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Abstract: In this paper, we theoretically and experimen-

tally demonstrated photothermal nonlinearities of both

forward and backward scattering intensities from quasi-

perfect absorbing silicon-based metasurface with only 𝜆/7

thickness. The metasurface is efficiently heated up by pho-

tothermal effect under laser irradiation, which in turnmod-

ulates the scattering spectra via thermo-optical effect. Under

a few milliwatt continuous-wave excitation at the reso-

nance wavelength of the metasurface, backward scattering

cross-section doubles, and forward scattering cross-section

reduces to half. Our study opens up the all-optical dynami-

cal control of the scattering directionality, which would be

applicable to silicon photonic devices.

Keywords:Mie resonance; nanophotonics; optical nonlin-

earity; photothermal effect; silicon nanostructure.

1 Introduction

Dielectric nanostructures with high refractive index effi-

ciently support Mie resonance, such as electric dipole (ED)

and magnetic dipole (MD), in the visible wavelength region,
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and have enabled nano-scale control of electromagnetic

waves by exploiting the strong light confinement effect [1].

In particular, the metasurface, which is constructed by the

periodic dielectric nanostructures (meta-atoms), allows us

to efficiently tune the wavelengths of Mie resonance modes

by adjusting the size and the period of meta-atoms, exploit-

ing collective resonance caused by the electromagnetic cou-

plings between meta-atoms in the metasurface [2–4]. When

the metasurface excites the degenerate ED and MD modes

(i.e., Huygens’ dipole), light reflection from the metasurface

diminishes by destructive interference [5, 6] and thus the

metasurface has strong forward scattering directionality,

leading to so-called the Huygens’ metasurface [2, 7], with

various applications including optical antenna and anti-

reflection coating [8, 9].

Recently, several techniques for the dynamic tuning

of scattering direction in the dielectric Huygens’ metasur-

faces were proposed. One major approach is to use phase-

change material, which enables reversibly tuning the res-

onance modes by switching between amorphous and crys-

talline states via heating [10, 11]. For example, Ge2Se2Te5
nanodisc metasurface demonstrated the capability of red-

shifting the resonance wavelength of Huygens’ dipole by

increasing crystalline fraction [12]. The other approach is to

exploit the thermal modulation of the refractive index on

dielectric materials to tune the resonance modes. In par-

ticular, taking advantage of the large thermo-optical effect

of silicon, reversible controls of forward and backward

scattering ratios have been achieved by varying the temper-

ature of siliconmetasurfaces [13, 14]. These thermo-optically

active control techniques are significant contributions to

the development of nanophotonic devices. Toward prac-

tical applications, all-optical control is a highly desirable

milestone [15, 16]. We have recently discovered giant pho-

tothermal nonlinearity that allows all-optical switching of

scattering in a silicon nanoparticle [17, 18]. However, all-

optical Huygens’ metasurface scattering control combin-

ing photo-thermal and thermo-optical effects has not been

realized.

In this paper, we theoretically and experimentally

demonstrated photothermal nonlinear optical effects from
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a silicon Huygens’ metasurface, enabling all-optical con-

trols of both forward and backward scattering intensities.

Figure 1 shows the concept. Initially, the forward scattering

spectrum has a peak at the resonance wavelength, while

the backward scattering spectrum shows a dip, due to the

property of the Huygens’ metasurface. When the metasur-

face absorbs energy from incident light, the complex refrac-

tive index of silicon is modified due to temperature rise

[17, 19], leading to spectral red-shift in both forward and

backward scattering spectra. With a fixed excitation wave-

length at the resonance peak of the metasurface, the for-

ward scattering cross-section decreases, and the backward

scattering cross-section increases. That is, the photother-

mally modulated Huygens’ metasurface induces nonlinear

scattering intensity dependencies on the excitation intensity

in both forward and backward directions. In our research,

to improve the efficiency of the photothermal effect, we

used quasi-perfect absorbing silicon metasurface, which is

designed to approach the condition of degenerate critical

couplings [20, 21]. Our study opens up the all-optical dynam-

ical control of the scattering directionality, which extends

the functionality of silicon photonic devices.

