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ABSTRACT: E cient ultrafast control of the intensity and
wavefront of light is essential for many modern optical devices,
from LiDAR scanning systems to advanced laser beam shapers. A
CMOS-compatible approach to spatial light control is based on
tailoring the directional scattering from metasurfaces made of
arrays of Mie-resonant semiconductor nanoparticles [meth-atoms.
All-optical ultrafast tuning is possible by generating photoinduced
carriers in semiconductor meta-atoms and is usually traced by
overall transient reflection or transmission. However, the high
intensities of light pulses required for e ective modulation impose
a limit for applications. Here, we introduce a di ractive metasurface
based on gallium arsenide and demonstrate that ultrafast tuning of
intensity is an order of magnitude stronger for the di racted beam
than for the transmitted one. Experimentally, the intensity modulation of the first di raction order reaches 16% at a pump fluence
level of only a few PJ/cm?, with a switching time of 200 fs and a relaxation time of 1.2 ps. The results constitute an important
milestone in ultrafast optical switching device development for e cient low-power spatial light control.

KEYWORDS: semiconductor metasurfaces, Mie resonances, free-carriers injection, ultrafast di[rdction control, pump—probe method,
back focal plane microscopy

nanoantennas

I INTRODUCTION The properties of light can be modified and controlled in an
active manner, usually employing clusters of nanoparticles and
metasurfaces. In this case, the amplitude, phase, and direction
of light are modified using phase-change’’ or liquid-crystal
media,”” thermal®** or electrical tuning,35’36 all-optical

and LiDAR S)’S'cems6 to neuromorphic devices.” Numerous Contr01,37_40 and other techniques.‘”’“ In particular, the all-
. . ) . ical | meth lter the ligh in th
light control methods use optical resonances, such as Mie-type optical control method can alter ¢ c 8 tp aramet.ers n t ¢
resonances in subwavelength objects or nanoantennas.® '! fastest way through the photogeneration of free carriers inside

. . . semiconductor nanoparticles forming a metasurface.””** As a
Specifically, nanoantennas exhibiting Mie-type resonant P gal o
features in scattering spectra are very common. > By modifying result of the subsequent ultrafast change in the refractive index

the particle shape, one can passively control the direction and of the particle material, the spectral positions of the optical
. ’ 13—15 resonances are shifted, which in turn modifies the reflectance
propagation of light. These morphology-dependent

. i . . and transmittance of the metasurface along with the light
resonances make it possible to manipulate light below the oo : . 3738
. ) . . scattering diagram of nanoparticles at specific wavelengths.
free-space di raction limit and get a pronounced optical

. : > . In this context, metasurfaces based on nonmetallic materials
magnetic response in structures with high-Q and low losses . . L .
-5, . . . 16,17 with a high refractive index have been considered and
within the visible and near-infrared spectral regions.””" " The . . 145 .
o . . i . extensively studied.” Particular research has focused on
possibilities of optical manipulation can be extended by placing
resonant nanoparticles in two-dimensional lattices, i.e., by —
forming metasurfaces.'® Flexible control of reflected,” trans- Received: July 22, 2025 {pntonics
mitted,”*">* and di racted”® beams, including their wave- Revised:  October 14, 2025
length24 and polarization25 handling as well as beam shaping26 Acce_Pted: October 15, 2025
by metasurfaces has been demonstrated. Metasurfaces Published: October 23, 2025
. . . 27,28
applicable for optical control are used in spectrometers,
holography,”” and wavelength division multiplexing.*

All-optical devices have recently gained the attention of the
nanophotonics community due to the ultrafast time scale of
the associated processes.' > Applications based on ultrafast all-
optical switching range from high-speed light modulation™
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Figure 1. Semiconductor metasurface for ultrafast di[raction shaping. (a, b) Asymmetric di[raction of transmitted light before (a) and after (b)
pumping. The pump-induced free-carrier generation changes the optical constants of the metasurface material, resulting in a transient redistribution
of light between di[raction orders. (c) Scanning electron microscopy image of the experimental sample. The white frame highlights a supercell
consisting of three gallium arsenide particles of di[erent sizes arranged along the X-direction. (d) Sketch of the supercell. The structure consists of
three truncated square GaAs pyramids covered by a thin AIGaO layer, embedded in an Al,O4 layer. The metasurface is attached to a SiO, substrate

using a transparent epoxy.

