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Highlighting photonics: looking 
into the next decade
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Abstract 

Let there be light–to change the world we want to be! Over the past several decades, and ever since the birth of the 

first laser, mankind has witnessed the development of the science of light, as light-based technologies have revolu-

tionarily changed our lives. Needless to say, photonics has now penetrated into many aspects of science and technol-

ogy, turning into an important and dynamically changing field of increasing interdisciplinary interest. In this inaugural 

issue of eLight, we highlight a few emerging trends in photonics that we think are likely to have major impact at least 

in the upcoming decade, spanning from integrated quantum photonics and quantum computing, through topo-

logical/non-Hermitian photonics and topological insulator lasers, to AI-empowered nanophotonics and photonic 

machine learning. This Perspective is by no means an attempt to summarize all the latest advances in photonics, yet 

we wish our subjective vision could fuel inspiration and foster excitement in scientific research especially for young 

researchers who love the science of light.
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1 Introduction

Photonics plays a crucial role in our daily lives, as the sci-

ence of light and associated technological development 

is turning into an economic and social imperative in the 

twenty-first century. To mention just one example, what 

make today’s internet possible are the inventions of opti-

cal fiber communication, the distributed feed-back lasers, 

and the fiber amplifiers. Equally important, the science of 

light has led to numerous fundamental discoveries. Per-

haps, one of the most profound is the first experiments 

on quantum entanglement [1, 2] that started the second 

quantum revolution, performed strictly with photons. 

Many other discoveries were driven by progress in laser 

science, ranging from for example experimental realiza-

tion of Bose–Einstein condensates [3], demonstration 

of quantum simulators [4], high harmonic generation 

and attosecond science [5–7], to super-resolution laser-

driven microscopy [8]. Indeed, for the past 25  years or 

so, the largest number of Nobel Prizes in physics is in the 

general area of light science.

Here, we do not dwell into the past, but rather provide 

a glimpse into a few emerging trends in photonics that 

we think are important and will continue to advance in 

the next decade.

2  Integrated quantum photonics and photonic 

quantum computing

Quantum photonics, a field that has advanced rapidly in 

the past decade, deals broadly with fundamental science 

and technology where quantum effects play the essential 

role. Loosely speaking, quantum photonics focuses on 

the applications based on quantized light-matter interac-

tion, where it often involves manipulation and active con-

trol of light and matter at the quantum level, either for 

single photons, entangled pairs of photons and/or atoms, 

or their cluster states. Although research into quantum 

photonics has a history almost as venerable as that of the 
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laser, only in recent decades efforts have become more 

focused on the practical applications of photonic quan-

tum technologies [9, 10]. Quantum technologies are 

expected to have the potential to play important roles 

in many applications such as quantum metrology, quan-

tum information processing, quantum thermometry, and 

quantum bio-marking and sensing. An exemplary success 

is in the area of quantum cryptography which has been 

highly tested and advocated for secure communication, 

from ground-based quantum key distribution to satellite 

quantum communications [11, 12]. Perhaps, one of the 

most important quantum technologies is the holy grail of 

making a real quantum computer: real in the sense that 

it is fault-tolerant and can solve computation problems 

that classical computers cannot, even within a span of a 

century. Quantum computers are now being extensively 

explored, with important progress in several platforms 

such as superconductors, ion traps, neutral atoms, and 

particularly silicon photonics circuitries, although there 

is still a long way to go [13]. Here, integrated quantum 

photonics (IQP) plays a major role and might win the 

competition for realizing a real quantum computer.

Some of recent progresses in the IQP area were 

reviewed in a special focus issue of Nature Photonics  [14, 

15], where one can find an introduction to IQP circuits 

and a general overview of the advances in IQP technolo-

gies along with demonstrated applications, as well as the 

progress of the hybrid IQP devices (with assembled opti-

cal components made from different material systems) 

and the roadmap for realizing future advanced large-scale 

hybrid quantum devices. Towards the goal of realization 

of  on-chip quantum photonics, silicon-based materials 

have been actively explored for IQP due to their compati-

bility with conventional CMOS fabrication processes. For 

example, Peyskens and co-workers [16] recently demon-

strated the integration of single photon emitters in two-

dimensional (2D) layered materials with a silicon nitride 

photonic chip, promising for single photon generation 

and extraction in scalable quantum photonic circuits. 