2 Methods and results

2.1 Fabrication of silicon metasurface

Figure 2a shows the structure of the silicon metasurface.

The meta-atoms of crystalline silicon nanodisc resonators

with a diameter of 200 nm and a height of 79 nm are

Figure 1: Mechanism on photothermal control of scattering

directionality from silicon metasurface. The green cone is the incident

beam, and the green arrows represent scattering light. Under resonant

excitation, the quasi-perfect absorber metasurface is efficiently heated

up by photothermal effect, and subsequent thermo-optical effect results

in spectral red-shift, thus changing scattering directionality.

periodically aligned at the period of 305 nm. The silicon

metasurface was fabricated on the single crystalline silicon

on a quartz substrate. The single crystalline silicon on a

quartz substrate was a custom-made product by Shin–Etsu

Chemical Co., Ltd, which is fabricated by the bonding pro-

cess of the silicon and quartz wafers after implementing

H+ ion to the surface of the silicon wafer. The thickness of

the silicon layer is adjusted to 79 nm by the etching pro-

cess using SF6 and C4F8 plasma gasses in a reactive ion

chamber. The meta-atom structural pattern was drawn by

using electron beam lithography (ELS-7700T, Elionix Inc.) on

a chemical resist (SEP 520 A, Zeon Corp.) that is spin-coated

on the silicon surface. The lift-off procedure was assisted by

evaporating a 30 nm thick Cr mask on the electron beam

lithography pattern of the chemical resist. The silicon layer

that was not covered by the Cr mask was selectively etched

by using plasma gasses. The remaining Cr mask on the

silicon metasurface was then removed by immersing the

substrate in di-ammonium cerium (IV) nitrate solution. We

confirmed that the structure of silicon metasurface is prop-

erly fabricated via a scanning ion microscope (SIM), as

shown in Figure 2b.

Figure 2c shows the simulated absorption spectral map

with various heights of silicon meta-atoms on metasurface,

calculated by a commercial finite-difference time-domain

(FDTD) simulator (Lumerical, Ansys Inc.). When the height

of silicon meta-atoms is 79 nm, degenerate coupling occurs

(ED and MD simultaneously excited) at the wavelength of

561 nm. In addition, the absorption of the silicon metasur-

face is maximized by tuning the period of the silicon nan-

odisc meta-atoms so that the condition of critical coupling,

where the radiative energy loss rate and intrinsic energy

loss rate are balanced in the resonator [22, 23]. In the critical

coupling condition, the transmitted light is eliminated due

to the destructive interference with the internal field in the

resonator, and the resonator exhibits the maximum absorp-

tion. Our calculation found the period of 305 nm, which is

the same as our design, provides the highest absorption

of 90% at the wavelength of 561 nm, as shown in Supple-

mentary Materials (Figure S1). Note that the reason why the

theoretical absorption did not reach 100% is that the critical

coupling condition was not completely fulfilled due to the

insufficient imaginary permittivity of crystalline silicon at

561 nm [20].

Figure 2d shows the nice agreement between the exper-

imentally measured absorption spectrum from the fabri-

cated silicon metasurface and the calculated spectrum. The

experimental procedure of the spectral measurement is

shown in Figure S2 of Supplementary Materials. Both spec-

tra exhibit sharp absorption at 561 nm, indicating our silicon
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Figure 2: Absorption properties of the silicon metasurface. (a) Structure design schematic. (Abbreviation, D: diameter, H: height, P: period, c-Si:

crystalline-silicon) (b) SIM image of the fabricated silicon metasurface. (c) Absorption spectral map of silicon metasurface for different heights of the

meta-atoms. The diameter and the period of silicon nanodisc meta-atoms are 200 and 305 nm, respectively. The surrounding medium is air (n= 1).

