
1504  | Light Sci Appl | 2025 | Vol 14 | Issue 6 LSA

high-Q non-absorbing and absorbing nanophotonic
devices, along with their respective applications. Finally,
we summarize the existing challenges and discuss the
prospects for further advancements in the field.

Principle
Q-factor is a parameter to describe the damping of a

mode, which is defined as the ratio of the total stored
energy to the energy lost during one time-oscillation cycle
of the mode. To distinguish the contributions of radiative
and non-radiative decay to the energy loss process, the
total Q-factor Qtot is expressed as Qtot

�1 ¼ Qr
�1 þ Qn

�1,
where Qr and Qn are the radiative and non-radiative Q-

factor, respectively. With the well-defined Q-factors, the
spectral characteristic of an optical resonator can be well
analyzed.
A high-Q mode requires simultaneously high Qr and

Qn. A high Qr suggests that the energy leaks into the
environment slowly, while a high Qn indicates that the
energy decay inside the resonator (e.g., due to absorption)
is slow. To increase these Q-factors, precisely engineering
the shape, size, and material of the resonator is required.

Theoretical analysis of optical resonators
We analyze the modes in an optical resonator via

TCMT. TCMT can be applied to resonators consisting of
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Fig. 1 Schematic of free-space high-Q nanophotonic devices and their relevant applications including sensing4, filters5, lasing6, nonlinear optics7,
photodetection8, coherent thermal emission9 and laser stealth10. Panels adapted from: AAAS4,6,7; ACS5; Optica8; Springer Nature9; Elsevier10
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Abstract
High-Q nanophotonic devices hold great importance in both fundamental research and engineering applications.
Their ability to provide high spectral resolution and enhanced light-matter interactions makes them promising in
various fields such as sensing, filters, lasing, nonlinear optics, photodetection, coherent thermal emission, and laser
stealth. While Q-factors as large as 109 have been achieved experimentally in on-chip microresonators, these modes
are excited through near-field coupling of optical fibers. Exciting high-Q modes via free-space light presents a
significant challenge primarily due to the larger fabrication area and more lossy channels associated with free-space
nanophotonic devices. This Review provides a comprehensive overview of the methods employed to achieve high-Q
modes, highlights recent research progress and applications, and discusses the existing challenges as well as the
prospects in the field of free-space high-Q nanophotonics.

Introduction
The fast development of nanophotonics has opened up

new possibilities to manipulate the spectrum, polarization
and phase of light at subwavelength scale, thereby facil-
itating the miniaturization and integration of optical
devices1–3. High-Q (quality factor) nanophotonics, in
particular, has emerged as a promising area of investiga-
tion. High-Q modes endow optical devices with higher
spectral resolution, greater sensitivity, faster modulation
speed, and stronger light-mater interactions. Conse-
quently, they have attracted considerable interest for a
wide range of applications such as sensing4, filters5, las-
ing6, nonlinear optics7, photodetection8, coherent thermal
emission9 and laser stealth10, as illustrated in Fig. 1.
While experimental achievements have demonstrated

Q-factors as high as 109 in on-chip microresonators, these
modes typically require excitation through near-field
coupling from optical fibers11. It is still challenging to
excite high-Q modes via free-space light (i.e., propagating
light lying above the air light cone). This primarily lies in
the fact that most of the free-space nanophotonic devices
consist of nanostructure arrays with larger areas

compared with a single microresonator, which can result
in more fabrication imperfections. These fabrication
imperfections not only degrade the quality of individual
resonators, leading to a decrease in the overall Q-factor,
but also allow coupling between modes at different points
in k-space, leading to additional lossy channels into free-
space and further reducing the Q-factor12. Nowadays,
with the deployment of 5 G network and development of
6 G technology, free-space nanophotonic devices are
gaining increasing attention due to their potential appli-
cations in augmented reality (AR), virtual reality (VR)
devices and high-speed wireless communication13.
Therefore, it is crucial to analyze the underlying physical
principles behind achieving high-Q modes in free-space
nanophotonic devices and explore the methods to
improve Q-factors in experiments. These efforts hold
significant importance for the design of optoelectronic
devices with novel and superior functionalities.
In this Review, we summarize the basic physical prin-

ciples involved in achieving high-Q modes and recent
advancements in high-Q nanophotonic devices excited by
free-space light. We begin by analyzing the spectral
characteristic of an optical resonator using temporal
coupled-mode theory (TCMT). This theory serves as a
foundation for understanding the resonance behavior of
high-Q modes. Next, we show the underlying physical
mechanisms for various methods of achieving high-Q
modes. Then, we review the recent research progress on
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high-Q non-absorbing and absorbing nanophotonic
devices, along with their respective applications. Finally,
we summarize the existing challenges and discuss the
prospects for further advancements in the field.

Principle
Q-factor is a parameter to describe the damping of a

mode, which is defined as the ratio of the total stored
energy to the energy lost during one time-oscillation cycle
of the mode. To distinguish the contributions of radiative
and non-radiative decay to the energy loss process, the
total Q-factor Qtot is expressed as Qtot

�1 ¼ Qr
�1 þ Qn

�1,
where Qr and Qn are the radiative and non-radiative Q-

factor, respectively. With the well-defined Q-factors, the
spectral characteristic of an optical resonator can be well
analyzed.
A high-Q mode requires simultaneously high Qr and

Qn. A high Qr suggests that the energy leaks into the
environment slowly, while a high Qn indicates that the
energy decay inside the resonator (e.g., due to absorption)
is slow. To increase these Q-factors, precisely engineering
the shape, size, and material of the resonator is required.

Theoretical analysis of optical resonators
We analyze the modes in an optical resonator via

TCMT. TCMT can be applied to resonators consisting of
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Fig. 1 Schematic of free-space high-Q nanophotonic devices and their relevant applications including sensing4, filters5, lasing6, nonlinear optics7,
photodetection8, coherent thermal emission9 and laser stealth10. Panels adapted from: AAAS4,6,7; ACS5; Optica8; Springer Nature9; Elsevier10
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Introduction
The fast development of nanophotonics has opened up

new possibilities to manipulate the spectrum, polarization
and phase of light at subwavelength scale, thereby facil-
itating the miniaturization and integration of optical
devices1–3. High-Q (quality factor) nanophotonics, in
particular, has emerged as a promising area of investiga-
tion. High-Q modes endow optical devices with higher
spectral resolution, greater sensitivity, faster modulation
speed, and stronger light-mater interactions. Conse-
quently, they have attracted considerable interest for a
wide range of applications such as sensing4, filters5, las-
ing6, nonlinear optics7, photodetection8, coherent thermal
emission9 and laser stealth10, as illustrated in Fig. 1.
While experimental achievements have demonstrated

Q-factors as high as 109 in on-chip microresonators, these
modes typically require excitation through near-field
coupling from optical fibers11. It is still challenging to
excite high-Q modes via free-space light (i.e., propagating
light lying above the air light cone). This primarily lies in
the fact that most of the free-space nanophotonic devices
consist of nanostructure arrays with larger areas

compared with a single microresonator, which can result
in more fabrication imperfections. These fabrication
imperfections not only degrade the quality of individual
resonators, leading to a decrease in the overall Q-factor,
but also allow coupling between modes at different points
in k-space, leading to additional lossy channels into free-
space and further reducing the Q-factor12. Nowadays,
with the deployment of 5 G network and development of
6 G technology, free-space nanophotonic devices are
gaining increasing attention due to their potential appli-
cations in augmented reality (AR), virtual reality (VR)
devices and high-speed wireless communication13.
Therefore, it is crucial to analyze the underlying physical
principles behind achieving high-Q modes in free-space
nanophotonic devices and explore the methods to
improve Q-factors in experiments. These efforts hold
significant importance for the design of optoelectronic
devices with novel and superior functionalities.
In this Review, we summarize the basic physical prin-

ciples involved in achieving high-Q modes and recent
advancements in high-Q nanophotonic devices excited by
free-space light. We begin by analyzing the spectral
characteristic of an optical resonator using temporal
coupled-mode theory (TCMT). This theory serves as a
foundation for understanding the resonance behavior of
high-Q modes. Next, we show the underlying physical
mechanisms for various methods of achieving high-Q
modes. Then, we review the recent research progress on
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line shapes when the mode interferences with the
background, see Fig. 2a.

(2) When the mirror symmetry is broken (e.g., a layer of
metasurface backed by a thin dielectric film), the
mode can decay to the two ports with different rates:
γr1 ≠ γr2. Consider the time-reversal symmetry, the
external light can couple with the mode with distinct
coupling efficiency when incident from different
ports. As a result, asymmetric absorption can be
achieved, where the maximum absorptance is larger
than 50% when light is incident from one port, and
less than 50% when light is incident from the other
port, see Fig. 2b.

(3) When the transmission port is blocked (e.g., a layer
of metasurface backed by an optically thick metal
film), neither the mode can decay to Port 2 (γr2 ¼ 0)
nor the incident light can transmit directly to Port 2
(tb ¼ 0). Perfect absorption can be achieved at the
critical coupling condition (γr1 ¼ γn) when light is
incident from Port 1. Away from the resonance
frequency, light will be reflected, see Fig. 2c.

Two-mode resonators
When two modes exist in one resonator, they not only

interact with the incident field but also influence each
other through near-field mode overlapping, known as
near-field coupling, or far-field interference, referred to as
far-field coupling. The interplay between the two modes
can give rise to new phenomena, such as EIT and super
absorption.
(1) Electromagnetically induced transparencyEIT is a

phenomenon arising from quantum interference,
which leads to the emergence of a narrowband
transparency window when light propagates
through an originally opaque medium. The
classical analogue of EIT in nanophotonics relies
on the interference between a bright mode and a
dark mode. When excited by certain types of free-
space propagating light (e.g., plane waves), the
bright mode can couple to the incidences directly
over a broadband range. While the dark mode
cannot be directly excited by the incidences21. The
near-field coupling enables the dark mode to be
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several modes weakly coupled to each other and to a given
number of ports14. Suppose the electromagnetic field
varies in time as e�iωt , the radiative and nonradiative
decay rate of a mode can be expressed as γr ¼ ω0=ð2QrÞ
and γn ¼ ω0=ð2QnÞ, respectively, where ω0 is the resonant
frequency. The dynamic equations for the amplitudes of
all modes in the resonator are

da
dt

¼ �iΩ� Γ r � Γnð Þaþ KTsþ ð1Þ

s� ¼ Csþ þ Da ð2Þ
where a is the normalized amplitude vector, so that jaij2
corresponds to the energy of the ith mode inside the
resonator. s+ and s− are the amplitude vectors of incoming
and outgoing waves, respectively. Ω represents resonant
frequencies (diagonal elements) and near-field coupling
coefficients between different modes (off-diagonal ele-
ments), Γr represents the radiative decay rates (diagonal
elements) and far-field coupling coefficients between
different modes (off-diagonal elements), Γn represents the
non-radiative decay rates, KT is the coupling matrix from
the incoming waves to modes, D is the coupling matrix from
modes to outgoing waves, C is the background scattering
matrix, through which the incoming and outgoing waves
can couple directly. For lossless and reciprocal system, the
matrix C is unitary and symmetric15,16. In lossless systems,
the matrix KT, D, and C are related to each other due to the
energy conservation and time-reversal symmetry as

K ¼ D ð3Þ

DyD ¼ 2Γ r ð4Þ

CD� ¼ �D ð5Þ

In lossy systems, Eqs. (3)–(5) remains valid under the
assumption that the introduction of intrinsic loss does not
change the coupling coefficients among different modes
and ports17,18. TCMT is valid when (1) The modes have
high Q-factors (γr þ γn � ω0) so that the coupling coef-
ficients can be taken to be frequency independent19. (2)
All modes weakly couple to each other (i.e., the coupling
coefficient is much less than the resonant frequencies) so
that the coupling affects the amplitudes only when two
modes have similar resonant frequencies and the deriva-
tive of a is approximately equal to −iωa20. The scattering
matrix S of the resonator is given by

S ¼ C þ D �i ωI �Ωð Þ þ Γ r þ Γn½ ��1KT ð6Þ

where I is the identity matrix. From Eq. (6), the reflection,
transmission and absorption spectra can be obtained. In

the following, we demonstrate the calculated spectra of
one-mode and two-mode resonators according to TCMT.
The theoretical model can be used to analyze most of the
photonic systems and wave phenomenon such as Fano
line shape, electromagnetically induced transparency
(EIT), and perfect absorption, etc.

