
Cylindrical vector beam revealing multipolar
nonlinear scattering for superlocalization of
silicon nanostructures
BIN WANG,1,2,† YING CHE,2,† XIANGCHAO ZHONG,2 WEN YAN,2 TIANYUE ZHANG,2,4 KAI CHEN,2 YI XU,3

XIAOXUAN XU,1 AND XIANGPING LI2,5

1The Key Laboratory of Weak-Light Nonlinear Photonics, Ministry of Education, School of Physics, Nankai University, Tianjin 300071, China
2Guangdong Provincial Key Laboratory of Optical Fiber Sensing and Communications, Institute of Photonics Technology, Jinan University,
Guangzhou 510632, China
3Department of Electronic Engineering, College of Information Science and Technology, Jinan University, Guangzhou 510632, China
4e-mail: tyzhang@jnu.edu.cn
5e-mail: xiangpingli@jnu.edu.cn

Received 8 January 2021; revised 9 March 2021; accepted 10 March 2021; posted 25 March 2021 (Doc. ID 419300); published 20 May 2021

The resonant optical excitation of dielectric nanostructures offers unique opportunities for developing remarkable
nanophotonic devices. Light that is structured by tailoring the vectorial characteristics of the light beam provides
an additional degree of freedom in achieving flexible control of multipolar resonances at the nanoscale. Here, we
investigate the nonlinear scattering of subwavelength silicon (Si) nanostructures with radially and azimuthally
polarized cylindrical vector beams to show a strong dependence of the photothermal nonlinearity on the polari-
zation state of the applied light. The resonant magnetic dipole, selectively excited by an azimuthally polarized
beam, enables enhanced photothermal nonlinearity, thereby inducing large scattering saturation. In contrast,
radially polarized beam illumination shows no observable nonlinearity owing to off-resonance excitation.
Numerical analysis reveals a difference of more than 2 orders of magnitude in photothermal nonlinearity under
two types of polarization excitations. Nonlinear scattering and the unique doughnut-shaped focal spot generated
by the azimuthally polarized beam are demonstrated as enabling far-field high-resolution localization of nano-
structured Si with an accuracy approaching 50 nm. Our study extends the horizons of active Si photonics and
holds great potential for label-free superresolution imaging of Si nanostructures. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.419300

1. INTRODUCTION

Dielectric nanomaterials with high refractive indices have been
widely studied in recent years owing to their low optical loss,
unique optical responses, and compatibility with the manufac-
turing process of complementary metal-oxide semiconductor
technology [1–3]. Strong electric and magnetic Mie resonances
in high-index dielectric nanostructures play a crucial role in the
nanoscale confinement of electromagnetic near fields for the
enhancement of many optical nonlinear effects [4–7]. In addi-
tion, they engender various interference phenomena in the far
field by engineering the interplay of optical-induced multipoles
[8,9]. New developments further reveal that, even though the
ohmic losses are inherently low for dielectrics, Mie resonances
provide strong local heat on account of the absorption of in-
cident light and the transduction into thermal energy. These
attributes substantially increase the temperature of nanostruc-
tures, paving the way for all-dielectric thermophotonics
[10–12]. Isolated resonant dielectric nanoparticles have been

identified as highly effective optical heaters [10,13–15].
Moreover, functional all-dielectric metasurfaces can be actively
tuned simply through thermal actuations based on the large
thermo-optical coefficient of the materials [16–21]. Giant pho-
tothermal nonlinearity mediated by resonant modes has been
recently revealed in a single silicon (Si) nanostructure, which
can be 3 to 4 orders of magnitude greater than unstructured
bulk Si [22,23]. Such a unique photothermal mechanism pro-
vides a novel scenario of dynamical reversible tuning of optical
responses in all-dielectric nanostructures through an optical
stimulus.

