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Giant photothermal nonlinearity in a single
silicon nanostructure
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Silicon photonics have attracted significant interest because of their potential in integrated
photonics components and all-dielectric meta-optics elements. One major challenge is to
achieve active control via strong photon-photon interactions, i.e. optical nonlinearity, which is
intrinsically weak in silicon. To boost the nonlinear response, practical applications rely on
resonant structures such as microring resonators or photonic crystals. Nevertheless, their
typical footprints are larger than 10 pm. Here, we show that 100 nm silicon nano-resonators
exhibit a giant photothermal nonlinearity, yielding 90% reversible and repeatable modulation
from linear scattering response at low excitation intensities. The equivalent nonlinear index is
five-orders larger compared with bulk, based on Mie resonance enhanced absorption and
high-efficiency heating in thermally isolated nanostructures. Furthermore, the nanoscale
thermal relaxation time reaches nanosecond. This large and fast nonlinearity leads to
potential applications for GHz all-optical control at the nanoscale and super-resolution
imaging of silicon.
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ecause of its natural abundance and its compatibility with

industrial production lines, silicon is the most widely

used material in the modern electronics industry. How-
ever, because of its indirect bandgap, Si has limited applica-
tions in photonics. It is a long-awaited goal to combine
photonics with the advantages of silicon. It was not until the
recent decade that we witnessed dramatic progression in silicon
photonics, including amplification, lasing, and super-
continuum generation!-3.

In the field of silicon photonics, one particular emphasis is
placed on achieving all-optical control, which requires strong
photon-photon interactions or optical nonlinearity>*. Con-
ventionally, Kerr-type nonlinearities provided ultrafast response.
However, the magnitude of nonlinearity (n,) is on the order of
10~ um?/mW?3. Photothermal effects are known to provide much
larger nonlinear responses, with the effective nonlinear coefficient
n, approaching 10~% pm?/mW?>. From a simple estimation based
on n=ny+ n,l, in which n is the overall refractive index, n, is
the linear index, n, is the nonlinear index, and I is excitation
intensity, to create 10% nonlinear deviation from the linear
response, an exceedingly high excitation intensity in the order of
10° mW/um? is necessary.

Because of the weak nonlinearity of Si, the typical design of
nonlinear silicon photonic components requires resonant struc-
tures such as microring resonators and photonic crystals®’.
However, the cost of high quality factor (Q) resonant structures is
their large feature size, usually on the order of 10 um. For
example, on the recently published silicon electronics and pho-
tonics dual platform®, the photonic microring resonator was
much larger than the electronic transistors.

Inspired by metal-based plasmonics, an emerging field is
focused on significantly enhancing the light-matter
interactions via strong light confinements using nanos-
cale high-index dielectrics?, without being compromised by
metal loss. The meta-silicon-material has led to various
unexpected optical properties, e.g., Mie-resonance-induced
localization as well as electric/magnetic dipole/multi-
poles?, optical magnetism!?, directional emission!!, broadband
perfect reflector!?, high-efficiency hologram!3, optical topolo-
gical states'¥, and multicolor nano-display!®>. Nanostruc-
tured Si also displayed many unusual optical control!®17 or
nonlinearity mechanisms!8. For example, Si metasurfaces
can be applied for fabrication of ultracompact phase con-
trollers'’, several order-of-magnitude enhancement in third
harmonic generation!®20, and two-photon absorption?l.
However, the optical nonlinearities are still far from sufficient
to realize applications such as all-optical control at a low light
intensity.

In this study, we combine Mie resonance with the photo-
thermal effect and report the unexpectedly large photothermal
nonlinearity in a single Si nanostructure of ~0.001 um? volume.
The single-nanostructure nonlinearity enables a 400% enhance-
ment or 70% reduction in scattering, i.e., a significant deviation
from the linear response, at an excitation intensity of merely
1-10 um2mW~!. The equivalent n, reaches 0.1 um2mW—1,
which is five orders of magnitude larger than the photothermal
nonlinearity of bulk silicon, providing 90% reversible and
repeatable all-optical modulation in a single silicon nanos-
tructure. The thermal relaxation time of the nanostructure-based
nonlinear response is on the order of nanoseconds, leading to
the potential of GHz operation. The large nonlinearity and
the fast response are promising for all-optical nano-silicon
applications. Furthermore, we demonstrate significant point
spread function reduction via the giant nonlinearity, that holds
great potential toward label-free super-resolution imaging of
silicon.

Results

Size-dependent optical properties of silicon nanostructures.
The sample was a single-crystalline Si nanoblock array on quartz
(see Fig. la and fabrication detail in Methods), which has been
demonstrated recently to host multipolar electric/magnetic reso-
nances within a single unit!>22. Figure 1b is a scanning ion-beam
microscope image of one Si nanoblock, showing the high-quality
sharp edges and corners. In the array, the nanoblock height was
fixed at 150 nm, and the lateral dimensions (w, and wy) were
increased from 60 to 220 nm in 10-nm steps to induce a con-
trollable wavelength shift of Mie resonance, as shown in the
colored Fig. 1c (see setup in Methods and Supplementary Fig. 1).
The distance between each nanoblock is 5um, and thus, the
coupling among them is negligible. Based on the transparent
quartz substrate and a 561-nm dark field laser-scanning micro-
scope, Fig. 1d shows the size-dependent scattering intensity along
the diagonal nanoblocks (wy = wy). The choice of this wavelength
allows induction of multipole Mie resonances, as shown by
the white lines in the size-dependent spectra of Fig. le, f (see
Supplementary Fig. 2 for multipole decomposition analysis).
Figure 1g is the simulated size-dependent scattering at 561 nm,
which agrees well with Fig. 1d. Additional theory-experiment
correspondences on the single-nanoblock spectrum are shown in
Supplementary Fig. 3. It is interesting to notice that by varying
the nanoblock size, more than 80% of scattering intensity varia-
tion was observed. A more interesting question would be whether
similar variations could be found by optically tuning silicon’s
refractive index, not size, to reach the unprecedented optical
nonlinearity.