Blue dotted line indicates the height of 79 nm. White solid and dotted lines indicate the locations of ED and MD modes, respectively. (d) Absorption

spectra agree well between simulation (blue line) and experiment (red line), showing a resonance peak of Huygens’ dipole at 561 nm.

metasurface is indeed working as a quasi-perfect absorbing

metasurface, though the experimental peak absorption is

∼10% degraded compared to that of the theoretical spec-

trum. The slight mismatch between the experiment and the

calculation spectrum might be caused by the minor fab-

rication inaccuracies in our silicon nanostructures, which

probably occurred in the photolithography process, as well

as SIM observation, while our numerical calculation does

not take into account these factors. It should be noted that

another high absorption region is seen at the wavelength of

450 nm by the complex mixing of other resonance modes,

such as quadrupolemodes. Because this resonance does not

fulfill the condition of Huygens’ metasurface, no specific

scattering directionality is induced at the 450 nm wave-

length. However, it is possible to achieve all-optical scatter-

ing modulation by exploiting the fact that high absorption

induces strong photo-thermal and thermo-optical effects on

the silicon nanostructure.

2.2 Calculation of photothermal nonlinear
scattering

We theoretically investigated the photothermal nonlinear

scatterings from the silicon metasurface under the illumi-

nation at the resonance peak wavelength. The first step is to

confirm the scattering spectra shift at high temperature, and

the second step is to link temperature rise with excitation

intensity. We started from calculating the dependencies of

forward and backward scattering spectra on the tempera-

ture of the silicon metasurface. In the FDTD simulation, the

beam size is set to 4.4 μm so that 9 × 9 silicon meta-atoms

are illuminated. In order to induce high absorption by the

optical interactions between meta-atoms [24], at least 5 × 5

silicon nanodiscs meta-atoms must be included in the beam

diameter, as shown in Supplementary Materials (Figure S3).

We used the refractive index data obtained in our previous

work [17] for the calculation. Temperature dependencies of

complex refractive index from crystalline silicon weremea-

sured by using a commercial ellipsometer equipped with

a heating stage (M-2000, J.A. Woolam) in the temperature

range of 300 and 700 K (Figure S4). The refractive index data

above 700 K was obtained by extrapolation based on the

model in [25].

Figure 3a shows the calculated forward scattering spec-

trum of silicon metasurface at the temperature of 300 K,

500 K, and 700 K. When the temperature of the silicon

metasurface is 300 K, the forward scattering spectrum has

a peak at 561 nm, indicating the dominance of forward

scattering, as the signature of the Huygens’ metasurface.

However, at the temperature of 700 K, the peak wavelength
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Figure 3: Theoretical calculations on the pho-

tothermal nonlinear scattering from the silicon

metasurface. (a, b) Scatterings spectra of (a)

forward and (b) backward scatterings at the

temperature of 300 K (blue), 500 K (green), and

700 K (red). The vertical axis indicates the scat-

tering efficiency per a single silicon meta-atom,

which is calculated by the ratio of scattering

cross-section and geometric cross-section of the

single meta-atom. (c, d) Dependences of (c) for-

ward and (d) backward scattering intensities on

the excitation intensity, at the excitation wave-

length of 561 nm. The color of the plot indicates

the equilibrium temperature (K) under light irra-

diation. The solid line in (c) indicates a linear

slope.

shows a red-shift of ∼12 nm because of the thermo-optical

refractive index variation of crystalline silicon, and thus the

scattering efficiency at the wavelength of 561 nm decreases

to nearly half of that at 300 K. It should be noted that the

peak intensity value of the scattering spectra decreases as

temperature increases, probably because thermal energy

dissipation grows due to the enlarged imaginary refrac-

tive index. Figure 3b shows the backward scattering spectra

at the corresponding temperatures. At 300 K, complemen-

tary to the forward scattering spectrum in Figure 3a, the

backward scattering is efficiently suppressed at 561 nm in

the Huygens’ metasurface. As the temperature increases

to 700 K, the backward scattering spectrum shows ∼9 nm
red-shift, and the backward scattering efficiency at 561 nm

increases to about 2.5-fold of that at 300 K.

Figure 3c shows the dependencies of forward scatter-

ing intensity and temperature of siliconmetasurface, versus

the excitation intensity at 561 nm, which is the resonance

wavelength of the metasurface. The temperature and the

scattering intensity were calculated by the FDTD method

with an iterative calculation, which discretized the temper-

ature rising process and the photothermally induced varia-

tion of absorption cross-section of silicon metasurface. The

heat flux of the laser illumination was converted into tem-

perature by Fourier’s heat equation, and we sequentially

calculated absorption and scattering cross-sections at each

temperature, until the temperature reached steady-state.