One-mode resonators
Consider a two-port optical resonator supporting one

mode with the resonant frequency ω0 and non-radiative
decay rate γn. The mode can decay to Port 1 and Port 2
with the radiative decay rates γr1 and γr2, respectively.
Light is incident from Port 1, and the background
reflection and transmission coefficient are rb and tb,
respectively. From the scattering matrix, the reflection,
transmission, and absorption are expressed as

R ωð Þ ¼ rbj j ω� ω0ð Þ± tbj jσ1½ �2 þ σ2 þ rbj jγnð Þ2
ω� ω0ð Þ2 þ γr1 þ γr2 þ γnð Þ2 ð7Þ

T ωð Þ ¼ tbj j ω� ω0ð Þ � rbj jσ1½ �2 þ tbj jγnð Þ2
ω� ω0ð Þ2 þ γr1 þ γr2 þ γnð Þ2 ð8Þ

A ωð Þ ¼ 4γr1γn
ω� ω0ð Þ2 þ γr1 þ γr2 þ γnð Þ2 ð9Þ

(1) when jrbj ¼ 0, jtbj ¼ 1, we have σ1 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2γr1

2 þ 2γr2
2

p
and σ2 ¼ 0.

(2) when jrbj ¼ 1, jtbj ¼ 0, we have σ1 ¼ 0 and σ2 ¼
γr2 � γr1.

(3) when 0< jrbj< 1, 0< jtbj< 1, we have σ1 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2γr1

2þ2γr2
2�jrbj2 γr2þγr1ð Þ2� γr2�γr1ð Þ2=jrbj2

p
jtbj , and σ2 ¼

γr2�γr1
jtbj .

As can be seen, the reflection and transmission can have
an asymmetric Fano line shape as long as the background
reflection coefficient rb is non-zero. This is because of the
interference between the mode and the background. In
contrast, the absorption is independent on the back-
ground reflection and transmission coefficients and
always has a Lorentz line shape.
From a physical point of view, the radiative decay rates

γr1 and γr2 are dependent on the symmetric properties of
the resonator.
(1) When the resonator has mirror symmetry with

respect to the middle plane (e.g., a single layer of
free-standing metasurface), the mode decays to the
two ports with the same rates: γr1 ¼ γr2. At the
resonance frequency of ω0, the absorptance reaches
maximum of Amax ¼ 50% when γr1 þ γr2 ¼ γn,
which is known as critical coupling condition. For
the reflection and transmission, they can have Fano
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line shapes when the mode interferences with the
background, see Fig. 2a.

(2) When the mirror symmetry is broken (e.g., a layer of
metasurface backed by a thin dielectric film), the
mode can decay to the two ports with different rates:
γr1 ≠ γr2. Consider the time-reversal symmetry, the
external light can couple with the mode with distinct
coupling efficiency when incident from different
ports. As a result, asymmetric absorption can be
achieved, where the maximum absorptance is larger
than 50% when light is incident from one port, and
less than 50% when light is incident from the other
port, see Fig. 2b.

(3) When the transmission port is blocked (e.g., a layer
of metasurface backed by an optically thick metal
film), neither the mode can decay to Port 2 (γr2 ¼ 0)
nor the incident light can transmit directly to Port 2
(tb ¼ 0). Perfect absorption can be achieved at the
critical coupling condition (γr1 ¼ γn) when light is
incident from Port 1. Away from the resonance
frequency, light will be reflected, see Fig. 2c.

Two-mode resonators
When two modes exist in one resonator, they not only

interact with the incident field but also influence each
other through near-field mode overlapping, known as
near-field coupling, or far-field interference, referred to as
far-field coupling. The interplay between the two modes
can give rise to new phenomena, such as EIT and super
absorption.
(1) Electromagnetically induced transparencyEIT is a

phenomenon arising from quantum interference,
which leads to the emergence of a narrowband
transparency window when light propagates
through an originally opaque medium. The
classical analogue of EIT in nanophotonics relies
on the interference between a bright mode and a
dark mode. When excited by certain types of free-
space propagating light (e.g., plane waves), the
bright mode can couple to the incidences directly
over a broadband range. While the dark mode
cannot be directly excited by the incidences21. The
near-field coupling enables the dark mode to be
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several modes weakly coupled to each other and to a given
number of ports14. Suppose the electromagnetic field
varies in time as e�iωt , the radiative and nonradiative
decay rate of a mode can be expressed as γr ¼ ω0=ð2QrÞ
and γn ¼ ω0=ð2QnÞ, respectively, where ω0 is the resonant
frequency. The dynamic equations for the amplitudes of
all modes in the resonator are

da
dt

¼ �iΩ� Γ r � Γnð Þaþ KTsþ ð1Þ

s� ¼ Csþ þ Da ð2Þ
where a is the normalized amplitude vector, so that jaij2
corresponds to the energy of the ith mode inside the
resonator. s+ and s− are the amplitude vectors of incoming
and outgoing waves, respectively. Ω represents resonant
frequencies (diagonal elements) and near-field coupling
coefficients between different modes (off-diagonal ele-
ments), Γr represents the radiative decay rates (diagonal
elements) and far-field coupling coefficients between
different modes (off-diagonal elements), Γn represents the
non-radiative decay rates, KT is the coupling matrix from
the incoming waves to modes, D is the coupling matrix from
modes to outgoing waves, C is the background scattering
matrix, through which the incoming and outgoing waves
can couple directly. For lossless and reciprocal system, the
matrix C is unitary and symmetric15,16. In lossless systems,
the matrix KT, D, and C are related to each other due to the
energy conservation and time-reversal symmetry as

K ¼ D ð3Þ

DyD ¼ 2Γ r ð4Þ

CD� ¼ �D ð5Þ

In lossy systems, Eqs. (3)–(5) remains valid under the
assumption that the introduction of intrinsic loss does not
change the coupling coefficients among different modes
and ports17,18. TCMT is valid when (1) The modes have
high Q-factors (γr þ γn � ω0) so that the coupling coef-
ficients can be taken to be frequency independent19. (2)
All modes weakly couple to each other (i.e., the coupling
coefficient is much less than the resonant frequencies) so
that the coupling affects the amplitudes only when two
modes have similar resonant frequencies and the deriva-
tive of a is approximately equal to −iωa20. The scattering
matrix S of the resonator is given by

S ¼ C þ D �i ωI �Ωð Þ þ Γ r þ Γn½ ��1KT ð6Þ

where I is the identity matrix. From Eq. (6), the reflection,
transmission and absorption spectra can be obtained. In

the following, we demonstrate the calculated spectra of
one-mode and two-mode resonators according to TCMT.
The theoretical model can be used to analyze most of the
photonic systems and wave phenomenon such as Fano
line shape, electromagnetically induced transparency
(EIT), and perfect absorption, etc.

One-mode resonators
Consider a two-port optical resonator supporting one

mode with the resonant frequency ω0 and non-radiative
decay rate γn. The mode can decay to Port 1 and Port 2
with the radiative decay rates γr1 and γr2, respectively.
Light is incident from Port 1, and the background
reflection and transmission coefficient are rb and tb,
respectively. From the scattering matrix, the reflection,
transmission, and absorption are expressed as

R ωð Þ ¼ rbj j ω� ω0ð Þ± tbj jσ1½ �2 þ σ2 þ rbj jγnð Þ2
ω� ω0ð Þ2 þ γr1 þ γr2 þ γnð Þ2 ð7Þ

T ωð Þ ¼ tbj j ω� ω0ð Þ � rbj jσ1½ �2 þ tbj jγnð Þ2
ω� ω0ð Þ2 þ γr1 þ γr2 þ γnð Þ2 ð8Þ

A ωð Þ ¼ 4γr1γn
ω� ω0ð Þ2 þ γr1 þ γr2 þ γnð Þ2 ð9Þ

(1) when jrbj ¼ 0, jtbj ¼ 1, we have σ1 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2γr1

2 þ 2γr2
2

p
and σ2 ¼ 0.

(2) when jrbj ¼ 1, jtbj ¼ 0, we have σ1 ¼ 0 and σ2 ¼
γr2 � γr1.

(3) when 0< jrbj< 1, 0< jtbj< 1, we have σ1 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2γr1

2þ2γr2
2�jrbj2 γr2þγr1ð Þ2� γr2�γr1ð Þ2=jrbj2

p
jtbj , and σ2 ¼

γr2�γr1
jtbj .

As can be seen, the reflection and transmission can have
an asymmetric Fano line shape as long as the background
reflection coefficient rb is non-zero. This is because of the
interference between the mode and the background. In
contrast, the absorption is independent on the back-
ground reflection and transmission coefficients and
always has a Lorentz line shape.
From a physical point of view, the radiative decay rates

γr1 and γr2 are dependent on the symmetric properties of
the resonator.
(1) When the resonator has mirror symmetry with

respect to the middle plane (e.g., a single layer of
free-standing metasurface), the mode decays to the
two ports with the same rates: γr1 ¼ γr2. At the
resonance frequency of ω0, the absorptance reaches
maximum of Amax ¼ 50% when γr1 þ γr2 ¼ γn,
which is known as critical coupling condition. For
the reflection and transmission, they can have Fano
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counteract the radiative decay of the individual nanor-
esonator32. As SLRs rely on collective resonances in per-
iodic structures, their mode profiles can extend laterally
over several unit cells, which can increase spatial coher-
ence of electromagnetic waves. This make SLRs a good
candidate for applications such as enhancing light emis-
sion from dye molecules33 or waveguides34. The radiative
coupling of localized modes is enhanced by diffraction
orders in the plane of the nanostructures, known as
Rayleigh anomalies, making SLRs highly sensitive to both
the period and the incident angle. Under normal inci-
dence, SLRs typically occur when the wavelength equals
to the period, accompanied by the Rayleigh anomalies in
the spectrum (refer to Fig. 3c).

High-order resonances
The number of modes supported by a nanoresonator

depends on its size. For example, dielectric metasurfaces
with a high refractive index can support multiple Mie
resonance modes. At longer wavelengths, low-order
modes such as magnetic dipole (MD) and electric dipole
(ED) can be observed, typically characterized by relatively
low Q-factors (usually around ten35). As the wavelength
decreases, multipole modes such as magnetic quadrupole
(MQ) and electric quadrupole (EQ) become prominent.
These multipole modes exhibit weaker radiative decay
rates compared to dipole modes. Consequently, high-

order resonances can be leveraged to achieve high
Q-factors (one or two orders higher than low-order
modes36) due to the reduced radiative loss and weaker
coupling with incident light37, see Fig. 3d.

Tamm plasmon polaritons
Tamm plasmon polaritons state can be formed at the

interface between a metal film and a dielectric Bragg mirror.
The metal film exhibits near-unity reflection at frequencies
well below the plasma frequency, and the Bragg mirror
consisting of alternating layers of high and low refractive
index materials reflects light strongly within the photonic
stop band. This combination of high reflection from the
metal and Bragg mirror allows for the formation of an
eigenstate characterized by a small radiative decay rate and
a high Q-factor, as shown in Fig. 3e. It is important to note
that, unlike propagating surface plasmon polaritons (SPPs)
that cannot be directly excited by incident light from the air
due to their large wave vectors, Tamm plasmon polaritons
possess an in-plane wave vector of zero and can be pro-
duced by direct optical excitation. Additionally, they can be
excited by both transverse electric (TE) and transverse
magnetic (TM) incident waves38.

Fabry-Perot resonances
FP resonance occurs when the round-trip phase shift

experienced by light inside an optical cavity is an integer
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excited by the energy scattered from the bright
mode, resulting in the formation of a transparent
window in the spectral response. Due to the
negligible radiative decay rate of the dark mode,
the transparent peak can be extremely sharp, see
Fig. 2d.

(2) Super absorptionAs has been discussed before, the
maximum absorptance achievable for a
freestanding single-mode metasurface is 50%.
Though incorporating a metallic mirror behind
the metasurface can increase the maximum
absorptance to 100%, this approach results in the
blocking of transmission at other frequencies,
which limits its further applications. To achieve
super absorption (Amax > 50%) in a freestanding
single-layer of metasurfaces, one can utilize the
superposition of two modes with different
symmetry. In this way, the maximum absorptance
can reach 100% at the frequency degenerate point,
see Fig. 2e. A typical structure employed to achieve
super absorption is a dielectric metasurface that
simultaneously supports electric- and magnetic-
type Mie modes22.