Giant nonlinearity of scattering in silicon nanostructures. The
nonlinearity of the Si nanoblock scattering was studied using a
laser-scanning microscope (xy-scan, see supplementary Methods)
at 561-nm, and the results are shown in Fig. 2. The concept of the
Xy-scan to characterize nanostructure nonlinearity is adapted
from the z-scan. In the z-scan, a sample should be much thinner
than the axial (z) length of focus, and when a focused beam scans
across the thin sample, deviation from a linear trend indicates the
existence of nonlinearity. In xy-scan, the size of nanoblocks has to
be much smaller than the lateral (xy) point spread function (PSF),
and when a focused laser beam scans laterally across a nanoblock,
deviation from a Gaussian profile indicates the nonlinear
response?3, as shown by the insets of Fig. 2a-d.

In Fig. 2a, which corresponds to the w= 100 nm nanoblock
(magnetic dipole dominates, the first peak in Fig. 1d), at low
intensity up to 1.5mW pm~2, the scattering response is linear.
Nevertheless, as the laser intensity increases, scattering starts to
saturate, i.e., negatively deviates from the linear trend (red line).
We define the nonlinear deviation ratio (NDR) as AS/S,, where
AS is the percentage deviation of measured scattering, and S, is
the extrapolated linear response. Accordingly, an NDR of —50%
is obtained at 6 mW pm~2, whose PSF significantly deviates from
the original Gaussian profile (see inset of Fig. 2d, which also
shows the —50% NDR).

Figure 2b presents the scattering nonlinearity of the w = 170 nm
nanoblock, whose scattering is relatively weak and off-resonance in
Fig. 1d. Similar to Fig. 2a, scattering is linear at the low excitation
intensity but is considerably different at high intensity; the
scattering signal of this weak-scattering particle exhibits a sharp
reverse saturation, i.e., increases with a very large slope and then
saturates. At 5mW um ™2, more than 400% positive NDR is
observed.

Figure 2¢ shows the case of the w =190 nm nanoblock, which
exhibits the largest scattering intensity in Fig. 1d. In addition,
scattering is linear at low intensity, and at high intensity, the

2 | (2020)11:4101 | https://doi.org/10.1038/s41467-020-17846-6 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

c d e,
210 12 ] . ]
—_ —m— Experiment
=}
;1.0 - E
180 i iy .‘-\
— ‘» V.01 1
E 150 5 / i
= £ 06 ;
[ ]
= 120 g 04 ] \./{.'\ 1
i)
90 § 0.2 4 \. E
(7]
60 L B N ——
60 90 120 150 180 210 60 90 120 150 180 210
W, (nm) Width (nm)
e g T T T T T T
210 210 —_ 1.2 1 —— Simulation ]
CscaF Cabs 3 ED+M »
180 (hm?) 180 omg) S 107 +\Q 1
-13 =
— 2 0.8 ]
£ 150 150 10 2 MD ED
:‘5/ 10718 ] € 0.6 1 \ \‘ ]
o© £
g 120 120 | 10 £ 04| 1
1 [
90 90 T § 0.2 4 )
—14 —15
60 10 60 10 0.0 4 - . i . . . 4
400 500 600 700 800 400 500 600 700 800 60 90 120 150 180 210
Wavelength (nm) Wavelength (nm) Width (nm)

Fig. 1 Optical properties of Si nanostructures. a \We used Si nanoblocks on a quartz substrate, whose lateral dimensions (w, and w,) vary from 60 to
220 nm, with a 10-nm step, and a fixed height (h) of 150 nm. b Focused ion-beam image of a typical Si nanoblock (w, =w, =200 nm). Resolution is
compromised because of the charging effect of the non-conductive quartz substrate. ¢ Halogen lamp illuminated dark-field image of the isolated Si
nanoblocks, showing colorful resonance among different sizes. d 561-nm scattering intensity along the array diagonal (w =w, =w,), presenting the
characteristic multipole resonance of silicon nanostructures. The excitation intensity is 1.3 mW pum~2. e Simulated single-particle forward scattering
(CscaF) and f absorption cross section (Cabs) spectra versus different nanoblock widths. The white dashed line marks the 561-nm laser, which excites
multiple resonances. g Simulation of size-dependent 561-nm scattering, which agrees well with experiment results. MD magnetic dipole, ED electric dipole,

EQ electric quadrupole, MQ magnetic quadrupole.

scattering response exhibits a negative deviation, similar to
Fig. 2a. Nevertheless, here, scattering is “super-saturated”, i.e.,
reduced with increasing excitation, and the minimum NDR
reaches —70%.

Apparently, each particle shows different nonlinear responses,
and the NDRs at 6 mW um~2 are summarized in Fig. 2d, with
corresponding PSF profiles. The reversibility and repeatability of
the nonlinear responses are demonstrated in Fig. 2e and
Supplementary Fig. 6, thus excluding the possibility of non-
reversible oxidation or shape changes of Si*4. The size-dependent
NDR of the whole array is given in Fig. 2f, leading to a few
insights.

First, these large nonlinear deviations at relatively low
excitation intensities lead to an effective nonlinear index n, of
10~ ym?2 mW~1, (see Methods and Supplementary Fig. 8 for
derivation). This value is much larger than the reported
photothermal nonlinearity of Si (1, ~ 1076 um2 mW~1)>, featur-
ing a five-order improvement with an ultrasmall mode volume
of 0.001 pm>3,

Second, when Fig. 2d is compared with Fig. 1d, the positive and
negative NDR values in Fig. 2d correspond well to the valley and
peaks in Fig. 1d, but not vice versa. For instance, the w = 140 nm
Si nanoblock is the second resonance peak in Fig. 1d, but its NDR
is less than 5%, much smaller than that of the other two peaks.
The w=110nm Si nanoblock exhibits a scattering valley in
Fig. 1d, but no nonlinearity is observed.

