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ABSTRACT

Engineering light–matter interactions at the nanoscale is a central goal of
modern  photonics,  underpinning  advances  in  quantum  technologies,
nonlinear  optics,  sensing,  and  integrated  optoelectronics.  Nanophotonic
structures  provide  a  powerful  route  to  reshape  the  electromagnetic  envi-
ronment,  enabling  control  over  spontaneous  emission,  optical  confine-
ment,  photon  extraction,  and  coherent  photon–matter  dynamics  across
weak- and strong-coupling regimes. Here, we review representative quan-
tum-emitter  platforms  and  nanophotonic  architectures,  comparing  their
respective strengths and limitations in terms of application suitability and
practical  considerations,  such  as  integration  potential  and  fabrication
complexity.  For  devices  combining quantum emitters  with nanophotonic
structures, particular emphasis is placed on the gap between ideal optical
metrics  and  experimentally  measured  performance,  arising  from  spatial,
spectral,  and  polarization  mismatch,  dissipation,  fabrication  imperfec-
tions, and material constraints. These considerations connect fundamental
light–matter  interactions  to  applications  ranging  from  quantum  light
sources and optical sensing to cavity quantum electrodynamics interfaces
and quantum simulation. Future progress will increasingly rely on the co-
design of quantum emitters, electromagnetic modes, and output channels,
rather than the isolated optimization of individual photonic structures.
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L ight–matter  interaction  lies  at  the  foundation  of
spectroscopy,  photochemistry,  optoelectronics,
nonlinear optics, and quantum information science

[1].  For  an  isolated  emitter  interacting  with  a  selected
free-space optical mode, however, the interaction is typi-
cally  weak  because  a  diffraction-limited  field  extends
over  a  spatial  scale  much  larger  than  the  emitter,  and
only  a  small  fraction  of  the  incident  optical  mode
couples efficiently to its dipolar transition [2]. Engineering
the  electromagnetic  environment  therefore  provides  a
powerful  route  to  control  the  strength  of  light–matter
interaction,  thereby  modifying  the  optical  transition
rates or coherent photon–matter dynamics.
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The behavior of the light and matter depends on the
relation  between  coherent  coupling  and  dissipation,
giving rise  to  distinct  interaction regimes.  In the weak-
coupling regime, a central example of this environmental
control is the Purcell effect [3], where the coherent emitter
–cavity coupling rate  is small compared with the dissi-
pative  rates,  including the  cavity  decay rate  and the
emitter decoherence rate . The cavity primarily modifies
irreversible  spontaneous  emission  processes  through  the
local density of optical states (LDOS). For a narrowband
emitter  resonant  with  a  single  cavity  mode,  located  at
the field  maximum and aligned with the local  polariza-
tion, the enhancement can be assessed through the ideal
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Here,  is the cavity quality factor and  is the effective
optical  mode  volume.  A  high  increases  the  photon
storage  time  and  sharpens  the  optical  resonance,
whereas a small  increases the vacuum-field amplitude
at  the  emitter.  Purcell-enhanced  emission  can  increase
source  brightness  [4]  and  the  fraction  of  emission
directed into a desired optical mode, which may in turn
contribute  to  improved  single-photon  purity  and  indis-
tinguishability  [5].  These  advantages  are  particularly
important  for  quantum  light  sources,  including  deter-
ministic  single-photon  emitters.  When  coherent
photon–matter  exchange  becomes  comparable  to  or
faster than the relevant loss and decoherence processes,
the  system  enters  the  strong-coupling  regime,  in  which
optical and material excitations form hybrid eigenstates
and give rise to phenomena such as vacuum Rabi oscilla-
tions and normal-mode splitting [6]. This ability to engineer
light–matter  interactions  across  different  coupling
regimes  enables  control  over  both  irreversible  emission
and  coherent  dynamics,  providing  a  versatile  platform
for fundamental studies [7] and applications in quantum
photonics, nonlinear optics, sensing, and quantum infor-
mation science [8].

