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ale all-optical switching in
oxyfluorogallate glass induced by nonlinear
multiphoton absorption

Qisong Li, ab Xinqiang Yuan,b Xiongwei Jiang,b Jun Wang, b Yi Liu*ac

and Long Zhang *bc

Herein, all-optical switching based on a new type of oxyfluorogallate glass with high switching efficiency

and ultrafast response time was reported in the near-infrared wavelength range, which is of great

importance for applications in optical telecommunication. The structural and optical properties, as well

as the nonlinear optical effects, of the oxyfluorogallate glass were investigated, demonstrating a good

figure of merit applicable to nonlinear optical devices. Using pump–probe experiments, we found that

the switching time in the oxyfluorogallate glass due to nonlinear multiphoton absorption was

approximately 350 fs, which was limited by the pulse duration of the near-infrared probe pulse.

Additionally, the largest on–off amplitude of this optical switching device could reach �12%, which is in

sharp contrast to that of quartz glass. Thus, this study provides a suitable material for the manufacture of

integrated photonic devices, which are crucial for promoting the application of glass on-chip photonics.
Introduction

Ultrafast optical communication, wherein photons are used as
information carriers, is an important eld of information
research.1,2 It is based on the core concept of realizing the
modulation of the states of signal light by using a controlled
means, which builds the foundation of optical communication
networks, such as 5 G wireless interconnects, telecomm enter-
prises, or datacenter communications in iCloud and servers.
Ultrafast all-optical switching, which possesses the unique
function of light controlling light, is an important component
of on-chip ultrafast optical communication3 as well as inte-
grated photonic technology.4 Therefore, the fabrication of high-
performance optical switching devices with an ultrafast
response time has attracted considerable attention owing to its
potential applications. To date, many types of all-optical
switching devices with different mechanisms have been
proposed, such as photonic crystals,5–7 articial nonlinear
materials,8 Kerr nonlinear effects,9 dielectric ring nano-
cavities,10 nonlinear plasmonic nanostructures,11,12 waveguide
structures,13,14 nonlinear Mach–Zehnder interferometers,15 and
metal grating structures.16 Nonlinear switching media,
including inorganic and organic materials, have been widely
, University of Shanghai for Science and
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investigated. These materials include semiconductor mate-
rials,17–19 chalcogenide glasses,20–22 and polymer materials.23–25

Special structures with nonlinear effects or photonic crystals
typically exhibit highly controlled switching features with
ultrafast response times. However, these features are dependent
on their complex micro/nanoscale structures and these devices
are limited by their high-cost fabrication, which impedes their
practical application. As for the nonlinear switching media,
organic and thin lm materials exhibit a high optical polariz-
ability and low absorption loss. However, they are generally
disregarded in technical applications because of their fragile
and unstable nature. Therefore, bulk materials with a high
damage threshold and easy to be fabricated are suitable for
practical chip-integration applications. Bulk semiconductor
materials18,19 can achieve the ultrafast response time and
modulation depth, whereas it is only reported in the visible
spectrum range. On the other hand, glasses have advantages
over other materials, including a high damage threshold,
compatibility with existing ber technology, suitable matrix
materials doped by various rare earth ions, and low optical
losses, which provide wider choice on them suitable candidates
for practical applications.

Chalcogenide glasses with Ge–As–Se (selenide), Ge–As–S–Se
(sulfoselenide), As–S–Se and Ge–Sn–Se glass systems,20,22,26,27

barium borate glasses,28,29 niobium–borotellurite glasses30 and
soda–lime glasses31 have larger nonlinearity and gure of merit
(FOM) than those of conventional silica glass. These materials
have been recommended for application in all-optical switching
devices. Furthermore, the glass materials with doping of the
nanoparticles and heavy metal ions can represent larger and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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tunable optical nonlinearity.32–34 However, the optical switching
performance and the response time at femtosecond laser scale
for glass materials has not been reported until now. In our
previous work,35–37 oxyuorogallate glass, which exhibits good
chemical andmechanical stability, low OH� content and optical
absorption rate, acceptable thermal properties, high laser
damage threshold, and relatively low cost, has been considered
as another candidate material for ultrafast optical switching.