Physical mechanisms for high-Q modes
Achieving high-Q modes requires decreasing the

radiative and non-radiative loss simultaneously. To
reduce the radiative loss, bound states in the continuum
(BICs), guided mode resonances (GMRs), surface lattice
resonances (SLRs), high-order resonances, Tamm plas-
mon polaritons, Fabry-Perot (FP) resonances, and
dispersion-assisted high-Q resonances can be utilized. To
reduce the nonradiative loss, specific materials such as
superconductor or gain materials can be utilized.

Bound states in the continuum
BICs represent the modes lying inside a continuous

radiative spectrum but have zero radiative decay rates to
the radiative channels23. Within the scope of free-space
light excitation, BICs refer to the localized states lying in
the continuous spectrum of radiative modes (modes
above the light cone, such as free-space plane waves) but
cannot couple to these radiative modes, and thus do not
radiate energy away. BICs can be classified primarily into
three categories based on the underlying physics
mechanisms - Symmetry protected BICs, which refer to
the bound states that belong to one symmetry class but
are embedded within the continuous spectrum of another
symmetry class24; Friedrich-Wintgen BICs (FW-BICs),
which represent the mode with suppressed radiative loss
due to the destructive interference with another mode
residing at the same location25–27; Fabry-Perot BICs (FP-
BICs), which represent the trapped modes between two

ideal reflectors when the round-trip phase shift in the
resonator equals an integer multiple of 2π28,29.
Theoretically, a BIC possesses an infinite radiative

Q-factor and only exists in lossless and infinite struc-
tures12. An ideal BIC exhibits a zero radiative decay rate
and cannot be excited by external incidence, see the
dashed line in Fig. 3a. However, in practical applications,
we often deal with quasi-BICs (qBICs) that have small but
non-zero radiative decay rates. For example, symmetry
protected BICs can be transformed into qBICs by intro-
ducing geometric or permittivity perturbation to break
the symmetry30. QBICs are also known as supercavity
modes, which exhibit finite but extremely high radiative
Q-factors, and allow for external light excitation, as
depicted by the solid line in Fig. 3a.

Guided mode resonances
GMRs are leaky guided surface modes. The dispersion

lines of guided modes typically lie below the light cone,
making the direct excitation by free-space light impos-
sible. However, an additional layer of periodic shallow
grating can compensate for the lateral wavenumber mis-
match, and enables the coupling of free-space light with
the guided modes. GMRs thereby exhibit a high sensitivity
to both the incident angle and wavelength of external
excitations31. Take the 1D periodic structures as an
example, in order to excite the GMRs, the input angle θin
should satisfy the grating diffraction equation as
k0 sin θin þm 2π

P ¼ β, where k0 is the wavenumber in
vacuum, m is an integer, P is the grating period, and β is
the wavenumber of the guided mode.
GMRs can be achieved by combining a thin-film wave-

guide with a shallow grating. The high coherence exhibited
by the nonlocal guided modes in the waveguide contributes
to the high Q-factors observed in GMRs. In the absence of
material absorption, the output spectra can have either a
reflection or a transmission peak, characterized by Fano line
shapes, see Fig. 3b. This spectral behavior arises from the
interference between the GMRs and the thin film, which
exhibits a non-zero background reflection coefficient. It
should be noted that GMRs rely on the guided modes
propagating along gratings, which sets them apart from
high contrast gratings, where vertical Bloch modes are
present between the upper and lower grating boundaries31.

Surface lattice resonances
SLRs originate from the far-field radiative coupling of

the localized modes in individual nanoresonators, which
can be observed in periodic nanophotonic structures. By
carefully designing the resonant mode and the period, the
scattered light from each nanoresonator can be in phase
with the light scattered by adjacent ones. This results in a
significant increase in the Q-factor of the mode, as the
scattered light from neighboring nanoresonators can
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counteract the radiative decay of the individual nanor-
esonator32. As SLRs rely on collective resonances in per-
iodic structures, their mode profiles can extend laterally
over several unit cells, which can increase spatial coher-
ence of electromagnetic waves. This make SLRs a good
candidate for applications such as enhancing light emis-
sion from dye molecules33 or waveguides34. The radiative
coupling of localized modes is enhanced by diffraction
orders in the plane of the nanostructures, known as
Rayleigh anomalies, making SLRs highly sensitive to both
the period and the incident angle. Under normal inci-
dence, SLRs typically occur when the wavelength equals
to the period, accompanied by the Rayleigh anomalies in
the spectrum (refer to Fig. 3c).

High-order resonances
The number of modes supported by a nanoresonator

depends on its size. For example, dielectric metasurfaces
with a high refractive index can support multiple Mie
resonance modes. At longer wavelengths, low-order
modes such as magnetic dipole (MD) and electric dipole
(ED) can be observed, typically characterized by relatively
low Q-factors (usually around ten35). As the wavelength
decreases, multipole modes such as magnetic quadrupole
(MQ) and electric quadrupole (EQ) become prominent.
These multipole modes exhibit weaker radiative decay
rates compared to dipole modes. Consequently, high-

order resonances can be leveraged to achieve high
Q-factors (one or two orders higher than low-order
modes36) due to the reduced radiative loss and weaker
coupling with incident light37, see Fig. 3d.

Tamm plasmon polaritons
Tamm plasmon polaritons state can be formed at the

interface between a metal film and a dielectric Bragg mirror.
The metal film exhibits near-unity reflection at frequencies
well below the plasma frequency, and the Bragg mirror
consisting of alternating layers of high and low refractive
index materials reflects light strongly within the photonic
stop band. This combination of high reflection from the
metal and Bragg mirror allows for the formation of an
eigenstate characterized by a small radiative decay rate and
a high Q-factor, as shown in Fig. 3e. It is important to note
that, unlike propagating surface plasmon polaritons (SPPs)
that cannot be directly excited by incident light from the air
due to their large wave vectors, Tamm plasmon polaritons
possess an in-plane wave vector of zero and can be pro-
duced by direct optical excitation. Additionally, they can be
excited by both transverse electric (TE) and transverse
magnetic (TM) incident waves38.

Fabry-Perot resonances
FP resonance occurs when the round-trip phase shift

experienced by light inside an optical cavity is an integer
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excited by the energy scattered from the bright
mode, resulting in the formation of a transparent
window in the spectral response. Due to the
negligible radiative decay rate of the dark mode,
the transparent peak can be extremely sharp, see
Fig. 2d.

(2) Super absorptionAs has been discussed before, the
maximum absorptance achievable for a
freestanding single-mode metasurface is 50%.
Though incorporating a metallic mirror behind
the metasurface can increase the maximum
absorptance to 100%, this approach results in the
blocking of transmission at other frequencies,
which limits its further applications. To achieve
super absorption (Amax > 50%) in a freestanding
single-layer of metasurfaces, one can utilize the
superposition of two modes with different
symmetry. In this way, the maximum absorptance
can reach 100% at the frequency degenerate point,
see Fig. 2e. A typical structure employed to achieve
super absorption is a dielectric metasurface that
simultaneously supports electric- and magnetic-
type Mie modes22.

Physical mechanisms for high-Q modes
Achieving high-Q modes requires decreasing the

radiative and non-radiative loss simultaneously. To
reduce the radiative loss, bound states in the continuum
(BICs), guided mode resonances (GMRs), surface lattice
resonances (SLRs), high-order resonances, Tamm plas-
mon polaritons, Fabry-Perot (FP) resonances, and
dispersion-assisted high-Q resonances can be utilized. To
reduce the nonradiative loss, specific materials such as
superconductor or gain materials can be utilized.

Bound states in the continuum
BICs represent the modes lying inside a continuous

radiative spectrum but have zero radiative decay rates to
the radiative channels23. Within the scope of free-space
light excitation, BICs refer to the localized states lying in
the continuous spectrum of radiative modes (modes
above the light cone, such as free-space plane waves) but
cannot couple to these radiative modes, and thus do not
radiate energy away. BICs can be classified primarily into
three categories based on the underlying physics
mechanisms - Symmetry protected BICs, which refer to
the bound states that belong to one symmetry class but
are embedded within the continuous spectrum of another
symmetry class24; Friedrich-Wintgen BICs (FW-BICs),
which represent the mode with suppressed radiative loss
due to the destructive interference with another mode
residing at the same location25–27; Fabry-Perot BICs (FP-
BICs), which represent the trapped modes between two

ideal reflectors when the round-trip phase shift in the
resonator equals an integer multiple of 2π28,29.
Theoretically, a BIC possesses an infinite radiative

Q-factor and only exists in lossless and infinite struc-
tures12. An ideal BIC exhibits a zero radiative decay rate
and cannot be excited by external incidence, see the
dashed line in Fig. 3a. However, in practical applications,
we often deal with quasi-BICs (qBICs) that have small but
non-zero radiative decay rates. For example, symmetry
protected BICs can be transformed into qBICs by intro-
ducing geometric or permittivity perturbation to break
the symmetry30. QBICs are also known as supercavity
modes, which exhibit finite but extremely high radiative
Q-factors, and allow for external light excitation, as
depicted by the solid line in Fig. 3a.

Guided mode resonances
GMRs are leaky guided surface modes. The dispersion

lines of guided modes typically lie below the light cone,
making the direct excitation by free-space light impos-
sible. However, an additional layer of periodic shallow
grating can compensate for the lateral wavenumber mis-
match, and enables the coupling of free-space light with
the guided modes. GMRs thereby exhibit a high sensitivity
to both the incident angle and wavelength of external
excitations31. Take the 1D periodic structures as an
example, in order to excite the GMRs, the input angle θin
should satisfy the grating diffraction equation as
k0 sin θin þm 2π

P ¼ β, where k0 is the wavenumber in
vacuum, m is an integer, P is the grating period, and β is
the wavenumber of the guided mode.
GMRs can be achieved by combining a thin-film wave-

guide with a shallow grating. The high coherence exhibited
by the nonlocal guided modes in the waveguide contributes
to the high Q-factors observed in GMRs. In the absence of
material absorption, the output spectra can have either a
reflection or a transmission peak, characterized by Fano line
shapes, see Fig. 3b. This spectral behavior arises from the
interference between the GMRs and the thin film, which
exhibits a non-zero background reflection coefficient. It
should be noted that GMRs rely on the guided modes
propagating along gratings, which sets them apart from
high contrast gratings, where vertical Bloch modes are
present between the upper and lower grating boundaries31.

Surface lattice resonances
SLRs originate from the far-field radiative coupling of

the localized modes in individual nanoresonators, which
can be observed in periodic nanophotonic structures. By
carefully designing the resonant mode and the period, the
scattered light from each nanoresonator can be in phase
with the light scattered by adjacent ones. This results in a
significant increase in the Q-factor of the mode, as the
scattered light from neighboring nanoresonators can
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Q-factors. In experiments, the Q-factors may be degraded
due to the finite size of the nanostructure arrays and
various fabrication imperfections. Nevertherless, a
Q-factor of 4.9 × 105 has been experimentally demon-
strated by merging multiple BICs supported by photonic
crystals (PhCs) in momentum space12, see Fig. 4b.
Another commonly used type of mode is GMRs. An

experimental Q-factor as high as 2.39 × 105 has been
demonstrated recently using a photoresist grating on
silicon-on-insulator (SOI)53, see Fig. 4c. Using similar
methods, a recent study demonstrated a Q-factor
exceeding one million by employing photoresist gratings
on silicon nitride (SiN)54. In addition to conventional 1D
or 2D gratings, many new types of gratings with special

geometry and specific functions have been designed. In
ref. 55 periodic gratings composed of isolated nanoan-
tennas are utilized, resulting in a strong electric field
enhancement within the air gap for biosensing applica-
tions, see Fig. 4d. In ref. 56 gratings are combined with
phase-gradient metasurfaces to achieve high-Q direc-
tional diffraction, as shown in Fig. 4e.
SLRs can also be employed to achieve high-Q non-

absorbing devices. most of the works are based on peri-
odic metallic nanostructures to demonstrate enhanced
Q-factors in comparison to localized surface plasmons
supported by individual metallic nanoparticles. Despite
the intrinsic loss of metals, a Q-factor of 2340 has been
demonstrated in metallic metasurfaces supporting SLRs57,
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multiple of 2π. A typical FP cavity consists of two parallel
mirrors spaced by a certain distance, e.g., a dielectric film
with a distributed Bragg reflector (DBR) on each side, see
Fig. 3f. At the resonant frequencies, constructive inter-
ference occurs between the multiple reflections of light
within the cavity, which leads to high transmission of light
when the whole structure is lossless. The Q-factor of an
FP resonance is dependent on the order of interference as
well as the reflection of the two mirrors. Suppose the two
mirrors have the same reflection R, the Q-factor of the
mth order of FP resonance can be expressed as Q ¼
mπ

ffiffiffi
R

p
= 1� Rð Þ. By increasing the resonance order (e.g.,

through increasing the cavity length) or the reflection of
the mirror, the Q-factor of an FP resonance can be
increased. When the materials constitute the FP cavity
exhibit intrinsic loss, the transmission will decrease while
the absorption will increase at the resonant frequencies39.
It is noted that both FP resonances and GMRs mentioned
in Section “Guided mode resonances” can be seen as the
eigenmode solutions of source-free Maxwell’s equations
in layered film structures. However, FP resonances are
dependent on the vertical round-trip phase accumulation
in the dielectric layers. They lie above the light-cone and
be excited directly by free-space propagating light without
additional scatterers. While GMRs rely on k-vectors of
waveguide modes that propagating along the surface, and
require additional scatterers such as gratings to bring
them into light-cone, as discussed in Section “Guided
mode resonances”.