For a quantum emitter system, the material platform
determines the intrinsic  properties  including the optical
transition  strength,  radiative  efficiency,  photon  purity,
coherence, and environmental sensitivity. These intrinsic
characteristics,  however,  represent  only  one  side  of  the
light–matter interface. The surrounding photonic structure
reshapes  the  electromagnetic  environment  and  provides
an additional degree of control over optical confinement,
local  density  of  states,  emission  directionality,  and
photon extraction efficiency [6]. The two complementary
building blocks underlying engineered light–matter inter-
actions,  representative  material  platforms  and  photonic
structures,  are  summarized in Fig.  1.  Here  we focus  on
semiconductor  quantum  dots  (QDs),  defects  in  two-

dimensional  (2D)  materials,  atomic  systems,  and  solid-
state  color  centers  such  as  nitrogen–vacancy  (NV)
centers in diamond. On the photonic side, representative
architectures  include  whispering-gallery-mode  (WGM)
cavities,  photonic  crystal  (PhC)  cavities,  distributed-
Bragg-reflector  (DBR)  micropillar  cavities,  plasmonic
cavities,  and  slow-light  PhC  waveguides.  Discussed
material platforms and structures have all shown experi-
mental demonstration, and their combination provides a
broad  design  space  in  which  the  intrinsic  properties  of
an emitter can be matched to the specific optical mode.
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The optical properties of quantum emitters are critical
to the performance of a given light–matter interface and
ultimately  determine  its  suitability  for  a  particular
application.  The  quantum  emitter  platforms  are
compared  in  terms  of  internal  quantum  efficiency ,
transition dipole moment , single-photon purity ,
photon indistinguishability  and operating tempera-
ture . The quantum efficiency  represents the fraction
of  excited-state  decays  that  occur  through  radiative
rather than nonradiative processes. The transition dipole
moment  shows  the  intrinsic  strength  of  the  optical
transition,  which  directly  influences  both  the  radiative
transition rate and the emitter–field coupling strength. 
is  usually  inferred  from  observables  such  as  radiative
lifetime,  oscillator  strength  and  absorption  strength  [9,
10],  or  through  theoretical  calculation  [11].  Single-
photon  purity  characterizes  the  suppression  of  multi-
photon  emission  events  and  is  commonly  quantified  by
the zero-delay second-order  correlation  measured
in  a  Hanbury  Brown–Twiss  experiment  [6]. 
stands for an ideal single-photon source, and 
is  commonly  taken  as  evidence  of  antibunched  single-
emitter emission.  Photon indistinguishability  indi-
cates  whether  photons  from  different  photon  emission
events  can  interfere  coherently.  Finally,  the  operating
temperature  reflects  the  thermal  robustness  of  an
emitter and strongly affects its practical accessibility.

As shown in Fig. 2(a), different quantum-emitter plat-
forms exhibit distinct strengths and limitations, with no
single  platform  outperforming  the  others  across  all
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Fig. 1  Representative  quantum-emitter  platforms  and  nanophotonic  structures  for  enhanced  light–matter  interactions,
with a schematic illustration of coupling and dissipation.
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considered  metrics.  Semiconductor  QDs,  especially  the
self-assembled InAs/GaAs QDs, offer a favorable combi-
nation  of  high  radiative  efficiency,  optical  transition
strength,  single-photon  purity,  and  indistinguishability,
although  their  best  coherence  performance  generally
requires  cryogenic  operation.  For  defects  in  2D  materi-
als, hexagonal boron nitride (hBN) defects are of particular
interest  because  certain  defects  exhibit  antibunched
emission  at  room temperature  while  retaining  the  inte-
gration  advantages  of  atomically  thin  material  layers.
Nevertheless, hBN hosts a rich variety of defect configu-

rations and emission centers, and the microscopic origins
of  many  emitters  have  not  yet  been  fully  understood.
Defects  in  2D  materials  have  not  yet  demonstrated  a
clear  overall  advantage  over  other  mature  quantum-
emitter  platforms.  The  broader  appeal  of  2D  materials
lies instead in the rich physics of valley excitonic states
in  transition  metal  dichalcogenide  materials,  such  as
moiré  excitons,  together  with their  electrical  and strain
tunability.  Semiconductor  QDs  and  defect  emitters  in
2D  materials  exhibit  emitter-to-emitter  variations  in
transition energy,  leading to  substantial  inhomogeneous

 

(a) ηQE Defects in 2D materials
Quantum dots
NV centers
Atomic emitters

1

0.5

νHOM 1
0.5

1

10−3

100

103 103

102

T (K)

μ (e·nm)

0.5

g(2) (0)−1

(b) Q WGM cavity
PhC cavity
DBR micropillar cavity
Plasmonic cavity
Slow-light waveguide

106

106

101

103

ηc

0.5
1

100

101

L (μm)