The significant advantage of all-optical tuning is that
unprecedented flexibility in manipulating multipolar light–
matter interactions can be facilitated by means of smart
engineering of the illumination beam [24–26]. By harnessing
spatially variant electric polarizations mediated by tightly fo-
cused cylindrical vector beams (CVBs), different multipolar res-
onances can be selectively excited, resulting in separate control
over the induced electric and magnetic multipoles [27–29].
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Fully exploiting these benefits enables the extreme tailoring of
both linear and nonlinear emission properties. The excitation of
dark modes [30,31], angular tuning of directional scattering
[32–34], and enhanced nonlinear light generation [35–38]
in all-dielectric nanostructures have been increasingly observed.
In particular, the unique focusing properties drive the recently
developed concepts of vector-field nonlinear microscopy by uti-
lizing CVBs for the characterization of nanostructures [36,39],
thereby expanding the capabilities of nonlinear microscopes.
Owing to these developments, exciting advances are expected
to reveal new applications that leverage innovative combina-
tions of high-index metaoptics and vector-field nonlinear
microscopy.

In this report, we show the photothermal nonlinearity of Si
nanoresonators that are strongly influenced by excitation
polarization states. Resonance-enhanced photothermal nonlin-
earity governed by an out-of-plane magnetic dipole (MD) is
achieved via azimuthally polarized (AP) beam illumination with
the desired excitation wavelength, which is 80% reversible, as
well as by repeatable all-optical modulation of the scattering
signal. In contrast, a significantly low photothermal nonlinear-
ity is observed in Si nanodisks pumped with a radially polarized
(RP) beam, which results from differently induced multipolar
modes. Remarkable scattering saturation, which is a conse-
quence of the intense AP beam, efficiently suppresses the scat-
tering intensity of the overlapping excitation of the probe beam.
This naturally constitutes a configuration similar to the stimu-
lated emission depletion (STED) microscope [40,41]. In our
technique, the AP beam generates a doughnut focal spot
and is used as a robust saturation beam. The beam is scattered
from Si nanodisks under the Gaussian probe beam to engender
an imaging contrast. We therefore demonstrate the realization
of far-field high-resolution localization of densely spaced Si
nanodisk arrays with exceptional localization accuracy up to
50 nm (λ∕11). Our results provide a new means of controlling
and modulating the nonlinear scattering response induced by
the photothermal mechanism. Moreover, our proposed tech-
nique offers important potential in applications in label-free
high-resolution imaging for all-dielectric metasurfaces and Si
photonics.

2. RESULTS AND DISCUSSION

The principle of our proposed approach is schematically illus-
trated in Fig. 1(a). Si nanodisks are illuminated by a tightly
focused AP saturation beam and a Gaussian probe beam.
The Si nanodisks on the glass substrate were fabricated by col-
loidal-mask lithography followed by coupled plasma reactive
ion etching [23]. The morphologies of the prepared samples
were characterized by scanning electron microscopy (SEM)
and atomic force microscopy (AFM) (Figs. 5 and 6 in
Appendix A). As shown in the Fig. 1(a), the designed nanodisks
support a strong MD resonance at the optical pump wave-
length (continuous wave, 639 nm). When illuminated by a
639 nm AP beam with increased intensities, the Si nanodisks
are subjected to a nonlinear scattering process owing to the MD
resonant-enhanced photothermal effect [22,23]. This leads to
efficient suppression of the scattering signal of the probe beam
(561 nm). The created all-optical switch with overlapping ex-
citation of dual beams provides the basis for superresolution
imaging of Si, similar to the sharp point spread function
(PSF) achieved in the STED principle.

A schematic of the experimental setup for measuring non-
linear scattering signals from Si nanodisks and realization of
superlocalization imaging is shown in Fig. 1(b). A commercial
polarization converter (ARCoptix, S.A.) was used to convert a
linearly polarized (LP) continuous wave laser beam of 639 nm
collimated by a 4f system into an AP beam. The verification of
the polarization state of AP is shown by Fig. 7 in Appendix A. It
was then collinearly aligned with the LP Gaussian mode probe
beam (561 nm). The two laser beams were simultaneously
scanned through the Si nanodisks, and the backward scattering
of the sample was collected using an oil-immersed objective
lens (100×, NA � 1.4, Olympus). The microscope scattering
images were obtained by synchronizing a photomultiplier tube
(PMT) and a galvo mirror scanner. They were recorded with a
step size of 7 nm and a dwell time of 10 μs.