Paesani and co-workers [17] developed a novel nonlin-

ear optical technique to generate near-ideal integrated 

photon sources in silicon with the potential to deliver 

large-scale quantum photonics on a single chip.  Lukin 

and co-workers [18] demonstrated single-photon emis-

sion and efficient optical frequency conversion from an 

IQP chip based on silicon carbide. Very recently, Fadaly 

and co-workers [19] demonstrated efficient light emis-

sion from hexagonal silicon–germanium alloys similar to 

that from direct-bandgap semiconductors. All these light 

sources, aiming towards building blocks for quantum 

photonic circuits, are based on CMOS-compatible pro-

cesses, making them particularly attractive for IQP and 

quantum computing in a single and monolithic platform. 

In addition to those, the past decade has witnessed major 

progress on quantum dot sources of entangled photon 

states. In fact, already in 2006,  Gershoni’s group dem-

onstrated entangled photon states “on demand” from 

a semiconductor quantum dot [20], and more recently 

photonic cluster states on demand [21]. Importantly, 

such quantum dot sources are designed to emit only 

the entangled states they were designed for, unlike all 

other sources (e.g., from spontaneous parametric down-

conversion and four wave-mixing) that emit statistical 

quantum light. For these reasons, quantum dot sources 

are considered as good candidates for quantum circuitry 

[22].

�e progress on single photon sources and sources for 

entangled photon states and cluster states suggests the 

possibility of photonic quantum computing. Essentially, 

most of the routes to quantum computing include pho-

tonic settings in one form or another. As with classical 

computing, quantum computing typically requires logic 

gates that can be switched by a single quantum state. 

For example, a gating device that would be switched by 

a single photon, such that the first photon state passes 

through and switches the gate to reflect the second pho-

ton state [23]. In other words, almost all quantum com-

puting schemes require a "two-QBit gate" that includes 

a nonlinear interaction driven by a single photon. �is 

poses major challenges, because the interaction between 

a single photon and an atom, a molecule, or a quantum 

dot, is generally very weak. �is is why single-photon 

nonlinear optics requires extreme conditions such as 

ultra-high-Q resonators and the like [24]. �e implica-

tions of the difficulty in making a 2-QBit quantum gate 

are far reaching. �ey basically imply that, at present, 

there are only a handful of technologies that are widely 

considered as scalable platforms for quantum comput-

ing: superconductors (where the research and develop-

ment is led by giant companies like IBM and Google, and 

is beyond the scope of this perspective article), ion traps 

[25–27] and the so-called “one-way photonic quantum 

computing”  [28, 29] based on silicon photonic circuitry 

currently led by companies like PsiQuantum (https:// 

psiqu antum. com) and Xanadu (https:// xanadu. ai), as 

well as the major efforts led by Pan, Lu and coworkers 

in China (Fig. 1a) [30]. All other technologies for quan-

tum computing are uncertain in their ability to scale up 

for a real quantum computer–that can actually do some-

thing useful (such as breaking codes), although some of 

them have already demonstrated impressive abilities 

in the closely related area of photonic programmable 

quantum simulators, for example, the 51-atom quantum 

simulator [31] and the diamond quantum nanophoton-

ics [32]. In our opinion, photonics is currently the only 

viable platform for achieving a fault-tolerant quantum 

https://psiquantum.com
https://psiquantum.com
https://xanadu.ai
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computer in near future. �e platform is characterized by 

low error rates (estimated to be lower than  10–5) which 

are several orders of magnitude below those character-

izing platforms that use the matter-based qubits. �is 

comes with the price of employing non-deterministic 

linear optical gates, which give an overhead on the num-

ber of photons used to generate a photon that is actually 

used in the computation itself. However, this overhead 

can be seen to be favorable to the immense overhead of 

performing error correction or distillation to bring mat-

ter qubits to a similar error level. In fact, the stupendous 

amount of resources required for fault tolerant operation 

of quantum algorithms (estimated to be on the order of 

 1015–1017 qubits multiplied by time-steps) highlights the 

great advantage of using a platform based on silicon pho-

tonics, as CMOS is the only currently available technol-

ogy capable of supporting devices on very large scales 

(larger than  107 components).

Let us elaborate on the photonic quantum computing 

technology. �e entire approach of this technology is 

not based on quantum gates at all, but rather this “one-

way quantum computing" (or  "measurement-based 

quantum computing") implements in a completely dif-

ferent way, as first proposed about two decades ago 

[28] and demonstrated using the polarization states of 

photons [33]. Unlike all other techniques studied or 

proposed for quantum computing–which are based on 

single-qubit and entangling gates (e.g., two-qubit gates) 

