photonics and thus brought Lorentz nonreciprocity 12 . By carefully
designing the structure, Ma et al. proposed a topological isolator and four-
port circulator based on the combination of quantum Hall effect and quan-
tum spin Hall effect 111 . As shown in Fig. 7 d, light transmission from two
sides is in control of external magnetic field, when the device works as
an optical isolator. Based on this complex composition of two types of
topological modes, three-port junction and four-port circulator can also
be designed. 

Despite the great progress of magneto-optic material in nonreciprocal
devices, it remains a challenge for on-chip integration 109 , as most mate-
rials do not exhibit magneto-optic effect in optical frequency range. For
electronic wave propagation, the broken reciprocity by a magnetic field
can be derived from a magnetic gauge field. For neutral particles, photons,
an effective gauge field can be built to break reciprocity by dynamic mod-
ulation 112 , 113 . Also, topological nontrivial phase can be built from tempo-
ral modulation, which brings topological isolator based on dynamic mod-
ulation. 

Based on temporal modulation over one-dimensional silicon ring res-
onator, Tomoki et al. introduced a topological phase transition in synthetic
dimension 114 . As shown in Fig. 7 e, J x denotes the tunneling amplitude
along the real dimension, and J ω denotes the coupling in the synthetic di-
mension. Different modes of the ring resonator are exploited as a synthetic
dimension to build 2D quantum Hall effect in structure with periodicity
along one dimension in real space. Discrete modes with different frequen-
cies can be viewed as a periodic lattice site if neglecting higher order per-
turbation. Edge modes at the opposite sites in the real space have opposite
orientations in the synthetic dimension. Introduce a high lossy mode in
the ring resonators and one creates a sharp boundary in the synthetic di-
mension. The topological edge modes are prohibited along the synthetic
dimension but transmitted along the ring resonator chain. As depicted in
Fig. 7 f, for light injected with a frequency lower than the lossy mode, only
the light from right side can propagate the resonator chain while light from
the left side is forbidden. 
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Zhou et al. introduced nonlinearity in several different models and
built optical isolation based on them 

115 , which included 1D Su-Schrieffer-
Heeger (SSH) model, 2D Haldane model and 2D coupled-ring waveguide.
In the 1D SSH model by coupled waveguide array, as shown in Fig. 7 g,
topological phase transition occurs when the intra-cell coupling coeffi-
cient κ1 gets larger than the inter-cell coupling coefficient κ2 . Under open
boundary condition, light excitation at the edge diffracts into a super-
position of bulk modes for topological trivial phase and localizes at the
edge for topological nontrivial phase. The authors took an intercell cou-
pling coefficient dependent on light intensity to introduce nonlinearity.
For incident light smaller than a threshold, the system stays in topolog-
ical trivial state and incident light diffracts into the bulk region. Only if
the incident light reaches a threshold where κ2 > κ1 , it transmits through
the boundary waveguide. Thus, a nonlinear transmittance is brought by a
self-induced topological transition. As shown in Fig. 7 g, optical isolation
can be achieved by setting different coupling efficiencies, ηA and ηB , at
two ports of the edge waveguide. With incident light intensity, I , the light
coupled to the port A and port B from the excitation are Iη2 

A and Iη2 
B , re-

spectively. Define an operator for the nonlinear transmittance, T and the

isolation ratio is IR = 

T ( η2 
A I ) 

T ( η2 
B I ) 

. As shown in Fig. 7 g, the optical isolation ef-

fect in simulation gives a high isolation ratio over if incident light intensity
reaches the threshold. 

For on-chip integration, it is difficult to apply the magneto-optical ef-
fect due to lack of strong light-matter interaction in nanoscale for natural
material in the optical frequency range. Building photonic gauge field by
dynamic modulation and induce topological transition by nonlinearity can
be better ways to design on-chip topological nonreciprocal devices. 