Third, not every nanoblock exhibits NDR; for example, the
w=120nm nanoblock shows a linear response throughout
our excitation intensity range (Supplementary Fig. 4). Below,

we unravel the mechanism of this huge and anomalous
nonlinearity.

Photothermal mechanism of the giant nonlinearity. Silicon is
known to exhibit various optical nonlinearities, including para-
metric processes such as frequency mixing and optical Kerr effect,
as well as nonparametric processes such as multiphoton
absorption, inelastic scattering (e.g, Raman), free-carrier
absorption (FCA), and photothermal effect (PT). The non-
linearity magnitudes of the first four are all in the order of
1078-10~2 um? mW 12526, and the last two are known to be the
most effective to modify silicon’s index. Although FCA in Si can
produce an index difference of as large as 0.1%7, it requires strong
pulsed excitation. Under our continuous-wave excitation, the
free-carrier density is estimated to be 4x 1013 cm—3, and the
corresponding 7, value is only 10~7 pum? mW 125, which is much
smaller than the value we observed experimentally. Therefore, the
photothermal mechanisms should be the dominating mechanism.
Recently, Mie-resonance-enhanced photothermal effect was
reported to provide a large third-order nonlinearity in sub-100-
nm metallic nanostructures?328,

The temperature rise during laser excitation is verified through
Raman spectroscopic measurement. Figure 3a unravels a few-
hundred Kelvin temperature elevation from a single silicon
nanostructure (see Methods for derivation), confirming the
existence of the photothermal effect. We have characterized the
temperature-dependent complex refractive index of silicon by
ellipsometry (see Supplementary Fig. 9). In the following, a
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Fig. 2 Experimental observation of nonlinear scattering. a-c Excitation intensity-dependent scattering for w = 100 nm, 170 nm, 190 nm, observed using a
dark-field laser-scanning microscope at A = 561 nm. In the main frames, red lines and colored dots indicate linear scattering intensity (S, extrapolated from
low-intensity excitation, see Supplementary Figs. 4 and 5) and measured scattering intensity (whose deviation from S, is AS), respectively. An
unexpectedly large nonlinearity is manifested through the significant deviation from linear intensity dependence. The color of the dots represents nonlinear
deviation ratio (NDR), i.e., percentage of AS/S.. The insets correspond to PSFs at low and high intensities (lateral distance: 4 pm). d NDR versus different
sizes of nanoblocks at a 6 mW pm~—2 excitation intensity. The dotted line marks 100%, which means no nonlinear response. The blue, red, and green
rectangles highlight the regions of large NDR. The insets present the corresponding PSF profiles at low excitation (red curves) and high excitation (blue
curves) intensities, where the large nonlinearity is again manifested by the large deviation of blue profiles from Gaussian distribution. e The PSF recovery
during repetitive switching between low-intensity (1.3 mW pm=2) and high-intensity (6 mW um—2) excitations, demonstrating reversible and repeatable
nonlinear responses (see Supplementary Fig. 6 for other nanoblocks). f Experimental NDR map of the whole array. The diagonal dashed line marks
the nanoblocks for analysis in Fig. 1d and Fig. 2. The horizontal dashed line marks non-diagonal nanoblocks that are compared to simulation in
Supplementary Fig. 7.

detailed simulation based on the photothermal response and
scattering of a Mie-resonant silicon nanoblock is carried out,
showing outstanding agreement with experiments.

The size- and temperature-dependent absorption cross sections
are given in Supplementary Fig. 10, presenting the need for
iterative calculation to derive the correct temperature elevation

under the photothermal effect (see Methods). The iterative result
is given in Fig. 3b, where a few-hundred-Kelvin temperature
increase is found, not only indicating that silicon nanostructures
are indeed efficient heaters but also agreeing well with our Raman
experiment results. The absorption-induced temperature increase
in turn affects the refractive index as well as the scattering cross
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Fig. 3 Photothermal-based nonlinearity. a The temperature of an individual nanoblock (w =190 nm) can be measured in-situ by Raman scattering. With
increasing excitation intensity, the ratio of anti-Stokes versus Stokes intensity gradually increases, indicating a temperature increase up to a few-hundred
Kelvin (see Methods). b Simulated temperature map of Si nanoblocks versus excitation intensity and width, indicating non-uniform heating up to ~1000 K.
¢ Simulated 561-nm scattering cross sections at two excitation intensities (light blue C.: 1.3 mW pm=2; light red C,: 6.0 mW pm~2), and the corresponding
NDR (black line, derived from C over Cp). The size-dependent NDR agrees very well with the experimental results in Fig. 2d. d Evolution of NDR versus
excitation intensity and nanoblock size. e-g Laser intensity-dependent scattering for w =100, 170, and 190 nm nanoblocks, respectively, again agreeing
very well with Fig. 2. The color of each dot indicates the equilibrium temperature under photothermal heating. The inset of each figure presents the

corresponding resonance spectrum shift at elevated temperatures.

section, known as the thermo-optic effect, thus leading to the
giant nonlinear optical behaviors.

Figure 3c depicts the 561-nm scattering cross sections at low-
intensity (1.3 mW pm~2, light blue curve) and high-intensity
(6.1 mW pum~?2, light red curve) excitations, manifesting dramatic
variations. Their ratio represents the simulated size-dependent
NDR, i.e., the black curve in Fig. 3c, which agrees well with
experimental results in Fig. 2d. It is understandable now why the
110-nm and 140-nm nanoblocks exhibit diminishing nonlinearity
because their heating is not significant. The full intensity-
dependent evolution of NDR is given in Fig. 3d, showing large
NDR indeed corresponds to large temperature elevation.