Detailed simulation algorithms and the thermal parameters

are reported in our previous paper [17].

When the excitation intensity is lower than ∼0.2
mW/μm2, forward scattering intensity linearly increases.

However, when the excitation intensity is over the threshold

and the temperature reaches ∼340 K, the forward scatter-

ing intensity starts to show a sub-linear trend due to the

red-shift of the scattering spectrum, as shown in Figure 3a.

On the other hand, in Figure 3d, the backward scattering

intensity keeps almost zero, until the excitation intensity

grows to ∼0.6 mW/μm2, where the temperature reaches

∼440 K. From Figure 3b, between 300 and 500 K, the back-

ward scattering spectrum exhibits both red-shift and dip

value reduction. The reason that backward scattering at

561 nmdoes not increasewith excitation intensity is that the

dip value reduction dominates before reaching 500 K.When

the excitation intensity is larger than ∼0.6 mW/μm2, the

backward scattering starts to growwith the excitation inten-

sity because the increase of backward scattering by the spec-

tral shift dominates when the temperature exceeds∼500 K.
These simulation results confirm the feasibility of all-optical

photothermal control of scattering directionality. It is also

interesting to note that the forward and backward scatter-

ing intensities respectively show gradual reverse-saturation

and saturation effects, when the excitation intensity rises up

to ∼2.0 mW/μm2 and the temperature reaches ∼920 K, as
shown in Supplementary Materials (Figure S5).
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2.3 Experimental demonstration

Figure 4 reports the experimental observation of the

scattering spectra and photothermal nonlinear scattering

dependence from the silicon metasurface. Figure 4a is the

schematic of the optical setup in this experiment. The for-

ward scattering spectrum was obtained by a dark-field illu-

mination spectroscopy system. A halogen lamp (LG-PS2,

Olympus) illuminated the sample through a dark-field con-

denser lens with an NA of 0.8–0.92 (U-DCD, Olympus), and

the forward scattering from the sample was collected by a

dry objective lens with an NA of 0.4 (UPlanSApo, Olympus).

The scattering light was relayed to a spectrometer (Kymera

328i, Andor). On the other hand, the backward scattering

spectrum was acquired by a supercontinuum laser (SC-450-

PP, Fianium). The illumination intensity is adjusted by a tun-

able ND filter at the laser exit. The supercontinuum beam

was focused on the sample by the dry objective lens. The

position of the illumination spot was controlled by two-axis

galvanometer mirrors. The backward scattering from the

sample was collected by the same objective lens and was

detected by the same spectrometer. During this measure-

ment, the continuous-wave (CW) laser light source oscillat-

ing at 561 nm (Cobolt Jive, HUBNER Photonics) was turned

off.

Figure 4b and c respectively show forward and back-

ward scattering spectra of the silicon metasurface, mea-

sured at room temperature. Both spectra are normalized

Figure 4: Experimental measurement of pho-

tothermal nonlinear scattering from silicon

metasurface. (a) Schematic of the optical setup.

(Abbreviation, CW: continuous-wave, SC: super-

continuum, ND: neutral density, HWP: half-wave

plate, PBS: polarization beam splitter, NPBS:

non-polarization beam splitter, M: mirror, L:

lens, GM: galvanometer mirror, OL: objective

lens, S: sample, DFCL: dark-field condenser lens,

HL: halogen lamp, PMT: photomultiplier tube,

PH: pinhole, FM: flippablemirror, SM: spectrom-

eter). (b, c) Scattering spectra of (b) forward

and (c) backward scatterings, measured at room

temperature. (d, e) Dependences of (d) forward

and (e) backward scattering intensities on the

excitation intensity. The solid line indicates a lin-

ear slope. The excitation wavelength is 561 nm.
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with the spectra of individual light sources. While the for-

ward scattering spectrum has a peak at 561 nm, the back-

ward scattering shows a dip at the samewavelength, in good

agreement with the simulation results in Figure 3a and b.

