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Abstract: Semiconductor  metasurfaces  have  emerged  as  an  effective  platform for  all-optical  modulation  thanks  to
their resonant light confinement and the enhancement of ultrafast optical effects like the Kerr effect and free-carrier
generation. However, their narrow resonance features also restrict the available bandwidth for efficient modulation.
Here,  we  demonstrate  that  a  kink-like  transmission  spectral  profile  of  a  silicon  metasurface  could  enable  high-
contrast  modulation of  wide-bandwidth pulses.  We studied the all-optical  ultrafast  transmission modulation of  the
silicon metasurface induced by free-carrier  excitation in a pump-probe configuration at  different polarizations.  We
achieved ultrafast modulation of 28% (10%) with a speed of 25 ps and a bandwidth of up to 14 nm (49 nm) for y- and
x-polarizations, respectively. Our results open up new opportunities for high-contrast, all-optical modulation of short
pulses, with applications in optical communications and computing.
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 1    Introduction
Conventional  methods  for  modulating  the  intensity  of
monochromatic  light  typically  involve  light-interferometric
techniques.  However,  as  the  bandwidth  of  the  light
increases,  the  coherence  length  decreases,  causing  these
interferometric  techniques  to  become  less  effective  due  to
limited  operational  bandwidth.  Currently,  the  intensity  of
broadband  propagating  light  is  primarily  controlled  using
electro-optic  devices  and  other  types  of  optical  switches.
Unfortunately,  these  options  are  often  bulky  and  require
complex  driving  systems.  Optical  metasurfaces  have
emerged  as  a  promising  alternative  to  traditional  optical
switches1,  offering  size  and  operational  efficiency  advan-
tages due to their compact design and resonant optical prop-

erties. Metasurfaces consist of arrays of subwavelength-sized
optical  resonators  that  have  garnered  significant  interest  in
the optics and photonics community because of their unique
scattering effects. As such, optical metasurfaces are excellent
tools  for  spatial  beam  shaping  and  steering,  providing
subwavelength  control  over  the  transmitted  amplitude  and
phase of light.

Furthermore,  the  sensitivity  of  the  optical  resonances  to
both  the  geometric  and  material  parameters  of  the
resonators  or  the  surrounding  medium  allows  for  the
possibility  of  actively  modulating  the  transmitted  and
reflected  light.  Metasurface  modulation  has  been  achieved
by  numerous  methods,  including  thermo-optic2,  electro-
optic3,  or  liquid  crystals,  to  mention  a  few.  All  these
approaches,  however,  have  strengths  and  shortcomings4,5.

 
Received: 7 January 2026

Accepted: 9 May 2026

Published online: 3 June 2026

  1Department of Physics, Sofia University St. Kliment Ohridski, Sofia 1164, Bulgaria; 2John Atanasoff Center for Bio and Nano
Photonics  (JAC  BNP),  Sofia  1164,  Bulgaria; 3ARC  Centre  of  Excellence  for  Transformative  Meta-Optical  Systems  (TMOS),
Dept. of Electronic Materials Engineering, Research School of Physics, Australian National University, ACT 2601, Australia;
4Department  of  Physics,  Chalmers  University  of  Technology,  Gothenburg  412  96,  Sweden; 5Dipartimento  di  Fisica -
Politecnico di Milano, Milano 20133, Italy; 6Advanced Optics and Photonics Laboratory, Department of Engineering, School
of Science and Technology, Nottingham Trent University, Nottingham NG11 8NS, United Kingdom; 7Institute of Solid State
Physics, Bulgarian Academy of Sciences, Tsarigradsko Chaussee 72, Sofia 1784, Bulgaria.
†These authors contributed equally to this work.
*Correspondence: I Buchvarov, E-mail: Ivan.Buchvarov@phys.uni-sofia.bg; D Neshev, E-mail: Dragomir.Neshev@anu.edu.au

 

Article
2026, Vol. , No.