In this study, we investigated the visible and near-infrared
transmittance and bandgap of oxyuorogallate glass, which
was found to vary with the sample thickness. The nonlinear
optical properties were measured using the femtosecond z-scan
technique to analyze the nonlinear mechanism induced by the
femtosecond laser. On this basis, the FOM was calculated
according to the third-order nonlinear coefficients, demon-
strating its application potential for nonlinear optical devices.
In subsequent experiments, ultrafast optical switching features
of oxyuorogallate glass with an ultrafast response time (�350
fs) limited by laser duration were conrmed using a femto-
second pump–probe setup. The on–off amplitude of the all-
optical switching could reach �12% in the experiment, which
was dependent on the energy of the pump and probe lasers.
Thus, this work provides a novel material for the manufacture
of ultrafast optical switching devices, extending the applica-
tions of oxyuorogallate glass material in on-chip integrated
photonics.
Experimental

Oxyuorogallate glasses with major compositions of 10BaF2–
60CaO–30Ga2O3–xSr2O3, referred to as FGa glasses, were
produced using conventional melting and quenching methods.
Here, x represents a small amount. The three high-purity
dominated ingredients, Ga2O3, GaCO3, and BaF2, and trace
amounts of Sr2O3 were baked for 8 h at 200 �C in vacuum. Aer
charging, melting, and stirring, the combined ingredients were
quenched in a covered platinum crucible under a nitrogen
atmosphere. Following sufficient melting, the preformed glass
was discharged, demolded, and molded by pouring into a pre-
heated platinum mold. Coarse and precious annealing were
performed in a furnace around the glass transition tempera-
ture. The annealed samples were cut to a suitable size and
polished for optical applications. The optical transmission
spectra of the samples were measured in the range of 0.2–2.5
mm using a PerkinElmer Lambda 750 UV/VIS/NIR spectropho-
tometer. The elements of the samples were measured using
a eld emission-scanning electron microscope (FE-SEM, ZEISS,
Germany) with energy dispersive spectroscopy (EDS). The
chemical compositions of the samples were analyzed using X-
ray photoelectron spectroscopy (XPS) (Microlab 310F) and
Raman spectroscopy (LabRAM HR Evolution, Horiba). The
home-built z-scan and pump–probe experiments were con-
ducted by employing an ultrafast femtosecond laser amplier
(Spectra-Physics) with a laser wavelength of 1040 nm and pulse
duration of 350 fs.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

The properties of the FGa glass samples for potential optical
applications, transmission spectra, and bandgap as a function
of thickness are depicted in Fig. 1. The FGa glasses with
different thicknesses all exhibited transmittances of �82–84%
in the wavelength range of 600–1500 nm, indicating that the
intrinsic absorption was negligible and the transmission loss
was mainly due to the scattering and surface Fresnel reection.
A subtle distinction appeared as the thickness increased in the
ultraviolet range. The ultraviolet cutoff regions of the FGa glass
samples are depicted in the inset of Fig. 1(a), which demon-
strate an increasing trend with the thickness. The optical
bandgap (Eg) can be calculated from the absorption cutoff edge
of the Urbach plot expressed as an (ahn)2–hn diagram, using the
following relationship:388><

>:
a ¼ 1

d
ln

1

T

ahv ¼ B
�
hv� Eg

�1=2 (1)