Numerical simulations were first performed to analyze the
induced multipoles within a single Si nanodisk by tightly fo-
cused CVBs. Multipolar decomposition of the total scattering
spectra [23] was used to identify the contributing modes.
As observed in Fig. 2, the scattering spectra of the nanodisks

Fig. 1. Schematic illustration of the superlocalization imaging and experimental setup. (a) The principle of superlocalization imaging is based on
scattering suppression of Si nanodisks at the peripherals of the doughnut-shaped AP saturation beam. (b) Diagram of the reflectance laser scanning
confocal system. M1, M2, silver mirrors; DM, dichroic mirror; BS, beam splitter; OL, objective lens; PC, polarization converter.
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illuminated by the AP or RP beams noticeably differ from those
acquired by LP excitation. Both electric and magnetic multi-
pole resonances are accessible by LP excitation. In contrast,
the AP beam contains purely transverse fields at the beam focus,
which excites the magnetic Mie resonances with the dominant
contribution from the out-of-plane MD mode [Fig. 2(b)].
Conversely, the RP beam has a strong longitudinal electric field
component, resulting in the generation of a longitudinal elec-
tric dipole (ED) as well as a toroidal dipole (TD). Notably, with
the rationally designed dimensions of the Si nanodisks in the
present study, the MD mode excited by the AP beam has well-
tuned resonance with the excitation wavelength. The LP and
RP beams with the same wavelength are much less efficient in
coupling to the nanodisks for excitation at the ED resonance
tail. Therefore, the largest photothermal nonlinearity can be
expected by means of efficient excitation utilizing AP
illumination.

Based on the above findings, we experimentally examined
the photothermal nonlinearity by measuring the backward scat-
tering from the Si nanodisks at increased excitation intensities
(see discussions in Appendix A.3 about the total scattering and
the backward scattering). The Si nanodisks converted AP ex-
citation light into internal heat through the MD resonantly en-
hanced optical absorption, which substantially raised the
nanodisk temperature. The temperature increase then affected
the refractive index as well as the scattering cross section, thus
leading to nonlinear optical scattering. This Mie-resonance-en-
hanced photothermal effect was validated by our simulation
results. The simulated scattering cross section (C sca) is plotted
in Appendix A, Fig. 8 to show the spectral response and the
tuning of the Mie resonances in accordance with the temper-
ature increments. The irradiance-induced temperature rise
leads to large redshifting of the Mie resonances. Furthermore,
the C sca associated with the excitation wavelength can be dra-
matically varied, yielding 70% suppression, which conse-
quently leads to scattering saturation. The PSFs in the

scattering images display distinctive features when scattering
begins to saturate, as shown in Figs. 3(a)–3(c). Conceptually,
considering a focus with a doughnut profile, saturation should
start from the periphery, where the intensity is strongest, to
induce saturation. As a result, the variations of the PSF are ex-
perimentally observed, manifesting the evolution of nonlinear
scattering.

Figure 3(d) shows that nonlinear scattering can empower
distinctive PSFs in confocal reflectance imaging of closely
packed Si nanodisk arrays. The confocal image at low excitation
intensities for such nanodisk arrays is blurry, owing to the re-
striction of the diffraction limit. However, scattering saturation
at high excitation intensities leads to a large reduction in scat-
tering, thus producing subdiffractive features in scattering
PSFs. For comparison, scattering images were also recorded
under the illumination of the RP beams. An RP beam with
the same wavelength turns off the MD resonance, exciting only
electric modes. At a wavelength of 639 nm, the RP beam excites
at the spectral position far from the ED peak, producing neg-
ligible photothermal nonlinearity. Therefore, only a linear scat-
tering behavior is observed [Fig. 3(e)]. Numerical calculations
reveal that there are more than 2 orders of magnitude difference
when changing the excitation beam from AP to RP (Fig. 8 in
Appendix A). It is also worth noting that strong nonlinearity is
also expected in the anapole state, where a TD and an ED are
coexcited. Nevertheless, anapole excitation in the Si nanodisks
falls outside the experimentally accessible range.