5.3. Topological optical logic devices The optical logic device is a crit-
ical component to realize optical manipulating and all-optical informa-
tion processing. Unlike the electronic counterpart, the function of optical
logic device can be supported by the interference effect of input signals
so optical logic devices are essential nanodevices based on phase control.
Many optical logic devices have been designed based on photonic crys-
tal, metamaterial, and resonators. They are reported to have compact size
and low delay time 118 . But few devices can still have good performance
over defects brought by fabrication errors and disorders. This calls for the
introduction of topological photonics. 

An optical logic device was constructed in valley photonic crystals 99 ,
which is shown in Fig. 7 i. Here, a beam splitter is firstly constructed, and
optical logic device is then achieved by controlling reverse behavior of
the beam splitter. Place the input signals at port 1 and port 2, define the
initial phase difference of the input signals as 0 or π , and the input signals
will have destructive interference or constructive interference at the output
port. Opposite interference happens at port 3. The above description is the
scheme for XOR and OR gate. Other logic gates can also be realized by
cascading more geometries. 

Optical logic devices can also be constructed with ring resonators 117 .
Similar optical interference principle was applied, where two input signals
have different initial phase, leading to constructive or destructive interfer-
ence at the output port. A demonstration of XOR gate is given in Fig. 7 j. 

5.4. Opportunities and challenges The nontrivial topological phase
brings robustness to optical switches, optical isolators and optical logic de-
vices. The design of an optical switch requires active control over topolog-
ical phase transition and special materials possessing high electro-optical
coefficient or magneto-optical effect have proven effective. However, this
method is not friendly to integration. The topological isolator is a pas-
sive device, which is free of external control, but the introduction of non-
reciprocity requires magneto-optical material, nonlinearity, or temporal
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modulation. More prospective methods are the latter two because of the
weak magnetic response of magneto-optical material. Besides, topologi-
cal logic gates are necessary parts of an optical circuit, while the reported
ones are based on interference effects. The propagation of light within
these systems is protected by nontrivial topology but the phase accumula-
tion along the propagation path is still sensitive to fabrication defects. It
still remains a challenge to develop a better method. 

6. TOPOLOGICAL QUANTUM INFORMATION 

PROCESSING 

On-chip quantum light information processing can be used to construct
quantum computation systems and develop quantum-based algorithms. In
recent years, the emerging topological photonics has provided a platform
for achieving robust quantum optical chip, which just brings a route to
solve the susceptibility of quantum systems. In this section, several typi-
cal works about on-chip topological quantum information processing are
introduced. 

6.1. Topological quantum information processing devices In 2018, Barik
et al. coupled a quantum emitter with an all-dielectric topological waveg-
uide. Based on the structure shown in Fig. 8 a, a strong interface between
single quantum emitter and topological edge states were achieved 119 .
Their results show that the emission of these modes possesses chirality
and the propagation of these modes has robustness against sharp bends. 

Quantum correlation between two photons plays an important role
in quantum simulation and quantum computation. Blanco-Redondo et al.
proposed the first demonstration of topological protection of biphoton
states based on a chain of silicon nanowires with the structure shown in
Fig. 8 b 120 . The designed structure is a one-dimensional array of silicon
nanowires, which creates an SSH model by adjusting the gaps between
every two adjacent nanowires. A defect was set in the center of the ar-
ray to act as a topological interface. An intense picosecond pump pulse
was injected into the interface and correlated topological defect modes
were excited via spontaneous four-wave mixing. The experimental results
showed that the correlation was robust to introduced disorders. They also
presented the first experimental demonstration of topological protection
of entangled biphoton states based on SSH model 121 . The SEM image of
the designed structure is shown in Fig. 8 c. Most recently, they experimen-
tally proposed the entanglement of photons with different topology, in an
array of silicon waveguides 122 . It can be seen that there are three generated
modes in the defect of the designed array of silicon waveguides from the
left of Fig. 8 d. From the right side of Fig. 8 d, normalized pump intensity
and biphoton probabilities are plotted. 