260007 (Page 1 of 9)

This is an early view version and will be formally published in a coming issue with other articles in due time.

https://doi.org/10.29026/oea.2026.260007
https://cstr.cn/32247.14.oea.2026.260007
mailto:Ivan.Buchvarov@phys.uni-sofia.bg
mailto:Ivan.Buchvarov@phys.uni-sofia.bg
mailto:Dragomir.Neshev@anu.edu.au


The metasurface  modulation speed depends  on the  charac-
teristic  time  of  the  stimuli  dynamics  needed  to  modify  the
material,  such  as  the  time  required  to  change  the  orienta-
tion of  the  liquid  crystals6−8;  the  speed of  charge  accumula-
tion (or depletion) in the optical media9,10, the heat conduc-
tion speed2,11,12, chemical reaction time13 or mechanical actu-
ators14−16.  The  ultrafast  nature  of  optical  nonlinearities  in
materials,  such  as  photoexcitation  and  charge  recombina-
tion  dynamics,  makes  all-optical  tuning  one  of  the  fastest
modulation  methods17.  Such  ultrafast  nonlinear  dynamics
have been widely studied by pump-probe spectroscopy. The
carrier  lifetime  and  optical  nonlinear  processes  of  various
thin films made from different materials, including epsilon-
near-zero  (ENZ)  materials,  have  been  extensively
studied18−24.  ENZ  materials  are  popular  for  ultrafast  tuning
because of their large nonlinearity and the ability to change
their refractive index significantly upon optical pumping25,26.
However, their low refractive index presents a challenge for
efficient light coupling, which limits their practical use.

ΔT/T

T → 0

Optical  dielectric  metasurfaces  can  effectively  resolve
these issues. Although high-index dielectric materials exhibit
only a slight relative change in refractive index compared to
ENZ  media,  their  higher  damage  threshold  and  the  reso-
nant nonlinear enhancement in metasurfaces offer an alter-
native for improved light modulation. So far, ultrafast meta-
surface  modulation  has  been  explored  for  applications
including  the  tuning  of  reflectance27,  nonreciprocity28,29,
negative  refraction30,  frequency  conversion31−33 and  beam
shaping34.  Out of the different material  platforms, semicon-
ductor  metasurfaces  with  various  geometries  have  been
studied for all-optical  modulation of light35−39.  Metasurfaces
made of direct bandgap semiconductors, such as III-V mate-
rials35,40,41 and  indirect  bandgap  materials,  like  silicon36,42,43

have  been  the  focus  of  research.  The  index  modulation  is
generally  stronger  in  crystalline  semiconductors  because  of
the  larger  density  of  electronic  states  at  the  band  edges,  as
recently shown in the giant reflectivity modulation of nonlo-
cal  resonances  in  silicon  metasurfaces44.  We  note  that  the
modulation depth is best measured by the absolute modula-
tion  of  transmission  or  reflection,  as  the  relative  change  of
transmission  ( )  is  often  not  a  true  indicator  of  the
modulation  strength,  especially  near  the  resonance  wave-
length, where .

In all  previous work, however, strong optical modulation
has been achieved only within a narrow spectral range, as it
depends on shifting a single resonance. Notably, the modu-
lation depth is greater for high-Q (high-quality) factor meta-
surface  resonances.  However,  this  comes  at  the  cost  of  a
reduced bandwidth. Here, we introduce and demonstrate an
original concept for achieving large, ultrafast modulation of
metasurface  transmission  of  broadband  signals.  Our
approach  is  based  on  the  design  of  a  kink-like  metasurface
transmission spectrum that blueshifts under the influence of
a  strong pump.  Our  metasurface  is  made of  crystalline  sili-
con  on  sapphire,  which  is  modulated  based  on  the  optical

injection of free carriers. Exploring these features enabled us
to  achieve  a  large  transmission  modulation  over  a  band-
width of 49 nm with an incident pump fluence of 460 μJ/cm2

(absorbed 37 μJ/cm2)  at  520 nm.  The free-carrier  switching
time  is  approximately  25  ps,  and  the  measured  bandwidth
permits switching of sub-50 fs laser pulses.