devices based on IlI-V direct-gap semiconductors, such as
GaAs, where an e [cieht free-carrier generation occurs due to
direct optical transitions.®™*®

All-optical ultrafast e [edts in metasurfaces are usually traced
by transient changes in reflectance®® or transmittance,™
enhanced by the modification of the spectral line shape of
optical resonances. In many cases, for a practically applicable
signal modulation amplitude, the typical power densities
(fluences) of the switching radiation are tens to hundreds of
pJ/ecm?>+%% The important goal of designing energy-e [cieht
all-optical devices is therefore to reduce the pump radiation
fluence without causing dramatic losses in switching perform-
ance.”®>* One way is to harness the directional light scattering
by Mie-resonant nanoparticles, which is known to be used to
control the intensity of di[raction orders of a metasurface.”**?

In this paper, a new approach for subpicosecond low-energy
optical switching is introduced that involves ultrafast
modulation of the scattering diagram of meta-atoms
constituting a metasurface to control the intensity of its
dilraction orders. The transmission metasurface consists of
periodically arranged clusters of closely placed Mie-resonant
GaAs nanoantennas and acts as a dilraction grating that
dynamically redistributes light between dilraction orders
under optical pumping. A relaxation time of 1.2 ps and an
optically induced intensity modulation of di [raction maxima of
12—17% at a low pump fluence of 4 pl/cm? are measured
using time-resolved Fourier plane imaging microscopy.

I RESULTS AND DISCUSSION

Concept. A conceptual illustration of the ultrafast all-
optical control of metasurface resonant scattering is given in
Figure 1. The metasurface consists of a periodic stack of
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supercells, each of them containing several closely packed
semiconductor crystalline gallium arsenide (GaAs) particles of
di [erent sizes, which act as nanoantennas supporting Mie-type
resonances. In the X-direction, the period of the supercell stack
is large enough to observe several dilraction orders at a given
wavelength. GaAs particles are designed in a way that the
supercell forms a gradient phase profile of the scattered light
wave, increasing the intensity of light deflected into the
selected di [raction order. Figure 1a shows that the intensity of
light di[raction orders to the left (orders with the numbers m
< Q) is higher than that of dilraction orders to the right
(orders with the numbers m > 0). At the same time, in the
spectral region of the pump light, each particle of the supercell
maintains a magnetic dipole (MD) resonance, the wavelength
of which red-shifts as the particle size increases. When the
metasurface is irradiated with pump light, the particles with
dilerent sizes absorb dilerent amounts of pump energy,
depending on the detuning between the frequencies of the
pump radiation and MD resonances. Owing to the free-carrier
injection, this leads to a size-dependent transient modulation
in the refractive indices of the particle material and, therefore,
to a spectral shift of the MD resonances by a di[efent amount
depending on the particle size. As a result, the light scattering
diagram formed by the supercell changes under optical
pumping. For the probe beam incident on the metasurface,
the eledt manifests itself in the redistribution of light energy
between the dilraction orders (i.e., in the intensity change of
the selected di [raction order, see Figure 1b). The typical time
of intensity modulation is determined by free-carrier dynamics
and is usually several picoseconds for structured materials
based on widely used semiconductors and an order of
magnitude larger for bulk materials.®’
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Samples. In our study, we used a transparent metasurface
made of GaAs. The sample was made using the sequence of
standard nanofabrication methods such as molecular beam
epitaxy (MBE), electron beam lithography (EBL), and reactive
ion etching (RIE)."” First, using MBE, a thin crystalline GaAs
film (200 nm) was grown on the GaAs substrate with an
intermediate sacrificial AlGaAs layer. By the EBL method, we
created a negative resistive mask repeating the shape of initial
numerical design on top of the film and etched through it using
the RIE technique. Then, the structure was passivated by
atomic layer deposition (ALD) of the Al,O; film and
transferred to the SiO, substrate using transparent epoxy
glue, followed by removing the backside GaAs wafer by
polishing and wet etching methods. The detailed fabrication
procedure is described in Supporting Information, Section
SM1.

