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We provide a detailed tutorial demonstrating how the principle of “bound states in the continuum” (BICs) enables
ultralow-loss guiding and routing of photons in photonic integrated circuits fabricated with an etchless process.
Here, BICs refer to the nondissipative transverse magnetic (TM) polarized bound modes that exist in the transverse
electric (TE) polarized continuum. First, we provide a theoretical analysis of BICs based on the coupling between
the TM bound modes and the TE continuum, which is next verified by numerically simulated waveguide propaga-
tion loss of the TM bound modes for different waveguide geometries. Then, we present the experimental details,
which include fabrication processes and characterization methods for various types of BIC-based integrated pho-
tonic devices. Finally, we discuss the superiority and versatility of the BIC-based integrated photonic platform,
which can be adopted for different thin-film substrates, for different wavelength ranges, and for heterogeneous
integration with different functional materials. © 2023 Optica Publishing Group

https://doi.org/10.1364/JOSAB.489650

1. INTRODUCTION

Bound states in the continuum (BICs) refer to special types of
bound states that lie inside a continuous spectrum but still have
perfect confinement without any radiation loss. This concept
was first proposed by von Neumann and Wigner [1]. Since
then, BICs have been widely explored in optical [2–7], acoustic
[8–11], and mechanical [12–16] domains to reduce dissipation
loss, which enabled many unprecedented applications. The
interest in photonic BICs has grown markedly in recent years
due to the advancement in micro/nanofabrication technologies.
To date, photonic BICs have been observed in various struc-
tures: Plotnik et al. first observed photonic BICs in an optical
waveguide array in 2011 [17]; Hsu et al. experimentally demon-
strated BICs in a photonic crystal slab in 2013 [18]; Kodigala
et al. reported BIC lasing action from an active photonic crystal
slab in 2017 [19]; Koshelev et al. revealed BICs with high-Q
resonances in asymmetric metasurfaces in 2018 [20]; Rybin
et al. revealed quasi-BICs in subwavelength dielectric resonators
in 2017 [7], which were adopted for enhancing nonlinear effects
and for increasing second-harmonic generation efficiency by
Koshelev et al. in 2020 [21]. This tutorial focuses on BICs in
optical waveguides for building low-loss photonic integrated
circuits (PICs). A similar idea dates back to 1978 when Peng and
Oliner theoretically predicted leakage cancellation and sharp
resonances in open dielectric waveguides [22]. Later, Peng et
al. and Ogusu performed detailed analyses of such waveguides
with mathematical formulations based on a mode-coupling
technique [23,24]. It was revealed that these phenomena were
caused by TE–TM mode coupling at strip boundaries, and

cancellation could occur at suitable strip widths. This width-
dependent lateral leakage loss behavior was further verified in
ridge waveguides, couplers, and disk and ring resonators on
silicon-on-insulator platforms [25–28] and was later recognized
as a type of BIC [29]. Recently, similar phenomena were studied
in a new architecture, where the high-refractive-index ridge
waveguide was replaced with a low-refractive-index waveguide
on a high-refractive-index thin film. Zou et al. theoretically
proposed such BICs in optical waveguides and microresonators
in 2015 [3], which were experimentally realized for constructing
ultralow-loss PICs by Yu et al. [4]. This configuration of pho-
tonic BICs breaks the refractive index limitation of conventional
photonic architectures and has since enabled a new class of
integrated photonic devices [30–48] that can be fabricated with
an etchless process. This method can be adopted generically for
constructing PICs in other functional materials, which holds
great promise in the development of classical and quantum pho-
tonics. Without doubt, the vigorous development of photonic
BICs has offered inspiration to other areas and will continue
enabling multidisciplinary applications.

This tutorial focuses on BIC-enabled ultralow-loss guiding
and routing of photons in low-refractive-index PICs on a high-
refractive-index substrate, and provides a detailed theoretical
analysis, numerical simulation, and fabrication processes of
such PICs. It is targeted at researchers with basic knowledge of
physics, numerical modeling, and micro/nanofabrication who
desire to design and fabricate their own PICs and devices under
the principle of BICs. This paper is structured as follows: In
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Section 2, we analyze the photonic potential well and propaga-
tion loss of BIC modes. In Section 3, we build physical models
in COMSOL Multiphysics and simulate the effective refrac-
tive index for obtaining the numerically calculated waveguide
propagation loss and cavity Q factor. In Section 4, we present
the fabrication processes for BIC-based PICs and devices. In
Section 5, we provide characterization methods for experi-
mentally verifying BICs in waveguides and microcavities. In
Section 6, we discuss the superiority of the BIC-based photonic
platform for modern PICs.