Dispersion-assisted high-Q resonances
The Q-factor of a mode can be increased by engineering

the dispersion of the resonator. Taking the FP cavity as an
example, the frequency-dependent round-trip phase shift
is expressed as φnd ωð Þ ¼ 2nLω0=c0 þ 2nLδω=c0, where nL
is the optical length of the cavity, c0 is the vacuum light
speed, ω0 is the resonant frequency, and the frequency
detuning δω ¼ ω� ω0. Now suppose the cavity is made of
the material with a frequency-dependent refractive index
nþ Dδω=ω0, the round-trip phase shift is φd ωð Þ �
2nLω0=c0 þ 2ðnþ DÞLδω=c0. The transmission spectra
decrease to half of the maximum at the phase shift
φFWHM1 and φFWHM2, respectively, and Δφ ¼ φFWHM2 �
φFWHM1. For the non-dispersive resonator, the bandwidth
is Δωnd ¼ Δφ= 2n0L=c0ð Þ. While for the dispersive reso-
nator, Δωd ¼ Δφ= 2 n0 þ Dð ÞL=c0½ �. As a result, the dis-
persive resonator suppresses the bandwidth with the
scaling factor of Δωd

Δωnd
¼ n

nþD.
This method was initially used in FP optical cavities to

suppress the output linewidth of lasers, where the dis-
persive media was created by additional pumping the
cesium atomics using the effect of coherent population
trapping40. Recent research has demonstrated that the
mode supported by nanoresonators such as metasurfaces

or gratings have large dispersion near the resonant fre-
quency41, where the phase of the reflection is linearly
dependent on the frequency. Therefore, by combing a
metasurface with a FP cavity (e.g., a dielectric film), it is
possible to suppress the linewidth of the FP resonance.
This strategy has been adopted to produce all-dielectric
high-Q absorbers42.

Material-assisted high-Q resonances
Some special materials such as superconducting mate-

rials and gain materials can help to reduce the non-
radiative decay rates, and thereby increase the non-
radiative Q-factors of modes, see Fig. 3g. Superconducting
materials exhibit lower real conductivity and higher
imaginary conductivity compared to ordinary conductors.
This characteristic results in a lower loss tangent, enabling
the modes to achieve higher Q-factors. For instance,
yttrium barium copper oxide (YBCO) metausrfaces, below
their phase transition temperature (87 K), can support
Fano resonances in the THz range with higher Q-factors
compared to the same structures made from aluminum43.
Gain materials have the ability to compensate for the
intrinsic Ohmic losses in metallic elements, thereby
reducing the non-radiative decay rate44. This compensa-
tion effect helps to preserve the energy of the modes,
resulting in smaller losses and higher non-radiative Q-
factors.

Progress
Based on the working purposes, free-space high-Q

nanophotonic devices can be categorized into those of
non-absorbing type and absorbing type. The former
usually acts as a high-Q reflector or band-pass filter,
which mainly focuses on engineering the radiative loss
while the non-radiative loss should be minimized. The
latter usually acts as a high-Q absorber or thermal emit-
ter, where the non-radiative loss is necessary and should
be engineered simultaneously with the radiative loss to
achieve efficient absorption.

High-Q non-absorbing devices
In non-absorbing nanophotonic devices, high-Q trans-

mission or reflection can be achieved utilizing optical
modes with small radiative decay rates and negligible non-
radiative decay rates. A widely adopted approach involves
the utilization of lossless nanostructures supporting BICs
such as all-dielectric metasurfaces4,30,45–52, as shown in
Fig. 4a. In principle, optical modes with infinite Q-factors
can exist in these nanostructures due to the non-radiative
nature of ideal BICs and the non-absorbing property of
dielectric materials. However, to enable the excitation of
these modes by external light, a small geometric pertur-
bation is introduced. This modification transforms BICs
into qBICs, which exhibit finite but extremely high
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Q-factors. In experiments, the Q-factors may be degraded
due to the finite size of the nanostructure arrays and
various fabrication imperfections. Nevertherless, a
Q-factor of 4.9 × 105 has been experimentally demon-
strated by merging multiple BICs supported by photonic
crystals (PhCs) in momentum space12, see Fig. 4b.
Another commonly used type of mode is GMRs. An

experimental Q-factor as high as 2.39 × 105 has been
demonstrated recently using a photoresist grating on
silicon-on-insulator (SOI)53, see Fig. 4c. Using similar
methods, a recent study demonstrated a Q-factor
exceeding one million by employing photoresist gratings
on silicon nitride (SiN)54. In addition to conventional 1D
or 2D gratings, many new types of gratings with special

geometry and specific functions have been designed. In
ref. 55 periodic gratings composed of isolated nanoan-
tennas are utilized, resulting in a strong electric field
enhancement within the air gap for biosensing applica-
tions, see Fig. 4d. In ref. 56 gratings are combined with
phase-gradient metasurfaces to achieve high-Q direc-
tional diffraction, as shown in Fig. 4e.
SLRs can also be employed to achieve high-Q non-

absorbing devices. most of the works are based on peri-
odic metallic nanostructures to demonstrate enhanced
Q-factors in comparison to localized surface plasmons
supported by individual metallic nanoparticles. Despite
the intrinsic loss of metals, a Q-factor of 2340 has been
demonstrated in metallic metasurfaces supporting SLRs57,
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multiple of 2π. A typical FP cavity consists of two parallel
mirrors spaced by a certain distance, e.g., a dielectric film
with a distributed Bragg reflector (DBR) on each side, see
Fig. 3f. At the resonant frequencies, constructive inter-
ference occurs between the multiple reflections of light
within the cavity, which leads to high transmission of light
when the whole structure is lossless. The Q-factor of an
FP resonance is dependent on the order of interference as
well as the reflection of the two mirrors. Suppose the two
mirrors have the same reflection R, the Q-factor of the
mth order of FP resonance can be expressed as Q ¼
mπ

ffiffiffi
R

p
= 1� Rð Þ. By increasing the resonance order (e.g.,

through increasing the cavity length) or the reflection of
the mirror, the Q-factor of an FP resonance can be
increased. When the materials constitute the FP cavity
exhibit intrinsic loss, the transmission will decrease while
the absorption will increase at the resonant frequencies39.
It is noted that both FP resonances and GMRs mentioned
in Section “Guided mode resonances” can be seen as the
eigenmode solutions of source-free Maxwell’s equations
in layered film structures. However, FP resonances are
dependent on the vertical round-trip phase accumulation
in the dielectric layers. They lie above the light-cone and
be excited directly by free-space propagating light without
additional scatterers. While GMRs rely on k-vectors of
waveguide modes that propagating along the surface, and
require additional scatterers such as gratings to bring
them into light-cone, as discussed in Section “Guided
mode resonances”.

Dispersion-assisted high-Q resonances
The Q-factor of a mode can be increased by engineering

the dispersion of the resonator. Taking the FP cavity as an
example, the frequency-dependent round-trip phase shift
is expressed as φnd ωð Þ ¼ 2nLω0=c0 þ 2nLδω=c0, where nL
is the optical length of the cavity, c0 is the vacuum light
speed, ω0 is the resonant frequency, and the frequency
detuning δω ¼ ω� ω0. Now suppose the cavity is made of
the material with a frequency-dependent refractive index
nþ Dδω=ω0, the round-trip phase shift is φd ωð Þ �
2nLω0=c0 þ 2ðnþ DÞLδω=c0. The transmission spectra
decrease to half of the maximum at the phase shift
φFWHM1 and φFWHM2, respectively, and Δφ ¼ φFWHM2 �
φFWHM1. For the non-dispersive resonator, the bandwidth
is Δωnd ¼ Δφ= 2n0L=c0ð Þ. While for the dispersive reso-
nator, Δωd ¼ Δφ= 2 n0 þ Dð ÞL=c0½ �. As a result, the dis-
persive resonator suppresses the bandwidth with the
scaling factor of Δωd

Δωnd
¼ n

nþD.
This method was initially used in FP optical cavities to

suppress the output linewidth of lasers, where the dis-
persive media was created by additional pumping the
cesium atomics using the effect of coherent population
trapping40. Recent research has demonstrated that the
mode supported by nanoresonators such as metasurfaces

or gratings have large dispersion near the resonant fre-
quency41, where the phase of the reflection is linearly
dependent on the frequency. Therefore, by combing a
metasurface with a FP cavity (e.g., a dielectric film), it is
possible to suppress the linewidth of the FP resonance.
This strategy has been adopted to produce all-dielectric
high-Q absorbers42.

Material-assisted high-Q resonances
Some special materials such as superconducting mate-

rials and gain materials can help to reduce the non-
radiative decay rates, and thereby increase the non-
radiative Q-factors of modes, see Fig. 3g. Superconducting
materials exhibit lower real conductivity and higher
imaginary conductivity compared to ordinary conductors.
This characteristic results in a lower loss tangent, enabling
the modes to achieve higher Q-factors. For instance,
yttrium barium copper oxide (YBCO) metausrfaces, below
their phase transition temperature (87 K), can support
Fano resonances in the THz range with higher Q-factors
compared to the same structures made from aluminum43.
Gain materials have the ability to compensate for the
intrinsic Ohmic losses in metallic elements, thereby
reducing the non-radiative decay rate44. This compensa-
tion effect helps to preserve the energy of the modes,
resulting in smaller losses and higher non-radiative Q-
factors.

Progress
Based on the working purposes, free-space high-Q

nanophotonic devices can be categorized into those of
non-absorbing type and absorbing type. The former
usually acts as a high-Q reflector or band-pass filter,
which mainly focuses on engineering the radiative loss
while the non-radiative loss should be minimized. The
latter usually acts as a high-Q absorber or thermal emit-
ter, where the non-radiative loss is necessary and should
be engineered simultaneously with the radiative loss to
achieve efficient absorption.