where a, d, T, hn, and B represent the linear absorption coeffi-
cient, sample thickness, transmittance, photon energy, and
a constant, respectively. The optical bandgap Eg can be extrac-
ted from the intercept of the tangent of the absorption cutoff
curves, where the absorption mode changes from impurity
absorption to intrinsic absorption. The absorption cutoff curves
are plotted as the calculated (ahn)2 versus hn, as illustrated in the
inset of Fig. 1(a). Fig. 1(b) depicts the relationship between the
bandgap and sample thickness, with the bandgap increasing
from 2.9 to 3.78 eV, corresponding to a wavelength range of
328–427 nm. The change of bandgap energy can be explained by
that the absorption value will increase with the increment of
glass thickness due to that the linear absorption coefficient is
constant. It will cause the red shi of the ultraviolet cutoff
region, thereby resulting in the variety of the glass bandgap. In
Fig. 2(a), the SEM-EDS of FGa glass sample with the thickness
�1 mm clearly shows the major chemical elements, including
Ga, Ba, Ca, F, O, and Sr. Furthermore, spatially resolved Raman
spectroscopy and XPS analyses were performed to study the
molecular valence and chemical composition in our previous
work, as indicated in Fig. 2(b) and (c).37 As depicted in Fig. 2(b),
four Raman peaks at 284, 515, 642, and 702 cm�1 were obtained
from the spatially resolved Raman spectroscopy. The standard
peak of the Si sample at 520 cm�1 was also measured to validate
the measurements. The wide band peak at 284 cm�1 is attrib-
uted to the vibrations of Ba–F with a peak at 250 cm�1 (ref. 39)
and to those of Ba–O with a peak position in the range of 290–
350 cm�1.40 The peaks at 515, 642, and 702 cm�1 originated
from the CaO–Ga2O3 molecule system.41–43 In b-Ga2O3, the
Raman modes at 400–800 cm�1 corresponded to the stretching
vibrations of the Ga–O bonds in the GaO4 tetrahedra.41 In our
experiment, the Raman peaks of the oxyuorogallate glass were
shied to 515, 642, and 702 cm�1 owing to the existence of the
Ca–O bonds.42,43 In Fig. 2(c), the dominant peak positions of the
primary elements were exactly measured in the XPS analyses as
RSC Adv., 2021, 11, 32446–32453 | 32447
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Fig. 2 Chemical elements and structure analyses: (a) EDS, (b) Raman
spectra, and (c) XPS for the oxyfluorogallate glass samples with the
thickness � 1 mm.
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20.7 eV and 25 eV for Ga 2p3, 532.5 eV for O 1s, 684 eV for F 1s,
and 780 eV for Ba 3d5.

To study the nonlinear properties of FGa glass, we utilized
the femtosecond z-scan method with open and closed apertures
to measure the nonlinear absorption and refractive index.44 The
results of FGa glass with the thickness �0.5 mm are depicted in
Fig. 3. In the experiment, the maximum single-pulse energy of
12 mJ and repetition rate of 100 Hz obtained by the chopper were
employed. The beam waist at the focal point was approximately
27 mm. The Rayleigh range was calculated to be�2.2 mm, which
was larger than the thickness of the FGa glass. The femtosecond
z-scan setup is depicted in the inset of Fig. 3. In the open-
aperture measurement, the linear transmittance S is dened
by S ¼ 1 � exp(�2ra

2/wa
2), with S ¼ 1. In this formula, ra and wa

denote the aperture radius and beam radius, respectively. In
Fig. 3(a), the open-aperture z-scan measurements for different
input single-pulse energies were tted with the standard z-scan
theory:45 8>>>>>>><

>>>>>>>:

TNormðzÞ ¼ loge
½1þ q0ðzÞ�

q0ðzÞ

beff ¼
q0ðzÞ

"
1þ

�
z

z0

�2
#

I0 � Leff

(2)

where z0 ¼ kw0
2/2; Leff ¼ [1 � e�a0L]/a0; a0 and beff denote the

linear and nonlinear absorption coefficients; z0 and w0 denote
the position and size of the beam waist, respectively; and L and
Leff denote the sample thickness and effective absorption
length, respectively. Multiphoton absorption is associated with
the signicant valley, as shown in Fig. 3(a). Because the incident
photon energy is close to half of the bandgap energy of the FGa
glass, the dominated mechanism can be attributed to the
multiphoton absorption. The nonlinear absorption coefficient
beff is taken as the average value of 5.28 � 10�4 cm GW�1,
extracted from the tting curves in Fig. 3(a) according to eqn (2).
However, it cannot be avoided although the nonlinear absorp-
tion is not desirable for optical switching applications. Simi-
larly, closed-aperture z-scan measurements with an aperture of
Fig. 1 Transmission performance (a) and bandgap (b) of oxyfluorogallate
vs. hn for the energy band gap measurements. The inset in (b) is the opt