The  concept  behind  ultrafast  all-optical  modulation  of
wide-bandwidth pulses is illustrated in Fig. 1. In the conven-
tional  scenario,  shown  in Fig. 1(a),  switching  the  transmit-
tance  from  a  minimum  to  a  maximum  requires  a  spectral
shift  of  the  resonance  wavelength.  To  achieve  this,  a  meta-
surface  that  supports  narrowband  optical  resonances  facili-
tates  the  switching  process,  as  only  a  small  spectral  shift  is
required  to  maximize  modulation.  However,  such  narrow
resonances limit the modulation bandwidth, as the continu-
ous  shift  in  resonance  with  power  results  in  a  subsequent
drop  in  transmission.  This  issue  can  be  alleviated  if  the
transmission  spectrum  exhibits  a  kink-like  profile.  For  a
kink-like  transmission  profile,  the  same amount  of  spectral
shift  can  support  intensity  modulation  of  a  broader  band-
width  signal  (Fig. 1(b)).  Additionally,  further  blueshift  in
such  a  kink-like  system  broadens  the  modulated  spectrum.
In  practice,  designing  resonances  in  a  metasurface  to
produce  a  kink-like  transmission  (similar  to  a  low-pass
filter) is challenging. A more realistic example of a metasur-
face  with  a  steeper  slope  on  the  blue  side  of  the  resonance
compared to the red side is shown in Fig. 1(c). A blueshift in
such  a  metasurface  causes  significant  modulation  on  the
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Fig. 1 | Concept  of  the  ultrafast  intensity  modulation.  (a)  Transmission
modulation  by  a  metasurface  featuring  a  high  Q-factor  resonance.  Only
narrowband spectral signals could be modulated. (b) Modulation by a kink-
shaped  transmission  feature.  The  kink-like  transmission  supports  the
modulation of broadband spectral signals. (c) A realistic transmission spec-
trum of the resonance, featuring an asymmetrical kink-like resonance. The
metasurface transmits light at λ1,  while it blocks light at λ2.  (d) When the
kink resonance experiences a blue shift, the transmission intensity at λ1 is
significantly decreased, while the transmission intensity at λ2 is not much
affected.
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blue  side  of  the  resonance  (as  seen  in Fig. 1(d)),  while  the
transmittance on the red side is only weakly affected. In the
case of Fig. 1(d), the signal at  is modulated from on to off,
while  that  at  is  modulated from off  to  on.  However,  the
opposite  scenario  could  also  be  designed.  These  changes  in
the  transmittance  across  different  wavelengths  result  in  the
modulation of the total  pulse intensity,  in addition to pulse
distortion45 and frequency conversion arising from the time-
varying  nature  of  the  metasurface  modulation46.  Pulse
modulation is the main effect and the primary focus of this
work. The impact of pulse distortion and frequency conver-
sion depends on the specific shape of the incident pulse and
is beyond the scope of the current study.

 2    Results
 2.1  Design and fabrication

The  metasurface  is  designed  to  exhibit  a  kink-shaped
response  in  the  transmission  spectra  using  a  genetic  algo-
rithm (GA) approach, aiming to optimize a sharp, kink-like
transmission  feature  at  the  desired  wavelengths.  Details  on
the GA calculations can be found in Section 1 of the Supple-
mentary  information.  A  3D  illustration  of  the  optimized
metasurface  is  shown  in Fig. 2(a).  A  nominal  metasurface

p = 500 L1 = 320
W1 = 250

L2 = 100 W2 = 120

consists  of  100  nm  thick  crystalline  silicon  on  a  sapphire
substrate, patterned to be a net square unit cell  with a peri-
odicity  nm,  and  an  opening  of  nm  and

 nm  in  the x and y axes,  respectively.  A  particle
with a width and length of  nm and  nm
(in the x and y directions) is placed in the center of the net.
Due  to  the  asymmetry,  the  metasurface  optical  response
depends on the incident polarization.