High-Q non-absorbing devices
In non-absorbing nanophotonic devices, high-Q trans-

mission or reflection can be achieved utilizing optical
modes with small radiative decay rates and negligible non-
radiative decay rates. A widely adopted approach involves
the utilization of lossless nanostructures supporting BICs
such as all-dielectric metasurfaces4,30,45–52, as shown in
Fig. 4a. In principle, optical modes with infinite Q-factors
can exist in these nanostructures due to the non-radiative
nature of ideal BICs and the non-absorbing property of
dielectric materials. However, to enable the excitation of
these modes by external light, a small geometric pertur-
bation is introduced. This modification transforms BICs
into qBICs, which exhibit finite but extremely high
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is to replace dielectric materials with metals in nanos-
tructures that supports BICs, resulting in plasmonic
BICs71, see Fig. 5a. With the development of laser nano-
printing techniques, plasmonic BICs have been experi-
mentally achieved using 3D anisotropic metasurfaces72,73,
as shown in Fig. 5b. However, due to the intrinsic losses of
metals, the Q-factors based on plasmonic BICs in
experiments are typically less than 100. Recent theoretical
research reveals that the achievable maximum Q-factor
for plasmonic BICs has inherent limits approaching that
of propagating SPPs, and increases with the operating
wavelength74. Besides the metallic structures, low-loss
dielectric metasurfaces supporting BICs can also be used
to realize high-Q absorption75,76. As the total Q-factor of
an absorber is given by Qtot

�1 ¼ Qr
�1 þ Qn

�1, the Qtot is
anticipated to be always lower than Qr in single-mode
systems. To overcome this limitation, in ref. 42 dielectric
metasurfaces supporting BICs are used as the dispersive
reflector in a FP cavity. This dispersion-assisted FP mode
enables the total Q-factor of the absorber to exceed that
of the BIC itself. In experiment, a Q-factor of 282 is
demonstrated, see Fig. 5c.
For high-Q absorption based on GMRs, it can be

achieved by introducing periodic perturbations to the
surfaces that support lossy guided modes such as SPPs or
surface photon polaritons (SPhPs)77. Besides, GMRs can
also be supported by dielectric waveguiding films with
gratings on top, where the dispersion properties of the
guided modes can be engineered by changing the

thickness of the films. The polarization response can be
engineered through the design of the top gratings. For
instance, 1D gratings enables polarization-sensitive high-
Q absorption with the Q-factor of 23078, see Fig. 5d.
While 2D gratings with isotropy in both the x and y
directions enable polarization-insensitive absorption with
the Q-factor of 7379, see Fig. 5e.
In addition to BICs and GMRs, another type of mode

frequently utilized in high-Q absorption or thermal
emission design is Tamm plasmon polaritons. Experi-
mental studies have demonstrated that absorption based
on Tamm plasmon polaritons can have Q-factors in the
order of 103 80, surpassing previous metasurfaces of
gratings designs, see Fig. 5(f). Besides, different from
planner metasurfaces or gratings that require precise and
time-consuming fabrication techniques, the multi-layer
film structures used in Tamm plasmon polaritons can be
easily fabricated using conventional deposition methods
such as sputtering, electron beam evaporation, and ther-
mal evaporation. This makes them well-suited for appli-
cations requiring large-area fabrications such as thermal
emitters81, see Fig. 5g. However, it is worth noting that
Tamm plasmon polaritons lack the ability for polarization
and directionality control, which can be considered as
their limitations for applications.
Alternative methods for achieving high-Q absorption or

thermal emission have also been explored. Reference 82

utilizes SLRs supported by low-index TiO2 metasurfaces
on Au substrate to achieve high-Q absorption, where the
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as illustrated in Fig. 4f. SLRs have also been achieved in
dielectric photonic systems, where the radiative Q-factor
of a monolayer of dielectric nanorods is increased within a
lattice array58, see Fig. 4g.
In addition to the aforementioned methods, there are

other approaches to achieve high-Q non-absorbing photo-
nic devices. One such method involves utilizing high-order
Mie resonances, where the Q-factor can reach 1475 in
experiment36. Another approach involves utilizing a pair of
coupled bright and dark modes, similar to the EIT effect, to
achieve high-Q transmission, where the Q-factor is 48321.
Table 1 summarizes the high-Q non-absorbing devices
based on different design strategies for comparison59–69.

High-Q absorbing/ thermal emitting devices
In contrast to non-absorbing photonic devices discussed

in Section “High-Q non-absorbing devices”, whose non-
radiative decay rates should be minimized, absorbing
devices require careful management of non-radiative decay

rates so as to absorb light efficiently. Achieving high-Q
efficient absorption involves two key considerations. Firstly,
the radiative and non-radiative decay rates should be
simultaneously reduced to ensure a large overall Q-factor.
Secondly, these two decay rates should be equal to each
other to satisfy the critical coupling condition, enabling
efficient absorptance. The most commonly employed
methods for achieving high-Q absorbing nanophotonic
devices are BICs, GMRs, and Tamm plasmon polaritons.
Absorption and thermal emission are two closely related

physical processes according to Kirchhoff’s law, which
states that the thermal emissivity ε(λ) of an object equals
to its absorptance A(λ) in reciprocal systems70. Therefore,
a nanophotonic device with high-Q absorption can also
exhibits high-Q thermal emissivity, and can have high-Q
efficient thermal emission when the absorption peak is at
the mid-infrared range.
For high-Q absorption based on BICs, in order to

introduce non-radiative loss, one straightforward method

Table 1 High-Q non-absorbing devices

Mode Q (exp.) λ (μm) Structure Efficiencya Polarization Selective Size Ref.

BICs 490,000 1.568 Si PhCs (S) No 250 × 250 μm² 12

~10,000 0.583 Si3N4 PhCs 44% (R) Yes 3 cm² 59

7800 1.56 Si PhCs (S) No 500 × 500 μm² 60

4990 1.479 Si metasurfaces (R) Yes Unmentioned 50

18,511 1.559 Si metasurfaces (T) Yes 19 × 19 μm² 45

3534 1.548 Si metasurfaces 60% (T) Yes 120 × 120 μm² 61

3142 1.48 Si metasurfaces 55% (S) Yes 15 × 15mm² 62

1946 1.425 Si metasurfaces (S) Yes 410 × 410 μm² 46

1373 1.275 Si metasurfaces 45% (T) Yes 560 × 560 μm² 63

1011 1.28 Si metasurfaces (S) Yes 280 × 280 μm² 52

4130 1.52 Si metasurfaces (T) Yes 1.2 × 1.2 mm² 64

GMRs 1,100,000 779 Photoresist PhCs on SiN (R) Yes 900 × 900 μm² 54

239,000 1.55 Photoresist PhCs on Si (R) Yes 520 × 520 μm² 53

32,000 0.49 Si3N4 PhCs 34% (R) Yes 600 × 600 μm² 65

8000 0.75 SiO2 gratings on a SiN film (R) Yes 10 × 15mm² 66

3238 1.583 SiO2-Si crossed gratings 53% (R) No 4 cm² 67

2500 1.465 Si gratings 20% (D) Yes 300 × 300 μm² 56

2200 1.53 Si blocks (T) Yes Unmentioned 55

SLRs 2340 1.55 Au metasurfaces 56% (S) Yes 600 × 600 μm² 57

750 1.097 Al metasurfaces 40% (S) Yes Unmentioned 68

High-order modes 1458 1.293 Si metasurfaces 17.1% (D) Yes Unmentioned 36

728 1.508 Si metasurfaces (T) No 90 × 90 μm² 69

Others 483 1.372 Si metasurfaces 60% (T) Yes 225 × 225 μm² 21

aS, D, T, and R in the table represent scattering, diffraction, transmission and reflection efficiency, respectively
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is to replace dielectric materials with metals in nanos-
tructures that supports BICs, resulting in plasmonic
BICs71, see Fig. 5a. With the development of laser nano-
printing techniques, plasmonic BICs have been experi-
mentally achieved using 3D anisotropic metasurfaces72,73,
as shown in Fig. 5b. However, due to the intrinsic losses of
metals, the Q-factors based on plasmonic BICs in
experiments are typically less than 100. Recent theoretical
research reveals that the achievable maximum Q-factor
for plasmonic BICs has inherent limits approaching that
of propagating SPPs, and increases with the operating
wavelength74. Besides the metallic structures, low-loss
dielectric metasurfaces supporting BICs can also be used
to realize high-Q absorption75,76. As the total Q-factor of
an absorber is given by Qtot

�1 ¼ Qr
�1 þ Qn

�1, the Qtot is
anticipated to be always lower than Qr in single-mode
systems. To overcome this limitation, in ref. 42 dielectric
metasurfaces supporting BICs are used as the dispersive
reflector in a FP cavity. This dispersion-assisted FP mode
enables the total Q-factor of the absorber to exceed that
of the BIC itself. In experiment, a Q-factor of 282 is
demonstrated, see Fig. 5c.
For high-Q absorption based on GMRs, it can be

achieved by introducing periodic perturbations to the
surfaces that support lossy guided modes such as SPPs or
surface photon polaritons (SPhPs)77. Besides, GMRs can
also be supported by dielectric waveguiding films with
gratings on top, where the dispersion properties of the
guided modes can be engineered by changing the

thickness of the films. The polarization response can be
engineered through the design of the top gratings. For
instance, 1D gratings enables polarization-sensitive high-
Q absorption with the Q-factor of 23078, see Fig. 5d.
While 2D gratings with isotropy in both the x and y
directions enable polarization-insensitive absorption with
the Q-factor of 7379, see Fig. 5e.
In addition to BICs and GMRs, another type of mode

frequently utilized in high-Q absorption or thermal
emission design is Tamm plasmon polaritons. Experi-
mental studies have demonstrated that absorption based
on Tamm plasmon polaritons can have Q-factors in the
order of 103 80, surpassing previous metasurfaces of
gratings designs, see Fig. 5(f). Besides, different from
planner metasurfaces or gratings that require precise and
time-consuming fabrication techniques, the multi-layer
film structures used in Tamm plasmon polaritons can be
easily fabricated using conventional deposition methods
such as sputtering, electron beam evaporation, and ther-
mal evaporation. This makes them well-suited for appli-
cations requiring large-area fabrications such as thermal
emitters81, see Fig. 5g. However, it is worth noting that
Tamm plasmon polaritons lack the ability for polarization
and directionality control, which can be considered as
their limitations for applications.
Alternative methods for achieving high-Q absorption or

thermal emission have also been explored. Reference 82

utilizes SLRs supported by low-index TiO2 metasurfaces
on Au substrate to achieve high-Q absorption, where the
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as illustrated in Fig. 4f. SLRs have also been achieved in
dielectric photonic systems, where the radiative Q-factor
of a monolayer of dielectric nanorods is increased within a
lattice array58, see Fig. 4g.
In addition to the aforementioned methods, there are

other approaches to achieve high-Q non-absorbing photo-
nic devices. One such method involves utilizing high-order
Mie resonances, where the Q-factor can reach 1475 in
experiment36. Another approach involves utilizing a pair of
coupled bright and dark modes, similar to the EIT effect, to
achieve high-Q transmission, where the Q-factor is 48321.
Table 1 summarizes the high-Q non-absorbing devices
based on different design strategies for comparison59–69.

High-Q absorbing/ thermal emitting devices
In contrast to non-absorbing photonic devices discussed

in Section “High-Q non-absorbing devices”, whose non-
radiative decay rates should be minimized, absorbing
devices require careful management of non-radiative decay

rates so as to absorb light efficiently. Achieving high-Q
efficient absorption involves two key considerations. Firstly,
the radiative and non-radiative decay rates should be
simultaneously reduced to ensure a large overall Q-factor.
Secondly, these two decay rates should be equal to each
other to satisfy the critical coupling condition, enabling
efficient absorptance. The most commonly employed
methods for achieving high-Q absorbing nanophotonic
devices are BICs, GMRs, and Tamm plasmon polaritons.
Absorption and thermal emission are two closely related

physical processes according to Kirchhoff’s law, which
states that the thermal emissivity ε(λ) of an object equals
to its absorptance A(λ) in reciprocal systems70. Therefore,
a nanophotonic device with high-Q absorption can also
exhibits high-Q thermal emissivity, and can have high-Q
efficient thermal emission when the absorption peak is at
the mid-infrared range.
For high-Q absorption based on BICs, in order to

introduce non-radiative loss, one straightforward method

Table 1 High-Q non-absorbing devices

Mode Q (exp.) λ (μm) Structure Efficiencya Polarization Selective Size Ref.