The scanning electron microscopy image of the metasurface
sample is shown in Figure 1c. Each supercell contains three
GaAs particles, which are 200 nm-height truncated square
pyramids embedded in an Al,O; cladding and covered by a 50
nm-thick AlGaO layer, as schematized in Figure 1d. The side
lengths of the particles are 95 + 5, 120 + 5, and 140 = 5 nm
for the upper edge and 125 + 5, 135 £+ 5, and 155 =+ 5 nm for
the base edge (see Supporting Information, Section SM2 for
details). In the X-direction, the period of the supercell stack is
3 pum. This allows the metasurface to act as a di [raction grating
in the wavelength range from 700 to 1000 nm. Along the Y-
axis, the period is 500 nm. The distance between the centers of
the supercell’s particles is 500 nm. The overall size of the
metasurface is 100 x 100 ym?. Each particle of the supercell
supports an MD resonance in the vicinity of a wavelength of
835 nm (Supporting Information, Section SM3).

The MD resonance provides a stronger electromagnetic field
confinement within the volume of the nanoparticles compared
to the electric dipole resonance. On the other hand, the
wavelength of 835 nm corresponds to the GaAs band gap,
ensuring e Lcieht absorption of light. Therefore, using MD
resonances at the proposed wavelength allows for a significant
reduction in the pump fluence while achieving noticeable
changes in the optical constants. Due to the high absorption,
the number of particles in the supercell was reduced to three to
increase metasurface transmission, while maintaining a period
su [cieht to achieve clear spatial separation of dilraction
orders.

Experimental Technique. We performed the experiment
using back focal plane imaging combined with a frequency
degenerated pump—probe technique based on a Ti:Sa
femtosecond laser (Figure 2a). The experimental setup is
detailed in Supporting Information, Section SM4. Pump and
probe laser pulses with a duration of 150 fs and X- and Y-
polarizations (aligned parallel and perpendicular to the larger
supercell period) were focused at the GaAs metasurface
(Figure 2b) to a 50-ym wide spot at angles of 3 and 0°,
respectively. Typical energy in the pump pulse was from 0.1 to
0.2 nJ, corresponding to a fluence of a few pJ/cm?, while the
energy of the probe pulse was 10 times lower. The transmitted
radiation was collected using an objective lens with NA = 0.9,
the images in the front and back focal planes (BFP) of which
were simultaneously analyzed. The typical BFP image is shown
in Figure 2c. Each point of the image represents the intensity
of light scattered by the metasurface at a certain angle. The
light intensities at the dilraction maxima are determined by
the scattering indicatrix of the single supercell along its long
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Figure 2. (a) Schematic of the pump—probe experiment combined
with back focal plane imaging microscopy. (b) Front focal plane
image of the metasurface used to align the probe and pump beams.
Inset is a SEM image of supercells. (c) Back focal plane image
showing light intensity of di[raction orders with m = 0, 1, and +2.
NA [nunierical aperture; BFP [hack focal plane.

side. We have observed several pairs of spots, the positions of
which are associated with dilerent dilraction orders. The
spots in each pair correspond to the pump and probe beams,
and the distance between them is determined by the di[efence
between their angles of incidence on the sample. Using a
pinhole placed in the intermediate BFP image, we can select
any di[racted probe beam and carry out separate spectroscopy
and pump—probe measurements.