V−1 [(n/λ)3]

102

103

FP

 

ηQE = Γr/(Γr + Γnr) Γr Γnr

µeg = |⟨e|µ̂|g⟩|
g(2)(0) VHOM

T

ηQE g(2)(0) VHOM

VHOM
Q = ω0/∆ω0

V =
∫
ϵ(r) |E(r)|2 d3r/max

[
ϵ(r) |E(r)|2

]
FP

ηc = βηex L ω0

∆ω0 ϵ(r) E(r)

β ηex

ηc

ηex

g(2)(0) V

Fig. 2  Performance  comparison  of  representative  quantum-emitter  platforms  and  nanophotonic  structures.  The  relative
importance of metrics considered here is application-dependent, and the comparison highlights the complementary strengths
of different platforms rather than providing an overall performance ranking. (a) Material platforms are compared using five
metrics. The internal quantum efficiency is , where  and  are the radiative and nonradiative decay rates
[12–14].  The transition dipole moment  characterizes the strength of the optical  transitions [9–11, 15].  Single-
photon purity is quantified by the zero-delay second-order correlation  [14, 16–18]. Photon indistinguishability  is
quantified by the Hong–Ou–Mandel interference visibility [6, 19–22]. The operating temperature  denotes the temperature
range  over  which  the  relevant  quantum  emitter  performance  is  retained.  For  the  broad  material  classes  shown  here,  the
numerical ranges are based on representative and experimentally well-characterized systems rather than the entire material
family.  Demonstrated ,  and  performances  are  selected  from  measurements  without  substantial  Purcell
enhancement, in order to reflect the intrinsic emitter performance as closely as possible. For the defects in 2D materials, the
plotted values refer specifically to defect emitters in hBN. The presented metrics of NV centers mainly represent NV centers
in bulk diamond,  and the reported  for  NV centers  corresponds to two-photon interference between two separate NV
centers [21]. (b) Photonic structures are compared using the quality factor  [6, 8, 23–26], effective mode volume

 [6, 8, 27],  experimentally  reported  Purcell  factor  [25, 28–31],  structural  collection
efficiency  [5, 23, 25, 30, 32–35], and critical feature size . Here  stands for the central frequency of the cavity
mode while  represents its spectral linewidth,  and  represent the local dielectric permittivity and electric field
respectively,  is the coupling ratio into the selected optical mode and  is the probability that it further exits through the
selected output channel [12]. The displayed shaded range bands should be interpreted as representative experimental value
ranges  or  characteristic  scales  rather  than universal  material  or  device  constants.  For  plasmonic  cavities,  the  conventional
mode-volume definition used for dielectric cavities is not strictly applicable due to its strongly dispersive and lossy nature,
and  generalized  definitions  accounting  for  material  dispersion  and  absorption  are  required.  The  values  shown  here  should
therefore be interpreted as representative orders of magnitude of optical confinement [8]. For a more consistent comparison of
fabrication requirements, we focus on lithographically fabricated nanogap structures, such as bowtie cavities, rather than self-
assembled nanocube-based cavities. Nevertheless, the latter may exhibit superior performance in certain optical metrics [4].
The collection efficiencies  in (b) are based on waveguide-coupled collection for WGM cavities [23], PhC cavities [5, 32, 33]
and slow-light waveguides [35]. In contrast, free-space collection efficiencies are demonstrated for plasmonic [30, 34] and DBR
micropillar cavities [25], as directly comparable emitter-to-waveguide collection efficiencies for the relevant cavity modes are
not available in the literature considered here. These schemes represent the typical photon-extraction routes for each plat-
form. The relatively low collection efficiency of WGM cavities demonstrated here mainly reflects unoptimized , while high
overall  collection  efficiencies  have  yet  to  be  directly  reported.  For  clarity,  in  (a)  and  in  (b)  are  plotted  as  their
reciprocals.
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wavelength  distributions.  Color  centers  in  crystals,
represented  here  by  NV  centers  in  bulk  diamond,  can
also support room-temperature single-photon generation,
although  their  optical  emission  contains  a  substantial
phonon  sideband.  Their  zero-phonon  line  transition
frequencies  are  more  reproducible  than  those  of  many
self-assembled  emitters,  but  remain  sensitive  to  local
strain  and  electric-field  fluctuations  and  may  therefore
require  spectral  tuning  to  bring  different  centers  into
resonance.  Trapped  atomic  emitters  provide  highly
reproducible  transitions  and  exceptional  coherence
because  identical  atoms  share  essentially  the  same
discrete  energy-level  structure.  But  deterministic  atom-
photon  interfaces  typically  require  stringent  conditions
such  as  ultrahigh  vacuum,  precise  trapping,  and  laser
cooling.
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The  nanophotonic  structures  provide  the  other  inde-
pendent  degree  of  freedom  for  engineering  the  electro-
magnetic environment, allowing the optical response of a
material  platform  to  be  tailored  toward  specific
light–matter interaction requirements. The representative
metrics  considered  here  include  the  quality  factor ,
effective  mode  volume ,  experimental  Purcell  factor