Topologically protected two-photon quantum states was also per-
formed experimentally by Wang et al. on a photonic chip composed of
waveguides 123 . They built topological states based on off-diagonal Harper
model and realized the system on a waveguide array made of borosil-
icate glass, which was fabricated with a femtosecond laser direct writ-
ing technique. The designed structure is shown in Fig. 8 e. By analyzing
the quantum correlation of the topological boundary states, a high cross-
correlation and a strong violation of Cauchy-Schwarz inequality were re-
alized. Moreover, they also experimentally performed topologically pro-
tected polarization quantum entanglement on a similar photonic chip 124 ,
as shown in Fig. 8 f. Their results showed that quantum entanglement can
be well preserved when disorder and relative polarization rotation are in-
troduced into the system. 

Tambasco et al. also performed quantum interference of single-photon
topological states on a light chip 125 . The designed structure is a photonic
waveguide array, which implements the off-diagonal Harper model, as
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
shown in Fig. 8 g. This model supports two edge states at the boundaries
of the array. By tuning the time-varying Hamiltonian to control the band
structure of the device, they implemented a 50:50 beam splitter of topo-
logical states. Based on this device, Hong-Ou-Mandel interference was
observed with high visibility. The achievement of topological quantum
interference is useful for robust linear optical quantum computation. 

Squeezed light is a key resource in quantum sensing and quantum
information processing. Recently, Ren et al. have performed experimen-
tally the generation of squeezed light on a silica chip 126 . They achieved
SSH model on a photonic chip, which is shown in Fig. 8 h. With the edge
states, they performed topologically protected nonlinear process of four-
wave mixing to generate squeezed light. 

Chen et al. realized a quantum light circuit based on valley photonic
crystals 127 . They designed and fabricated harpoon-shaped beam splitters
with topological interfaces. By cascading splitters together, they achieved
a quantum photonic circuit, on which Hong-Ou-Mandel interference can
be observed. The experimental setup is shown in Fig. 8 i. 

6.2. Opportunities and challenges One of the key features in the applica-
tion of quantum information system is the quantumness which can be af-
fected by disorders in structures. The introduction of topological photon-
ics makes the protection of quantumness of the systems more reliable 123 .
However, there still exist great challenges in the development of topolog-
ical quantum information processing. Firstly, it is still difficult to expand
topological quantum information processing system to higher dimensions,
which is meaningful for increasing the information carrying capability of
the design system. Secondly, much more explorations are still needed to
buildg topological quantum information networks, which is an important
step towards topological quantum photonic chip integration in the future. 

7. TOPOLOGICAL LIGHT AMPLIFIERS AND 

SENSORS 

Light receiving is a basic step to collect and detect the signals on chip.
Light detecting devices receive the optical information from outside and
convert the signal supported by the optical integrated net. In this section,
topological light detecting devices are introduced, including topological
light amplifiers and topological light sensors. 

7.1. Topological light amplifiers The light amplifier is an important part
of light receiving process. Traditional fiber light amplifiers are not very
convenient to be integrated on a chip, and semiconductor light amplifiers
do not possess high stability. The introduction of topological edge states
is expected to help with these problems. 

Light amplification is inseparable from the study of non-Hermitian
systems. Porras et al. designed a topological amplifier in photonic lattices
with dissipative couplings in a non-Hermitian system 