After experimentally confirming the scattering spectra,

we measured the relationship between excitation intensity

and scattering intensities from silicon metasurface with

a single wavelength illumination of 561 nm, in order to

observe photothermal nonlinearity of forward and back-

ward scattering intensities. As shown in Figure 4a, the exci-

tation light source was a CW laser oscillating at 561 nm.

The excitation intensity was controlled through the com-

bination of a half-wave plate and a polarizing beam split-

ter. The excitation beam was focused on the sample by

the NA 0.4 dry objective lens. The forward scattering light

was collected by a dark-field condenser lens and detected

by a photomultiplier tube (PMT) in the transmission path.

The backward scattering light was collected by the same

objective lens and detected by another PMT in the reflection

path after passing through a confocal pinhole. The beam

size of the Gaussian excitation focal spot was 4.4 μm, which
corresponds to the beam diameter in the simulation. The

scattering signal was acquired by continuously scanning

the excitation focus spot on the silicon metasurface with

the dwell time of 12 μs at each point, to avoid excess heat

accumulation, and also characterize the wide area of non-

linear responses on the silicon metasurface as shown in

Figure S6 of Supplementary Materials. Note that the heat-

ing/cooling effect of silicon nanostructure requires only

the order of nanosecond scale, according to our previous

research [17], and this heating/cooling time is much faster

than the dwell time of the focus spot (12 μs). Therefore, we
measured the scattering intensity after the nanostructure

reached thermal equilibrium at each scanning position.

Figure 4d is the experimentally measured relationship

between forward scattering and excitation intensities at

the excitation wavelength of 561 nm, which corresponds

to the resonance peak of our perfect absorber. At excita-

tion intensity below ∼0.2 mW/μm2, the forward scattering

intensity follows a linear slope. As the excitation inten-

sity increases to more than ∼0.2 mW/μm2, the scattering

intensity starts to deviate from the linear slope and shows

sub-linear dependence on excitation intensity. At the exci-

tation intensity of ∼0.8 mW/μm2, the deviation ratio from

the linear trend reaches −40%, which is calculated by the

ratio between the deviation of measured scattering inten-

sity from the extrapolated linear slope and the expected

scattering intensity from the linear slope [17]. Figure 4e is

the graph of backward scattering intensity. The scattering

intensity shows a proportional increase to excitation inten-

sity at the excitation intensity lower than 0.12 mW/μm2,

different from that in Figure 3d. At such a low excitation

intensity (i.e. room temperature), our fabricated silicon

metasurface exhibits nearly zero backward scattering at

the wavelength of 561 nm, as shown in Figure 4c, and this

quite weak scattering signal might be easily covered by

the light scattering background from the substrate, which

is inevitable in backward scattering measurement. There-

fore, the behavior of backward scattering intensity at low

excitation regions, especially the effect of scattering cross-

section reduction (Figure 3b), was not clearly visualized in

the experiment, unlike the calculation result in Figure 3d.

The scattering intensity starts to show steep increases in

excitation intensity, when the excitation intensity exceeds

0.12mW/μm2. In addition, by increasing the excitation inten-

sity by more than ∼0.6 mW/μm2, the backward scatter-

ing intensity starts to show saturation. The deviation ratio

reaches +115% at the excitation intensity of ∼0.8 mW/μm2.

These experimental results confirmed our proposed model

of photothermally modulated scattering responses from

Huygens’ metasurface, agreeing reasonably well with the

overall trend of graphs in the simulation (Figure 3c and d).

3 Discussion and conclusion

Compared to our previous results of single silicon

nanoblocks, the high absorption of metasurface signifi-

cantly reduces the excitation intensity threshold to

induce photothermal nonlinear scattering by an order of

magnitude [17]. To further improve the efficiency of the

photothermal scattering nonlinearity in silicon meta-

surface, more efficient light–heat conversion via the

increase of absorption in dielectric metasurface is highly

desirable. In principle, silicon metasurface has the

potential to achieve 100% absorption, i.e., metamaterial

perfect absorber (MPA), in the condition of degenerate

critical coupling [22, 26]. However, in our metasurface,

the condition of critical coupling is not perfectly fulfilled

because of the insufficient imaginary permittivity of

crystalline silicon at the wavelength of 561 nm. One

approach to solve this problem is to add amorphous silicon

caps on the silicon disc meta-atoms to increase the material

loss, although the fabrication process becomes complex

[20].

