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Abstract. We experimentally demonstrate modulation of reflectance in periodic arrays of
subwavelength gallium arsenide nanocylinders with Mie-type resonances due to absorption
saturation and changes in the refractive index of the semiconductor material of metasurface.
The intensity-dependent reflectance modulation of up to 30% in the vicinity of the magnetic
dipole resonance at a low laser fluence below 200 μJ/cm2 is shown by I-scan measurements.

1. Introduction
Phenomenon of saturable absorption of semiconductors is widely used in optical devices such
as semiconductor saturable absorber mirror (SESAM) [1]. These devices have become a key
component of ultrafast passively mode-locked and Q-switched laser sources [2, 3]. The saturation
of optical absorption was demonstrated in different materials and systems such as plasmonic
nanocomposites [4, 5]. Recently, semiconductor nanoparticles and metasurfaces with Mie-type
resonance have proven themselves as potentially useful for nanophotonic applications [6, 7]. This
happened since they possess completely new properties in comparison with bulk materials [8, 9]
and reveal enhanced interaction with electromagnetic radiation [10, 11]. The dielectric
metasurfaces also demonstrate low absorption losses as compared to plasmonic structures. In
this work, we experimentally demonstrate the intensity-dependent reflectance modulation of
femtosecond laser pulses in GaAs nanocylinders samples that exhibit the Mie-type resonances.
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Figure 1. (a) A scanning electron microscope image of the GaAs metasurface. (b) Reflection
spectra of the GaAs nanocylinders sample with a magnetic dipole (MD) resonant peak
at λ ∼ 880 nm for p- and s-polarization of the incident laser radiation at θ = 12◦.

2. Results and discussion
2.1. Metasurface sample
The samples are periodic arrays of GaAs nanocylinders with silica caps on top, nanocylinders
situated on AlGaO nanocylinders that are situated on a bulk GaAs substrate (Fig.1(a)). The
metasurface was fabricated using a previously published procedure [11, 12]. The diameter and
height of the nanocylinders are 200 nm and 300 nm, respectively, the diameter-to-pitch ratio
is 0.5, and the height of the AlGaO nanocylinders is also approximately 300 nm. Measured
reflectance spectra of GaAs nanocylinders arrays at θ = 12◦ are close to the normal angle of
incidence and exhibit peaks both for p- and s-polarized light that correspond to the magnetic
dipole (MD) resonance at the same wavelength in the near infrared (Fig.1(b)). The MD
resonance for p-polarized light shifts to the long-wavelength range as the angle of incidence
is increased.

2.2. I-scan measurements
We measure the intensity of femtosecond laser pulses that are reflected from the GaAs
metasurface using I-scan measurements in reflection geometry. The wavelength λ = 830 nm is set
not far from the bandgap of GaAs (λ = 870 nm) to maximize the effect of absorption saturation.
This laser radiation generates electron-hole pairs due to the single photon absorption processes.
The free carrier plasma affects the complex dielectric permittivity; the intensity-dependent
reflectance is detected at the normal angle of incidence. The GaAs sample shows the enhanced
modulation order of magnitude larger in comparison with the GaAs substrate (Fig.2(a)). The
reflectance coefficient as a function of the incident laser intensity for the GaAs nanocylinders
sample is indicated by black dots and for the substrate by blue dots. We demonstrate intensity-
dependent laser pulse modulation of up to 30% in the vicinity of the magnetic dipolar resonance
at a low pump fluence below 200 μJ/cm2. We found excellent agreement of the experimental
results with fullwave simulations that use a model with changes in the complex dielectric
permittivity induced by free carriers.
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Figure 2. (a) Reflectance coefficient as a function of the incident laser intensity for the GaAs
nanocylinders sample (black dots) and for substrate (blue dots). (b) Different contribution to the
changes in extinction coefficient as a function of the incident laser intensity for the GaAs material
induced by free carriers: BF – bandfilling contribution, BS – bandgap shrinkage contribution,
Dt – Drude term and Total contribution (Total=BF+BS+Dt).

2.3. Reflectance modulation mechanism
The laser radiation generates electron-hole pairs due to the single photon absorption processes
and this leads to the changes in the complex dielectric permittivity. We provided the full-wave
simulations with different changes in complex refractive index and find out that reflectance
modulation occurs mainly due to changes in extinction coefficient. These changes are determined
by three contributions [13] and total change become negative:

Δκ = ΔκBF +ΔκBS +ΔκDt < 0, (1)

where the indexes of ΔκBF,BS,Dt correspond to BF – bandfilling contribution, BS – bandgap
shrinkage contribution, Dt – Drude term and Δκ is the total changes: Total=BF+BS+Dt. The
main contribution to the total change is made by the bandfilling. The reflectance spectrum of the
GaAs metasurface is strongly modified under intense laser radiation due to the high sensitivity
of Mie-type resonance to material parameters.

3. Conclusions
In conclusion, we have experimentally demonstrated intensity-dependent reflectance modulation
of the laser pulse in subwavelength GaAs nanocylinders exhibiting localized Mie-type resonances.
The modulation of reflectance coefficient is up to 30% and occurs under free carriers generation
at a low laser fluence below 200 μJ/cm2. The reflectance modulation mechanism is complex and
is determined primarily by absorption changes due to bandfilling effect.
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