32448 | RSC Adv., 2021, 11, 32446–32453
S ¼ 0.5 placed before the detector were conducted. The
normalized transmittance for the closed-aperture geometry is
given as follows:46

TNormðzÞ ¼ 1

1� 4x

ð1þ x2Þ2 DF0 þ 4

ð1þ x2Þ3 DF0
2

(3)

where DF0 ¼ k � Dn � Leff, k ¼ 2p/l, x ¼ z/z0, n2 ¼ n0 � Dn; n0
and l denote the linear refractive index of the sample and the
incident laser wavelength, respectively. Then, we used eqn (3) to
t the experimentally measured data, as shown in Fig. 3(b). The
nonlinear refractive index n2 is taken as the average value of
7.44 � 10�17 cm2 W�1. The third-order nonlinear susceptibility
(g(3)), which determines the nonlinear properties of materials,
is considered to be a complex quantity, and the real and
imaginary parts of the third-order nonlinear optical suscepti-
bility g(3) can be calculated from the estimated values of n2 and
beff using the following formulae:47
glass as a function of sample thickness. The inset in (a) is plots of (ahn)2

ical image for the oxyfluorogallate glass.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The measurements of nonlinear optical properties: (a) open-aperture z-scan results and (b) close-aperture z-scan results of oxy-
fluorogallate glass with the thickness� 0.5 mm under varying single pulse energies (with the wavelength of 1040 nm and pulse width of 350 fs);
the dots represent the experimental data while the solid lines represent the theoretical fits. The upper insets show the corresponding experi-
mental setup. HPD: high speed detector.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 1
:1

1:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
8>>>>>>><
>>>>>>>:

gð3Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRe½gð3Þ�Þ2 þ ðIm½gð3Þ�Þ2

q

Re
�
gð3Þ� ¼ 10�4

30n0
2c2

p
n2

Im
�
gð3Þ� ¼ 10�2

30n0
2c2l

4p2
b

(4)

Here, 30 denotes the permittivity of free space, and c denotes the
speed of light in vacuum. The values of the real part Re[g(3)] and
Table 1 Nonlinear absorption and refractive coefficients of some select

Glass materials
Laser wavelength
and pulse width

Nonlin
(cm GW

Ag–As–Se glass20 1050 nm 20
300 ps

33Ge–12As–55Se glasses22 1540 nm 0.4
150 fs

Ge–Sn–Se glass27 3000 nm —
100 fs

60B2O3–40BaO glasses28 1040 nm —
120 fs

10CaO–35Bi2O3–55B2O3 (ref. 29) 800 nm 0.028
100 fs

45Bi2O3–3ZnO–25B2O3 (ref. 29) 800 nm 1.04
110 fs

Fused silica29 1064 nm —
75TeO2–15B2O3–10Nb2O5 (ref. 30) 900 nm —

150 fs
10La2O3–50PbO/Bi2O3–40B2O3 (ref.
33)

1000 nm 0.93
150 fs

10Na2O–10ZnO–80B2O3 glasses
32 850 nm 7.2 � 1

150 fs
10BaF2–60CaO–30Ga2O3 (this work) 1040 nm 5.28 �

350 fs

© 2021 The Author(s). Published by the Royal Society of Chemistry
imaginary part Im[g(3)] were calculated as 4.83 � 10�19 esu and
3.56 � 10�18 esu, indicating that the susceptibility of FGa glass
was mainly dominated by the nonlinear absorption
behaviour.

The nonlinear absorption and refractive coefficients of some
selected glass materials are listed in Table 1. From the
comparison, it can be seen that the nonlinear refractive index of
FGa glass is smaller than other glass materials and the
ed glass compositions

ear absorption coefficient beff
�1)

Nonlinear refractive index n2 (m
2

W�1)