By combining the advantages of photothermal nonlinear
scattering and the unique focusing property enabled by the
AP beam, we demonstrate the far-field localization of nano-
structured Si with exceptionally high accuracy (Fig. 4).
Previous studies have reported how saturation can be adopted
to enhance the optical resolution by controlling the saturation
beam intensity to modulate the collinear probe beam light sig-
nal [42–45], similar to the STED configuration. Generally, in
these STED-like techniques, a circularly polarized vortex beam

Fig. 2. Simulated total scattering spectra and the Cartesian multipolar decomposition of single Si nanodisks (diameter D � 200 nm, height
h � 50 nm) under (a) linear and (b),(c) CVB illumination. Black dashed lines indicate the position of excitation wavelength.
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is commonly used for generating a doughnut focal spot with
zero central intensity. In our present study, a focused AP beam
with a high NA objective lens can generate a high-quality
doughnut focal spot (Fig. 9 in Appendix A). Moreover, it
can be resonantly coupled to the out-of-plane MD mode to
induce photothermal nonlinearity, which implicitly fulfills
the need for superresolution imaging.

Figure 4(a) presents a series of scattering images with signifi-
cantly improved resolution under increased saturation beam
intensities. These raw superresolved images, combined with
the verification of the correlated SEM image, clearly demon-
strate that Si nanodisks—indistinguishable in conventional
confocal imaging at low excitation intensities—are distinctly
resolved at high irradiance intensities (see Visualization 1 for
more results). Figure 4(b) quantifies the dependence of locali-
zation accuracy on the applied saturation beam intensity, which
is based on the statistics of the full width at half-maximum
(FWHM) of the imaging spots. The measured FWHM can
be sharply squeezed to approximately 50 nm by impinging
the AP beam with an intensity of 1.1 MW∕cm2 on the nano-
disks to match the MD resonances. Compared to conventional
STED fluorescence microscopy [46], our technique reduces the
saturation intensity by approximately 2 to 3 orders of magni-
tude. Moreover, this localization accuracy is the highest
achieved to date in accordance with the far-field fluorescence-
free scheme. Furthermore, the label-free modality is extremely
beneficial for contactless inspection of Si photonics. The
reversibility of nonlinear scattering is proved by the complete

recovery of the FWHM of the nanodisks under repeated mea-
surements of switching the saturation beam on and off, as
shown in Fig. 4(c), thus confirming the high stability of the
entire process.

It should be emphasized that we use Si nanodisks for the
proof-of-concept, demonstrating the high-resolution localiza-
tion based on the photothermal mechanism. The photothermal
nonlinearity is associated with the size or shape of the Si nano-
structure. Specifically, on one hand, the Si nanostructure illu-
minated by the laser beam converts incident light into heat.
The particle temperature subsequently rises nonlinearly with
the incoming light intensity, with the slope that depends on
the particle size, shape, laser wavelength, and material proper-
ties [22,23]. One the other hand, the size and shape also de-
termine the spectral features of the Mie resonances supported
by the structure. Resonant optical excitation enables the
boosted photothermal nonlinearity to induce a significant
change of permittivity of the nanostructure, resulting in the
nonlinear dependence of optical scattering on the illumination
intensity. Particularly, the scattering signal decreases when the
excitation intensity increases, referred to as scattering satura-
tion. The large scattering saturation produced by photothermal
nonlinearity can be utilized as an all-optical control over scat-
tering efficiency of another laser beam, laying the foundation
for the high-resolution localization based on STED-inspired
imaging techniques. As observed in this work, a deep scattering
saturation is highly desirable for higher spatial localization
accuracy.