Spectroscopy. The transmittance spectra of the metasur-
face measured for dilraction orders m = 0, =1 of the probe
beam in the absence of the pump beam are shown in Figure 3a.
Transmittance T is defined as the ratio of the intensity of the
di[racted light in the corresponding direction to the intensity
of the incident light. Three transmission dips are observed in
the spectrum of the zeroth-order dilrdction beam at
wavelengths of 770, 835, and 980 nm. Corresponding electric
and magnetic field distributions for the supercell are shown in
Figure S6 in Supporting Information, Section SM5. The right
spectral feature at 980 nm is attributed to dilraction on a
periodic array without a significant contribution from the
geometrical resonances of the nanoparticles. The left dip at
770 nm has a complex nature and is attributed to the interplay
between MD resonances of the nanoparticles, grating
resonance of the structure, and Fabry—Perot type mode
excited in the Al,O; passivation layer. The central dip at 835
nm corresponds to the MD resonance excitation in the GaAs
nanoantennas, as confirmed by numerical modeling. Below, we
focus on this spectral feature and consider it in more details.

For the transmission dip at 835 nm, an increase in the
intensity of the =1st dilraction orders reveals the directional
light scattering by the supercells, which leads to the partial
redistribution of light between the dilraction orders. The
maximum value of 8% of the incident intensity is observed for
the selected —1st di[raction order, while the intensity for the
+1st dilraction order is only 3%. The zeroth-order trans-
mission minimum of 48% is observed at the same wavelength.
The results are supported by the calculations (Figure 3b),
demonstrating qualitative agreement with the experiment.
Experimental BFP images obtained in the spectral interval
from 700 to 910 nm and normalized to the maximum intensity
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Figure 3. Experimental (a) and calculated (b) transmission spectra of three di[raction orders of the metasurface for the probe beam (the red curve
is Oth order, the blue curve is —1st order, and the green curve is +1st order). (c) Series of BFP images taken at di [efent wavelengths with a fixed
average probe power of 1 mW. Inset shows the intensities of the dilraction orders at wavelengths of 835 and 805 nm.
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Figure 4. (a) Experimental 3D map for relative photoinduced changes AT/T in transmittance for the —1st di[raction order as a function of the
wavelength and the pump—probe delay. (b) Slice of the 3D map at a fixed delay of 200 fs and a fluence of 4.5 pJ/cm?: AT/T values for the +1st
and Oth di [raktion orders as a function of the wavelength. (c) Slice of the 3D map at a fixed wavelength of 835 nm and a fluence of 4.5 pJ/cm?:
AT/T values for the +1st and Oth di [raction orders (solid curves) as a function of the pump—probe delay. The dashed curves are the result of a
single-exponential approximation. The pump femtosecond pulse is depicted by a gray shaded area. The inset shows an absolute change AT in
transmittance of the dilraction orders at a delay of 200 fs. (d) Experimental intensity modulation at a fixed delay of 200 fs and a resonance
wavelength of 835 nm: AT/T of the —1st di [raction order (dots) as a function of the pump fluence. The red curve is the result of an exponential
approximation. The inset shows the experimental 3D map of AT/T for the —1st di [raction order as functions of the pump fluence and the pump—

probe delay.

in each image are shown in Figure 3c. In the inset, two profiles
at 805 and 835 nm indicate the minimum and maximum levels
of the —1st order, respectively.

Pump—Probe Measurements. The relative photoin-
duced change AT/T in the intensity of the —1st dilraction
order is shown in Figure 4a as a function of the time delay and
the pulse wavelength for a pump fluence of 4.5 pJ/cm? The
maximum modulation amplitude strongly depends on the
wavelength and in the wavelength range from 830 to 840 nm
reaches 16%. The spectral dependence of the peak intensity
modulation of di[raction orders at a 200 fs delay is shown in
Figure 4b. The enhancement of the —1st dilraction order
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intensity is observed in the entire studied spectral range with
the maximum in the vicinity of an MD resonance wavelength
of 835 nm. For the zeroth order, the intensity suppression is
found only at the resonance wavelength, while outside the
resonance, the optical modulation is not detected. In turn, the
relative modulation of the +1st order is comparable in
magnitude to the modulation of the —1st order, but has a
nonmonotonic spectral dependence crossing zero and reaching
the negative value of —12% in the vicinity of a wavelength of
845 nm.