128 . Topological pro-
tected edge states which govern the response to a coherent drive lead to
an exponential amplification effect and an example of an array of cou-
pled photonic cavities is given. This work presents a novel approach to
the singular value decomposition (SVD) of the non-Hermitian coupling
matrix, which is formally equivalent to the diagonalization of an effec-
tive Hamiltonian. The mapping of the SVD of Hamiltonian to an effective
Hamiltonian H allows the use of the theoretical machinery of topologi-
cal band theory. The topological band theory can predict the existence of
edge states. In the one-dimensional finite size lattice model, the edge sin-
gular value decays exponentially with the length of the system L divided
by a typical length, χ . The steady-state solution is inversely proportional
to the edge singular value according to the SVD of Hamiltonian, which
means that the existence of edge states of H leads to the amplification of
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Fig. 8 | Devices of topological quantum light processing. a, Interface between single quantum emitter and topological edge states. b, Achievement of topological pro- 

tection of biphoton states based on silicon nanowire array 120 . Reprinted with permission from ref. 119,120 . © 2018 American Association for the Advancement of Science. 

c, Experimental demonstration of topologically protected biphoton path entanglement. Reprinted with permission from ref. 121 . © 2019 De Gruyter. d, Biphoton entan- 

glement between modes with different topology. Reprinted with permission from ref. 122 . © 2022 American Physical Society. e, Achievement of topological protection of 

two-photon quantum states based on waveguide array. Reprinted with permission from ref. 123 . © 2019 Optical Society of America. f, Topologically protected polarization 

quantum entangled states. Reprinted with permission from ref. 124 . © 2022 Elsevier B.V. g, Quantum interference of two single-photon topological boundary states in a 

photonic waveguide array. Reprinted with permission from ref. 125 . © 2018 American Association for the Advancement of Science. h, Achievement of topologically pro- 

tected squeezed light. Reprinted with permission from ref. 126 . © 2022 Nature Publishing Group. i, Topologically protected valley-dependent quantum circuits. Reprinted 

with permission from ref. 127 . © 2021 American Physical Society. 

 

 

 

 

 

 

 

 

 

a coherent drive. Considering an array of cavities with nearest-neighbor
dissipative couplings, the effective Hamiltonian in the plane-wave basis
will give the edge state wave functions which have an exponential rela-
tionship to site number N . In Fig. 9 a, a chain of N cavities is coupled to an
auxiliary chain and the frequency gradient is used to break time-reversal
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
symmetry. The white circles represent main local photonic modes and the
orange circles represent auxiliary fast decaying modes for reservoir engi-
neering. The coupling g with periodic modulations and collective incoher-
ent pumping from the auxiliary cavities allow dissipative coupling matrix
to satisfy topological phases. 
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Fig. 9 | a, A physical implementation of the 1D topological amplifier. Reprinted with permission from ref. 128 . © 2019 American Physical Society. b, Scheme of 

topological amplification based on a 1D photonic lattice. Reprinted with permission from ref. 129 . © 2021 Optical Society of America. c, Illustration of an NTOS setup 

which consists of a one-dimensional chain with 2 N − 1 lattice sites in an open ring geometry 137 . d, Exponential scaling of | �E| with system size N in the NTOS based 

on the non-Hermitian topological model for different values of �137 . e, Illustration of the QUANTOS setup, which consists of an odd number of bosonic modes in an 

open ring geometry 140 . Reprinted with permission from ref. 137,140 . © 2020, 2022 American Physical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In another way, light amplification was achieved by combining mate-
rial gain with topological protection. Ghosh et al. presented a 1D photonic
lattice, which realizes topological amplification by Zak phase analysis 129 .
The device diagram is shown in the upper panel of Fig. 9 b, in which blue
part represents high refractive index material and red part low refractive
index material. High refractive index waveguides with different width and
thickness are of different topological properties described by Zak phases.
The lower panel of Fig. 9 b shows that uniform gain and loss applied to
two refractive-index layers make the intensity of Gaussian beams increase
when passing through topological edge states. When only uniform gain
is applied to low-refractive-index layers, a high-intensity topological light
state could be obtained. 

Besides, Ling et al. designed a topological amplifier system by study-
ing Bogoliubov-de Gennes (BdG) systems 130 . Stable bulk states and un-
stable edge states allow the topological amplifier to work. Thus, they pre-
sented a theorem which can determine the stability of a state with energy
sufficiently far from zero in a BdG system. This theorem applied to a gen-
eralization of a model from Galilo et al. 131 makes a topological amplifier
work in BdG system. 