Fig. 3. Experimental observation of photothermal nonlinearity via backward scattering measurements using CVBs. (a)–(c) Measured PSFs of a
single nanostructure under different AP beam intensities at a 639 nm wavelength. (a) At low excitation intensity, the PSF shows the doughnut-
shaped focal spot generated from the conventional AP. (b),(c) When the intensity reaches a nonlinear region, scattering saturation occurs, and the
corresponding PSFs show a low intensity at the doughnut crest. The intensity lateral profiles (white dashed lines) are plotted on the right. (d) The
nonlinear dependency of scattering on irradiance intensities and the evolution of PSFs of the Si nanodisk array for AP excitations at a 639 nm
wavelength; (e) for RP excitation, negligible nonlinearity is observed, and the scattering shows a linear response in accordance with the increasing
irradiance intensities.
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Since the photothermal effect and temperature-dependent
permittivity are clearly inherent material properties, the
proposed concept is generally applicable to wide nanophotonic
systems, especially for dielectric resonant nanostructures made
of Si, germanium, III–V semiconductors, or other multi-
component materials demonstrating unique Mie resonances.
Besides, vectorial light with unique polarization characteristics
enables selective and enhanced coupling to multipolar resonan-
ces. Therefore, we envision the applicability of our method is
universal for other complex vectorial beams to tailor the dom-
inant multipolar resonances, providing flexible control of
multipolar resonances at the nanoscale.

3. CONCLUSIONS

In summary, CVBs were implemented to investigate the photo-
thermal nonlinearity of Si nanostructures. Efficient nonlinear
scattering was observed by selectively exciting the out-of-plane
magnetic Mie resonances with an AP vector beam. Switching to
the RP beam resulted in negligible scattering nonlinearity ow-
ing to the off-resonance excitation of activated electric multi-
polar modes. The AP beam with sufficiently high intensities
could induce strong scattering saturation of the Si nanodisks
on account of the MD-enhanced photothermal effect. An
80% reduction in the scattering signal indicated that the AP
beam acted as a saturation beam to efficiently suppress the scat-
tering of another probe beam. In addition, the doughnut-
shaped focal spot made the AP beam an ideal candidate for
effective STED-like configurations. We further demonstrated
the far-field superlocalization of densely packed Si nanodisk ar-
rays with a record-high 50 nm FWHM, corresponding to λ∕11
precision. Considering the compatibility of Si materials and
complementary metal-oxide-semiconductor manufacturing

processes, our findings open new possibilities for all-optical la-
bel-free inspection of Si-based structures, with great potential
for many applications, such as nonlinear nanophotonics, wafer
lithography, and Si-integrated circuits.

APPENDIX A

1. Characterizations of Periodic Si Nanodisk Arrays
The morphology of the dense arrays of Si nanodisks was char-
acterized by SEM and AFM. The SEM images in Fig. 5 dem-
onstrate that the prepared Si nanodisks have a smooth surface
and large-scale uniformity. The enlarged image shows that the
diameter of the Si nanodisks is predominantly 200 nm.
Figure 6 shows that the heights of the Si nanodisks are 50 nm.

2. Inspection of Polarization Characteristics of RP
Light and AP Light
The beam spot shapes captured by the CCD are presented in
the figures below. The polarization state was detected by
inserting the analyzer in front of the detector at different angles,

Fig. 4. Superlocalization of densely spaced Si nanodisks. (a) PSFs of nonlinear scattering from periodic Si nanodisk arrays evolving with increasing
excitation intensities. A correlated SEM image is also presented. (b) Localization accuracy scaling as PSFs obtained at different saturation AP beam
intensities. The error bars represent the deviations of FWHM values from 28 nanodisks in the scanning frame. (c) Reversibility of nonlinear
scattering is confirmed by the full recovery of measured FWHM from the same nanodisks under repetitive measurements.

Fig. 5. SEM image and magnified image of Si nanodisk arrays with
a diameter of 200 nm and height of 50 nm. Scale bar, 1 μm; 400 nm.
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as shown by the black arrow in Fig. 7. A series of images ef-
fectively display the polarization characteristics of the excitation
light used.

3. Photothermally Induced Nonlinear Scattering of Si
Nanodisks under AP and RP Beams
The photothermal nonlinearity was calculated for Si nanodisks
with a diameter of 200 nm and a height of 50 nm. The simu-
lated scattering cross section (C sca) plotted in Fig. 8(a) shows
the spectral response and the tuning range of Mie resonances in
accordance with temperature increments. Under AP illumina-
tion, the irradiance-induced temperature increase from room
temperature (RT) to 850°C enables suppression of the normal-
ized C sca from 1 to 0.3, corresponding to 70% modulation
[Fig. 8(b)]. This roughly agrees qualitatively with the experi-
mental observation of 80% suppression of the normalized cross
section from linear to saturation in Fig. 3(d).