chosen according to the implemented algorithm, pho-

tonic quantum computing does not rely on any physical 

gates during the computation. �e photonic quantum 

computing scheme begins with the preparation of a 

standard entangled resource state which is independent 

of the algorithm implemented (e.g., a cluster state). �e 

photons comprising this quantum state are launched 

into a predesigned integrated photonic circuit. �e 

computation itself is performed by a continuous cycle 

of single photon coincidence measurement and dynam-

ical updates to the connectivity of the channels of the 

circuit (via electro-optic switches or alike) based on the 

measurement result and the specific algorithm imple-

mented. �us, this scheme of computing does not 

require any logic gate whatsoever: the role of gating (a 

nonlinear switching unit) is played by the measurement 

itself. It is "one-way" because the resource cluster state 

is destroyed by the measurements, and it is advanta-

geous because the cluster-state quantum computation 

does not a priori rely on any gate (quantum or classi-

cal). �e great advantage of this technique is the abil-

ity to create an entangled state of a large number of 

photons, which is at the same time sufficiently free of 

errors and large enough to allow the use of topologi-

cal error correction codes and therefore to operate in 

a fault tolerant manner. Constructing a device with 

a comparable number of physical qubits and fidelity 

which can allow the use of error correcting codes does 

not seem possible at least in the near future using any 

other technology.

�ere are many research groups worldwide are now 

working actively on quantum cluster states. For exam-

ple, Reimer et  al. [34] experimentally realized three-

level, four-partite cluster states formed by two photons 

in order to perform proof-of-concept high-dimensional 

one-way quantum operations with integrated photonic 

chips. Recently, Asavanant  et al.  and Larsen  et al.   [35, 

36] reported the generation of large-scale cluster states 

of quantum continuous variables by use of a combina-

tion of quantum “squeezed light” to create massive, 

quantum-entangled 2D cluster states of light (Fig.  1b). 

It is yet unknown if this approach can achieve the first 

Fig. 1 a Artwork illustrating the boson sampling experiment to achieve photonic quantum supremacy, as established in a quantum computer 

called “Jiuzhang”  [30] [Image credit: Yihan Luo/ScienceNews]. b Artwork illustrating the entanglement structure of a large-scale quantum processor 

made of light, highlighting the work from two research teams on the development of entangled 2D cluster states promising for “one-way” quantum 

computing [35, 36] [Image credit: Shota Yokoyama]
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real quantum computer, although it is already clear that 

photonic one-way quantum computing has some major 

advantages over other approaches.

As gigantic companies like IBM, Google and Microsoft 

are racing to build general-purpose quantum comput-

ers, joined by many others in China and worldwide with 

increased investment, it seems promising that quantum 

computing will no longer be just a dream or science fic-

tion. We believe that it is only a matter of time, and that 

quantum computers will change our world. Clearly, the 

science of light and associated photonic technologies will 

play a major role in this quantum arena.

3  Topological/non‑hermitian photonics 

and topological insulator lasers

�e theoretical discovery of topological phases of mat-

ter, manifested in many intriguing phenomena such as 

the quantum Hall effect and topological insulators, led to 

the 2016 Nobel Prize in physics. In a nut shell, topologi-

cal insulators are materials that are insulators in the bulk 

but perfect conductors on their edges. �e edge current 

exhibits the so-called "topologically protected transport": 

any wavepacket comprising superposition of edge states 

experiences unidirectional transport, robust against 

defects and disorder so long as the variation in the poten-

tial is smaller than the topological bandgap. �e first dis-

covered topological insulator was the quantum Hall effect 

(1985 Nobel Prize in physics), which relied on coherent 

transport of electrons subject to strong magnetic fields, 

dictating unidirectional topologically-protected trans-

port (via the Lorentz force) of edge states in the topologi-

cal bandgap. Modern topological insulators rely on other 

effects, such as spin–orbit interaction, temporal modula-

tion of the underlying potential, and more. In its origi-

nal domain of electronic systems, topological insulators 

rely on fermionic effects. However, already 15 years ago, 

researchers started to wonder whether the basic concepts 

of topological insulators are unique to fermions or they 

could be extended to bosonic systems. �e understand-

ing was that, if the ideas can indeed be generalized to 

bosons, then the underlying concepts are universal–apply 

also to all classical wave systems in nature. �e first sug-

gestion for a bosonic topological system was made by 

Haldane (one of the 2016 Nobel laureates) and Raghu in 

2008 [37], who realized that breaking time-reversal sym-

metry in a photonic crystal could lead to electromagnetic 

topological insulators. �e natural candidate to do that 

was using the magneto-optic effects in a photonic crystal. 