Figure 4c depicts ultrafast dynamics of AT/T at a resonance
wavelength of 835 nm for +1st and zeroth di[raction orders.
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Figure 5. Numerical simulations: (a) Scheme of the sample and propagating waves. (b) Absorption cross sections for various GaAs particles
forming the single supercell; the inset shows the density of free carriers generated inside each particle upon absorption of pump radiation at a
wavelength of 835 nm. (c—e) Scattering diagrams for the single supercell (multiplied by 5) (c) and 3 by 3 arrays of asymmetric (d) and symmetric

(e) supercells at a wavelength of 835 nm.

For all three beams, maximum modulation is obtained at
approximately 200 fs after the pump pulse, and then 1.2 ps
relaxation is observed for +1st, and 1.0 ps relaxation is
observed for zeroth, which are typical for the GaAs
subwavelength nanoparticles.®” The relative intensity variation
AT/T of the —1st dilraction order is positive and reaches
15%, while the modulation of the zeroth dilraction order is
negative with a maximum amplitude of about 3%. The e [edt of
the energy redistribution is clearly seen in the inset of Figure
4c¢, showing an absolute change in AT in the transmittance of
the orders at a 200 fs delay. The total increase in the intensities
of x1st orders is almost equal to the decrease in the intensity
of the zeroth order.

Finally, the maximum intensity modulation of the —1st
di[raction order versus the pump fluence is measured for the
resonance wavelength of 835 nm (Figure 4d). Saturation is
observed starting from a fluence of 5 uJ/cm?, which limits the
modulation amplitude AT/T to 15%. Nevertheless, we obtain
su [cieht intensity changes of several percents in dilraction
orders, even with very weak fluences as low as 1 pJ/cm?, that is
a few orders of magnitude less than in the case of ultrafast
modulation of the reflection coe Lcieht using semiconductor
metasurfaces.>”*? Detailed comparisons between the achieved
results and other works are provided in Supporting
Information, Section SM6. This result demonstrates flexible
control of the light intensity by the metasurface through
subpicosecond modification of the scattering diagram.

Simulations. To support the experimental results, we
performed numerical simulations using the FDTD method.
The sample consists of parallelepipedal 200 nm-height GaAs
particles with side lengths of 130, 140, and 160 nm and is
illuminated through the substrate by a plane wave with a
wavelength of 835 nm (Figure 5a). The nanoparticles are
covered by a 50 nm-thick AlGaO layer (Figure S3c). First, we
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calculated the electric field distribution inside the nanoparticles
at di[erent wavelengths corresponding to the positions of the
dips in the transmission spectrum of the metasurface. At a
wavelength of 835 nm, the field distribution has a vortex-like
shape typical of MD resonance (Figure S4). The field
concentrates more strongly inside the large particle. A decrease
in field localization with decreasing particle size is a result of
the growing detuning between the light wavelength and the
MD resonance.

We then calculated the absorption cross-section spectra of
the nanoantennas in the supercell (Figure 5b). The absorption
cross-section increases with growing particle size within the
spectral region under study, which correlates with increasing
field localization inside larger particles. This results in di [efent
concentrations of free carriers generated inside the nano-
antennas under pumping, which are calculated to be Ny 1
5.3 x 10"%m ™%, Nyegiym BB x 10%cm™, and Njyge [CIP X
10¥cm™3 for the small, medium, and large particles,
respectively, at a fluence of 4.5 pl/cm? and a wavelength of
835 nm (see Supporting Information, Section SM8 for details).
Knowing the concentrations, we can determine the changes in
the refractive index and absorption of the nanoparticle material
under pumping due to the free-carrier e [edt*® (see Supporting
Information, Section SM7 for details). Finally, the scattering
diagrams of the single supercell and the metasurface can be
calculated in the presence and absence of pump radiation.