2. THEORETICAL ANALYSIS OF BICS IN
ETCHLESS PICS

BIC-based PICs are constructed by patterning a low-refractive-
index material on top of a high-refractive-index thin-film
substrate without the need for etching the high-refractive-index
thin film. The high-refractive-index thin film can be any opti-
cally transparent material. Here, without loss of generality, we
use a lithium-niobate-on-insulator (LNOI) substrate as an
example, as shown in Fig. 1. To achieve ultralow-loss guiding
and routing of light in such PICs, one needs to understand the
physical mechanism of lateral confinement of a propagating
bound mode. In this section, we theoretically analyze the dissi-
pation mechanism in photonic waveguides and microresonators
and derive the conditions for realizing BICs in each scenario.

A. Waveguides

BIC waveguides are constructed by patterning a layer of polymer
on a z-cut LNOI substrate. The LNOI substrate is composed of
a lithium niobate (LN) thin film with 150 or 300 nm thickness
on a 2-µm-thick silica layer on silicon for PICs operating at
near-visible or telecom wavelengths, respectively. Note that the
analysis in this part applies only to straight waveguides, while
the dissipation mechanism in a bent waveguide is essentially
the same as that in a microring cavity, which will be addressed
in Section 2.B. By using the effective-medium method [8], we
divide the cross-sectional structure into three parts (I, II, III),
as shown in Fig. 2(a). Then, we calculate the effective refractive
index of the slab waveguide in each part (assuming the same

layer composition extends infinitely in the x direction). Note
that in part I and part III, the slab waveguide structures are the
same and thus possess the same light propagation properties.
Figure 2(b) shows the effective refractive index distributions for
TE and TM polarizations in the three parts. It is clear that the
patterned overlay polymer waveguide in part II induces a higher
effective refractive index in the same region. Because the poten-
tial for photons is determined by the negative of the refractive
index, a region with a higher refractive index provides a lower
potential for photons where a bound mode can be supported. It
is worth clarifying that although both TE- and TM-polarized
bound modes can be supported in their respective potential well,
they have different features and thus should be used for different
applications [49].

First, it is clear from Fig. 2(b) that the difference between
the effective refractive indices inside and outside the waveguide
1neff (= n(II)eff − n(I,III)eff ) is different for TE and TM polariza-
tions. 1neff for TM polarization is much larger than that for
TE polarization, so the potential well for the TM polarization
is much deeper than that for the TE polarization. Therefore,
TM-polarized bound modes (subject to the BIC condition
discussed below) achieve a tighter lateral confinement than TE-
polarized bound modes. For this reason, TM-polarized modes
are preferred in PICs that include bent waveguides and/or
microcavities for achieving lower loss or higher integration
density [3,4].

Second, the potential well for TE-polarized photons supports
regular TE bound modes, but the scenario becomes more inter-
esting for TM-polarized bound modes. Because the effective
refractive indices for TE polarization in part I and part III are
higher than that for TM polarization in part II, the TM bound
mode is actually located inside the continuous spectrum of the
TE-polarized modes. Usually, there is coupling between the TM
bound mode and the TE continuous modes, and their coupling
can be formulated with the following Hamiltonian:

H = ~βbb†b + ~
∑

m

βmc †
mcm + ~

∑
m

g m(c †
mb + cmb†). (1)

Here, b and cm are the annihilation operators of the TM bound
mode and the mth TE continuous mode, respectively, and βb
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Fig. 1. Schematic illustration of a BIC-enabled photonic integrated circuit fabricated with an etchless process.
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Fig. 2. (a) Cross section of the hybrid waveguide structure that can support a BIC. (b) Effective refractive index distributions for TE and TM polar-
izations in the waveguide structure in (a).
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Fig. 3. (a) Modal indices of TE continuous modes (blue triangles) and fundamental TM bound mode (red dots). (b) Close-up of the crossing
between the 27th TE continuous mode and the fundamental TM bound mode. (c) Close-up of the anticrossing between the 26th TE continuous
mode and the fundamental TM bound mode. (d)–(g) Normalized modal field profiles (|E| component) at the respective marked points in (b) and (c).