Indeed, within a year, the group of Soljačić demonstrated 

the idea in a photonic crystal made of gyro-optic mate-

rial [38]. However, unlike other situations, for topologi-

cal insulators the size actually matters: the topological 

protection of transport directly relies on the size of the 

bandgap. Alas, all magneto-optic effects are fundamen-

tally very weak at frequencies of terahertz and higher, 

hence the protection at optical frequencies would be 

virtually non-existent because that slight disorder would 

close the topological gap. Accordingly, the pioneering 

work in gyro-optic photonic crystal [38] was performed 

with microwaves, where the magneto-optic effects can be 

strong. �e goal of making photonic topological insula-

tors at optical frequencies remained a major challenge for 

another few years, with many suggestions relying on vari-

ous effects that do not rely on magnetic fields. Eventually, 

in 2013, the first photonic topological insulators were 

demonstrated: the Floquet photonic topological insulator 

relying on modulation [39] (based on an idea suggested in 

solid state physics [40]), and an aperiodic arrangement of 

coupled resonators emulating the integer quantum Hall 

effect [41]. Within a few years, numerous other mecha-

nisms for photonic topological insulators were proposed 

and demonstrated in experiments, ranging from bianiso-

tropic metamaterials [42, 43] and systems relying on the 

valley-Hall effects [44], to topological interfaces between 

expanded and shrunk honeycomb lattices [45] and peri-

odic networks of strongly coupled resonators [46, 47].

Importantly, topological insulators do not necessarily 

need to rely on periodic structures in real-space; rather, 

they can rely on a ladder of equally-separated energy 

states, such as cavity modes [48, 49] or Bloch modes in 

a waveguide array judiciously designed as the so-called Jx 

lattice [50]. Such topological insulators employing non-

spatial dimensions are commonly referred to as "syn-

thetic-space topological insulators", first demonstrated 

in cold atom systems [51, 52]. In photonics, the first 

synthetic-space topological insulator was demonstrated 

only recently in 2019 [50]. One of the interesting fea-

tures of such synthetic-space systems is that they can 

exhibit a variety of phenomena that cannot be observed 

in real-space systems, for example, multi-dimensional 

topological dynamics [50], long-range connectivity, non-

local disorder, and topological transport in the bulk [50, 

53–55]. �e necessity of a topological bandgap seems to 

imply that topological insulators must rely on a periodic 

structure (in real space or in synthetic dimensions). But, 

in fact, having a periodic potential is not at all required 

for having a topological insulator. It is indeed necessary 

to have a gap, which has to be topological. But, as was 

recently shown, modulation can readily induce a topolog-

ical gap in structures lacking periodicity altogether, such 

as quasicrystals [56] or even fractal structures [57].

Research activities on topological photonics has 

grown tremendously in the past decade, with much pro-

gress made in implementing topological phases of light 

using different platforms such as metamaterials, surface 

plasmons, exciton-polaritons [58] photonic crystals, 
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waveguide lattices and coupled cavities, as covered in 

quite a few review papers [59–63]. New findings and 

discoveries emerge popularly in topologically protected 

edge states and topological insulators, topological phases 

in synthetic dimensions, higher-order topological insula-

tors, non-Abelian topological photonics, nonlinear and 

quantum topological phenomena. For example, Liu et al. 

recently demonstrated a universal mapping of topologi-

cal singularities from momentum to real space [64]. Yang 

et  al. demonstrated a 3D photonic topological insulator 

with an extremely wide topological bandgap [65]. In par-

ticular, non-Abelian gauge fields in real space, non-Abe-

lian nodal links in momentum space, braiding topological 

zero modes have also been observed in photonic experi-

ments very recently [66–68]. Some recent progresses in 

this area are reported in a special collection of Light Sci-

ence & Applications [69].

In parallel, another burgeoning area in the last decade 

is the parity-time (PT) symmetry optics, or more gener-

ally, non-Hermitian photonics. In 2008, the concept of 

PT-symmetry developed in quantum mechanics was 

first integrated into the domain of optics and photon-

ics by Makris et  al. [70], and independently by Kleiman 

et  al. [71] who introduced the concept of exceptional 

points into photonics. Soon thereafter, PT-symmetry and 

exceptional points were demonstrated in both passive 

[72] and active [73] photonic systems, by manipulation 

of optical gain and loss (analogous to complex quantum 

potentials), from two-component PT couplers [72, 73] to 

synthetic PT lattices [74]. Subsequently, many surprising 

experiments and fundamental findings blossomed in the 

study of non-Hermitian photonic systems, including for 

example PT-symmetric microring lasers and whispering-

gallery microcavities [75–77], and the use of the extreme 

sensitivity near exceptional points for sensing [78–80]. 

Ever since these important experimental demonstrations, 

non-Hermitian physics has turned into one of the fast 

growing and important research frontiers in the field of 

photonics and beyond [81–84].