100× 100

The simulated optimal design was fabricated using a stan-
dard  electron-beam  lithography  (EBL)  technique.  First,  a
commercial  crystalline  silicon film (600 nm) on sapphire  is
etched  down  to  a  thickness  of  100  nm  using  Inductively
Coupled  Plasma  (ICP).  Then,  a  diluted  ZEP520A  resist  in
anisole,  with  a  volume  ratio  of  1:1,  is  spun  onto  the
substrate.  After  exposing  the  pattern  by  EBL,  the  resist  is
developed,  and  the  patterned  resist  is  used  as  a  dry  etch
mask.  Subsequently,  the  silicon  film  is  etched  by  a  second
step of  ICP.  The remaining resist  mask is  then removed by
mild  oxygen  plasma  treatment.  Scanning  Electron  Micro-
scope  (SEM)  images  of  the  fabricated  sample  are  shown  in
Fig. 2(b, c).  Several  metasurfaces  of  a  size  of  μm
and different EBL exposures were fabricated.

Figure 2(d) shows  the  simulated  and  experimentally
measured metasurface transmission spectra under x- and y-
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Fig. 2 | Design and fabrication of the metasurface. (a) Schematic diagram of the metasurface unit cell. The dimensions of the silicon structure are h = 100
nm, p = 500 nm, L1 = 320 nm, W1 = 250 nm, L2 = 100 nm, and W2 = 120 nm. (b) Top view and (c) angled view SEM image of the fabricated sample. (d)
Measured (solid lines) and simulated (dashed lines) transmission spectra of the metasurface under x-polarized (blue) and y-polarized (orange) excitation at
normal incidence. (e) Spherical multimode expansion and (f) Cartesian moment analysis of the metasurface, while excited with x-polarized light. In panels
(d–f),  the  geometric  parameters  have  been  fitted  to  best  match  the  experimental  transmission  spectra  within  the  allowed  fabrication  tolerances.  The
updated parameters are: = 326 nm,  = 228 nm,  = 112 nm, and  = 130 nm.
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polarization illumination. For the simulations, we employed
fitted values for the geometrical parameters within the fabri-
cation  tolerances  (see  the  figure  caption).  The  measured
spectra  are  in  good  agreement  with  the  simulated  resonant
transmission  features,  particularly  for x-polarization.  The
resonance  in  the y-polarization  shows  a  slightly  reduced
contrast and steeper slope in the red wing with respect to the
design.  This  slight  deviation  between  the  simulated  and
experimental results is due to the fabrication error, possible
surface roughness,  and discrepancies in the refractive index
values of the film and the substrate. The kink-like transmis-
sion spectral response is achieved by engineering the optical
modes excited in the metasurface,  based on the mechanism
of  the  symmetry-protected  bound-state-in-the-continuum
(BIC)47. The evolution of the Q-factor for the BIC mode and
the formation of a kink-like Fano spectral shape in the opti-
cal response transmission spectrum are illustrated in Section
1 of the Supplementary information. In particular, the intro-
duced  structural  asymmetry  through  the  central  cuboid
breaks the in-plane symmetry, enabling independent control
of  the  radiative  leakage  channels  for  the  supported  BIC
modes along the x- and y-directions, respectively. Figure 2(e)
shows  the  spherical  multipole  decomposition  of  the  meta-
surface  excited  under x-polarized  illumination  by  taking
into  account  the  first  two  orders  of  electric  and  magnetic
multipoles: electric dipole (ED), magnetic dipole (MD), elec-
tric  quadrupole  (EQ),  and  magnetic  quadrupole  (MQ).  As
seen,  the  optical  response  is  primarily  dominated  by  the
excitation  of  an x-oriented  ED.  To  further  understand  the
contributions of multipoles to the far-field response, we also
performed the Cartesian multipole analysis, focusing on the
ED and toroidal dipole (TD) components (see Fig. 2(f)). Our
metasurface supports a symmetry-protected bound-state-in-
the-continuum TD mode, serving as the nonradiative chan-
nel,  and  an  ED  serving  as  the  leaky  channel,  which  can  be
excited  externally  by  a  normally  incident  plane  wave.  By
exciting the ED and through the coupling between the 'dark'
TD mode and the 'bright' -ED mode, a Fano resonance is
formed to  give  the  kink-like  transmission spectral  response
(see Fig. 2(e)). By controlling the geometric parameter of the
central nano cuboid, the radiation of the Fano resonance can
be well controlled. Similar results are also obtained for the y-
polarized  input  excitation  and  are  shown  in Fig.  S6 of  the
Supplementary  information.  The  multipolar  components,
however, are spectrally shifted to longer wavelengths.