and βm are the corresponding propagation constants. g m is the
strength of coupling between the TM bound mode and the mth
TE continuous mode. In a structure where the substrate has a
finite width s , the TE continuous modes are actually discretized
under the quantization condition ky s = 2πm, where ky is the
wave vector along the y direction [Fig. 3(a)]. Figures 3(b) and
3(c) plot close-ups of the modal indices neff near the crossing
and anticrossing points marked in Fig. 3(a). Figures 3(d)–3(g)
show the modal field profiles (|E|) at the respective marked
points in Figs. 3(b) and 3(c). The TM bound mode contains an
E y component, with odd parity, scattering at the two edges of
the waveguide. Therefore, for odd m, the mth TE continuous
mode has even parity in E y and thus is orthogonal to the TM
bound mode causing no modal coupling. For even m, the mth
TE continuous mode has odd parity in E y and thus has nonzero
overlap with the TM bound mode causing modal coupling.
The coupling strength g m is determined by the normalized
field overlap between the TM bound mode and the mth TE
continuous mode.

Due to scattering, the TM bound mode interacts with the TE
continuous modes at the two edges of the waveguide. Therefore,
the TM bound mode has two channels of dissipation into each
TE continuous mode. In a straight waveguide, the rates of dis-
sipation are equal through the two channels, and thus the total
effective coupling strength is expressed as

g m ≈ g̃ m

∣∣1− e ikyw
∣∣

2w
√

s
, (2)

where kyw≈ k0w

√
n2

II,TE − n2
m is the phase difference between

the two interfering dissipation channels, and g̃ m is a constant
that can be obtained from numerical simulation. Equation (2)
unveils the physical mechanism for eliminating the loss of a
bound mode to the continuum: constructing multiple loss chan-
nels and controlling their phase difference to realize destructive
interference between them. In a real structure, the substrate has an
infinitely large width (s → ∞), and thus the coupling between
the TM bound mode and the TE continuous modes leads to
the Markov system–environment interaction [50]. The optical
power of the TM bound mode decays exponentially during its
propagation along the x direction: P (x )= P (0)e−x/L , with L
being the decay length expressed as

L ≈
w2

g̃ 2
msin2(kyw

/
2)

√
n2

II,TE − n2
b

2nb
. (3)

Here, nb is the modal index of the TM bound mode, which is
close to nm at the anticrossing region. It turns out that L does not
depend on the substrate width s , and thus the properties of the
TM bound mode for structures with a finite s should also apply
to those with an infinite s . According to Eq. (3), the TM bound
mode’s decay length L can reach infinity at certain waveguide
widths w that satisfy the condition of sin(kyw/2)= 0. Under
this condition, the TM bound mode has no energy dissipation
into the TE continuum and thus becomes a theoretically lossless
BIC.
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B. Microcavities

Similar to the straight waveguide discussed in Section 2.A, in
a microring cavity (formed by a closed-loop bent waveguide),
the TM bound mode of the bent waveguide is usually coupled
with the waveguide’s TE continuous modes, causing energy
dissipation of the former into the latter. Different from the
case of a straight waveguide, the TM bound mode in a bent
waveguide is distributed asymmetrically with a slight shift to
the outer waveguide edge. Consequently, the TM bound mode
has unequal rates of dissipation through the two channels.
The loss of the TM bound mode to the TE continuum can be
estimated from |Jq (nbkr rb)− ξ Jq (nbkr (rb −wb)| [51–53],
where Jq is the q th-order Bessel function, kr is the wave vector
along the radial direction, rb is the bend radius of the outer
waveguide edge, wb is the waveguide width, and ξ is the ratio
of electric field amplitudes of the TM bound mode at the inner
and outer waveguide edges. A microdisk cavity with a radius
of rd can be treated as a special case of the microring cavity
where the waveguide width is equal to the bend radius of the
outer waveguide edge. In this connection, the loss of the TM
bound mode to the TE continuum in a microdisk cavity can be

estimated from |Jq (nbkr rd )|. As rb (rd ) or wb varies, the loss
of the TM bound mode in both types of microcavities exhibits
oscillatory behavior. When the loss reaches zero, the TM bound
mode has no energy dissipation into the TE continuum and
thus becomes a theoretically lossless BIC. For microcavities, the
Q factor is usually used for quantifying a cavity’s capability of
storing energy. Since the Q factor is inversely proportional to
the propagation loss of the circulating mode, the Q factor of
these microcavities also shows oscillation and can reach infinity
at certain combinations of geometric parameters.