Perhaps, one of the most important developments in 

the broader field of topological/non-Hermitian pho-

tonics came with the proposal of topological insulator 

lasers [85], which was made more than a year before 

any suggestion or experiment to combine the concepts 

of topology and lasing. Undoubtedly, in the entire field 

of topological photonics, the research topic that is clos-

est to real technological application is the topological 

insulator lasers. �e motivation was to harness the fea-

tures of topologically protected transport to force many 

semiconductor emitters to lock together and behave as a 

single powerful highly coherent laser source [85]. Tech-

nologically, having a high-power semiconductor laser 

has been a challenge of more than four decades, and 

all attempts to make a coherent “broad-area laser” or a 

“laser diode array” have generally failed. Laser arrays are 

currently used only as a strong flashlight to pump solid 

state lasers (NdYag etc.), but their coherence is not much 

better than of a light emitting diode. �e vision–from the 

first time this idea was proposed [85]—was therefore to 

make use of the fundamental features of topological insu-

lators to force injection-locking of many semiconductor 

laser emitters to act as a single coherent laser. However, 

because a laser system is inherently a non-Hermitian sys-

tem which includes gain and loss, there stood out a ques-

tion whether or not a non-Hermitian system can support 

any kind of topological protection.

Combining topology with non-Hermitian physics 

seems to be natural but conceptually it is a highly chal-

lenging goal. �e first non-Hermitian topological system 

was demonstrated in a photonics experiment [86], fol-

lowing an earlier prediction of a topological transition 

in non-Hermitian quantum walk [87]. �is was a one-

dimensional (1D) non-Hermitian lattice where the pres-

ence of loss made it possible to identify the topology of 

the corresponding passive non-Hermitian system just 

from bulk measurements, without the need to investigate 

edge states. Notwithstanding that experiment, the idea 

of combining topology and non-Hermitian physics was 

bound to create controversies and arguments: at the very 

least, topological physics relies on the existence of topo-

logical quantities that remain invariant during deforma-

tions of the system, yet in non-Hermitian systems it was 

not clear at all that such conserved quantities can exist. 

In fact, there were some theoretical papers that claimed, 

for example, that PT-symmetric topological systems 

cannot exist, casting major doubts on the ability of non-

Hermitian systems to exhibit topologically-protected 

transport. Some of the controversial issues were resolved 

by the demonstration of 1D topological photonic sys-

tems exhibiting broken [88] and full [89] PT-symmetry. 

However, these 1D systems cannot have topologically-

protected transport along their edge, because the edge in 

a 1D system is zero-dimensional. As such, these experi-

ments [88, 89] and the theory therein do not really pro-

vide an unequivocal proof for the existence of conserved 

topological properties in non-Hermitian systems. Taking 

the controversial idea a step forward and suggesting the 

topological insulator lasers has created more controver-

sies: namely, lasers generally combine gain, cavity and the 

nonlinearity of gain saturation. �e proposal for the top-

ological insulator laser [85] relied on two important top-

ological features: robustness against random variations 

in the on-site potential, and the non-zero group veloc-

ity of the topological edge modes. �e former property 

is essential to ensure injection-locking of multiple laser 

elements that could afford deviations in their resonance 
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frequencies (inevitable in the fabrication process); and 

the latter guarantees that the lasing topological edge 

mode includes all the elements and does not allow inde-

pendent lasing of local groups of emitters. Nonetheless, 

despite the early vision in 2016 [85], the idea initially met 

with much skepticism. Even when a topological insula-

tor laser was first experimentally demonstrated [90], and 

even now–4 years after–the issue of topological protec-

tion of transport in a non-Hermitian system is not fully 

resolved. Exactly because of this issue, the first theoreti-

cal model proposed for topological insulator lasers was 

chosen to be based on the archetypical Haldane model 

with the addition of gain, loss and nonlinearity [91]. �e 

simulations showed unequivocally that the topologi-

cal platform gives rise to immune transport in this 2D 

laser system despite the non-Hermiticity. �is led to the 

conjecture that topological invariants should exist also 

in non-Hermitian systems, as otherwise there would be 

no explanation to the unidirectional transport and the 

immunity to defects and disorder [90]. �is was the goal 

of several recent papers [92–96] to present a general 

framework for classifying topological phases of generic 

non-Hermitian systems. �is fundamental issue is still 

one of the outstanding challenges in topological physics 

at large, where topological photonics is the spearhead of 

research.