Further verification with experimental results is provided in
Fig. 3e-g, which are the nonlinear scattering of 100-, 170-, and
190-nm nanoblocks versus excitation intensity. Striking simila-
rities to Fig. 2a-c are found, justifying the correctness of both
experiments and the simulations. The negative nonlinear
deviation (100-nm, 190-nm) and positive nonlinear deviation
(170-nm) are well explained by the temperature-dependent

resonance spectrum shift in the insets. Therefore, we concluded
that Mie-resonance-enhanced photothermal effect?® is the
dominating mechanism of the unexpectedly large nonlinear
response in the single silicon nanostructure. Thus, it would be an
interesting theoretical challenge to find an analytical expression of
photothermal nonlinearity versus Q-factor.

One feature of the photothermal effect is the sensitivity to the
surrounding. Supplementary Fig. 11 shows the nonlinear
response with silicon nanoblocks immersed in glass-index-
matching oil, whose thermal conductivity is one order larger
than air. Very steep nonlinear variation is found in the intensity
dependency, potentially enabling high-contrast all-optical control
with a small power variation. More studies will be required to
investigate the best shape/size/environment for heating nanopar-
ticles and for inducing the maximal photothermal nonlinearity.

Applications of photothermal nonlinear scattering. The giant
nonlinearity of a single silicon nanostructure that we report
here can be applied to various photonic applications, such as
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Fig. 4 Potential applications of photothermal nonlinear scattering. a All-optical switch on a single nanoblock with simultaneous illumination by a pump
(592-nm) and a probe (543-nm) beams. When the pump is on, the probe scattering is efficiently turned off. b Temporal evolution of scattering and
temperature relaxation in a single nanoblock. The black line is the transient pump-probe experimental result, agreeing well with the simulation (colored
line; colors represent temperature). Both show a relaxation lifetime of ~1ns. ¢ Resolution enhancement of a silicon nanostructure via nonlinearity. The size
of PSF is reduced by more than 2-fold with nonlinear response. Corresponding cross-sectional line profiles are provided in the right panel.

ultrasmall all-optical switch and super-resolution imaging on
silicon, which is shown in Fig. 4. Figure 4a demonstrates the all-
optical switch, where the scattering of a probe beam (at 543 nm)
from a single silicon nanostructure (240 x 240 nm) can be effi-
ciently switched off using overlapped excitation of a pump beam
(at 592 nm). The modulation depth reaches 90%, and it is fully
reversible/repeatable.

One important factor in the all-optical switch is speed.
Figure 4b shows the transient response of nonlinear scattering
deviation via the pump-probe technique (black line, see
Methods), and simulation (colored line). The temperature
variation of the nanoblock during relaxation is depicted using
different colors. Here, we show theoretically and experimentally,
that photothermal relaxation time of an isolated silicon
nanostructure reaches nanoseconds, i.e., GHz operation potential,
with very large modulation depth. We envision to integrate the
reversible photothermal nonlinearity into the field of meta-optics
to achieve highly desirable all-optical tunability with a thermally
isolated silicon nanostructure. Note that for thermally coupled
nanostructures on a metasurface, to avoid heat accumulation,
their repetition rate has to be reduced to kHz!?.

Figure 4c shows a potential application of the all-optical switch,
i.e., super-resolution imaging. It is well known that the capability
to precisely control light emission on/off leads to significant
resolution enhancement?’, as we have previously shown for
plasmonic nanostructures®8. In contrast, the nonlinear response
itself also enables significant resolution enhancement (see
supplementary methods)3°. Here, we demonstrate x2.3 resolution
enhancement in Fig. 4c, i.e, beyond the diffraction limit, with a
100-nm nanoblock. The nanostructure exhibits a strong non-
linear response (saturation of scattering in Fig. 2a). With a
Gaussian focus, the nonlinear response should start from the
center of PSF, and thus, by extracting the nonlinear part, the
resulting PSF becomes smaller than its linear counterpart. This

6

demonstration extends the application of super-resolution
microscopy not only to label-free silicon nanostructure observa-
tions but also further into biomedical applications with silicon
nanoparticles.

Discussion

In this work, we discovered a large and fast photothermal non-
linearity of Si nanostructures, enabled by Mie-resonance
enhanced absorption and thermally isolated efficient heating.
The nonlinear coefficient (n,) is five orders larger over the bulk
silicon photothermal nonlinearity and is much larger compared
to all previous nonlinear silicon reports, thus allowing more than
+400% to —90% nonlinear deviation of scattering under
continuous-wave (CW) illumination. Transient measurements
and simulations revealed nanosecond thermal dissipation time,
without sacrificing the large NDR. Our results open up a new
direction in nonlinear silicon nanophotonics for application in
high-speed, high-contrast all-optical switches in nanoscale as well
as super-resolution imaging of silicon.