3. NUMERICAL CALCULATION OF
PROPAGATION LOSS AND Q FACTOR

We use commercial software COMSOL Multiphysics 5.5 to
obtain the complex modal index in different structures, based
on which we can obtain the numerically calculated propagation
loss for waveguides and Q factors for microcavities. The detailed
simulation processes can be found in Supplement 1.

For a straight waveguide, the propagation loss of the TM
bound mode in units of dB/cm is calculated from 20 log10{exp
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Fig. 4. (a) Simulated propagation loss of the straight waveguide as a function of the waveguide widthw at wavelengths of 765, 773, and 781 nm.
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Fig. 5. Procedures for fabricating different types of component
devices in BIC-enabled etchless photonic integrated circuits: (I) passive
optical devices, (II) 2D-material-integrated devices, and (III) electro-
optic and acousto-optic devices. EBL, electron-beam lithography;
EBE, electron-beam evaporation.

[2π · imag(n)× 1 cm/λ]}. Figures 4(a) and 4(b) plot the cal-
culated propagation loss of the fundamental TM bound mode
in a straight waveguide as a function of the waveguide width
w at near-visible and telecom wavelengths, respectively. The
propagation loss in both wavelength bands shows oscillation
and approaches zero at certain w values, which is consistent
with the theoretical results in Section 2.A. At those waveguide
widths, the TM bound mode is totally decoupled from the TE
continuum and becomes a theoretically lossless BIC. For a bent
waveguide, the propagation loss of the TM bound mode in units
of dB/cm is calculated from 20 log10{exp[2π · imag(nb)×

1 cm× 1 m/λ · rb]}. Figures 4(c) and 4(d) plot the calculated
propagation loss of the fundamental TM bound mode in a bent
waveguide as a function of the bend radius rb at near-visible and
telecom wavelengths, respectively. For microdisk cavities, the
intrinsic Q factor is calculated from real(nd )/[2 · imag(nd )].
Figures 4(e) and 4(f ) plot the calculated intrinsic Q factor of
the microdisk as a function of the disk radius rd at wavelengths
of 773 and 1550 nm, respectively. The intrinsic Q factor at
both wavelengths shows oscillation and approaches infinity at
certain rd values, which is consistent with the theoretical results
in Section 2.B.

4. FABRICATION OF COMPONENT DEVICES IN
ETCHLESS PICS

Figure 5 shows the procedures for fabricating different types of
component devices in BIC-enabled etchless PICs.

The procedure (I) for fabricating passive optical devices on
an etchless LNOI platform includes only one step of electron-
beam lithography (EBL). After wafer cleaning with acetone
and isopropanol, a polymer (ZEP520A) is spin-coated on the
wafer at 2300–3300 rpm for 1 min and then prebaked on a

hot plate at 180◦C for 3 min, which produces a polymer thin
film with 500–400 nm thickness. Then, the device patterns are
defined in the polymer thin film by using a high-resolution EBL
system (Elionix ELS7800) with a beam current of 500 pA and a
dose of 180−220 µC/cm2. After the electron-beam exposure,
the wafer is developed in a developer ZED-N50 at 0◦C for
1 min, then rinsed in a mixture of methyl isobutyl ketone and
isopropanol (9:1) at room temperature for 30 s, and blow-dried.

The procedure (II) for fabricating 2D-material-integrated
devices on an etchless LNOI platform is similar to procedure
(I). After wafer cleaning with acetone and isopropanol, the 2D
material is wet transferred onto the wafer, which is then pre-
baked on a hot plate at 120◦C for 30 min. After transferring the
2D material, the rest of the processes follow those in procedure
(I).

The procedure (III) for fabricating electro-optic and acousto-
optic devices on an etchless LNOI platform requires an
additional step of EBL and metal deposition for fabricating
electrodes before patterning the photonic structures. The
process parameters for the two EBL steps are the same as those
in procedure (I). After the first EBL step, stacked layers of 5-
nm-thick titanium and 80-nm-thick gold are deposited on the
wafer by using electron-beam evaporation (EBE). Then, the
electrodes are fabricated by a lift-off process, which involves
soaking of the wafer in dimethyl sulfoxide at 120◦C for 30 min.
After fabricating the electrodes, the rest of the processes follow
those in procedure (I).

The fabricated devices are quite stable in the ambient envi-
ronment. They do not have noticeable degradation in their
performance after storage in a dry box for several years.

5. EXPERIMENTAL VERIFICATION OF BICS IN
ETCHLESS PICS

We experimentally verify the BICs by characterizing the com-
ponent devices in the PICs fabricated on the etchless LNOI
platform.

