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ABSTRACT: Saturable optical elements lie at the cornerstone of
many modern optical systems. Regularly patterned quasi-planar
nanostructuresmetasurfacesare known to facilitate nonlinear
optical processes. Such subwavelength semiconductor nanostructures
can potentially serve as saturable components. Here we report on the
intensity-dependent reﬂectance of femtosecond laser pulses from
semiconductor metasurfaces with Mie-type modes, caused by the
absorption saturation. Arrays of GaAs nanocylinders with magnetic
dipole resonances in the spectral vicinity of the GaAs bandgap
demonstrate a reduced saturation intensity and increased selfmodulation eﬃciency, an order of magnitude higher than bulk
GaAs or unstructured GaAs ﬁlms. By contrast, the reﬂection modulation is shown to be negligible in the CW regime for the
same average intensities, indicating that the process is not the result of temperature eﬀects. Our work provides a novel idea for
low-power saturable elements based on nonthermal nature of saturation. We conclude by devising a high-quality metasurface
that can be used, in theory, to further reduce the saturation ﬂuence below 50 nJ/cm2.
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of scatterers such as metasurfaces with tailored linear22 and
nonlinear23−25 responses have been demonstrated for the
enhanced second-harmonic26−30 and third-harmonic generation,31−33 nonlinear wavefront engineering,34 optical switching35−37 and other nonlinearities, exceeding those of the
constituent bulk materials. While plasmonic metasurfaces yield
low nonlinear eﬃciencies, a more reassuring tendency was
established with all-dielectric metasurfaces38−40 being practically lossless and thus capable of tolerating high-power ﬂuence.
Arrays of high-refractive-index dielectric nanoantennas also
enable electromagnetically induced transparency41 or can be
used as almost perfect reﬂectors due to extremely low
absorption losses.42 GaAs was proposed as a constituent
material for metasurfaces with Mie-type resonances43 that
improved second-harmonic generation44,45 and allowed for
eﬃcient all-optical tuning.46 However, the beneﬁts of Mie-type
resonances for saturation eﬀects have not been investigated yet.
In this letter, we experimentally demonstrate the selfmodulation of femtosecond laser pulses due to the absorption
saturation eﬀect in semiconductor metasurfaces excited at their

hen a semiconductor is illuminated by photons with
energies, ℏω, exceeding its bandgap, Eg, an electron−
hole plasma is generated. If ℏω ≳ Eg, the states near the
bandgap edge become rapidly occupied, preventing light from
further absorption. This nonlinear optical phenomenon is
widely known as saturable absorption (SA), the basis of many
modern passively mode-locked and Q-switched lasers1−3 as
well as of nonlinear ﬁltering and optical signal processing
solutions.4,5 Diﬀerent devices and materials are used as
saturable absorbers: direct-gap semiconductors, especially
those of group III−V,6−8 thin layers of carbon nanotubes
(CNT),9−11 graphene,12−14 semiconductor saturable absorber
mirrors (SESAMs),3,15,16 and quantum dots.17−19 The
saturation intensity of light Is at which the extinction
coeﬃcient is reduced by a factor of 2 is an important
parameter that determines the operation intensity of a
saturable-absorber-based laser; in particular, low-Is saturable
optical components may lead to low-power, small-footprint
femtosecond laser sources.
Nanostructured materials reduce the power requirements for
many nonlinear optical processes. For example, ultrathin
nanostructures either in the form of isolated nonlinear
resonant nanoantennas20,21 or densely packed periodic arrays
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fundamental Mie-type resonances. The intensity-dependent
reﬂectance of femtosecond laser pulses with a photon energy of
ℏω ≈ 1.05Eg is observed in ordered arrays of subwavelength
GaAs nanocylinders. The eﬀect strongly depends on the
diameter of the nanocylinders, reaching absolute reﬂectance
modulation of up to 0.15 for a metasurface excited at the
spectral vicinity of its magnetic dipole (MD) Mie-type
resonance, as opposed to ∼0.01 for bulk GaAs. We observe
an increased self-modulation and a decrease in Is for the
resonant metasurfaces by more than 1 order of magnitude with
respect to the unstructured GaAs ﬁlm and bulk GaAs.
Furthermore, we verify that thermal eﬀects play a negligible
role in the saturation mechanism by comparing the fs-pulse
measurements to those obtained in the continuous wave (CW)
regime under the same average laser power. The underlying
principles of operating the metasurface as a saturable absorber
are conﬁrmed by rigorous full-wave simulations with a freecarrier density-dependent complex refractive index. We also
numerically demonstrate that a high-quality metasurface
provides a large modulation depth of up to 50% at low
ﬂuences down to 50 nJ/cm2. The studied metasurfaces may
become a powerful tool for designing novel saturable elements
in nanophotonic devices.