There are several topological light amplifiers in theory, however, ex-
perimental results are still absent. Amplification is an important step for
on-chip integration, which can gather and amplify weak signals. The ex-
perimental realization of topological light amplifiers will be beneficial for
robust receiving and processing of weak signals. 

7.2. Topological light sensors Due to the advantages of sensor appli-
cations, optical sensors have gained tremendous interest and popular-
ity as promising sensors resulting from their particular properties, for
example, high speed and remote sensing ability and fast response 132 .
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Recently, a new 1D topological photonic cr ystal heterostr ucture mirror
has been proposed to realize a hybrid resonance mode due to the ro-
bust optical localization at the topological edge area with high sensor
abilities and performance 133 . A flexible platform was examined to de-
sign a topological photonic sensor that can be used for any type of
sensor solely by replacing the interface layers with the sensor mate-
rials to resolve the problem of defect mode in reducing the value of
transmission and appropriate high sensitivity associated with a large
Q -factor 134 . 

Moreover, in non-Hermitian lattice systems with many degrees of
freedom, an exceptional spectral sensitivity has recently been found in
non-Hermitian topological systems, in which phase transitions driven by
slight variations in boundary conditions have been predicted and ob-
served 135 , 136 . Interestingly, by combining non-Hermitian sensing with the
topological matter concept, an enhancement in sensitivity that scales ex-
ponentially with system size is promoted to a steady phenomenon in-
dependent on fine-tuning 137 . These non-Hermitian topological sensors
(NTOSs) rely on the energy shift in the topological edge state mode in
response to slight variations in the boundary conditions 137–139 of a chain
in the broken ring geometry. Their system relies on effectively coupling
the physical quantity to be detected with the boundary conditions of an ex-
tended system of 2 N − 1 lattice sites 139 , for example, by modulating the
� coupling between the NTOS terminus and the tunneling barrier, which
is shown in Fig. 9 c and d. 

A quantum theory for a quantum non-Hermitian topological sensor
(QUANTOS) is also presented 140 .The authors studied the relations be-
tween inputs and outputs allied with concrete experimental monitoring
schemes such as heterodyne detection. There, the probability density for
observing the output x is parametrically dependent on the all-important
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boundary state parameter that couples with the observable detection by
QUANTOS, which is shown in Fig. 9 e. 

7.3. Opportunities and challenges Light amplifiers based on topological
states provide a new platform to detect light, and their performance is hard
to be affected by external environment. In general, topological light ampli-
fiers are still in theoretical design now. Amplification of light in transmis-
sion is generally achieved by gain and loss of non-Hermitian systems. The
physical implementation of the topological amplifier is presented by in-
troducing a dissipative coupled one-dimensional photonic lattice through
non-Hermitian theoretical analysis. However, there are potential problems
with the introduction of dissipative coupling on chip probably. Another
method of light amplification combining gain medium and topological
protection is relatively simple , however, the light amplification dynamics
given is only based on a Gaussian beam. In addition, bosonic analog of
BdG Hamiltonian is a possible approach for topological amplifiers. 

As reviewed above, applying non-Hermitian topological phase in sen-
sors can drastically increase the detecting sensitivity. However, the ad-
vantages of topological sensors are currently only demonstrated in the-
ory. More experimental efforts are needed to verify their performances.
In addition, there are inevitable noises from environment when detecting
signals from outside, it still remains a great challenge about how can topo-
logical sensors distinguish target signals from the noises. 

8. OUTLOOK 

Topological photonics has been studied for years since 2008 53 , and various
topological protection mechanisms were proposed. The novel phenomena
of topological photonic crystals open an exciting prospect for realization
of robust on-chip optical devices. The propagation of light in the topologi-
cal channels builds high robust ways for information processing on optical
integrated chips. However, there are still challenges for broad applications
of on-chip nanophotonic devices. 