A. Waveguides

To verify the BICs in waveguides, we need to measure the propa-
gation loss of the waveguides with different widths. In a practical
experimental setup, there is insertion loss when coupling light
between optical fibers and on-chip waveguides. The total loss
in the fiber-to-fiber transmission measurement includes both
the propagation loss in the on-chip waveguide and insertion loss
during fiber-to-chip coupling. To exclude the effect of insertion
loss, we fabricate waveguides with the same width but different
lengths (say, L1 and L2) on the same chip and obtain the fiber-
to-fiber transmissions of these devices (say, T1 and T2) in units
of dB. Then, we obtain the propagation loss of the waveguides
at this width from (T2 − T1)/(L1 − L2). The experimental
results agreed excellently with the simulated results, and we
measured minimal propagation losses of 1.8 and 1.5 dB/cm
from waveguides operating at wavelengths of 773 and 1550 nm,
respectively [4,44].
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Fig. 6. (a), (b) Simulated propagation loss of the TM0 mode as a function of the polymer and LN thicknesses at the wavelength of 773 nm in
straight (a) and bent (b) waveguides. The waveguide width for the straight waveguide is fixed at 1.79 µm. The waveguide width and bend radius for
the bent waveguide are fixed at 1.79 and 69.7 µm, respectively. (c), (d) Simulated propagation loss of the TM0 mode as a function of the polymer
and LN thicknesses at the wavelength of 1550 nm in straight (c) and bent (d) waveguides. The waveguide width for the straight waveguide is fixed at
1.82µm. The waveguide width and bend radius for the bent waveguide are fixed at 1.82 and 71.4µm, respectively.

B. Microcavities

To verify the BICs in microcavities, we need to fabricate many
microring and microdisk cavities with different radii on the
same chip. We also fabricate bus waveguides on the chip in close
proximity to these microcavities to access the circulating modes
in them. Then, we measure the transmission spectra from the
bus waveguides and obtain the loaded cavity Q factors Ql by
using Lorentzian fitting to the individual cavity resonances.
The intrinsic quality factors Qi can be determined based on the
waveguide–cavity coupling condition. Under the critical cou-
pling condition, we have Qi = 2Ql . Under the under-coupling
or over-coupling condition, we have Qi = 2Ql/(1+

√
T) or

Qi = 2Ql/(1−
√

T), respectively, where T is the normalized
transmission at the cavity resonance. The experimental results
agreed excellently with the simulated results, and we measured
maximal intrinsic Q factors of 1.1× 106 and 5.8× 105 from
microcavities operating at wavelengths of 773 and 1550 nm,
respectively [4,44].

C. Robustness Analysis

These BIC-based PICs have excellent robustness against struc-
tural variation. Figure 6 shows the calculated propagation loss
of the fundamental TM mode as the polymer and LN layer
thicknesses deviate slightly from the designed BIC point, where
the targeted geometric parameters are (hLN, hZEP, w, rb)=

(300 nm, 500 nm, 1.82 µm, 71.4 µm) for operation at the
wavelength of 1550 nm and (hLN, hZEP, w, rb)= (150 nm,
400 nm, 1.79 µm, 69.7 µm) for operation at the wavelength
of 773 nm. The simulated results show that for straight wave-
guides, variations in the polymer and LN layer thicknesses have

little effect on the propagation loss of the BIC mode, while
bent waveguides are more sensitive to variations in the polymer
and LN layer thicknesses. With continuous improvement in
wafer processing technologies, nowadays the variations in the
polymer and LN layer thicknesses across a single chip can be
negligible. Given a set of polymer and LN layer thicknesses not
far away from their designed values, we can always tweak the
other geometric parameters to achieve the BIC.

The excellent robustness provides the foundation for prac-
tical applications of BIC-based PICs. Based on the elementary
structures of waveguides and microcavities, we can realize many
types of functional photonic devices on an etchless integrated
platform, such as multimode directional couplers, power
splitters, Mach–Zehnder interferometers, arrayed waveguide
gratings [4,44,47], etc. By harnessing the excellent nonlinear
properties of LN, we can also explore high-efficiency electro-
optic modulation, acousto-optic modulation, and frequency
conversion on an etchless LNOI platform [43,45,46].