Back to the topological insulator lasers (leaving behind 

the questions about combining topology and non-Her-

mitian physics), after the first suggestion of topological 

lasers [85], there was a series of early works demonstrat-

ing laser emitting from a zero-dimensional topological 

edge state in a 1D chain [97–99]. But in those systems 

there was no edge transport at all, because the lasing was 

almost fully confined to a single resonator. �en, there 

was an attempt to incorporate gyro-optic material in a 

laser cavity [100], but since the magneto-optic effects at 

optical frequencies are extremely weak, the bandwidth of 

the laser was broader than the topological bandgap and 

there was no evidence of protected transport. Eventu-

ally, the first topological insulator laser was demonstrated 

theoretically [91] and experimentally [101] (Fig. 2a), dis-

playing the expected features. �is laser was constructed 

on a standard optoelectronic platform, as an aperiodic 

array of 10 × 10 coupled ring-resonators on InGaAsP 

quantum wells wafer. �is 2D setting is composed of a 

square lattice of ring resonators coupled to each other 

via auxiliary links. �e intermediary links are judiciously 

spatially shifted to introduce a set of hopping phases, 

establishing a synthetic magnetic field that yields topo-

logical features. To promote lasing of the topologically-

protected edge modes, only the outer perimeter of the 

array was pumped, while leaving the interior elements 

lossy. �is topological insulator laser operated in single 

mode, even considerably above threshold, whereas the 

corresponding topologically trivial realizations led to 

lasing in an undesired multimode fashion. More impor-

tantly, the topological laser displayed a slope efficiency 

that was considerably higher than in the corresponding 

trivial realizations, even in the presence of defects and 

disorder.

Since then, several groups followed with a variety of 

configurations for realizing topological insulator lasers, 

e.g., a topological quantum cascade laser with valley edge 

modes [102] (Fig. 2b), a topological bulk laser based on 

band-inversion-induced reflection [103], a topological 

nanolasers based on second-order corner states [104], a 

topological insulator laser with next-nearest-neighbor 

coupling [105], and a Dirac-vortex topological cavity 

promising for large-area single-mode lasing [106]. Finally, 

we note the very recent experiments on a topological 

Fig. 2 a Artistic illustration of the first demonstrated topological insulator laser, where lasing goes around the perimeter unobstructed by sharp 

corners or disorder, exiting from the output port [91, 101] (Credit: Miguel Bandres, UCF). b Artist’s impression of an electrically-driven topological 

quantum cascade laser, established based on the valley-Hall edge modes [102] (Credit: Songdi Tech Co, Ltd)
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vertical cavity surface emitting laser [107]. On the theo-

retical side, recent analysis [108] on the coherence of a 

topological insulator laser has shown that indeed the 

topological landscape greatly improves the mutual coher-

ence even with a large number of emitters. �us, it seems 

that the goal of locking together many semiconductor 

lasers to act as a single coherent laser will be achieved 

and is well on its way to become a real application. From 

all of this activity, it is now quite clear that currently the 

topological insulator lasers are the most promising appli-

cation of topological photonics, with many new ideas 

emerging, for example, utilizing topology in synthetic 

dimensions to force an array of semiconductor lasers to 

emit mode-locked pulses [109], which could overcome a 

challenge of three decades.

4  AI‑empowered nanophotonics and photonic 

machine‑learning

In the past decades, we have witnessed a mind-blowing 

rise of artificial intelligence (AI)-based technologies that 

are impacting numerous industrious areas from autono-

mous driving, health care, to advanced manufacturing 

and energy harvesting. �e advancement of AI, especially 

its subfield of machine learning, has revolutionized many 

fields of science and engineering including speech and 

visual object recognition and computer vision. In physi-

cal sciences, for example, the concepts and methods of 

machine learning have been developed and applied in 

a variety of branches such as particle physics and cos-

mology, quantum physics and quantum computing, 

computational chemistry and materials design [110]. 

Nevertheless, it is perhaps our increased everyday expe-

rience with the success of machine learning techniques 

in cameras, smartphones, video games, robots and self-

driving cars that really influenced our perception on what 

AI can and might do for us.

In parallel, nanophotonics as a rising field devoted 

to the study of nanoscale light-matter interaction has 

advanced tremendously, broadly defined and inherently 

integrated into different photonic realms including pho-

tonic crystals, plasmonics, metamaterials and metasur-

faces, metaphotonics, 2D material photonics, apart from 

quantum photonics and topological photonics men-

tioned earlier. Due to rapid progress of nanoscale fabri-

cation techniques, different synthetic photonic materials 

emerge constantly that exhibit extraordinary properties 

not found from naturally occurring materials, providing 

ultimate opportunities for shaping and manipulation of 

light. Advances in nanophotonics have certainly led to 

new fundamental understandings as well as a wide vari-

ety of important applications, as have already been dem-

onstrated for flat optics, integrated silicon photonics, 

transparent display, nanophotonic color technologies, 

thermal radiation control, plasmonic nanolasers, to name 

just several [111–124].