In general, the applications of topological photonics in on-chip
nanophotonic devices are starting to spurt. However, there still exist chal-
lenges on integrated devices minimization, strong robustness and com-
patibility. Firstly, the requirement of periodic lattices in topological pho-
tonic crystals leads to a relatively big size of topological photonic de-
vices. Although there is a report about topological corner states based on
aperiodic lattices 141 , it is still based on modulation of periodic lattices.
Secondly, the robustness of topological photonic crystals is currently lim-
ited to imperfection with strength compared with bandgap. Superior ro-
bust topological devices, which can work under extremely adverse con-
ditions, are still needed. Thirdly, existing topological nanophotonic de-
vices are based on different topological protection mechanisms. Some of
them need external magnetic field, while some others need broken spa-
tial inversion symmetry without magnetic field. Different schemes use
different materials and are suitable for different kinds of devices. The
variety of topological protection mechanisms may face the problems of
compatibility when these topological nanophotonic devices are integrated
together. 

The field of topological photonics is still developing and big problems
call for great methods. Below, we give an outlook on some possible de-
velopment directions of on-chip topological nanophotonic devices, which
will possibly provide a view of the trend in this field. 

8.1. Non-Hermitian on-chip topological nanophotonic devices Non-
Hermitian systems, which have rich physics beyond its Hermitian coun-
terpart, have attracted extensive interest from scholars at home and
abroad recently. It is necessary to explore non-Hermitian topological
CHIP | VOL 1 | WINTER 2022 Lu, C.-C. et al. Chip 
states due to the fact that the real world is composed of open systems
with non-Hermicity instead of Hermitian systems, and the novel nature
of non-Hermitian systems opens up many possibilities for device de-
sign. Recently, several works have been proposed to achieve topolog-
ical devices in the non-Hermitian system. Non-Hermitian control was
used to steer topological light propagation along the gain–loss inter-
face of a topological micro-ring photonic lattices 43 , 142 . Non-Hermitian
topological sensors were designed in 2020, the sensitivity of bound-
ary conditions grows exponentially with small changes in the size of
devices 137 . 

It also faces great challenges due to the complexity of non-Hermitian
systems, especially the non-validity of traditional bulk-boundary corre-
sponding relationship, which means the topological properties need to be
redefined. There is still rich physics in non-Hermitian system to be ex-
plored. For example, recently, the point-gap topology corresponding to
non-Hermitian skin effect was realized firstly based on photonic crystals
on chip 143 . The point-gap topology was characterized by the winding num-
ber corresponding to the closed loop formed in the complex frequency
plane. 

8.2. Non-Abelian on-chip topological nanophotonic devices Non-
Abelian gauge field was introduced to explain the strong interaction by
Yang and Mills firstly 144 . Later, non-Abelian Aharonov-Bohm effect 145 

and non-Abelian anyons and statistics 146 were achieved in classical wave
system. Roughly speaking, non-Abelian property means that transforma-
tions which are performed in different orders or paths are not equivalent,
where the commutative law is not satisfied. It involves the dynamic
evolution of different states. Specifically, the non-Abelian phenomenon is
special in traversing through band degeneracies, whereas the operator on
the non-degenerate path is always Abelian. 

Non-Abelian topological devices on the chip are expected to be imple-
mented in one-dimensional twisted waveguide arrays or two-dimensional
photonic crystals on a chip. Considering waveguide arrays of a certain
length in the z-direction, and the waveguide is twisted in the x - y plane
along the z-direction to regulate the coupling between waveguide ar-
rays. When the order of the evolution path is changed, the initial state
is transformed into different final states, which show non-Abelian charac-
ter. The optical mode conversion is realized by designing the distribution
of eigenstates between different twisted waveguides. Non-Abelian topo-
logical braiding on a chip is also considered as a promising way to realize
topological optical quantum computing. However, it is difficult to design
topological protection based on the conversion. 