, structural collection efficiency , and critical feature
size .  The  quality  factor  determines  both  photon
storage time and spectral  selectivity,  and it  is  typically
extracted  from  the  resonance  linewidth  in  experiments.
The effective mode volume  controls the vacuum-field
amplitude  and  therefore  the  emitter–field  coupling
strength  [8].  The  Purcell  factor  provides  a  direct
measure of spontaneous-emission-rate enhancement rela-
tive  to  a  reference  environment.  Experimentally,  it  is
commonly inferred from time-resolved emission measure-
ments  by  comparing  the  decay  rates  of  coupled  and
reference  emitters,  with  nonradiative  contributions
accounted  for  when  necessary  [6].  Here,  we  used  the
experimentally  reported  value  for  practical  comparison,
which  should  be  distinguished  from  the  ideal  Purcell
factor  calculated  by  Eq.  (1).  Collection  efficiency 
characterizes  how  efficiently  photons  are  directed  into
and  extracted  from  a  useful  output  channel  [12].  The
collection  efficiency  strongly  depends  on  the  adopted
collection  scheme.  In  particular,  waveguide-coupled
collection  efficiency  provides  a  useful  indication  of  a
structure’s  potential  for  integration  into  photonic
circuits.  However,  overall  integrability  also  depends  on
factors  such  as  fabrication  compatibility,  device  foot-
print, and scalability. Finally, the critical feature size 
provides  a  practical  measure  of  the characteristic  fabri-
cation scale and an indication of the required fabrication
resolution,  while  the  overall  fabrication  complexity  also
depends  on  fabrication  techniques  and  the  constituent
material.

Different nanophotonic structures offer distinct strate-
gies  for  confining,  storing,  and  routing  light.  Conse-
quently, they exhibit complementary strengths and limi-
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tations across different performance metrics, as illustrated
in Fig.  2(b),  making  them  advantageous  for  different
applications.  Planar  PhC  cavities  combine  wavelength-
scale small mode volumes [ ] with high  factors
up to  to  after optimization. Beyond strong optical
confinement, their compatibility with planar waveguides
also enables efficient routing of cavity-enhanced emission
into integrated photonic circuits [5, 32, 33]. However, for
free-space  emission,  PhC defect  cavities  without  careful
design do not necessarily provide highly efficient far-field
extraction [36], so engineered far-field patterns or circular
Bragg  grating  cavities  are  often  introduced  to  improve
usable  photon  collection.  More  importantly,  flexible
geometric  degrees  of  freedom offered  by  PhC platforms
enable  deliberate  engineering  of  dispersion,  symmetry,
and inter-mode coupling, enabling novel photonic states
such  as  topological  and  moiré  modes  [37, 38].  WGM
cavities,  such  as  microdisks  and  microrings,  generally
exhibit moderate  factor and  performance, but offer
relatively  simple  designs  and  fabrication  processes  [24].
Ideal WGM cavities naturally support degenerate clockwise
and  counterclockwise  propagating  modes,  making  them
suitable  for  chiral  photonic  devices.  Here  we  focus  on
relatively  small  WGM cavities,  typically  tens  of  micro-
meters in size, where reduced mode volumes are advan-
tageous  for  single-emitter  light–matter  interactions.
Larger  resonators  with  ultrahigh  are  therefore  not
considered.  With  similar  and  performance,  DBR
micropillars  can  offer  excellent  vertical  extraction  and
mode  matching  to  free-space  optics  or  fibers,  making
free-space  collection  a  commonly  adopted  output
scheme.  However,  an  efficient  waveguide  extraction
scheme for conventional DBR micropillars remains to be
demonstrated.  In terms of  fabrication,  WGM and DBR
micropillar  cavities  generally  require  lower  lateral
patterning  resolution  due  to  their  relatively  simple
geometries. By contrast, plasmonic cavities, such as the
bowtie  cavities  [39],  have  some  of  the  smallest  critical
feature  sizes  among  the  considered  structures,  enabling
extremely  small  optical  mode  volumes  by  localizing
fields  in  metallic  nanogaps.  Although  their  factors
(about ) are typically limited by metallic losses,
the  extreme  field  confinement  still  yields  some  of  the
largest  experimentally  reported  Purcell  enhancements
among these structures [30, 34]. The collection efficiency