As the design for photonic materials and nanostruc-

tures becomes more and more sophisticated, challeng-

ing and overwhelming, new computational methodology 

and techniques are steadily sought after by researchers. 

�e blending between machine learning techniques and 

nanophotonics came naturally, and has thus attracted a 

great deal of ever-increasing interest in various aspects of 

light science and applications. �e design and simulation 

of photonic systems often involve computational electro-

magnetics that can greatly benefit from the core strength 

of neural networks. As such, deep learning, a subset of 

machine learning that  relies on multi-layers of neu-

ral networks learned from data rather than designed by 

human experts [125], is making rapid advances in solv-

ing sophisticated photonics tasks. Due to the fundamen-

tal change of deep learning algorithms along with their 

tremendous potential, such a data-driven technique has 

led to an explosion of efforts for inverse design of new 

photonic materials as well as for exploitation of novel 

nanophotonic devices, as discussed in recent reviews 

[126–129].

Indeed, although there was a great deal of interest in 

optical artificial neural networks [130] and optical com-

puting [131] some decades ago, the prospect of their 

practical implementations has been reinvigorated only 

recently, thanks to rapid development of the machine 

learning techniques and the nanophotonic technolo-

gies. AI-empowered photonics is drawing increasing 

attention from a growing community of researchers 

worldwide, with surprising discoveries reported fre-

quently. For example, Shen  & Harris  et al. explored 

a fully-optical architecture for implementing general 

deep learning algorithms using silicon-based nanopho-

tonic circuits, aiming for light-powered computers [132] 

(Fig. 3a). Hughes et al. found a method to train artificial 

neural networks directly on a photonic chip [133], tar-

geting to optical circuits that can perform neural net-

work computations more efficiently than electronic 

digital computers. Lin  et al. introduced an all-optical 

deep learning framework in which the artificial neural 

networks is physically formed by multiple layers of dif-

fractive optical elements that could be trained to execute 

complex functions at the speed of light [134], where the 

passive optical components used for such all-optical 

machine learning were patterned and fabricated with 

3D-printing, and the device could be readily scaled up 

using various high-throughput and large-area 3D-fabri-

cation methods. Feldmann et al. presented an all-optical 

version of spiking neurosynaptic networks with self-

learning capabilities [135], and exploited the wavelength-

division-multiplexing techniques to implement a scalable 
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circuit architecture for photonic neural networks and 

demonstrated pattern recognition directly in the optical 

domain. Such all-optical neurons are expected to ideally 

mimic the biological neural networks but could in prin-

ciple operate several orders of magnitude faster. In yet 

another recent endeavor, Mennel et al. demonstrated an 

artificial-neural-network-based vision sensor for ultra-

fast recognition and encoding of optical images projected 

onto the chip of a reconfigurable 2D semiconductor pho-

todiode array [136]. Such a device can be easily scalable, 

promising for various training possibilities for ultrafast 

machine vision applications.

�ese and many other advances in deep learning pho-

tonics may herald the advent of practical photonic chips 

that could outshine the conventional chips with faster 

and more energy efficient ways to perform complex tasks. 

Needless to say, the AI-empowered advancements have 

accelerated dramatically in a broad spectrum of nano-

photonics and related fields, from design of novel meta-

surfaces to emulation of biological neural networks, and 

from materials discovery, optical characterizations to 

photonics technologies mediated by light-matter inter-

action [137–142]. It is truly amazing to see how the 

inverse design technique for arbitrary nanophotonic 

structures [143] has led to truly exciting applications 

such as chip-based LiDAR [144] and on-chip laser-driven 

particle accelerators [145] (Fig.  3b). Many equally excit-

ing applications with deep learning in other areas are 

continuing to emerge, from intelligent metadevices for 

self-adaptive cloak [146] to microscopy and cellular 

image analysis [147, 148]. As the level of activity and the 

enthusiasm centered around this interdisciplinary field 

continue to grow, we envision more exhilarating results 

and resounding successes will stem from the interplay 

between photonics-enabled neural networks and AI-

empowered nanophotonics.