A similar concept of optical modulation of metal–

dielectric–metal (MDM)-based MPA [27–29] using a pho-

tothermal variation of scattering spectra has been demon-

strated [30]. However, because the MDM-based MPA is

opaque due to the metallic coating, its direction of optical
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control is limited to only backward scattering. The maximal

nonlinear deviation ratio is∼−30% at the average power of

∼5.5 mW [30]. On the other hand, all-dielectric MPA allows

us to control both forward and backward scattering, which

are more flexible for future device applications. In our

results, we experimentally achieved much larger nonlin-

ear deviation ratios in not only the backward (+115%), but
also the forward (−40%) scattering at a similar excitation
intensity. Furthermore, the all-dielectric resonator poten-

tially provides a betterQ-factor at the resonancewavelength

because of its low loss nature, and it is possible to further

enhance nonlinearity through spectral red-shift via pho-

tothermal interaction, as demonstrated in our research. Last

but not least, compared to MDM-based MPA, the high melt-

ing point and the CMOS fabrication compatibility of silicon

are important advantages for mass device production.

We assume that the response time of photothermal

nonlinearity on our silicon metasurface is about nanosec-

ond scale, according to our previous experimentalmeasure-

ments on a silicon nanocuboid [17, 31], which is almost the

same size as the meta-atoms of this silicon metasurface.

Therefore, the temporal modulation of scattering cross-

sections potentially reaches ∼GHz modulation frequency.

The temporal analysis of the photothermal nonlinear scat-

tering from our silicon metasurface in both experimental

and theoretical approaches is our future work.

It is also worth discussing that the use of photother-

mal nonlinearity on the silicon metasurface allows not only

scattering intensity control, but also the potential to achieve

advanced wavefront shaping, such as polarization control.

Dynamic polarization control was demonstrated by using

the modulation of birefringence in anisotropic plasmonic

metasurfaces [32, 33] and the spectral shift of the cadmium

oxide-based perfect absorber [34], respectively. In principle,

our photothermal and thermo-optic effects are applicable

to achieve polarization control for the properly designed

anisotropic siliconmetasurface. Compared to previous tech-

niques, our all-optical approach is simpler, requiring only a

fewmilliwatts of a CW pump laser, instead of a femtosecond

pulse laser or additional mechanical devices. The proof-of-

concept would be our future research.

In this paper, we have demonstrated the photothermal

nonlinearity of forward and backward scattering intensities

from a silicon quasi-perfect absorbing metasurface under

the excitation at the resonance wavelength of the meta-

surface. We designed and fabricated a crystallized silicon

metasurface that mostly fulfills the condition of degenerate

critical coupling, exhibiting both properties of scattering

directionality via Huygens’ dipoles and high absorption at

>80%. We theoretically found that both peak wavelengths

of forward and backward scattering spectra from the silicon

metasurface showed red-shift with heating. The calculation

results also showed that forward and backward scattering

cross-sections respectively exhibit a decrease and increase

to the excitation intensity through the photothermal effect

under resonant excitation. We experimentally confirmed

the photothermal nonlinear control of Huygens’ dipoles

by observing forward and backward scattering intensities,

agreeing well with the calculation results. Our research

opens up the approach of all-optical dynamic control of

scattering direction based on the photothermal effect of the

all-dielectric metasurface. This research also demonstrated

the feasibility of an active all-optical switching device by

using notably thin dielectric film with the sub-wavelength

thickness of only 𝜆/7, where 𝜆 is the operation wavelength,

which would significantly contribute for the miniaturiza-

tion of the optical devices to induce light modulation, and

provide new idea in the field of silicon photonics.

Associated content

Supplementary Materials

Additional data and figures including, the relationship

between the period of silicon nanodisc meta-atoms and

absorption, optical setup for spectral measurement, depen-

dence of the number of illuminated silicon discsmeta-atoms

on the absorption, theoretically calculated dependences of

forward and backward scattering intensities from silicon

metasurface on the excitation intensity for a high excitation

intensity region, forward and backward scatterings images

of silicon metasurfaces at various excitation intensities.
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