BICs 490,000 1.568 Si PhCs (S) No 250 × 250 μm² 12

~10,000 0.583 Si3N4 PhCs 44% (R) Yes 3 cm² 59

7800 1.56 Si PhCs (S) No 500 × 500 μm² 60

4990 1.479 Si metasurfaces (R) Yes Unmentioned 50

18,511 1.559 Si metasurfaces (T) Yes 19 × 19 μm² 45

3534 1.548 Si metasurfaces 60% (T) Yes 120 × 120 μm² 61

3142 1.48 Si metasurfaces 55% (S) Yes 15 × 15mm² 62

1946 1.425 Si metasurfaces (S) Yes 410 × 410 μm² 46

1373 1.275 Si metasurfaces 45% (T) Yes 560 × 560 μm² 63

1011 1.28 Si metasurfaces (S) Yes 280 × 280 μm² 52

4130 1.52 Si metasurfaces (T) Yes 1.2 × 1.2 mm² 64

GMRs 1,100,000 779 Photoresist PhCs on SiN (R) Yes 900 × 900 μm² 54

239,000 1.55 Photoresist PhCs on Si (R) Yes 520 × 520 μm² 53

32,000 0.49 Si3N4 PhCs 34% (R) Yes 600 × 600 μm² 65

8000 0.75 SiO2 gratings on a SiN film (R) Yes 10 × 15mm² 66

3238 1.583 SiO2-Si crossed gratings 53% (R) No 4 cm² 67

2500 1.465 Si gratings 20% (D) Yes 300 × 300 μm² 56

2200 1.53 Si blocks (T) Yes Unmentioned 55

SLRs 2340 1.55 Au metasurfaces 56% (S) Yes 600 × 600 μm² 57

750 1.097 Al metasurfaces 40% (S) Yes Unmentioned 68

High-order modes 1458 1.293 Si metasurfaces 17.1% (D) Yes Unmentioned 36

728 1.508 Si metasurfaces (T) No 90 × 90 μm² 69

Others 483 1.372 Si metasurfaces 60% (T) Yes 225 × 225 μm² 21

aS, D, T, and R in the table represent scattering, diffraction, transmission and reflection efficiency, respectively
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(FOM). It is calculated as FOM ¼ S=Δλ, where S is the
sensitivity, defined as the wavelength shift per refractive
index unit (RIU), and Δλ is the bandwidth of the reso-
nance. A superior sensor with a high FOM requires
simultaneous high sensitivity and narrow resonance
bandwidth, which can be satisfied using high-Q modes.
On the one hand, a high-Q mode has a narrower band-
width Δλ compared with a low-Q one. On the other hand,
a high-Q mode can have stronger near-field enhancement
since the enhancement coefficient P can be evaluated as:
P / γrQ

2=V , where γr is the radiative decay rate and V is
the mode volume96. A large field enhancement can
enhance the light-mater interactions and improve the
sensitivity S. Various high-Q optical sensors with superior
sensing abilities have been proposed. For instance,
refractive index sensing with the FOM of 103 has been
experimentally demonstrated using Fano-type resonances
with the Q-factor of 48321. Genetic screening with the
FOM as high as 400 has been achieved using GMRs with
the Q-factor of 220055.

Another strategy for optical sensing is based on
detecting the absorption spectra of analytes, where mul-
tiple high-Q modes with different resonant frequencies
are integrated together to function as a spectrometer. This
strategy allows for distinguishing the chemical informa-
tion of the analytes. For instance, mid-infrared sensing for
molecular barcoding has been demonstrated based on
qBICs with the Q-factors larger than 2004. Near-infrared
biodetection combined with hyperspectral imaging has
been achieved using qBICs with the Q-factors of 14497.

Filters
High-Q nanophotonic devices with narrow bandwidths

allow for filtering specific wavelengths and suppressing
unwanted wavelengths as well as background noise. These
optical filters with high spectral selectivity have been
applied in numerous fields ranging from spectrometers to
imaging systems. For example, traditional spectrometers
require dispersive elements such as prisms or gratings to
detect the spectra, making the devices bulky and require

Table 2 High-Q absorbing/ thermal emitting devices

Mode Q (exp.) λ (μm) Structure Efficiencya Polarization selective Size Ref.

BICs 120 9.1 GaAs-AlGaAs PhCs 71% (E) No 1.8 × 1.8 mm² 87

282 1.237 Ge-SiO2-Si metasurfaces 66.5% (A) Yes 120 × 120 μm² 42

84 1.8-10 Au-resist metasurfaces 60% (A) Yes 160 × 160 μm² 72

81 6.7 Ge metasurfaces-Al2O3-Au 30% (E) Yes >50 × 50 μm² 88

45 6 Au metasurfaces-CaF2-Au 80% (A) Yes 115 × 115 μm² 71

66 0.832 Ag metasurfaces-Al2O3-Ag 35% (A) Yes Unmentioned 89

GMRs 72 9.2 GaAs PhCs 74% (E) No 1.8 × 1.8 mm² 9

229 5.78 Ge gratings-Al2O3-Au 35% (E) Yes Unmentioned 78

118 3.532 W gratings 55% (E) No >100 × 100 μm² 90

100 11.36 SiC gratings 94% (E) Yes 50 × 50 μm² 77

73 3.722 Au metasurfaces 99% (A) No 2 × 2mm² 79

180 0.8 Si metasurfaces 22% (A) Yes 43 × 37 μm² 8

101 10.9 Ge gratings-SiC 84% (E) Yes 0.8 × 0.8 cm² 71

SLRs 300 0.77-0.9 TiO2 metasurfaces-Au 93% (A) Yes Unmentioned 82

63 0.75 Au metasurfaces 90% (A) No 300 × 300 μm² 92

Tamm plasmon polaritons 1120 1.55 Au-DBR (Si/ SiO2) 92% (A) No / 80

780 4.57 DBR (Ge/ SiO2)-Pt 36% (E) No / 93

172 4.1 cGST-DBR (Ge/ ZnS)-ZnS-Ge-Au 65% (E) No / 94

88 4.731 DBR (Ge/ SiO2)-SiO2-Au 90% (E) No / 95

170 12.9 SiC metasurfaces 78% (A) No Unmentioned 84

164 10 hBN/α-MoO3-Au 36% (E) Yes ≤200 × 200 μm² 79

33 5.83 Au metasurfaces-SiO2-Au 99.7% (A) No 100 × 100 μm² 86

aE and A in the table represent thermal emission and absorption efficiency, respectively
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Q-factor in experiment is larger than 200, as depicted in
Fig. 6a. Reference 83 combines PhCs with multiple
quantum wells to achieve high-Q thermal emission. The
multiple quantum wells enable the generation of nar-
rowband absorption through intersubband transitions.
When this narrowband absorption matches with the high-
Q mode supported by the PhCs, a high-Q thermal emis-
sion with the Q-factor of around 30 can be generated, see
Fig. 6b. Reference 84 uses high-index dielectric meta-
surfaces to achieve high-Q thermal emission. By
employing SiC, which possesses a high refractive index
(~10) at the low-frequency side of its surface phonon
polariton resonance, the metasurfaces can support ED
and MD with higher Q-factors compared to conventional
semiconductors such as Si and Ge, as shown in Fig. 6c,
where the Q-factor of the thermal emission is 170.
Additionally, it is worth noting that metal-insulator-metal

(MIM) structures that support localized SPPs are commonly
employed in the design of selective absorbers, spanning from
visible light to microwaves85. However, the localized nature
of these modes and the large absorption losses in the metals
often restrict the Q-factors to be less than 10. A recent study
has shown that MIM structures supporting localized SPPs

exhibit a maximum Q-factor of approximately 3386, as
depicted in Fig. 6d. A summary of the high-Q absorbing or
thermal emitting devices utilizing various design strategies
mentioned above is presented in Table 287–95.

Applications
With the fast development of nanofabrication technol-

ogies, free-space high-Q nanophotonics have found
applications in numerous fields. For high-Q non-absorb-
ing devices with a narrowband reflection or transmission
spectrum, they have been used in the fields such as sen-
sing, filtering, lasing, and nonlinear optics. For high-Q
absorbing devices with a narrowband absorption spec-
trum, they are typically used in the field of photodetec-
tion, coherent thermal emission, and laser stealth.

Sensing
Optical sensing technology provides an efficient way to

detect the targets by analyzing the light signals. A widely
used strategy for sensing is based on detecting the reso-
nance shift of modes caused by the change of refractive
index in the surrounding environment. The parameter to
evaluate the sensing performance is figure-of-merit
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(FOM). It is calculated as FOM ¼ S=Δλ, where S is the
sensitivity, defined as the wavelength shift per refractive
index unit (RIU), and Δλ is the bandwidth of the reso-
nance. A superior sensor with a high FOM requires
simultaneous high sensitivity and narrow resonance
bandwidth, which can be satisfied using high-Q modes.
On the one hand, a high-Q mode has a narrower band-
width Δλ compared with a low-Q one. On the other hand,
a high-Q mode can have stronger near-field enhancement
since the enhancement coefficient P can be evaluated as:
P / γrQ

2=V , where γr is the radiative decay rate and V is
the mode volume96. A large field enhancement can
enhance the light-mater interactions and improve the
sensitivity S. Various high-Q optical sensors with superior
sensing abilities have been proposed. For instance,
refractive index sensing with the FOM of 103 has been
experimentally demonstrated using Fano-type resonances
with the Q-factor of 48321. Genetic screening with the
FOM as high as 400 has been achieved using GMRs with
the Q-factor of 220055.

Another strategy for optical sensing is based on
detecting the absorption spectra of analytes, where mul-
tiple high-Q modes with different resonant frequencies
are integrated together to function as a spectrometer. This
strategy allows for distinguishing the chemical informa-
tion of the analytes. For instance, mid-infrared sensing for
molecular barcoding has been demonstrated based on
qBICs with the Q-factors larger than 2004. Near-infrared
biodetection combined with hyperspectral imaging has
been achieved using qBICs with the Q-factors of 14497.

Filters
High-Q nanophotonic devices with narrow bandwidths

allow for filtering specific wavelengths and suppressing
unwanted wavelengths as well as background noise. These
optical filters with high spectral selectivity have been
applied in numerous fields ranging from spectrometers to
imaging systems. For example, traditional spectrometers
require dispersive elements such as prisms or gratings to
detect the spectra, making the devices bulky and require

Table 2 High-Q absorbing/ thermal emitting devices

Mode Q (exp.) λ (μm) Structure Efficiencya Polarization selective Size Ref.

BICs 120 9.1 GaAs-AlGaAs PhCs 71% (E) No 1.8 × 1.8 mm² 87

282 1.237 Ge-SiO2-Si metasurfaces 66.5% (A) Yes 120 × 120 μm² 42

84 1.8-10 Au-resist metasurfaces 60% (A) Yes 160 × 160 μm² 72

81 6.7 Ge metasurfaces-Al2O3-Au 30% (E) Yes >50 × 50 μm² 88

45 6 Au metasurfaces-CaF2-Au 80% (A) Yes 115 × 115 μm² 71

66 0.832 Ag metasurfaces-Al2O3-Ag 35% (A) Yes Unmentioned 89

GMRs 72 9.2 GaAs PhCs 74% (E) No 1.8 × 1.8 mm² 9

229 5.78 Ge gratings-Al2O3-Au 35% (E) Yes Unmentioned 78

118 3.532 W gratings 55% (E) No >100 × 100 μm² 90

100 11.36 SiC gratings 94% (E) Yes 50 × 50 μm² 77

73 3.722 Au metasurfaces 99% (A) No 2 × 2mm² 79

180 0.8 Si metasurfaces 22% (A) Yes 43 × 37 μm² 8

101 10.9 Ge gratings-SiC 84% (E) Yes 0.8 × 0.8 cm² 71

SLRs 300 0.77-0.9 TiO2 metasurfaces-Au 93% (A) Yes Unmentioned 82

63 0.75 Au metasurfaces 90% (A) No 300 × 300 μm² 92

Tamm plasmon polaritons 1120 1.55 Au-DBR (Si/ SiO2) 92% (A) No / 80

780 4.57 DBR (Ge/ SiO2)-Pt 36% (E) No / 93

172 4.1 cGST-DBR (Ge/ ZnS)-ZnS-Ge-Au 65% (E) No / 94

88 4.731 DBR (Ge/ SiO2)-SiO2-Au 90% (E) No / 95

170 12.9 SiC metasurfaces 78% (A) No Unmentioned 84

164 10 hBN/α-MoO3-Au 36% (E) Yes ≤200 × 200 μm² 79

33 5.83 Au metasurfaces-SiO2-Au 99.7% (A) No 100 × 100 μm² 86

aE and A in the table represent thermal emission and absorption efficiency, respectively
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Q-factor in experiment is larger than 200, as depicted in
Fig. 6a. Reference 83 combines PhCs with multiple
quantum wells to achieve high-Q thermal emission. The
multiple quantum wells enable the generation of nar-
rowband absorption through intersubband transitions.
When this narrowband absorption matches with the high-
Q mode supported by the PhCs, a high-Q thermal emis-
sion with the Q-factor of around 30 can be generated, see
Fig. 6b. Reference 84 uses high-index dielectric meta-
surfaces to achieve high-Q thermal emission. By
employing SiC, which possesses a high refractive index
(~10) at the low-frequency side of its surface phonon
polariton resonance, the metasurfaces can support ED
and MD with higher Q-factors compared to conventional
semiconductors such as Si and Ge, as shown in Fig. 6c,
where the Q-factor of the thermal emission is 170.
Additionally, it is worth noting that metal-insulator-metal

(MIM) structures that support localized SPPs are commonly
employed in the design of selective absorbers, spanning from
visible light to microwaves85. However, the localized nature
of these modes and the large absorption losses in the metals
often restrict the Q-factors to be less than 10. A recent study
has shown that MIM structures supporting localized SPPs

exhibit a maximum Q-factor of approximately 3386, as
depicted in Fig. 6d. A summary of the high-Q absorbing or
thermal emitting devices utilizing various design strategies
mentioned above is presented in Table 287–95.