Figure 5¢ shows scattering diagrams calculated for the single
supercell before (blue curve) and after (red curve) laser
pumping, generating free carriers with the concentrations
obtained above. Initially, the main scattering lobe deviates
from the normal due to the dilerent particle sizes in the
supercell. After pumping, the lobe slightly tilts to the right, and
the overall intensity of the scattered light increases. We
attribute the increase in intensity mainly to a decrease in
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absorption due to the saturation eledt, and the lobe tilt to
di[erent changes in the refractive index of the particles. Figure
5d shows scattering diagrams calculated for the 3 x 3 array of
the same supercells arranged as in the metasurface under study.
Scattering maxima are seen at angles of 0 and 16—21°,
corresponding to the zeroth and *1st dilraction orders at a
wavelength of 835 nm, respectively. Asymmetry in the
scattering pattern of the single supercell leads to an
enhancement of light scattering in one di[raction order and
to a suppression of light scattering in another di [raction order.
The injection of free carriers results in an increase in the
intensity of light scattered in all di [raction orders. The relative
change in intensity of the —1 di [raction order is approximately
17%, which is very close to the experimental value. The
scattering diagram for a 3 x 3 array of supercells formed only
by the large particles is shown in Figure 5e for comparison and
is symmetrical.

Discussion. The intensity of the scattered light in both
+1st and zeroth dilraction orders increases under pumping.
However, in the experiment, only —1st and +1st dilrattion
orders show intensity increases, while the zeroth order
demonstrates opposite behavior. This e[edt can be explained
by combining several phenomena in the following way. Since
the particles occupy only 8—10% of the metasurface, the
amount of light transmitted through the metasurface is
considerable. The total observed signal is the result of the
interference between transmitted W; and scattered W, waves
(Figure 5a). For the zeroth dilraction order, the numerical
model gives a ratio of the intensities of scattered and
transmitted light of 1, /1, [Gb. The total intensity in this
order is

F=1+ 1, + 2l x 1,co8(p, — @,)

where @, and @, are the phases of the transmitted and
scattered waves, respectively. Calculations show that the phase
dilerence @, — @, is close to m (see Supporting Information,
Section SM9). Thus, W, and W, interfere destructively in the
direction of the zeroth di[raction order. As the intensity of the
scattered light increases during laser pumping, the AT/T value
for the zeroth order is negative and is estimated by this
numerical model to be —4%, which is close to the
experimentally obtained value. For +1st dilraction orders,
the total light intensity increases because only the scattered
light waves propagate at the angles corresponding to these
dilraction orders. The obtained values of transmittance
modulation are in good comparison with those calculated
using direct FDTD simulations (see Supporting Information,
Section SM10). Changing the light wavelength leads to the
modification of both the scattering diagram and phase relations
between the transmitted and scattered waves.

Furthermore, we investigated polarization control within the
asymmetric metasurface structure. We demonstrated that the
distinct responses of polarizations parallel and perpendicular to
the supercell axis lead to dilerent resonance excitations and
transmission behaviors for radiation initially polarized along
the diagonal or circular states. The metasurface imposes phase
delays that dilerentially aledt the polarization components,
resulting in nonuniform variations of the azimuth and
ellipticity across the various dilraction orders. Specifically,
one dilraction order exhibits predominantly azimuthal polar-
ization changes under pumping, while another shows primarily
ellipticity modulation. In contrast, the zeroth di[raction order
experiences minimal polarization alteration, consistent with
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our earlier observation that most of the transmitted radiation
in this order remains essentially unchanged. A detailed analysis
of polarization control in the dilraction orders is provided in
Supporting Information, Section SM11.

I CONCLUSIONS

Subpicosecond all-optical control of light di [raction by novel-
designed nonsymmetrical semiconductor metasurfaces com-
posed of Mie-resonant GaAs nanoparticle clusters is
experimentally observed. The observed e[edt corresponds to
the femtosecond photoinduced generation of free carriers in
the GaAs nanoparticles, which leads to the change of the IR
scattering indicatrix and consequent reshaping of the metasur-
face di[raction e [ciehcy. This mechanism allows us to achieve
the optically induced modulation of the intensity of the
transmitted light in the m = 0, £1 di[raction orders, reaching
16% at a pump fluence as low as 45 pl/cm? with a
characteristic switching time of 200 fs and a relaxation time
of 1.2 ps. Results show an order of magnitude reduction in the
required switching energy compared to previous studies that
paves the way for new ultrafast low-power devices for e Lcieht
spatial light control.
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