■

RESULTS
Concept and Samples. The main idea of the experiment
is demonstrated in Figure 1. The metasurface with active
elements in the form of GaAs nanocylinders is illuminated by a
femtosecond pulse train; the reﬂected intensity is measured. As
the intensity of the incoming pulses increases, the states in the
conduction band (the upper energy states) get populated and
the states in the valence band (the lower energy states) get
depleted, thus eventually blocking any further light absorption,
see regions (1), (2), and (3) in Figure 1. Optical properties of
metasurfaces at the wavelength in the spectral vicinity of their
intrinsic resonances are sensitive to the carrier concentration,
since it aﬀects the complex refractive index of the constituent
material. The increase of carrier population manifests itself as a
nonlinear increase in reﬂectance of the resonant metasurface
with increasing illumination intensity, which we observe both
experimentally and numerically.
The metasurfaces were fabricated using the recently
published procedure43,44,46 that includes etching of GaAs/
AlGaAs heterostructures through a SiOx mask to create
nanopillars, and subsequent wet oxidation of an AlGaAs
layer to AlGaO with a low refractive index. The pillars were
located on a bulk GaAs substrate that was used for reference
measurements. Moreover, the results were compared with the
measurements obtained by a three-layered (SiOx/GaAs/
AlGaO) part of an unstructured sample on a GaAs substrate
(for more details see Supplementary Note S1).
The dimensions of the metasurfaces series were as follows:
the diameters varied from d = 140 to 480 nm, the duty cycle
(the ratio of the nanocylinder diameter to the array pitch) was
0.4 or 0.5, the height of the GaAs cylinders was h = 300 nm,
the AlGaO layer thickness was 330 nm, the SiOx cap thickness
was 200 nm. The scanning-electron microscopy images of
typical structure of the metasurface are shown in the inset of
Figure 2a. For the oblique-view image, the brighter areas in the
center of the cylinders correspond to GaAs with a higher
refractive index than that of the SiOx and AlGaO layers.
Metasurfaces with the spectral position of Mie-type
resonances close to the edge of the GaAs bandgap were

Figure 1. A self-modulation eﬀect in resonant GaAs nanocylinders.
Black curve and dots show the modulation mechanism of reﬂectance
via the absorption saturation eﬀect demonstrated by three regions:
(1) low intensity with linear absorption, the middle region (2) when
the generated carriers change the parameters of the medium thus
modifying the reﬂectance, and (3) with high intensity when the
medium can no longer absorb the input illumination due to Pauli
blocking.

chosen in order to eﬃciently utilize the interband transitions
and saturate the absorption in GaAs (at room temperature the
energy gap Eg = 1.42 eV or about 870 nm). Figure 2a shows
the measured reﬂectance spectra of a metasurface sample with
d = 195 nm, exhibiting a resonant behavior of the metasurface
for s-polarized light at diﬀerent angles of incidence. To identify
the nature of the observed resonances, numerical simulations
using the ﬁnite-diﬀerence time-domain (FDTD) method were
performed. In Figure 2b the reﬂectance spectrum of the
metasurface shows a peak corresponding to the MD mode of
the GaAs nanocylinders. The analysis of the local ﬁeld maps
within the GaAs nanocylinder reveals the presence of an ED
resonance in the vicinity of the MD resonance; however, the
amplitude of the former is much smaller than that of the latter.
The local electric ﬁeld distribution at a wavelength of 875 nm
presented in the inset of Figure 2b displays a characteristic MD
resonance proﬁle in high-index nanoparticles.47,48 The
reﬂectance spectra did not exhibit apprehensible sensitivity
to the polarization of light at normal incidence. The
experimental angular dependences in Figure 2a and corresponding simulations (for angles up to 60 degrees please refer
to Supplementary Figure S2e) show that the spectral position
of the MD mode does not signiﬁcantly depend on the angle of
incidence for s-polarized light in the studied range of angles.
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scan (I-scan) measurements in order to demonstrate
reﬂectance tuning in metasurfaces.52,53 The setup is schematically shown in Figure 3a. Femtosecond pulses from a
Ti:sapphire laser with a repetition rate of 80 MHz were
focused into a spot ≈20 μm in diameter. I-scan experiments
were performed at λ0 ≈ 830 nm with a pulse spectral full width
at half-maximum of 40 nm, a pulse duration of 60 fs, and spolarized light. We chose the laser wavelength λ0 ≈ 830 nm as
a pump since ℏω0 > Eg, so that the linear absorption is still
signiﬁcant for the pump wavelength. At the same time, the
Mie-type resonances of the metasurfaces were eﬃciently
excited in this wavelength range. Signiﬁcant variations in the
optical response of the metasurfaces due to the sensitivity of
the Mie-type resonance to the complex refractive index of the
semiconductor that changes under photoinjection of electron−
hole pairs are expected.
Here we concentrate on the metasurface with d ≈ 195 nm
exhibiting the MD resonance at λMD ≈ 880 nm. The
reﬂectance was measured as a function of the peak intensity.
Figure 3b,c shows nonlinear behavior and a considerable
increase in the reﬂectance of the metasurface (black dots) with
increasing incident peak intensity. Compared to the bulk GaAs
substrate (blue dots in Figure 3b), the reﬂectance change is
enhanced by more than an order of magnitude for the
metasurface. Solid curves of the corresponding colors are the
numerical ﬁts to the phenomenological model discussed below.
The red dashed line denotes the Is parametera characteristic
intensity at which the nonlinear addition to reﬂectance is half
its maximum value. The shaded area at high intensities in
Figure 3b corresponds to the estimated intensity range above
the irreversible damage threshold for the metasurface (see
Methods for detailed information).
We performed I-scan measurements for the metasurfaces
under CW illumination for the same central wavelength and
the same range of average intensities in order to demonstrate
that the increase in the reﬂectance cannot be caused by
temperature change and primarily results for the free-carrier
generation (red dots in Figure 3c). The I-scan measurements
were carried out at a small angle of incidence θ (detector
position 2 in Figure 3a) to increase the amount of signal. The
intensity dependence of the reﬂectance coeﬃcient in the CW
mode shows a constant behavior with a small decrease, which
we attribute to the instability of the laser in the CW regime and
reﬂectivity changes due to sample heating. The schematic
images of the bandgap in two cases are shown in the inset of
Figure 3c. The linear regime demonstrates absorption under
CW illumination and under low-power femtosecond (FS)
pulses and shows the possibility absorption in the linear
regime. The nonlinear regime obtained for high-power FS
pulses illustrates the population of the states close to the
bandgap due to injected free-carriers which leads to
pronounced reﬂectance changes.
Figure 4a shows the data on the reﬂectance tuning for four
metasurfaces with cylinders of various diameters ranging from
largest (i) to smallest (iv). An I-scan trace for the substrate (s)
is also shown. Signiﬁcant reﬂectance changes are only observed
for the resonant metasurface. The respective experimental
reﬂectance spectra at normal incidence are displayed in Figure
4b by solid curves; the dotted curves correspond to
numerically simulated spectra. In the case of the smallest
cylinder diameter (iv) the Mie-type resonances are located in a
shorter-wave range, but, due to the absorption of GaAs, it has a