Applications
With the fast development of nanofabrication technol-

ogies, free-space high-Q nanophotonics have found
applications in numerous fields. For high-Q non-absorb-
ing devices with a narrowband reflection or transmission
spectrum, they have been used in the fields such as sen-
sing, filtering, lasing, and nonlinear optics. For high-Q
absorbing devices with a narrowband absorption spec-
trum, they are typically used in the field of photodetec-
tion, coherent thermal emission, and laser stealth.

Sensing
Optical sensing technology provides an efficient way to

detect the targets by analyzing the light signals. A widely
used strategy for sensing is based on detecting the reso-
nance shift of modes caused by the change of refractive
index in the surrounding environment. The parameter to
evaluate the sensing performance is figure-of-merit
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Coherent thermal emission
Thermal emission is incoherent by nature, which is

broadband and omnidirectional. The radiance of an object
with the emissivity of ε(λ) at the temperature T is given by
Plank’s law

I λð Þ ¼ ε λð Þ � 2hc
2

λ5
� 1

e
hc

λkBT � 1
ð10Þ

where λ is the wavelength, h is Plank’s constant, c is the
vacuum light speed, kB is the Boltzmann constant. As has
been introduced in Section “High-Q absorbing/ thermal
emitting devices”, Kirchhoff’s law equates emissivity ε λð Þ to
absorptance A λð Þ. Therefore, nanophotonic devices with
high-Q absorption enable the thermal emission to happen
within a narrow bandwidth, allowing for increasing the
coherence of thermal sources at targeted wavelengths.
Coherent thermal sources have been realized using high-

Q absorbers such as 1D gratings77 (Fig. 7f), 2D photonic
crystals114, metasurfaces115,116, and film stacks81,117,118.
From Table 2, it can be seen that the Q-factors of thermal
emitters based on nanostructures such as metasurfaces and

gratings are typically less than 300, while those based on
film stacks can be more than 103 since there is no need to
process complex nanostructures. It should also be noted
that not all absorbers can act as thermal emitters as the
thermal emission power is also dependent on the tem-
perature from Plank’s law. At the room temperature of
300 K, the peak of blackbody thermal emission power is at
around 10 μm. Therefore, the high-Q absorbers should
have the resonance wavelength at infrared range and can
withstand high temperature so as to act as high-Q thermal
emitters.

Laser stealth
Laser stealth is the technique that enables targets to

absorb or scatter the incident light at the corresponding
wavelengths so that no reflecting signals from the targets
can be detected119. Although broadband absorbers can
achieve stealth at multiple wavelengths, they are difficult to
be compatible with other functions since light within a
broad wavelength range is absorbed. In comparison, high Q
absorbers can selectively absorb light at a specific wave-
length and transmit or reflect the light at other wavelengths,
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precise collimation. High-Q filters offer an alternative way
to obtain the spectra intensity without any dispersive
elements. Their planarity and small footprint promote the
miniaturization of spectrometers98. In imaging systems,
high-Q filters can be employed to control the color
reproduction and improve the contrast ratios. Besides,
they can also help to resolve the wavelength information
from snapshot imaging data, enabling the development of
hyperspectral imaging techniques in visible range99.
High-Q filters with compact size, tunable wavelength,

and high efficiency have been demonstrated using plas-
monic100,101 and dielectric102 metasurfaces, where the
maximum Q-factor can approach 103. However, their
main disadvantage is that large-scale fabrication is
expensive and time consuming. To tackle this problem,
grayscale photolithography has been employed to fabri-
cate wafer-scale filter arrays based on FP resonances. The
cavity thickness can be adjusted by varying the photo-
lithography exposure dose, allowing for FP resonant
wavelengths span the visible light range5.

Lasing
High-Q optical modes with the ability to trap and

enhance electromagnetic fields can help to enhance the
light-matter interactions in the resonator, which has been
demonstrated to facilitate the strong coupling of excitons
with photons in semiconductor materials103, and helpful
for directional emission104,105. In lasing systems, the
enhanced light-matter interactions can lead to a low
pumping threshold. For example, utilizing the qBICs
supported by GaAs nanoantenna arrays, directional lasing
with a Q-factor of 2750 can be achieved, whose pumping
threshold is ~14 μJcm−2105. Song et al. demonstrate that
for perovskite metasurfaces supporting BICs, lasing with a
Q-factor larger than 550 can happen with the pumping
threshold as low as ~4.2 μJcm−2. Moreover, utilizing the
far-field properties of BICs, the output laser can be tuned
from vortex beams to linearly polarized beams with a
switching time as fast as 1.5 picoseconds6.
Besides the large field enhancement, high-Q nanos-

tructures such as metasurfaces and gratings can be inte-
grated directly onto a flat substrate, enabling
miniaturization and integration of the lasing systems.
Recent work has demonstrated that lasing action with a
Q-factor of ~4700 can happen in BIC cavities with 16-by-
16 nanoresonators. By increasing the pump power, the
number of resonators can be scaled down to as few as 8-
by-8 nanoresonators, opening pathways to miniaturiza-
tion of lasing devices106.

Nonlinear optics
Nonlinearity is the phenomena where the optical

properties of materials change with the intensity of light,
leading to a nonlinear relationship between the incident

light and the induced effects. High-Q nanophotonic
devices have shown great advantages in the exploration of
new physics and applications in nonlinear optics. On the
one hand, the strong resonances of nanoresonators can
relax the momentum-matching requirements between the
pump and generated signals. On the other hand, the large
near-field enhancement can help to boost the nonlinear
responses, which are otherwise inherently weak and
necessitate large bulk volumes in natural materials. These
advantages enable the devices exhibit strong nonlinear
optical responses in a much more compact footprint107.
For example, owing to the strong field enhancements,

the sum-frequency generation efficiency in high-Q BIC-
type metasurfaces can be two orders of magnitude higher
than that in low-Q Mie-type metasurfaces108. Combined
with Si metasurfaces supporting BICs, the second-
harmonic intensity of a WS2 monolayer can be
enhanced by more than 3 orders of magnitude109. In
multilayer photonic-band-gap structures, the density of
mode can be enhanced at the band edge110. This can
increase the light-mater-interaction time, and thereby
enhance the nonlinearity. Utilizing multilayer photonic-
band-gap structures, the efficiency of second-harmonic
generation can be enhanced by a factor of 30 with respect
to that from a single Ag film111. Other nonlinear effects
such as third-harmonic generation45, and spontaneous
parametric down-conversion7 have also been demon-
strated using high-Q nanophotonic devices, which can be
used for wavefront shaping112 and complex quantum
states generating7.

Photodetection
Photodetection is based on the absorption of photons

to generate a measurable photocurrent, whose magni-
tude represents the intensity of the incident light. Tra-
ditional photodetection methods based on the intrinsic
absorption of bulk materials generally have low effi-
ciencies. In comparison, high-Q nanophotonic devices
can enhance the light-matter interactions due to the
strong field enhancement, leading to the increase of
absorption and improved sensitivity in detecting weak
light signals. For example, Ge metasurfaces with a Q
factor of ~15 can increase the photocurrent by 5 times
compared with that of unpatterned Ge films near
1550 nm113. Besides, due to the enhanced light absorp-
tion in nanostructures, the required thickness of the
absorbing materials in photodetectors can be far less
than the working wavelength. For example,
subwavelength-thick Si metasurfaces supporting high-Q
nonlocal modes (Q ~ 80) can produce significant optical
absorption (50%) despite the weak material absorption of
Si near 800 nm8. The thin thickness of high-Q nano-
photonic devices allows for fast response time and are
promising for high-speed photodetection.
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Coherent thermal emission
Thermal emission is incoherent by nature, which is

broadband and omnidirectional. The radiance of an object
with the emissivity of ε(λ) at the temperature T is given by
Plank’s law

I λð Þ ¼ ε λð Þ � 2hc
2

λ5
� 1

e
hc

λkBT � 1
ð10Þ

where λ is the wavelength, h is Plank’s constant, c is the
vacuum light speed, kB is the Boltzmann constant. As has
been introduced in Section “High-Q absorbing/ thermal
emitting devices”, Kirchhoff’s law equates emissivity ε λð Þ to
absorptance A λð Þ. Therefore, nanophotonic devices with
high-Q absorption enable the thermal emission to happen
within a narrow bandwidth, allowing for increasing the
coherence of thermal sources at targeted wavelengths.
Coherent thermal sources have been realized using high-

Q absorbers such as 1D gratings77 (Fig. 7f), 2D photonic
crystals114, metasurfaces115,116, and film stacks81,117,118.
From Table 2, it can be seen that the Q-factors of thermal
emitters based on nanostructures such as metasurfaces and

gratings are typically less than 300, while those based on
film stacks can be more than 103 since there is no need to
process complex nanostructures. It should also be noted
that not all absorbers can act as thermal emitters as the
thermal emission power is also dependent on the tem-
perature from Plank’s law. At the room temperature of
300 K, the peak of blackbody thermal emission power is at
around 10 μm. Therefore, the high-Q absorbers should
have the resonance wavelength at infrared range and can
withstand high temperature so as to act as high-Q thermal
emitters.

Laser stealth
Laser stealth is the technique that enables targets to

absorb or scatter the incident light at the corresponding
wavelengths so that no reflecting signals from the targets
can be detected119. Although broadband absorbers can
achieve stealth at multiple wavelengths, they are difficult to
be compatible with other functions since light within a
broad wavelength range is absorbed. In comparison, high Q
absorbers can selectively absorb light at a specific wave-
length and transmit or reflect the light at other wavelengths,
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precise collimation. High-Q filters offer an alternative way
to obtain the spectra intensity without any dispersive
elements. Their planarity and small footprint promote the
miniaturization of spectrometers98. In imaging systems,
high-Q filters can be employed to control the color
reproduction and improve the contrast ratios. Besides,
they can also help to resolve the wavelength information
from snapshot imaging data, enabling the development of
hyperspectral imaging techniques in visible range99.
High-Q filters with compact size, tunable wavelength,

and high efficiency have been demonstrated using plas-
monic100,101 and dielectric102 metasurfaces, where the
maximum Q-factor can approach 103. However, their
main disadvantage is that large-scale fabrication is
expensive and time consuming. To tackle this problem,
grayscale photolithography has been employed to fabri-
cate wafer-scale filter arrays based on FP resonances. The
cavity thickness can be adjusted by varying the photo-
lithography exposure dose, allowing for FP resonant
wavelengths span the visible light range5.

Lasing
High-Q optical modes with the ability to trap and

enhance electromagnetic fields can help to enhance the
light-matter interactions in the resonator, which has been
demonstrated to facilitate the strong coupling of excitons
with photons in semiconductor materials103, and helpful
for directional emission104,105. In lasing systems, the
enhanced light-matter interactions can lead to a low
pumping threshold. For example, utilizing the qBICs
supported by GaAs nanoantenna arrays, directional lasing
with a Q-factor of 2750 can be achieved, whose pumping
threshold is ~14 μJcm−2105. Song et al. demonstrate that
for perovskite metasurfaces supporting BICs, lasing with a
Q-factor larger than 550 can happen with the pumping
threshold as low as ~4.2 μJcm−2. Moreover, utilizing the
far-field properties of BICs, the output laser can be tuned
from vortex beams to linearly polarized beams with a
switching time as fast as 1.5 picoseconds6.
Besides the large field enhancement, high-Q nanos-

tructures such as metasurfaces and gratings can be inte-
grated directly onto a flat substrate, enabling
miniaturization and integration of the lasing systems.
Recent work has demonstrated that lasing action with a
Q-factor of ~4700 can happen in BIC cavities with 16-by-
16 nanoresonators. By increasing the pump power, the
number of resonators can be scaled down to as few as 8-
by-8 nanoresonators, opening pathways to miniaturiza-
tion of lasing devices106.