Such a large modulation depth is attributed to the fact that
the excitation laser delicately operates in the vicinity of the MD
mode. Taking advantage of the resonantly enhanced near-field
absorption at the MD excitation causes the Si nanodisks to be
rapidly heated. The temperature increase of the nanostructures
changes the refractive index of the material, which further alters
the light scattering. The temperature growth inside the Si nano-
disk can be estimated by the equation ΔT � σabsI∕4πReqκβ,
where κ is the thermal conductivity of the surrounding
medium. Considering Si nanodisks on the glass substrate and
immersed in the oil environment, κ was taken to be 0.38.
β � 1.15 is a dimensionless geometrical correction factor.
Req denotes the equivalent radius, corresponding to the
radius of a sphere with the same volume as the nanodisk.
Temperature-dependent optical absorption σabs is taken into
account, and the final laser-induced temperature rise on the
excitation intensity is obtained by iterative calculations. This
is indicated in Fig. 8(c), with more than 2 orders of magnitude

Fig. 6. (a) AFM characterization of the Si nanodisk array sample.
Scale bar, 400 nm. (b) Cross section of the height of the nanodisk
at the position of the black dotted line.

Fig. 7. Experimentally generated radial beam (upper row), azimu-
thal beam (lower row), and their linear orthogonal components. The
black arrows indicate the position of the analyzer.

Fig. 8. (a) Photothermal tuning of normalized scattering spectra of Si nanodisks of different polarization states at three representative temper-
atures: RT, 500°C, and 850°C. The dashed line indicates the position of excitation. (b) Evolution of C sca with increasing temperatures at the
excitation wavelength of 639 nm; (c) required excitation intensities for temperature increase of the Si nanodisks under AP and RP illuminations;
(d) resulting simulated nonlinear scattering behaviors under AP and RP illuminations; (e) simulated scattering cross sections for total scattering,
forward scattering, and backscattering illuminated by AP excitation; (f ) evolution of backscattering C scaB with increasing temperatures at the
excitation wavelength of 639 nm.
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difference in photothermal efficiency between the Si nanodisks
under AP and RP excitations.

For the simulation of the scattering spectra and the
Cartesian multipolar decomposition in Fig. 2, box monitors
were used that collected all the scattering fields of 4π solid an-
gles. On the other hand, the measured scattering in experi-
ments is the backscattered light collected from the objective
with a finite NA. To resolve this problem, we perform the
calculations of scattering spectra accounting total scattering,
forward scattering, and backward scattering. It should be noted
that in the calculations of backward scattering C scaB in
Figs. 8(e) and 8(f ), a plane monitor was employed. The plane
monitor was positioned at 400 nm from the simulation center,
with a monitor size of 1900 nm by 1900 nm, based on the
consideration of matching the maximum collection angle of
the objective lens (NA � 1.4) used in our experiments.

As can be seen in Fig. 8, the nanodisk scatters light almost
equally in forward and backward directions. And the total and
backward scattering cross sections experience large suppression
with temperature rise in the same trend, thus indicating the
scattering depletion not depending on the collection angle
of the objective lens. This also clarifies that our suppression
of the scattering originates from the photothermal tuning of
MDmodes by the AP beam instead of redistribution of forward
and backward radiations.

4. Comparison of Doughnut Focal Spots between
Right-Handed Circularly Polarized Vortex Beam and
AP Beam
An AP beam can yield a doughnut-like spot of uniform inten-
sity. It can generate a smaller focal spot than those generated by
the circularly polarized doughnut-like spots produced by the
phase plate, as shown in Figs. 9(a) and 9(b). According to
the theoretical calculations, the peak distance between the
AP spots is 330 nm, which is 48 nm smaller than that between

the vortex spots. The distance of peaks of the experimental AP
spot is 410 nm. However, the vortex spots are with 500 nm, as
shown in Figs. 9(c) and 9(d). This finding is consistent with the
theoretical conclusion that the AP light spot is smaller than the
vortex light spot. The characteristics of the smaller focusing
spot under AP polarized excitation light provide a convenient
and robust way for STED-like imaging experiments.
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