 2.2  Time-resolved pump-probe spectroscopy

Next,  we  tested  the  temporal  dynamics  of  the  all-optical
modulation  of  the  fabricated  metasurface  using  time-
resolved  pump-probe  spectroscopy. Figure 3(a) illustrates
the  pump-probe  spectroscopy  setup  for  measuring  the
dynamic metasurface response.  We use a y-polarized pump
beam at 520 nm, which has energy above the bandgap of the
crystalline  silicon,  and  where  the  metasurfaces  exhibit  no

±

±

±

resonant  features  due  to  absorption.  The  pump  is  derived
from  a  pulsed  laser  with  pulses  of  130  fs  full-width  at  half
maximum  (FWHM)  duration  and  a  repetition  rate  of  1.4
kHz.  The  pump  pulses  have  an  energy  of  39 5  nJ.  The
pump  beam  is  mildly  focused  onto  the  metasurface  to  a
beam  diameter  of  104 10  μm  (1/e2 level),  resulting  in  an
incident pump fluence of 460 μJ/cm2. This fluence is chosen
to  be  lower  than  the  damage  threshold  of  the  metasurface.
The  latter  was  estimated  to  be  around  1  mJ/cm2 based  on
two  accidental  instances  of  sample  damage.  The  incident
pump power absorbed by the sample results in the photoex-
citation  of  free  carriers.  The  metasurface  is  subsequently
illuminated at normal incidence by a broadband probe beam
derived  from  supercontinuum  generation,  obtained  by
pumping  a  6-mm-thick  YAG  crystal  with  1250  nm
femtosecond  laser  pulses.  The  probe  beam  is  focused  to  a
spot  size  of  70 7  μm (diameter  at  1/e2 level).  A  delay  path
controls  the  time  difference  between  the  pump  and  the
probe pulses on the sample.

ΔT
ΔT/T

ΔT/T

T ∼ 0

Figure 3(b, c) display  the  transmission  spectra  of  the
metasurface  at  various  delay  times  for x- and y-polarized
probes,  respectively.  The  metasurface  undergoes  a  sudden
blueshift  in  less  than  0.5  ps.  This  shift  is  caused  by  the
photoexcitation  of  free-carriers  in  crystalline  silicon,  which
reduces  the  silicon's  refractive  index  as  the  free-carrier
density  increases.  Upon  recombination  of  the  induced
charge carriers with time, the resonance returns to its initial
state. The absolute ( ) and the relative transmission spec-
tra  ( )  of  the  metasurface  for  both probe polarizations
are  shown  in Fig. 4.  Under x-polarized  illumination,  the
spectrum displays a kink-like transmission response around
990  nm,  which,  after  an  initial  blueshift,  goes  back  to  the
steady  state  with  the  carrier  relaxation.  This  allows  the
observation of larger absolute modulation at the short-wave-
length range of the transmission dip (Fig. 4(a)).  Comparing
Fig. 4(a, b), one can notice that the highest relative transmis-
sion  modulation  ( )  occurs  near  the  resonant  wave-
length, where the static transmission is low, due to the divi-
sion  by  a  small  value  ( ).  In  practice,  we  observe  a
band  of  positive  relative  modulation  at  the  longer  wave-
length range near the resonance and a negative modulation
band  at  the  shorter  wavelength  range  near  the  resonance,
both showing relative modulation of over 20%. Similar tran-
sient  dynamics  is  also  seen  for  the y-polarized  probe,  as
shown  in Fig. 4(d, e).  The  difference  is  the  narrower  band-
width  around 1080  nm and the  larger  absolute  modulation
of up to 28%.