40.3 � 10�17

1.5 � 10�17

3.1 � 10�18

5 � 10�20

1.5 � 10�19

2.7 � 10�20

4 � 10�19

1.06 � 10�18

0�3 �2.6 � 10�17

10�4 7.44 � 10�21

RSC Adv., 2021, 11, 32446–32453 | 32449
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Fig. 4 Schematic of the pump–probe experiment for optical
switching measurement, Pol: polarizer, HWP: half-wave plate, HPD:
high-speed photodetector.
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nonlinear absorption coefficient is also smaller. Small
nonlinear absorption coefficient is benecial for the nonlinear
device application. The suitability of the FGa glass for optical
switching can be assessed by the nonlinearity per unit
nonlinear absorption, as indicated by the FOM. The FOM for
the optical switching phenomenon is given as FOM¼ lb/n2, and
was calculated to be �0.74 for FGa glass. This value of the FOM
Fig. 5 Ultrafast optical switching properties measured by the pump–p
�0.3% amplitude, and (b) oxyfluorogallate glass with the thickness of 0.5
fs switching time by Gauss fit (red line); (c) optical switching curves of qu
Amplitude of ultrafast optical switching for oxyfluorogallate glass as a fu
amplitude variety and the inset is the curve with the pump energy 3 mJ.

32450 | RSC Adv., 2021, 11, 32446–32453
can be deemed to meet the standards of nonlinear optics.22,48,49

Thus, FGa glass may be regarded as a candidate material for
nonlinear devices. A femtosecond laser pump–probe setup was
built to examine the optical switching effect, as depicted in
Fig. 4. The femtosecond laser with a wavelength of 1040 nm was
divided into two parts in the ratio 10 : 1, with a strong beam as
the pump laser and a weak beam as the probe beam. The pump
and probe beams were focused on the same position of the
sample using two lenses with focal lengths of 250 mm and 100
mm, respectively. The width of the two beams in the sample
plane were measured to be �250 mm and 56 mm, respectively.
The repetition rate of the pump light was set to 500 Hz by the
chopper. We changed the polarization state of the probe light to
be perpendicular to the pump light such that the detector could
only receive the probe light by placing a polarizer. The probe
pulse energy was measured as the time decay between the pump
and probe pulses, representing the optical switching properties
induced by nonlinear multiphoton absorption.

In Fig. 5, the measured optical switching performance is
depicted. The probe energy was set to 0.6 mJ, and the energy of
the pump pulse was changed from 3 mJ to 10 mJ. For compar-
ison, the quartz material is the most common and usual optical
material in the application and we rst measured the switching
performance of the quartz glass with a pump pulse energy of 10
robe experiments: (a) quartz with the thickness of 0.5 mm, indicating
mm and pump energies of 10 mJ, indicating �12% amplitude and �350
artz and oxyfluorogallate glass with pump energies from 3 to 10 mJ. (d)
nction of pump energy, the dotted line represents the fitting curve of

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06538f


Fig. 6 Ultrafast optical switching properties of oxyfluorogallate glass with the thickness of 0.5 mm as a function of the probe energy by the
pump–probe experiments. (a) Optical switching curves of oxyfluorogallate glass with probe energies from 0.3 to 0.6 mJ. The dotted line
represents the “zero” shift induced by nonlinear effect. (b) Amplitude of ultrafast optical switching for oxyfluorogallate glass as a function of probe
energy, the square represents the experimental data and the dotted line represents the fitting curve of amplitude variety.
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mJ, as depicted in Fig. 5(a). Only a very small change of �0.2%
was observed in the signal power, indicating that almost no
switching effect occurred in the quartz glass. As a comparison,
the ultrafast optical switching properties of the FGa glass with
a pump pulse energy of 10 mJ is depicted in Fig. 5(b). Signicant
switching effects were obtained, reaching a maximum ampli-
tude �12%, which was 60 times stronger than that of quartz
glass, even for a pump pulse energy of 3 mJ as shown in the inset
of Fig. 5(d). The response time is approximately the optical
switching curves with pump energies from 3 to 10 mJ and quartz
glass are clearly compared in Fig. 5(c). The amplitude curves of
optical switching as a function of the pump energy are shown in
Fig. 5(d). The experimental curve for the relationship between
the switching amplitudes and pump energy was tted by the
nonlinear equation y¼ A0 + A1x + A2x

2 + A3x
3 + A4x

4, where A0, A1,
A2, A3, and A4 are 0.130, �0.128, 0.045, �0.006, and 2.75568 �
10�4, respectively. From the tting equation, it can be seen that
the increasing tendency of the switching amplitude is similar to
that expected from the nonlinear polarization equation for the
interaction of the high-intensity laser with the material.
Therefore, we conclude that this effect is dominated by the
nonlinear effects that appear for high-intensity lasers. This
Table 2 Optical switching time and ratio of some selected optical switc