The large photothermal nonlinearity is based on efficient
heating of silicon nanostructures, which has recently been found
as highly effective optical heaters3!, especially when the excitation
is resonant with MQ. From Fig. 2 and Supplementary Fig. 3,
nanoblocks with excitation at MQ resonance (the 190-nm-width
one, see Supplementary Fig. 3b) or excitation at a spectral valley
next to MQ resonance (the 170-nm-width one, Supplementary
Fig. 3a) demonstrate better nonlinearity. Notably, the Q-factor of
MQ resonance is only ~20-30, but the photothermal nonlinearity
of the silicon nanoblock is five orders of magnitude larger than
that of bulk. This is because Mie resonance enhances nano-silicon
absorption by Q =20-30 times over the bulk, but the tempera-
ture rise can be much more than Q times because nano-silicon is
surrounded by low-thermal-conductance materials (air and
quartz). That is, the greatly enhanced photothermal nonlinearity
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is attributed to not only enhanced absorption from Mie reso-
nance, but also to high-efficiency heating due to the thermally
isolated environment. Note that our reported photothermal
nonlinear response in an isolated low-Q silicon resonator is much
higher than that in a thermally coupled nanostructure on a
metasurface with free-carrier effect32 or with Fano resonance (Q-
factor ~1000)!°. The latter provides maximally 10-30% mod-
ulation of transmission, whereas we achieved much larger mod-
ulation at a few mW pm~2 .

Conventionally, photothermal effect is considered as a slow
response. In Fig. 4b we demonstrated that the photothermal
nonlinearity of a single silicon nanostructure can be as fast as
nanosecond. Looking into the experimental curve of Fig. 4b, there
are two relaxation processes. First, AS/S reaches —50% within
the pulse duration (~1ps) and subsequently relaxes to —35%
within 0.1 ns. Since the excited density of free carriers is high
(1020-102! cm—3 under our experimental conditions) and close to
the damage threshold, most energy of free carriers is efficiently
transferred to the lattice temperature through the Shockley-Read-
Hall process and Auger recombination in this duration33-3>.
Following, AS/S is dominated by lattice temperature and reveals a
second relaxation which takes a few nanoseconds to zero. This is
primarily attributed to thermal dissipation from the Si nanoblock
to the surrounding medium. Note that in Figs. 2 and 3, where
CW lasers are applied, the laser intensity is 4-5 orders lower than
that of Fig. 4b, and thus, the free-carrier effect is negligible. More
studies are required to understand the slight differences between
simulation and the experiment in the slow process. Furthermore,
the optimized responses are expected if more factors such as
particle geometries, immersion materials, or phase change effects
are considered.

There are several possibilities to increase the modulation speed.
One is wavelength division multiplexing, which allows simulta-
neous signal processing at different wavelengths (Fig. 4a) to
enhance bandwidth. In contrast, it is known that at a scale less
than 100 nm, thermal conductance is dictated by the ballistic
condition, i.e., thermal conductance per unit area becomes con-
stant30. Therefore, thermal relaxation time would be directly
proportional to height. In our current experiment, a 150-nm
height was adopted. Thus, by reducing the height, significant
enhancement of speed can be expected. Moreover, the speed may
be further enhanced by replacing the substrate with a material of
higher thermal conductivity. These will be the future directions of
our research.

In addition to the above applications, recently, there has been
an emerging trend using thermo-optic effect to modulate meta-
material optical properties, such as polarization3’, miniaturized
image contrast3®, and metalens focal length3®. We envision that
our result manifests the potential of pushing these various
modulations toward all-optical control.

Methods

Sample preparation. The 150-nm-thick monocrystalline silicon on quartz sub-
strate (Shin-Etsu Chemical Co., Ltd.) was fabricated by wafer bonding at the
temperature of T < 1000 degree after H + ion implantation to Si wafer surface®”.
For fabrication of Si nanostructures, a chemical resist (SEP 520 A, Zeon Corp.) was
first spin-coated on the Si layer and a structural pattern was drawn by electron
beam lithography (ELS-7700T Elionix Inc.). Next, a Cr layer with a thickness of
30 nm was evaporated on the sample by an electron beam evaporator, and Cr mask
patterns were formed after lifting off resist. Then, the Si layer was selectively etched
by using SFs and C,Fg plasma gases in a reactive ion etching chamber while
applying a bias voltage between the plasma source and the target sample. Finally,
the Cr mask was removed by immersing the sample in a di-ammonium cerium(IV)
nitrate solution.

Optical setup (see Supplementary Fig. 1). A commercial laser-scanning
microscope (FV-300, Olympus, Japan) was combined with a dark-field inverted
microscope (IX-71, Olympus, Japan) to detect various kinds of scattering signals,

including dark-field image, scattering spectrum, scattering nonlinearity, Raman
scattering, and oil-immersion backward scattering. Their corresponding setups are
explained below:

Dark-field image observation (Fig. Ic): a broadband halogen lamp source was
adopted with a dark-field high-NA condenser (U-UCD8, NA = 0.9, Olympus,
Japan), a low-NA objective (UplanApo x10, NA = 0.4, Olympus, Japan), and an
eyepiece camera.

Scattering spectrum acquisition (Supplementary Fig. 3): with the same lamp,
condenser, and objective, the forward scattered light was guided through FV-300,
whose galvo mirrors selected scattering from a specific nanoblock, and then
collected by a monochromator (Acton SpectraPro 300, Princeton, NJ) equipped
with a cooled camera detector (iDus401, Andor, UK).

Dark-field laser scanning to characterize point spread function and single-
nanoblock nonlinearity (Fig. 1d and Fig. 2): the excitation source was a 561-nm,
150-mW laser (Jive, Cobolt, Sweden). The same objective, condenser, and scanning
unit were used. The scanning speed was 4 ps/pixel. The forward scattered light was
collected by the dark-field condenser, and delivered to a built-in transmission
photomultiplier tube connected with a liquid light waveguide.

Oil-immersion nanoblocks with laser scanning (Supplementary Fig. 12):
backscattering was collected through reflection confocal paths, i.e., descanned by
galvo mirrors, reflected by a beamsplitter, confocal filtered by a pinhole, and
detected by a PMT in the reflection path. Different from the sample in air, where
backscattering interferes with quartz/air interface reflection, here the immersion oil
met the refractive index of the quartz substrate, resulting in background-free
detection.