5  Looking into the future

In the sections above, we have only provided a glimpse 

of just three photonic subareas that have grown tre-

mendously in the past decade, and that we believe will 

continue to advance in coming years. While each of 

these three areas has its own feature and focus, they are 

strongly connected and intertwined. In fact, research in 

quantum photonics, topological photonics, and machine 

learning photonics all crosses multiple disciplines, united 

by the ultimate goal to better control and use light for 

practical applications. For examples, quantum photonic 

devices and quantum computing can benefit greatly 

from nanophotonic technologies and machine learning 

techniques, as already mentioned above. �e concept of 

topological photonics, on the other hand, has also been 

developed and applied into the other areas, leading to 

subdisciplines such as topological quantum photonics 

that aims for topological protection of photonic quantum 

states and their transport [149–153], and light interac-

tion with topological nanostructures and robust control 

of light in topological photonic nanostructures [154–

158]. Meanwhile, machine learning techniques have 

recently been applied to solve problems in topological 

photonics and phononics [159–161], and to reconstruct 

quantum states of photons from experimental data [162], 

apart from many applications in programmable photonic 

circuits, optical computing and facial image recogni-

tion  [163–165]. Undoubtedly, as new machine learning 

algorithms and architectures are developed to surpass 

Fig. 3 a A picture of programmable nanophotonic processors integrated on a printed circuit board for carrying out deep learning computing 

[132] (Credit: MIT); b A magnified image showing an inverse-design-assisted on-chip integrated laser-driven particle accelerator. The oddly shaped 

gray structures are nanometer-sized features carved in to silicon that focus bursts of infrared laser light, shown in yellow and purple, on a flow of 

electrons through the center channel. By packing many such acceleration channels onto an inch-sized chip, an electron beam is expected to be 

accelerated close to the speed of light [145] (Credit: Neil Sapra)
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human performance in a variety of tasks,  their applica-

tions in quantum photonics and topological nanophoton-

ics will continue to blossom, which could lead to flexible 

and unconventional control of light. We envisage much is 

to be accomplished in these closely coupled and dynami-

cally developing photonic areas.

�e major progresses in these and other photonics 

areas had and will continue to have a profound impact 

on fundamental physics at large. Some of these have 

already mentioned in the sections above. For example, 

the entire progress on non-Hermitian topological phys-

ics, with its still challenging questions, has been pio-

neered in photonics and led by photonics. Likewise, in 

the topologically-protected transport of quantum states, 

the successful experiments accomplished thus far are in 

photonics. In a similar vein, experiments on topological 

Anderson insulators [166] have been pioneered also in 

photonics, and only later on followed by experiments in 

condensed matter. It is already clear that photonics plays 

a major role now in exploring new fundamental concepts, 

as well as revisiting some of the mind-boggling peculiari-

ties of the quantum world.

Looking into the future, there are also many challenges 

in these photonic areas. For instance, as mentioned at 

the beginning, realization and development of integrated 

quantum photonic technologies are crucial for scalable 

quantum applications such as quantum computing and 

information processing. To achieve such applications, 

major challenges include for example realization of a reli-

able source of cluster states, on-chip integration of efficient 

single-photon sources, and development of large-scale 

nanoassembly of quantum sources and quantum circuit-

ries. Finding the solutions to address some of these chal-

lenges could be assisted by applying advanced machine 

learning techniques to conventional methods in quantum 

photonics, as highlighted in a recent perspective article 

[167]. In the area of topological/non-Hermitian photonics, 

on the other hand, there are also challenges in both funda-

mentals and applications. For examples, is there a general 

theory to characterize a complex system with underlying 

physics driven simultaneously by nonlinearity, topology 

and non-Hermiticity, and how would nonlinearity affect 

overall topological features and the global classifications 

of symmetry and topology [91, 168, 169]? �e topological 

insulator lasers seem to be the most promising applica-

tion of topological photonics, but it is yet unknown if the 

idea of topologically locking laser arrays would work at a 

large scale, e.g., for 1000 emitters or more. Should some of 

these topological applications become real technology, that 

means they will also commercially outperform the avail-

able photonic crystal surface-emitting lasers (PCSELs) 

and semiconductor vertical cavity surface-emitting lasers 

(VCSELs), it could overcome the challenges of many dec-

ades [63, 106, 107].

6  Conclusions

In lieu of a conclusion, we just want to point out that there 

are many other areas in photonics that we believe will 

continue to rise in coming years, such as photonic quan-

tum  simulators, photovoltaics, flexible photonic display, 

metasurface-empowered flat photonics, VCSELs, intel-

ligent biophotonics and ultrafast nanoscopy. Further 

advances in fundamental research and technological inno-

vation in photonics could unleash the extraordinary poten-

tial of the science of light and its impact to our society in 

the next generation. In particular, the future impact arising 

from incredible advancements in artificial intelligence and 

related photonic technologies could be overwhelming. We 

envision that the science of light in general will continue to 

transform some major areas where photonics-based solu-

tions would play the key roles, actively or serendipitously, 

lighting and shaping our pathway towards a brighter future.
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