Optical switching material

Nano-Ag:polymeric composite material8

Negative index metamaterial with Ag and Si thin lm12

InGaAsP bulk semiconductor13

Silicon and SU-8 waveguide15

ZnO single crystal at 600 nm (ref. 17)
Gallium phosphide18

Silicon photonic crystals19

Zinc phthalocyanine thin lms24

Polystyrene nonlinear photonic crystals25

10BaF2–60CaO–30Ga2O3 glass (this work)

© 2021 The Author(s). Published by the Royal Society of Chemistry
nonlinear effect can be further attributed to the multiphoton
absorption based on the comparison between the optical
bandgap and laser wavelength discussed in the previous para-
graph. Moreover, the half-width switching time of the optical
switching is approximately 350 fs, as shown in the inset of
Fig. 5(b), which is limited by the probe pulse duration used.
Subsequently, we veried the switching performance with
a change in the probe pulse energy, as depicted in Fig. 6. The
pump light energy was set to 10 mJ. We varied the probe light
energies from 0.3 mJ to 0.6 mJ, and the switching amplitudes
increased for higher probe pulse energies. The experimental
curve representing the relation between the switching ampli-
tudes and probe pulse energy was tted by the nonlinear

equation y ¼ 4:28� 10�4 � e

	
x

0:107



þ 0:005. The “zero” point

shi depicted in Fig. 6(a) is due to the nonlinear effect induced
by the pump laser itself.

Additionally, the switching time is almost the same as that
measured for the change in pump pulse energy. The optical
switching performance of some optical switching are shown in
Table 2. The opti1cal switching with femtosecond-scale time are
usually based on the nano-composite material,8 negative index
hing materials

Switching time Switching ratio

�340 fs fast rise �62%
�5 ps slow rise
�600 fs �9.5%
�10 ps �40%
�2 ps �75%
�2.8 ps �99%
�10.9 fs �50%
�52 ps —
�2 ms �60%
�10 fs �50%
�350 fs �12%
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metamaterial,12 semiconductor material18 or nonlinear
photonic crystals.25 To the best of our knowledge, this is the rst
report on femtosecond-scale all-optical switching with a large
switching amplitude based on bulk glass material. Therefore,
the FGa glass material with excellent properties, including high
optical transmission, acceptable FOM, and ultrafast response
time, demonstrates immense potential as a nonlinear switching
medium for applications in all-optical switching for on-chip
photonics.

Conclusions

In summary, we demonstrated the all-optical switching
phenomenon with a high efficiency and ultrafast response time
based on oxyuorogallate glass for near-infrared wavelengths,
which is of great importance for modern optical telecommu-
nication. The nonlinear absorption effect of oxyuorogallate
glass, including the third-order nonlinear optical susceptibility,
nonlinear absorption, and refraction rates, was studied in detail
using the femtosecond laser z-scan method. The multiphoton
absorption effect was identied as the source of optical
switching based on the optical bandgap and laser wavelength.
This type of glass exhibits an acceptable FOM for application in
nonlinear optical devices. With a subsequent pump–probe
experiment, an ultrafast switching time of �350 fs was ach-
ieved, which was limited by the pulse duration of the mid-
infrared laser pulses used in the experiments. More impor-
tantly, the largest on–off amplitude of this device reached up to
12%. This study opens up a new path for bulk materials as
a nonlinear switching medium to manufacture integrated
photonic devices and provides a wider range of material choices
for the application of glass on-chip photonics.

Author contributions

Qisong Li: conceptualization, investigation, data curation,
writing – original dra, funding acquisition. Xinqiang Yuan:
data curation. Xiongwei Jiang: data curation. Jun Wang: inves-
tigation, supervision – review & editing. Yi Li: writing – review
and editing, supervision. Long Zhang: methodology, investiga-
tion, – review & editing.

Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.

Acknowledgements

This research was supported by the National Science Founda-
tion of China (No. 61905263).