Raman scattering measurement (Fig. 3a): The same single-frequency 561-nm
laser was used, and Raman scattering was epi-detected with the same x10 objective
and descanned with the same FV-300 scanning unit toward the same spectrometer.
In front of the spectrometer, a notch filter and a slit were placed to block the
residual reflected laser.

Refractive index of silicon at elevated temperature. The temperature-
dependent complex refractive index of Si was experimentally measured up to 700 K
by a commercial ellipsometer equipped with a sample heater (M-2000 DI ellips-
ometer, JA Woollam, NE). The sample for the ellipsometry experiment was a
150-nm silicon thin film on quartz, with width and length both equal to 1 cm.
When deriving index from ellipsometric reflection measurement, the parameters of
film thickness = 148 nm and surface roughness = 3 nm delivered the best fitting
results.

To extrapolate the complex refractive index toward 1000 K, as shown in
Supplementary Fig. 9. the following equations were adopted*!,

n(T) = a,(T — 300) + n,,. (1)

K(T) = agexp (%) 2)

where n(T) and k(T) were the real and imaginary parts of the refractive index. By
fitting the experimentally obtained value with the formula, the constants a,, n,, a,
Ty were determined as 2.88 x 1074, 3.98, 1.04 x 1072, 353[K], respectively, all in
good agreement with published results*!. Using these constants, the complex
refractive index from 300 to 1000 K was used for the scattering calculations.

Simulation method. For three-dimensional scattering calculations, we performed
finite-difference time-domain simulations (Lumerical, Inc., FDTD Solutions). A Si
nanostructure with a height of 150 nm, and variable widths of w, and w, was
placed on a quartz substrate (the refractive index was fixed at 1.46), and each
boundary in the total calculation domain was surrounded by perfect matching
layers. A pulsed plane electromagnetic wave defined by the total-field scattered-
field source was irradiated from the air side (n,; = 1) to the quartz substrate side
with the surface normal. The forward scattering cross section Cy.,r and the
absorption cross section C,p,s were detected by monitor layers surrounding the Si
nanostructure. The monitor layer for the forward scattering was set at a distance of
500 nm and a width of 700 nm from the center of a Si nanostructure, corre-
sponding to the numerical aperture of condenser in experiment.

The separation of scattering contribution from dipoles and quadrupoles was
carried out by using multipole decomposition analysis (Supplementary Fig. 2). For
the analysis, we calculated total and scattering fields in a Si nanostructure by using
finite element method simulations (COMSOL, Inc., COMSOL Multiphysics). The
substrate was ignored for simplicity in the calculations.

Calculation of laser-induced temperature rise and relaxation. For thermal
calculations in the CW illumination (Fig. 3), the laser heat flux F of a Gaussian
profile was defined in finite element simulations as,

F:&exp(_Z«X_x0)2+(y_y0>2)> 3)

2 2
Wy, Wy

where w, is a beam intensity radius at which the intensity is Eiz, Xo and y, are the
center position of the beam, and P;, corresponds to the laser power. The heat rate
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Table 1 Material properties for thermal simulation.

p(kgm3) €, kg "K )  k(Wm K (as a function of T)
Silicon 2329 712 260-20
Quartz 2648 739 1.29-11.52
Air 1.161 1000 0.026-0.094
Oil 1050 1760 0.14-0.016

Q is calculated by (F - C,,,)/V, where C, is the absorption cross section and V is
the volume of a Si nanostructure. The temperature T is then calculated by Fourier’s
heat equation,

oT
pCP§+kVZT= Q (4)

where p is density, C, is the specific heat capacity at constant pressure, and k is
thermal conductivity. When considering CW illumination that the temperature
reaches a steady state, the equation converges into Poisson’s equation kV2T = Q.

The parameters used in the simulation are in Table 14240, The heat capacity
and the density of silicon as well as of the surrounding media were set as constants
at 300 K. The temperature-dependent thermal conductivities were obtained from
experimental literature. The temperature outside the calculation domain was fixed
at 300 K, and the initial temperature in the calculation domain was 300 K.

During laser irradiation, temperature of silicon and the surrounding medium
increased. Since C,,s was dependent on the temperature, the final temperature of a
Si nanostructure could not be determined at one calculation step, thus iterative
calculation was necessary. We started by giving the heat rate Q to a Si
nanostructure, and using absorption cross section C,s(T}) at an initial temperature
Ty = 300 K. The subsequent heating process was cut into discrete temperature steps
T, T,..., T;. Based on the ellipsometry data and the method mentioned in the last
section, new absorption cross section Cy,, at each temperature was sequentially
calculated, until T; — T} ;, which indicated that the steady-state temperature inside
a Si nanostructure was reached during laser irradiation. In all calculations, we
confirmed that |(T,, — T}q)/Tyy| < 1.0%. By this iteration approach, we could
calculate the steady-state temperature and corresponding scattering cross section
for each nanoblock size and excitation intensity.

The thermal relaxation in the Si nanostructure (Fig. 4b) was evaluated by
the time-dependent thermal equation pC, 9T + kV?T = Q, in which the heat rate Q
was set to zero because the strong femtosecond pump pulse induces transient
heating. The initial temperatures of the Si nanostructure and the surrounding
domains were set to 1500 and 300 K, respectively. Since the thermal conductivity of
quartz is much larger than oil, the relaxation is dominated by quartz. Based on the
temperature-dependent index of silicon at A = 785 nm*#’, and by solving the time-
dependent equation numerically, we derived the temperature relaxation averaged
in a single nanoblock.