 of plasmonic cavities is  also limited by non-radiative
decays, together with finite far-field collection efficiency.
Waveguide  coupling  of  plasmonic  nanostructures  has
also  been  experimentally  demonstrated  for  surface-
enhanced  Raman  scattering  [40, 41],  indicating  the
potential  of  integrating  plasmonic  cavities  with  on-chip
waveguides.  However,  these  studies  do  not  report
directly comparable emitter-to-waveguide efficiencies for
cavity-enhanced emission. Therefore, free-space collection
efficiencies  are  adopted  in Fig.  2(b).  Unlike  the  cavity-
based  approaches  discussed  above,  slow-light  PhC
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waveguides  enhance  light–matter  interactions  through
dispersion  engineering.  The  reduced  group  velocity,
commonly  characterized  by  the  group  index,  increases
the guided optical  density of  states  [37].  This  approach
can  provide  a  broader  enhancement  bandwidth  than
high  cavities,  depending  on the  dispersion  design.  In
terms  of  fabrication,  slow-light  PhC  waveguides  have
critical feature sizes comparable to those of planar PhC
cavities, as both rely on similar photonic-crystal pattern-
ing.  For  photon  extraction,  the  enhanced  optical  mode
itself also serves as a transport channel, enabling efficient
emitter-waveguide  coupling  and  facilitating  photonic
integration [35].

Q V

Q
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Across these different photonic architectures, however,
the ideal optical metrics do not fully capture the experi-
mentally  achievable  light–matter  interaction,  as  the
overall  performance  is  also  constrained  by
emitter–cavity  matching,  fabrication  imperfections,  and
material-related effects. Experimental Purcell factors are
considered separately from the ideal  and  metrics, as
the measured enhancement is often lower than the value
predicted  by  Eq.  (1)  [Fig.  2(b)],  which  assumes  perfect
spatial,  polarization,  and  spectral  matching  between  a
narrowband  emitter  and  a  single  cavity  mode.  In  real
devices,  displacement  from  the  field  maximum,  dipole
misalignment,  spectral  detuning,  emitter  linewidth  and
spectral diffusion can all reduce the effective interaction
[6].  Fabrication  imperfections  further  modify  the
designed optical mode, as surface roughness and geometric
disorder  can  lower  the  practical  [24].  Importantly,
reducing  the  mode  volume  also  introduces  additional
constraints  that  are  not  captured  by  the  ideal 
metric.  In  dielectric  nanocavities,  extreme  confinement
often  places  the  emitter  closer  to  etched  interfaces,  air
holes,  or  surfaces,  where  charge  traps,  strain,  and  local
electric-field  fluctuations  can  degrade  the  emitter
linewidth, spectral stability, and quantum efficiency [24].
This  trade-off  is  especially  relevant  for  semiconductor
QDs, which possess a finite spatial extent and therefore
cannot always be treated as point-like dipoles in highly
nonuniform  optical  fields.  As  the  optical  mode  is
compressed to dimensions comparable to the emitter size
or  to  the  spatial  scale  of  material  inhomogeneity,  the
local-field  distribution  across  the  emitter  and  interface-
induced  perturbations  may  become  non-negligible.
Besides,  for  metallic  structures,  the  enhanced  electro-
magnetic  LDOS  near  the  metal  surface  competes  with
nonradiative  energy  transfer  and  Ohmic  dissipation,
which can ultimately  lead to  fluorescence  quenching [4,
13].  At  nanometer  and  subnanometer  gap  scales,  the
local-response  description  of  classical  electrodynamics
can  become  insufficient.  Nonlocal  electronic  screening
and electron spill-out  modify  the  induced charge  distri-
bution and local fields, while at sufficiently small separa-
tions,  electron  tunneling  can  qualitatively  reshape  the
plasmonic  modes  [42].  Thus,  maximizing  the  nominal