ΔT

ΔT

The  absolute  dynamic  modulation  allows  us  to  estimate
the  modulation  bandwidth.  The  spectral  bandwidth  is  esti-
mated as the spectral range over which the absolute modula-
tion  |ΔT|  exceeds  50% of  its  maximum.  Notably,  the  meta-
surface  design  supports  two  modulation  bands,  one  with
stronger  but  negative  at  shorter  wavelengths,  which
corresponds  to  a  "switch-off"  dynamic  condition.  The
other  band,  at  longer  wavelengths,  has  positive ,  which
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corresponds  to  "switch-on"  dynamic  condition.  The  esti-
mated  bandwidths  of  the  stronger  modulation  bands  (see
also SI, Fig. S7) are 49 nm and 14 nm under x- and y-polar-
ized  illumination,  respectively.  These  bandwidth  results
illustrate  the  wide-bandwidth  switching  regime  enabled  by
the kink-like spectral profile of our metasurfaces. In particu-
lar,  the  larger  bandwidth  of  49  nm  (obtained  with  an x-
polarized probe)  is  a  direct  consequence  of  the  steady-state
resonance  shape,  which  more  closely  resembles  the  ideal
asymmetric "kink" compared to the feature seen in y-polar-
ization  (see Fig. 2(d)).  Note  that  this  comparison  quantita-
tively reflects our design concept, as illustrated in Fig. 1.

Fexp
abs = 37

Figure 4(c, f) display  the  experimental  transient  relative
transmission  at  various  delay  times  for  the  wavelengths  of
peak  modulation  and x- and y-polarization,  respectively.
Photoexcitation and free carrier generation occur within the
first 250 fs (see insets), as the optical field in the resonators is
continually absorbed by the silicon. Since the resonators lack
a  resonance  at  the  pump  wavelength  of  520  nm,  the  pump
field  is  not  confined  within  the  structure.  As  a  result,  the
pump lifetime inside the metasurface is  similar to the pulse
duration and matches the response of the plane silicon film.
By measuring the reflection and transmission of the homo-
geneous thin film, we can experimentally estimate the pump
absorption  to  be  about  8%,  corresponding  to  an  absorbed
pump fluence of  μJ/cm2.  We note  that  estimating
the  total  absorption  of  the  metasurface  is  particularly  chal-
lenging due to strong diffraction within the substrate. When

> 100

the  modulation  peak  intensity  reaches  its  peak  value,  the
next modulation stage occurs in the absence of a pump field
and  the  presence  of  the  generated  free  carriers  in  the  crys-
talline  silicon.  Based  on  the  free  carriers' lifetime  in  the
material,  photoexcited  electron-hole  pairs  recombine  and
release  their  energy  as  heat.  The  free  carriers  take  approxi-
mately 25 ps to halve their  concentration and less  than 100
ps  to  recombine  completely.  At  this  timescale,  the  silicon
refractive  index  reverts  to  its  original  value,  as  the  free
carrier  concentration  declines  over  time.  This  results  in  a
reduction in  the  amplitude of  transient  transmission inten-
sity.  In the absence of  the  free  carriers  and the optical  field
(  ps),  we  see  a  slight  change  in  the  direction  of  the
transient  transmission intensity,  indicating a redshift  in the
metasurface resonance wavelength.  This  is  attributed to the
heat  generated  during  carrier  recombination,  which  subse-
quently  increases  the  refractive  index  of  the  silicon  due  to
the thermo-optic effect. Since the thermo-optic coefficient of
the silicon is positive, we correspondingly observe a redshift
in  the  resonance  wavelength.  The  thermo-optical  effect
disappears at times longer than ~1 ns.