Temperature measurement using Raman spectrum. It is well known that
when the temperature of crystallized silicon elevates, Raman spectra exhibit peaks
shift, linewidth expansion, and anti-Stokes/Stokes ratio decrease8. Here we use
the last parameter to determine temperature due to the inadequate resolution of
our spectrometer. From the reference, an exponential dependence exists
between the ratio of anti-Stoke over Stoke peak intensity and temperature, as
given here

ho
Iy/Is = exp (* TTO) (5)
where I, and I are intensities of Anti-Stoke and Stoke respectively, # is reduced
Planck constant, w, is optical phonon frequency of silicon, k is Boltzmann
constant and T is temperature. From our experiment in Fig. 3a, the ratio of
I4/Is increases from 0.23 at 1.3 mW pm~2, 0.43 at 3.7 mW pm~2, to 0.57 at
6.0 mW pum~2. Therefore, the three numbers suggest a two-stage temperature
increase of 610 and 380 K, respectively, manifesting dramatic photothermal effect.

Transient measurements using ultrafast techniques. A single Si nanoblock with
a side width of 290 nm, immersed in oil, was selected to satisfy the resonant con-
dition of the 785 nm laser (Supplementary Fig. 12). The transient backscattering of
the silicon nanoblock was determined with pump-probe measurements by using a
Ti:sapphire oscillator. The repetition rate was reduced to 8 MHz by using a pulse
picker. The central wavelength was 785 nm with the full-width-at-half-maximum of
~12nm. A long-wave-pass filter (LP02-785RE-25, Semrock) and a short-wave-pass
filter (SP01-785RU-25, Semrock) at 785 nm were used to reshape the spectra of the
optical pulses from the oscillator for pump and probe, respectively. The central
wavelengths of the pump and probe were ~789 and ~772 nm, respectively. The
collinear pump/probe beams were focused onto the samples with an oil-immersion
objective lens (NA = 1.4). The sample, a Si nanoblock with a side width of 290 nm
and thickness of 150 nm, was also immersed in oil to minimize reflection from
the quartz substrate. The backscattered probe beams were collected by a beams-
plitter, and then focused into a pinhole in front of a PMT. A short-wave-pass filter
before the PMT was used to block the residual pump beam. An electro-optical

modulator was used to modulate the pump beam at 100 kHz. The signals, demo-
dulated from the PMT with a lock-in amplifier, were recorded as a function of
pump-probe delay. The detailed experimental setup is referred to our recent pub-
lication*. The duration of the pump/probe pulses at the samples was ~1 ps.
The diameter of the spot size, defined by a Gaussian beam with 1/e? in intensity,
was ~510 nm. The pump fluence was 55 mJ cm~2 while the probe fluence kept at
~ 1 mJ cm~2. Dependence of repetition rate between 8 MHz and 200 kHz was
conducted to confirm the coincidence of the transient responses.

When comparing our results using CW lasers to previous pump-probe results
that used pulsed lasers, we recalculated their intensities as:

pulse energy

Intensity =
ntensity (pulse width)(focus area) ©)
laser power

(repetition rate) (pulse width) (facus area)

Saturated excitation microscopy (SAX) to enhance resolution. The setup used
in this experiment is a laser-scanning inverted microscope in Supplementary Fig. 1
plus home-built modulation and detection units. An explicit setup is shown in
Supplementary Fig. 13. The light source was a continuous-wave laser at 532 nm.
The modulation unit was composed of two acoustic optical modulators (AOMs)
(AOM-402-AF3, IntraAction, IL), whose first-order diffraction beams were inter-
fered to generate a temporally pure sinusoidal modulation at 10 kHz. The modu-
lated beam was then raster scanned by a pair of galvanometer-mirrors and focused
on the sample by an objective lens (UPlanSApo x100/1.40 Oil, Olympus, Japan).
Another beamsplitter in the reflection path directs scattered light from silicon
nanoblock to the photomultiplier tube (PMT, H7710-13, Hamamatsu, Japan)
through a confocal detection system.

For the detection unit, if the scattering signal was saturated, it carried not only
the fundamental modulation frequency f= 10 kHz but also high-order harmonics
2f, 3f, etc. The electric output of the PMT was then fed to a lock-in amplifier
(HF2LI, Zurich Instruments, Switzerland) to filter out the harmonic components.
A photodetector that records the fundamental modulation frequency provides a
reference to the lock-in amplifier. A computer system then processes individual
harmonic signals to form two-dimensional scanning images in synchronization
with the scanner.

Data availability

The data that support the plots within this paper, the home-built codes that generate the
simulated results, and other findings of this study are available from the corresponding
author upon reasonable request.
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Supplementary Figure 1 | Dual function dark-field imaging system: lamp-
illumination for single-nanostructure spectrum, and laser-scanning for
nonlinearity characterization.

The orange beam path marks the optical path for scattering spectrum measurement.
A broadband halogen lamp source illuminated silicon nanostructure through a dark-
field condenser, and scattered light is collected with an objective. A set of galvo
mirrors guide scattering from a specific nanoblock to a spectrometer. On the other
hand, the green beam shows the dark-field laser scanning path for characterizing
point spread function and single-nanoblock nonlinearity. In brief, a 561-nm
continuous-wave laser is sent into the galvo scanner to achieve raster scan at focal
plane of the objective. The forward scattered light is collected by the dark-field
condenser, and delivered to a photomultiplier tube in the transmission path (trans
PMT). For oil-immersed sample (Supplementary Figure 11), image is acquired by a
photomultiplier tube in the reflection path (ref. PMT).
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Supplementary Figure 2 | Multipole decomposition analysis of a Si nanoblock
based on 561-nm excitation.

Scattering contributions of electric dipole (ED), magnetic dipole (MD), electric

quadrupole (EQ), and magnetic quadrupole (MQ) versus nanoblocks' width. Higher-
order poles are neglected due to their small contributions.
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Supplementary Figure 3 | Scattering spectra of isolated nanoblocks:
correlation between simulation and experiment.