Q/V  ratio  does  not  necessarily  maximize  the  useful
radiative  output  or  the  overall  quality  of  the
light–matter interface.

g(2)(0)

Engineering light–matter interactions through material
selection and nanophotonic design enables a broad range
of applications. Distinct coupling regimes lead to different
physical  behaviors and applications. Figure 3 illustrates
representative  applications  associated  with  weak  and
strong  coupling.  In  the  weak-coupling  regime,  quantum
light sources represent one of the most important appli-
cations.  Purcell-enhanced  radiative  decay  leads  to  an
increased emission rate and thereby increased brightness
[4].  Meanwhile,  preferential  enhancement  of  the  desired
emission  channel  relative  to  background  or  competing
transitions  can  improve  the  measured  single-photon
purity and thereby reduce  for practical and high-
performance  single  photon  sources  [4, 5, 35].  When
radiative  emission  is  accelerated  relative  to  dephasing,
this acceleration also improves photon indistinguishability
[5],  which  is  particularly  important  in  applications  like
photonic  quantum  information  processing  [8].  With
strong spatial overlap between the optical mode and the
gain  medium,  nanolasers  can  also  benefit  from  the
Purcell effect, which enhances spontaneous emission into
the desired cavity mode and increases the spontaneous-
emission  coupling  factor,  thereby  reducing  the  lasing
threshold [43]. The enhanced local field can also amplify
the inherently weak optical responses of materials, leading
to  applications  in  high-sensitivity  detection  techniques
such  as  surface-enhanced  Raman  scattering  or  surface-
enhanced infrared absorption spectroscopy [42]. Entering
the  strong-coupling  regime,  the  hybrid  light–matter
states provide a natural building block for cavity-mediated
quantum  gates  and  photon–matter  quantum  interfaces.
Such  interfaces  can  support  coherent  state  transfer,
photon-mediated interactions, and entanglement genera-
tion  between  stationary  and  flying  qubits  [6, 7].  In
systems containing a large ensemble or a collective excitonic
excitation,  strong  coupling  gives  rise  to  hybrid
exciton–photon polaritons, which combine the low effective
mass of their photonic component with matter-mediated
interactions  [44].  This  combination  enables  collective
phenomena such as polariton condensation and nonequi-
librium  Bose–Einstein-condensation-like  behavior  [45].
Extending  strong  coupling  to  multiple  emitters  or
coupled photonic modes further enables analog quantum
simulation,  in  which  engineered  photon-mediated  inter-
actions reproduce effective many-body Hamiltonians and
collective quantum dynamics that are difficult to access
in natural systems [46].

Looking beyond the nanophotonic structures discussed
here, quasi-bound states in the continuum [47], metasur-
faces [48], moiré PhC cavities [38] and hybrid dielectric-
plasmonic  architectures  [39]  also  provide  routes  to
control  light–matter  interaction.  Chiral  and  topological
photonic designs further extend this control to properties
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such  as  directionality,  polarization,  and  robustness,
rather  than  simply  increasing  the  scalar  interaction
strength [37, 49].  The rapidly developing fields of  time-
varying  photonics  and  Floquet  systems  may  further
enrich these platforms by introducing a temporal degree
of freedom, enabling reconfigurable devices and function-
alities inaccessible to static structures such as parametric
amplification  without  phase  matching  or  magnetless
nonreciprocity [50, 51]. As the available degrees of freedom
continue to expand, the key question is no longer how to
maximize  a  single  optical  figure  of  merit,  but  how  to
translate these capabilities into a functional and experi-
mentally  robust  light–matter  interface.  This  requires
simultaneous  control  over  emitter  position,  transition
frequency,  dipole  orientation,  optical  confinement,  and
photon  extraction.  Co-design  of  the  quantum  emitter,
electromagnetic  mode,  and  output  channel  is  therefore
likely to be essential for converting record local enhance-
ment into reproducible and scalable quantum and opto-
electronic devices.
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Fig. 3  Representative  applications  associated  with  weak
and strong light–matter coupling. The weak-coupling regime
supports  applications  such  as  quantum  light  sources,
nanolasers, and high-sensitivity detection, whereas the strong-
coupling  regime  enables  exciton-polariton  condensation  and
provides  useful  resources  for  photon-emitter  quantum  gates
and quantum simulation. This classification highlights typical
applications  associated  with  each  coupling  regime,  although
some  applications  can  also  be  realized  in  the  other  regime
through specially designed schemes.
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