 2.3  Simulations of the modulation dynamics

Next, we develop a quantitative model to describe the tran-
sient  transmission  modulation  dynamics  of  our  experi-
ments.  The  model  assumptions  are  summarized  below (see
also  ref.43).  Upon  illumination  by  a  pump  pulse  of  given
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fluence,  a  population  of  electron-hole  pairs  is  photogener-
ated in the crystalline silicon structure. In view of the pump
photon energy, which is well  above the silicon bandgap, we
consider  only  linear  (single  photon) processes  as  the domi-
nant  contribution  to  absorption.  Then,  the  free-carrier
population  undergoes  relaxation  processes.  We  take  into
account  trap-assisted  recombination,  bimolecular  recombi-
nation, and the three-body Auger effect.  This last contribu-
tion,  which  is  dominant  in  bulk  configurations,  is  instead
comparatively  small  in  our  system,  i.e.,  a  nanostructured
material with a large surface-to-volume ratio. The dominant
effect  indeed  comes  from  the  trap-assisted,  non-radiative
recombination from surface defects48. Each recombination is

N (t)
ΘL (t)

Δε (t)
N (t)

Δε

Δε

accompanied  by  phonon  emission,  which  gradually
increases  the  lattice  temperature.  The  evolution  of  the  two
dynamical  variables ,  representing  carrier  density,  and

, representing the lattice temperature, is modelled by a
rate-equation system. In turn, these internal degrees of free-
dom  are  responsible  for  the  transient  modulation  of  the
system permittivity, .  Specifically,  the  presence  of  the
electron-hole plasma, described by the density ,  entails
a  modification  of  intraband  transitions  with  a  Drude-like
contribution  to ,  conversely,  the  lattice  temperature
increase  causes  a  thermo-optical  effect.  Having  estimated
the  total  as  a  function  of  time  and  probe  wavelength
through  semiclassical  formulas,  it  is  possible  to  understand
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T

χ, ψ
T (ε+ Δε) = T

(
ε+ Δε′

+ iΔε′′)
T (λprobe, t) = T (ε) + χΔε′

(λprobe, t) + ψΔε′′(λprobe, t)

how the optical  response is  modulated in  time via  a  simple
perturbative  approach.  By  exploiting  full-wave  electromag-
netic simulations to obtain the transmission  under unper-
turbed conditions  and upon small  perturbations  of  permit-
tivity (real and imaginary part, respectively), it is possible to
extract  the  coefficients  of  the  linearized  function

, and therefore compute it
as  a  function  of  probe  wavelength  and  pump-probe  time
delay: .
A more  detailed  description is  provided in  the  Supplemen-
tary information, Section 3.

The plots in Fig. 5(a, b) show the experimental and simu-
lated transient relative transmission spectra of the metasur-
face  with y-polarized  probe  illumination  at  different  delay
times. In our finite element method simulations, we used an
absorbed  pump  fluence  of  45  μJ/cm2,  which  is  of  the  same
order  as  that  observed  in  our  experiments.  Notably,  the
transmission  modulation  reaches  its  peak  shortly  after  the
sample  is  illuminated  with  the  pump.  Then,  as  the  charges
recombine  in  time,  the  signal  gradually  returns  to  its  static
value.  A  direct  comparison  of  the  transient  transmission  at
five  different  wavelengths  is  shown  in Fig. 5(c).  The  agree-
ment  between  the  experimental  and  modeled  data  maps
demonstrates the model's validity in predicting the metasur-
face's transient behavior, despite the slightly different excita-
tion flux levels. The slight difference in the experimental and
simulated modulation amplitudes can be attributed to finite-

size  effects,  unavoidable  inhomogeneities  or  defects,  and
deviations from exact periodicity in the fabricated structure.
We note that if we choose slightly red-shifted nominal wave-
lengths  of  up  to  5  nm  (less  than  10%  of  the  resonance
width),  we  observe  a  significantly  improved  agreement
between  theory  and  experiment.  Similar  dependencies
for experimental and simulated data, using x-polarized illu-
mination,  are  shown  in  Section  4  of  the  Supplementary
information.