References

1 H. Mardoyan, F. Jorge, O. Ozolins, J. M. Estaran, A. Udalcovs,
A. Konczykowska, M. Riet, B. Duval, V. Nodjiadjim,
32452 | RSC Adv., 2021, 11, 32446–32453
J. Y. Dupuy, X. D. Pang, U. Westergren, J. J. Chen, S. Popov
and S. Bigo, in Proc. 2018 Optical Fiber Communications
Conference and Exhibition T4A.4, 2018.

2 Y. Matsui, R. Schatz, D. Che, F. Khan, M. Kwakernaak and
T. Sudo, Nat. Photon., 2021, 15, 59–63.

3 C. Huang, C. Zhang, S. Xiao, Y. H. Wang, Y. B. Fan, Y. L. Liu,
N. Zhang, G. Y. Qu, H. J. Ji, J. C. Han, L. Ge, Y. Kivshar and
Q. H. Song, Science, 2020, 367, 1018–1021.

4 V. R. Almeida, C. A. Barrios, R. R. Panepucci and M. Lipson,
Nature, 2004, 431, 1081–1084.

5 N. Yamamoto, T. Ogawa and K. Komori, Opt. Express, 2006,
14, 1223–1229.

6 P. R. Villeneuve, D. S. Abrams, S. H. Fan and
J. D. Joannopoulos, Opt. Lett., 1996, 21, 2017–2019.

7 C. H. Lu, B. Zhu, C. Y. Zhu, L. C. Ge, Y. Liu, Y. P. Chen and
X. F. Chen, Chin. Opt. Lett., 2019, 17, 072301.

8 X. Y. Hu, P. Jiang, C. Xin, H. Yang and Q. H. Gong, Appl. Phys.
Lett., 2009, 94, 031103.

9 J. Takeda, K. Nakajima, S. Kurita, S. Tomimoto, S. Saito and
T. Suemoto, Phys. Rev. B: Condens. Matter Mater. Phys., 2000,
62, 10083.

10 O. Wada, New J. Phys., 2004, 6, 183.
11 A. Pasquazi, S. Stivala, G. Assanto, V. Amendola,

M. Meneghetti, M. Cucini and D. Comoretto, Appl. Phys.
Lett., 2008, 93, 091111.

12 K. M. Dani, Z. Ku, P. C. Upadhya, R. P. Prasankumar,
S. R. J. Brueck and A. J. Taylor, Nano Lett., 2009, 9, 3565–
3569.

13 Y. J. Chen, V. Krishnamurthy, Y. C. Lai and S. T. Ho, Opt.
Lett., 2014, 39, 3567–3570.

14 K. J. A. Ooi, J. L. Cheng, J. E. Sipe, L. K. Ang and D. T. H. Tan,
APL Photonics, 2016, 1, 046101.

15 C. Lacava, M. J. Strain, P. Minzioni, I. Cristiani and M. Sorel,
Opt. Express, 2013, 21, 21587–21595.

16 C. J. Min, P. Wang, C. C. Chen, Y. Deng, Y. H. Lu, H. Ming,
T. Y. Ning, Y. L. Zhou and G. Z. Yang, Opt. Lett., 2008, 33,
869–871.

17 M. A. M. Versteegh and J. I. Dijkuhuis, Opt. Lett., 2011, 36,
2776–2778.

18 G. Grinblat, M. P. Nielsen, P. Dichtl, Y. Li, R. F. Oulton and
S. A. Maier, Sci. Adv., 2019, 5, eaaw3262.

19 T. Tanabe, M. Notomi, S. Mitsugi, A. Shinya and
E. Kuramochi, Appl. Phys. Lett., 2005, 87, 151112.

20 K. Ogusu, J. Yamasaki, S. Maeda, M. Kitao and M. Minakata,
Opt. Lett., 2005, 29, 265–267.

21 M. Asobe, T. Kanamori and K. Kubodera, IEEE Photonics
Technol. Lett., 1992, 4, 362–365.

22 J. T. Gopinath, M. S. E. P. Ippen, V. N. Fuyigin, W. A. King
and M. Shurgalin, J. Appl. Phys., 2004, 96, 6931–6933.
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