Dark-field spectra of a. w = 170 nm and b. w = 190 nm. The black and red lines are
simulation and experimental acquisition, respectively, revealing nice agreement
between each other. In our experiment, excitation wavelength is 561-nm, which
locates at a spectral valley of the 170-nm-width nanoblock (Fig. a) and at a spectral
peak of the 190-nm-width nanoblock (Fig. b), respectively. Since Mie scattering
spectrum red-shifts at elevated temperature, this explains the reason why the w =



170 nm nanoblock provides large positive nonlinearity (Fig. 2b), and w = 190 nm
shows negative nonlinearity (Fig. 2c).
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Supplementary Figure 4 | Intensity-dependent scattering profile for a linear
silicon nanoblock (wyx = wy = 120 nm).

At low intensity (green curve, 1.3 mW pm2) and high intensity (red curve, 6.0
mW pm2), both PSFs exhibit Gaussian profile (black dots are experimental data).
The ratio of peak values meets exactly the ratio of intensities (4.6 = 6.0/ 1.3),
manifesting the linearity of microscope and detection system.
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Supplementary Figure 5 | Intensity-dependent scattering profile for a nonlinear
silicon nanoblock (wx = wy = 190 nm)



At low intensity (1.3 mW um2), the PSF shows a Gaussian profile (green curve), as
expected. However, at high intensity (6.0 mW pym2), the measured PSF (black dots)
drops in the center, significantly deviating from the extrapolated linear response (red
curve, which is 4.6 times the green line), manifesting the existence of nonlinearity.
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Supplementary Figure 6 | Reversibility and repeatability of nonlinear behaviors.

The PSF recovery during repetitive switching between low-intensity (1.3 mW pym2)

and high-intensity (6.0 mW um= ) excitations, demonstrating the photothermal
nonlinearity are reversible and repeatable.
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Supplementary Figure 7 | Additional confirmation of NDR between experiment
and simulation.

Calculated nonlinearity deviation agrees with experiment for nanoblock with various
wx and fixed wy=120 nm, as shown by a horizontal dashed line in Fig. 2f.
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Supplementary Figure 8 | Derivation of nonlinear refractive index n, based on
NDR in Fig. 2.

The experimental (grey dots) and simulated (black solid lines) NDRs for w = a. 100
nm, b. 170 nm, and ¢. 190 nm, respectively. The colored curves represent
corresponding variation of refractive index versus excitation intensity. The detailed
processes to derive these curves are listed below:

1. From thermal simulation (see method: “Calculation of laser-induced
temperature rise and relaxation”), the temperature of each nanoblock at
each excitation intensity is found.

2. Refractive index (n) of silicon at elevated temperature is determined through
ellipsometry measurement and extrapolation (see Supplementary Figure 9).

3. The temperature- and intensity-dependent refractive index is taken into Mie
theory calculation, to find out scattering intensity of a single silicon nanoblock
at various excitation intensity.

4. Nonlinear deviation ratio (NDR = AS/S) is determined as the percentage
deviation of measured scattering (AS) over extrapolated linear response (S)
from the scattering at low excitation intensity.

d. The nonlinear indices of each nanoblock, extracted by differentiation of refractive
index over excitation intensity. The nonlinear index reaches 0.1 um?mWw ~*, which is
much larger than either Kerr or photothermal nonlinearity of bulk silicon.
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Supplementary Figure 9 | Temperature-dependent refractive index of Si by
ellipsometry.

a. Real and b. imaginary part of silicon refractive index, measured in wavelength
range of 400-800 nm, and temperature range of 300-700 K. ¢, Temperature-
dependent refractive index at 561-nm (real part n: black dots; imaginary part k: red
dots). The extrapolation (dashed lines) to 1500K is based on published equations
(see Methods: Refractive index of silicon at elevated temperature).(29)
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Supplementary Figure 10 | Absorption cross section(C.ps) (at 561 nm excitation)
of each nanoblock at 300 K (blue) and 700 K (red).

There are three noteworthy points. First, similar to Fig. 1d, multiple peaks are found,
but the peak positions of size-dependent absorption here are different from
scattering in Fig. 1d. The absorption-scattering peak difference is common in the
case of high-index nanostructure resonance due to the interaction of multiple poles.
Second, the absorption cross sections of all poles increase with temperature.
Therefore, an iterative calculation (see Methods) is necessary to derive correct
temperature values under photothermal effect. Third, the MD absorption is relatively
small, but the resulting temperature elevation (Fig. 3b) is comparable to that of ED
and MQ, i.e. MD resonance seems to be an efficient heating source. Possible



explanation is that the Q-factor of MD resonance is relatively large, leading to
efficient excitation. In addition, MD dominates in small nanoparticles (100 nm in this
case), whose thermal capacitance is also small, resulting in large temperature
increase.
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Supplementary Figure 11 | Very sharp nonlinearity by changing the immersion

medium

a. Intensity profile of point-spread function (inset) from the w = 100 nm nanoblock
that is immersed in oil, showing steep variation in the center. b. The corresponding
scattering versus excitation intensity dependency, revealing surprisingly sharp
nonlinear behavior. The green dots are nonlinear scattering with air immersion, i.e.
data from Fig. 2a, for comparison. It is obvious that the nonlinear response is
sensitive to the surrounding medium, and oil immersion provides much more steep
variation that is potentially useful for high-contrast all-optical control with small power
modification.
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Supplementary Figure 12 | Spectrum of nanoblock for transient scattering
measurement

Calculated scattering spectrum of a w = 290-nm nanoblock immersed in oil,
manifesting its resonance with the 785-nm pump/probe laser.
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Supplementary Figure 13 | Setup of SAX super-resolution microscopy

Please refer to “Methods: Saturated excitation microscopy (SAX) to enhance
resolution” for detailed description.
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