The  numerical  simulations  further  provide  access  to  the
transient absorption of the metasurface, which is difficult to
obtain  in  our  experiments.  The  calculated  absolute  absorp-
tion for y-polarized illumination is depicted in Fig. 5(d). The
results show that the free carriers induce significant absorp-
tion in the metasurface for over 30 ps. The peak absorption
is just over 4% and happens at the peak free-carrier concen-
tration.  This  extra  absorption  has  to  be  accounted  for  in
possible future applications of the observed ultrafast optical
modulation,  including  time-variant  metasurfaces  for
frequency  conversion  or  Floquet  physics  with  periodic
time drives.

 3    Conclusions
In  summary,  we  proposed  and  demonstrated  a  novel
concept  for  the  ultrafast  modulation  of  wide-bandwidth
signals  using  silicon  metasurfaces  that  exhibit  kink-like
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transmission  spectral  features.  The  kink-like  metasurface
transmission  is  designed  by  genetic  algorithm optimization
in  the  near-infrared  spectral  region.  It  achieves  a  sharp
transmission  front  by  the  interference  of  a  dark-state
narrowband toroidal dipole resonance with a bright electric
dipole  broadband  response.  This  asymmetric  transmission
profile, characterized by a sharp transmission kink followed
by  a  broad  transmission  dip  at  longer  wavelengths,  is
successfully  utilized  to  modulate  broadband optical  signals.
For  this  purpose,  the  metasurface  is  pumped  by  femtosec-
ond green laser pulses (520 nm) with a repetition rate of 1.4
kHz and an input pulse fluence of 460 μJ/cm2. A broadband
probe is used to test the ultrafast modulation of the metasur-
face  transmission.  We  have  demonstrated  that  the  steep
transmission change in the proposed metasurface results  in
28% absolute transmission modulation with a bandwidth of
14  nm  for y-polarized  signals  and  10%  modulation  with  a
bandwidth  of  49  nm  for x-polarized  signals.  Our  results
compare favorably with other all-optical modulation experi-
ments39,49. For a more comprehensive comparison, see Table
S1  in  Section  5  of  the  Supplementary  information,  which
lists  essential  parameters for evaluating performance.  Many
studies do not provide enough data or are conducted under
varying  experimental  conditions,  complicating  direct
comparisons.  Nevertheless,  our  results  demonstrate  broad-
spectrum  band  modulation  at  moderate  absorbed  fluences.
An  important  metric  for  comparison  is  the  modulation
bandwidth  per  absorbed  fluence,  which  normalizes  the
bandwidth  relative  to  the  applied  power.  Based  on  existing
data,  our modulation performance surpasses that  of  similar
studies  using  conventional  resonant  designs.  Consequently,
we  conclude  that  the  kink-shaped  spectral  profile  provides
the  broadest  bandwidth  modulation  for  a  given  absorbed
fluence.

Our  results,  therefore,  demonstrate  the  potential  of  opti-
cal metasurfaces to modulate wide-bandwidth optical signals
with high contrast and ultrafast speed. This potential opens
new  opportunities  for  efficient  adiabatic  frequency  conver-
sion and novel Floquet physics with periodically modulated
materials50. On the practical side, the ultrafast modulation of
the  optical  properties  of  the  transmitted  pulses  could  find
important  applications  for  spatiotemporal  pulse  shaping51

and  ultra-fast  Light  Detection  and  Ranging  (LiDAR)52.
Notably, the moderate modulation depth of 10%–30% could
be particularly useful in applications such as optical commu-
nications,  laser  mode  locking,  and,  most  recently,  photonic
neuromorphic  reservoir  computing,  where  30%  contrast  is
enough for analogue weighting or multiplication. In all such
applications,  the  modulation  depth  achieved  in  our  experi-
ments is practical and already commonly used.
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