6. DISCUSSION AND CONCLUSION

Overcoming the challenges in etching single-crystal materials
during micro- and nanofabrication, BIC-based PICs serve as a
new paradigm for integrated photonics. Apart from the exam-
ples in this tutorial, the BIC-based integrated photonic platform
can be adopted for different thin-film substrates, for different
wavelength ranges, and for heterogeneous integration with
different functional materials. For example, when integrated
with optically active materials such as perovskites, 2D transition
metal dichalcogenides, or quantum-dot-doped polymers, this
platform can provide a low-cost yet reliable solution to on-chip
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single-photon sources, optical amplifiers, and low-threshold
lasers. Therefore, it is expected that the BIC-based integrated
photonic platform will facilitate the development of both pas-
sive and active PICs in all thin-film optical materials operating
in all wavelength ranges, which will enable unprecedented
applications in optical communication, imaging, sensing, and
information processing.

In this tutorial, we have analyzed the dissipation mechanism
in a hybrid photonic architecture, which is formed by pattern-
ing a low-refractive-index material on a high-refractive-index
thin-film substrate and thus may avoid etching in its fabrica-
tion. We theoretically derived the conditions for obtaining
BICs in waveguides and microcavities based on the hybrid
photonic architecture, which are the building blocks of an
etchless PIC. Then, we provided the detailed methods for
numerically calculating the waveguide propagation loss and
cavity Q factor in these structures. After that, we provided the
detailed procedures for fabricating different types of component
devices in BIC-enabled etchless PICs. Finally, we provided
the detailed methods for measuring the fabricated devices and
experimentally verifying the BICs.

This tutorial serves as a starting point for those who want
to develop their own research directions and applications of
BIC-based etchless PICs. While this tutorial focuses only on the
elementary components in a PIC and takes the LNOI platform
as an example, the fundamental principles can be adopted for
building etchless integrated photonic platforms based on other
thin-film materials. Therefore, we encourage readers to leverage
the interesting yet convenient technology for discovering new
physics or developing new engineering applications in related
areas.
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49. J. Čtyroký, J. Petráček, V. Kuzmiak, and I. Richter, “Bound modes in
the continuum in integrated photonic LiNbO3 waveguides: are they
always beneficial?” Opt. Express 31, 44–55 (2023).

50. C.-L. Zou, X.-D. Chen, X. Xiong, F.-W. Sun, X.-B. Zou, Z.-F. Han, and
G.-C. Guo, “Photonic simulation of system-environment interaction:
non-Markovian processes and dynamical decoupling,” Phys. Rev. A
88, 063806 (2013).

51. M. Oxborrow, “Traceable 2-D finite-element simulation of the
whispering-gallery modes of axisymmetric electromagnetic
resonators,” IEEE Trans. Microw. Theory Tech. 55, 1209–1218 (2007).

52. M. I. Cheema and A. G. Kirk, “Accurate determination of the qual-
ity factor and tunneling distance of axisymmetric resonators for
biosensing applications,” Opt. Express 21, 8724–8735 (2013).

53. C.-L. Zou, F.-J. Shu, F.-W. Sun, Z.-J. Gong, Z.-F. Han, and G.-C. Guo,
“Theory of free space coupling to high-Q whispering gallery modes,”
Opt. Express 21, 9982–9995 (2013).

https://doi.org/10.1364/PRJ.483038
https://doi.org/10.1364/OE.437868
https://doi.org/10.1364/PRJ.448781
https://doi.org/10.1364/OE.420792
https://doi.org/10.1021/acs.nanolett.2c05034
https://doi.org/10.1515/nanoph-2022-0420
https://doi.org/10.1364/OE.459315
https://doi.org/10.1038/s41377-022-01017-x
https://doi.org/10.1038/s41377-022-01017-x
https://doi.org/10.1002/adom.201901306
https://doi.org/10.1038/s41467-020-15358-x
https://doi.org/10.1021/acsphotonics.0c01233
https://doi.org/10.1021/acsphotonics.0c01607
https://doi.org/10.1021/acsphotonics.0c01607
https://doi.org/10.1002/adom.202100060
https://doi.org/10.1002/adom.202100060
https://doi.org/10.1515/nanoph-2021-0330
https://doi.org/10.1002/lpor.202100429
https://doi.org/10.1021/acsphotonics.2c00437
https://doi.org/10.1021/acsphotonics.2c00437
https://doi.org/10.1038/s41377-019-0231-1
https://doi.org/10.1364/OE.477228
https://doi.org/10.1103/PhysRevA.88.063806
https://doi.org/10.1109/TMTT.2007.897850
https://doi.org/10.1364/OE.21.008724
https://doi.org/10.1364/OE.21.009982