8.3. On-chip topological nanophotonic devices based on metasurface
Metamaterials are artificial materials that exhibit extraordinary physi-
cal properties not found in nature. Metasurfaces, the thin film of two-
dimensional equivalent of metamaterials, are periodic arrays of subwave-
length engineered inclusions that can locally manipulate and enhance
wave-matter interactions 147 . In recent years, topological photonic the-
ories such as optical vortices with different topological charges 110 , 148 ,
topological corner state 149 , topological Z 2 phase 150 have been verified
based on metasurface materials. At the same time, various applica-
tions such as topological polariton generations 150 , 151 , topological invariant
measurement 152 , perfect isolators 110 and nonlinear effect enhancement 153 

are realized with metamaterials. Metasurface, different from the three-
dimensional metamaterials, can be used to provide a chip platform as a
thin film and maintain certain unique properties of metamaterials through
artificial designing. Metasurface may convert the interesting topological
phenomenon from space to chip. 
1 , 100025 (2022) 17 of 21 

https://doi.org/10.1016/j.chip.2022.100025


Review DOI: 10.1016/j.chip.2022.100025 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8.4. On-chip topological nanophotonic devices based on intelligent al-
gorithms Traditional design methods of topological nanophotonic de-
vices are mostly based on mature physical models. Topological nanopho-
tonic devices can be designed by tuning the parameters under the guid-
ance of physical rules. Actually, the tuning process can be complemented
by intelligent algorithms to get nanophotonic devices with excellent-
performances, as long as the target function can be abstracted out from
the design question 154 , 155 . By introducing intelligent algorithms into the
design of topological nanophotonic devices, more complicated structures
with greater design space can be achieved. For example, Yuan et al.
designed topological wavelength router with an intelligent algorithm 

96 .
Christiansen et al. designed topological nanophotonic waveguides on di-
electric material plate using density-based topology optimization 156 . Chen
et al. designed high order topological photonic insulator based on an intel-
ligent topology optimization approach 157 , 158 . With the designed topologi-
cal insulators, topological waveguides and cavities can be constructed. 

It should be pointed that the ‘topology’ in topology optimization has
different meanings with the ‘topology’ in topological insulator. The topo-
logical nanophotonic devices designed with topology optimization are of
freefor m str uctures, which could broaden the view of the design of topo-
logical nanophotonic devices. 

8.5. Multiple functional topological nanophotonic integration It can be
seen that there are various design schemes of topological nanophotonic
devices. Different schemes are suitable to design several specific kinds
of topological devices. However, to achieve a multiple functional topo-
logical nanophotonic integrated chip, it is necessary to consider carefully
the compatibility of these different schemes. It is essential to propose a
kind of design framework that could include all these different topological
nanophotonic devices, which is challenging but still attractive. To achieve
this, more theoretical and experimental efforts are needed. All the physical
mechanisms introduced and commented in this review can be used as al-
ter natives for constr ucting topological photonic states. Meanwhile, intel-
ligent algorithms, such as various optimization algorithms, deep-learning
methods, can be used to design multiple functional topological nanopho-
tonic devices on one chip to obtain the best performances with novel struc-
tures predicted 159 . 

9. SUMMARY 

To sum up, the on-chip topological nanophotonic devices were reviewed
from the aspects of chip functions, physical mechanisms, design and fab-
rication methods, integration, etc. Topological photonic states provide a
robust and promising platform for the study of nanophotonic devices and
the next-generation photonic chip. The background, development, oppor-
tunities and challenges, as well as the outlooks, were given for different
on-chip topological nanophotonic devices in each section. The introduc-
tion of topological photonics in on-chip nanophotonic devices will accel-
erate the development of robust light information processing. Future de-
velopment of this exciting field calls for new concepts in photonic chips,
improved fabrication technology, novel materials and deep understanding
about the underneath physical mechanisms. 
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