Nonlinear optics
Nonlinearity is the phenomena where the optical

properties of materials change with the intensity of light,
leading to a nonlinear relationship between the incident

light and the induced effects. High-Q nanophotonic
devices have shown great advantages in the exploration of
new physics and applications in nonlinear optics. On the
one hand, the strong resonances of nanoresonators can
relax the momentum-matching requirements between the
pump and generated signals. On the other hand, the large
near-field enhancement can help to boost the nonlinear
responses, which are otherwise inherently weak and
necessitate large bulk volumes in natural materials. These
advantages enable the devices exhibit strong nonlinear
optical responses in a much more compact footprint107.
For example, owing to the strong field enhancements,

the sum-frequency generation efficiency in high-Q BIC-
type metasurfaces can be two orders of magnitude higher
than that in low-Q Mie-type metasurfaces108. Combined
with Si metasurfaces supporting BICs, the second-
harmonic intensity of a WS2 monolayer can be
enhanced by more than 3 orders of magnitude109. In
multilayer photonic-band-gap structures, the density of
mode can be enhanced at the band edge110. This can
increase the light-mater-interaction time, and thereby
enhance the nonlinearity. Utilizing multilayer photonic-
band-gap structures, the efficiency of second-harmonic
generation can be enhanced by a factor of 30 with respect
to that from a single Ag film111. Other nonlinear effects
such as third-harmonic generation45, and spontaneous
parametric down-conversion7 have also been demon-
strated using high-Q nanophotonic devices, which can be
used for wavefront shaping112 and complex quantum
states generating7.

Photodetection
Photodetection is based on the absorption of photons

to generate a measurable photocurrent, whose magni-
tude represents the intensity of the incident light. Tra-
ditional photodetection methods based on the intrinsic
absorption of bulk materials generally have low effi-
ciencies. In comparison, high-Q nanophotonic devices
can enhance the light-matter interactions due to the
strong field enhancement, leading to the increase of
absorption and improved sensitivity in detecting weak
light signals. For example, Ge metasurfaces with a Q
factor of ~15 can increase the photocurrent by 5 times
compared with that of unpatterned Ge films near
1550 nm113. Besides, due to the enhanced light absorp-
tion in nanostructures, the required thickness of the
absorbing materials in photodetectors can be far less
than the working wavelength. For example,
subwavelength-thick Si metasurfaces supporting high-Q
nonlocal modes (Q ~ 80) can produce significant optical
absorption (50%) despite the weak material absorption of
Si near 800 nm8. The thin thickness of high-Q nano-
photonic devices allows for fast response time and are
promising for high-speed photodetection.
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As a prospect for this field, while in review we mainly
focus on achieving high Q-factors utilizing periodic
nanostructures, it is worthwhile to explore how to
increase the Q-factors in isolated nano-antennas128. Sin-
gle nano-antenna excited by free-space can support
resonances similar to those in periodic metasurfaces129.
Increasing the Q-factors offers the potential for enhancing
the light-mater interactions in a single nano-antenna,
which can be applied in fields such as far-field sub-
wavelength position detection130.
Besides, we note that while most high-Q nanophotonic

devices have focused on spectral control to achieve nar-
rowband responses, the importance of wavevector control is
sometimes overlooked. Recent works have shown possibi-
lities for engineering the wavevectors of high-Q nanopho-
tonic devices. For instance, ref. 131 demonstrated the control
of k-space dispersion by combining a grating with a planar
cavity; ref. 132 demonstrated that high-Q modes with flat
band dispersions can be achieved by halving the first Bril-
louin zone; ref. 56 showcased the output wavefront of high-
Q modes can be controlled using a combination of nonlocal
guided modes and local Mie resonances. The ability to
manipulate the wavevector is particularly significant in free-
space applications like lasing and wireless communications.
Recently, research on high-Q nonlocal metasurfaces has

been gradually attracting more attention and interest. These
metasurfaces exhibit a response characteristic where the
behavior at a specific point is influenced not only by the
local fields at that point but also by the fields at neighboring
points133. This nonlocality enables the metasurfaces to
achieve wavevector-dependent control of scattering ampli-
tudes, thereby allowing for enriched optical responses. They
have found applications in various fields such as AR/VR
devices134, wavelength-selective Huygens’ metalens135, cus-
tomized thermal metasurfaces136, customized radiation of
leaky waves137, and imaging138. We anticipate that further
exploration of simultaneously engineering the spectral and
wavevector properties of high-Q modes will unlock a wide
range of new functionalities in nanophotonic devices.
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which can be applied to stealth devices that are compatible
with camouflage, radiative cooling, and radiative warming.
For example, infrared thermal camouflage devices with CO2

laser stealth devices have been demonstrated, which have
high reflection over the whole atmosphere transparent
window (8–14μm) except at the wavelength of 10.6μm due
to the high-Q absorption of SLRs10 (Fig. 7g).

Super resolution imaging
Super-resolution imaging is a technique which can

enhance the resolution beyond the diffraction limit,
allowing for the visualization of details much smaller than
the illumination wavelength. It can be achieved by
amplifying evanescent waves that carry subwavelength
information about the object120,121. Propagating guided
waves such as SPPs in metal films and GMRs in dielectric
slabs can be utilized to amplify the evanescent waves. For
example, based on the SPPs modes in propagating along
the surface of Ag films, super resolution for p-polarized
illumination have been demonstrated in the visible range,
whose resolution is on the order of one-sixth of the illu-
mination wavelength122. Based on the waveguide mode in
GaAs dielectric layers, super resolution for s-polarized
illumination can also be achieved123.

Conclusions and outlook
In this Review, we provide a comprehensive summary on

the physical principles, recent advancements, and the diverse
applications of free-space high-Q nanophotonics. Due to
their nontrivial properties and high integration, high-Q
nanophotonic devices have opened up new avenues in phy-
sics, applied science, and biochemistry. Although numerous
achievements have been made in achieving high Q-factors
experimentally, there still exist challenges remaining to be
addressed to further increase the Q-factors for non-
absorbing and absorbing devices, as summarized in Fig. 8.
For non-absorbing devices, the degradation of the total

Q-factors in experiments can result either from additional
non-radiative loss or radiative loss. The former can arise
from material absorption due to the fabrication defects,

while the latter can arise from multiple aspects. For
example, the finite number of units in periodic structures
can introduce additional scattering losses at the bound-
aries124. Besides, the fabrication imperfections such as
shape, size, and position disorders can impart extra
momentum to the mode, leading to the coupling of modes
at different points in k-space and the creation of addi-
tional radiative channels. In order to achieve high
Q-factors experimentally, merging of multiple BICs at the
same point can be utilized12. Contrasted with a single
isolated BICs125–127, slight deviations in the scattering
wavevectors resulting from fabrication imperfections have
a diminished influence on the Q-factors of merging BICs.
This phenomenon ascribes to the fact that merging BICs
enhances the Q-factor of all waves possessing closely
aligned wavevectors with the resonance.
Furthermore, for free-space devices such as meta-

surfaces or gratings, the number of unit cells becomes a
crucial consideration for practical applications. Typically,
the Q-factors tend to increase with the number of units45,
reaching a maximum for infinite arrays due to the sup-
pression of scattering losses at the boundaries. However,
the fabrication imperfections also increase with the
number of units, which can consequently decrease the
Q-factors. Therefore, a trade-off should be found in
experiments to attain high Q-factors.
For absorbing devices, the design requirements become

more stringent as they necessitate not only high Q-factors
but also high absorptance. Therefore, in addition to redu-
cing radiative and non-radiative losses, it is also crucial to
independently engineer these two types of losses to reach
the critical coupling condition. A comparison between
high-Q non-absorbing and absorbing free-space devices
reveals that Q-factors on the order of 105 have been
experimentally achieved in non-absorbing devices, while
absorbing devices are typically limited to Q-factors of 103.
Advanced strategies are currently required to better engi-
neer the radiative and non-radiative Q-factors indepen-
dently so as to obtain high-Q absorbers with high absorbing
efficiency.
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As a prospect for this field, while in review we mainly
focus on achieving high Q-factors utilizing periodic
nanostructures, it is worthwhile to explore how to
increase the Q-factors in isolated nano-antennas128. Sin-
gle nano-antenna excited by free-space can support
resonances similar to those in periodic metasurfaces129.
Increasing the Q-factors offers the potential for enhancing
the light-mater interactions in a single nano-antenna,
which can be applied in fields such as far-field sub-
wavelength position detection130.
Besides, we note that while most high-Q nanophotonic

devices have focused on spectral control to achieve nar-
rowband responses, the importance of wavevector control is
sometimes overlooked. Recent works have shown possibi-
lities for engineering the wavevectors of high-Q nanopho-
tonic devices. For instance, ref. 131 demonstrated the control
of k-space dispersion by combining a grating with a planar
cavity; ref. 132 demonstrated that high-Q modes with flat
band dispersions can be achieved by halving the first Bril-
louin zone; ref. 56 showcased the output wavefront of high-
Q modes can be controlled using a combination of nonlocal
guided modes and local Mie resonances. The ability to
manipulate the wavevector is particularly significant in free-
space applications like lasing and wireless communications.
Recently, research on high-Q nonlocal metasurfaces has

been gradually attracting more attention and interest. These
metasurfaces exhibit a response characteristic where the
behavior at a specific point is influenced not only by the
local fields at that point but also by the fields at neighboring
points133. This nonlocality enables the metasurfaces to
achieve wavevector-dependent control of scattering ampli-
tudes, thereby allowing for enriched optical responses. They
have found applications in various fields such as AR/VR
devices134, wavelength-selective Huygens’ metalens135, cus-
tomized thermal metasurfaces136, customized radiation of
leaky waves137, and imaging138. We anticipate that further
exploration of simultaneously engineering the spectral and
wavevector properties of high-Q modes will unlock a wide
range of new functionalities in nanophotonic devices.
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which can be applied to stealth devices that are compatible
with camouflage, radiative cooling, and radiative warming.
For example, infrared thermal camouflage devices with CO2

laser stealth devices have been demonstrated, which have
high reflection over the whole atmosphere transparent
window (8–14μm) except at the wavelength of 10.6μm due
to the high-Q absorption of SLRs10 (Fig. 7g).
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information about the object120,121. Propagating guided
waves such as SPPs in metal films and GMRs in dielectric
slabs can be utilized to amplify the evanescent waves. For
example, based on the SPPs modes in propagating along
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illumination have been demonstrated in the visible range,
whose resolution is on the order of one-sixth of the illu-
mination wavelength122. Based on the waveguide mode in
GaAs dielectric layers, super resolution for s-polarized
illumination can also be achieved123.

Conclusions and outlook
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nanophotonic devices have opened up new avenues in phy-
sics, applied science, and biochemistry. Although numerous
achievements have been made in achieving high Q-factors
experimentally, there still exist challenges remaining to be
addressed to further increase the Q-factors for non-
absorbing and absorbing devices, as summarized in Fig. 8.
For non-absorbing devices, the degradation of the total
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non-radiative loss or radiative loss. The former can arise
from material absorption due to the fabrication defects,

while the latter can arise from multiple aspects. For
example, the finite number of units in periodic structures
can introduce additional scattering losses at the bound-
aries124. Besides, the fabrication imperfections such as
shape, size, and position disorders can impart extra
momentum to the mode, leading to the coupling of modes
at different points in k-space and the creation of addi-
tional radiative channels. In order to achieve high
Q-factors experimentally, merging of multiple BICs at the
same point can be utilized12. Contrasted with a single
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Furthermore, for free-space devices such as meta-

surfaces or gratings, the number of unit cells becomes a
crucial consideration for practical applications. Typically,
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pression of scattering losses at the boundaries. However,
the fabrication imperfections also increase with the
number of units, which can consequently decrease the
Q-factors. Therefore, a trade-off should be found in
experiments to attain high Q-factors.
For absorbing devices, the design requirements become

more stringent as they necessitate not only high Q-factors
but also high absorptance. Therefore, in addition to redu-
cing radiative and non-radiative losses, it is also crucial to
independently engineer these two types of losses to reach
the critical coupling condition. A comparison between
high-Q non-absorbing and absorbing free-space devices
reveals that Q-factors on the order of 105 have been
experimentally achieved in non-absorbing devices, while
absorbing devices are typically limited to Q-factors of 103.
Advanced strategies are currently required to better engi-
neer the radiative and non-radiative Q-factors indepen-
dently so as to obtain high-Q absorbers with high absorbing
efficiency.
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