Figure 2. Reﬂectance spectra of the metasurface for s-polarized
incident light. (a) Experimental angular dependence of the reﬂectance
spectrum from 12° (red curve) to 60° (navy blue curve) incidence
angle and a typical excitation laser spectrum used in the experiments
(gray area). Inset: a scanning-electron micrograph of the samples: the
top-view for the samples with d = 195 nm and the oblique-view for
the d = 400 nm fabricated on the same chip. In the oblique-view
image, the brighter areas in the center of the cylinders correspond to
the GaAs layer. Scale bars are 1 μm. (b) A simulated reﬂectance
spectrum at 0° (black curve) and 12° (red curve) incidence angle for
the metasurface with the following parameters: the period of the
structure is 385 nm, and the diameter is 196 nm. Inset: the local
electric ﬁeld map at 875 nm. The GaAs bandgap is at 1.42 eV (∼870
nm).

However, this is not the case for p-polarized light
(Supplementary Figure S2), which indicates a certain degree
of coupling between the nanocylinders.49 The experimental
data are in good overall agreement with the numerical
simulations. All experimental spectra of the metasurfaces
have a feature at λ = 880 nm that is attributed to the peculiarity
of GaAs refractive index dispersion near its bandgap,50,51 which
was not taken into account in the simulations. The samples
with smaller diameters were also studied and shown to have
the MD mode at the wavelengths shorter than the absorption
edge of GaAs. As demonstrated below, the resonances have
low-quality factors due to the interband absorption in GaAs.
Experimental Demonstration of Saturation in GaAs
Metasurfaces. We performed the open aperture intensity
2799

DOI: 10.1021/acsphotonics.9b00842
ACS Photonics 2019, 6, 2797−2806

ACS Photonics

Article

Figure 3. Experimental self-modulation reﬂectance tuning of the GaAs metasurface. (a) Setup for I-scan measurements: the reﬂectance is measured
as a function of incident power. (b) Experimentally measured power-dependent reﬂectance for the metasurface (black dots) and for the substrate
(blue dots; values are multiplied by 1.65 for better visibility) under femtosecond (FS) illumination at normal incidence. The metasurface has the
following parameters: the period of the structure is 385 nm and the diameter of the cylinders is 196 nm. Solid curves of the corresponding colors
are numerical ﬁts to eq 1; the red dashed line corresponds to the saturation intensity Is. The shaded area indicates the range of the irreversible
damage. (c) Intensity-dependent reﬂectance for the metasurface under FS (black dots) and continuous wave (CW) (red dots) illumination at θ =
12°. The inset illustrates the GaAs bandgap in the following cases. The left panel stands for both CW and low-intensity FS modes, where the bandedge states are unsaturated and the regime is linear. The right panel stands for the population of the band-edge states at a higher intensity in the FS
mode; here, the states are saturated and the regime is nonlinear.

saturation curve, thus the Is value is beyond the experimental
range and cannot be unambiguously determined from the ﬁt.
We can conclude that the Mie-type resonances for three
metasurfaces with larger diameters have appropriate spectral
positions with respect to the laser wavelength used. Comparing
dR/dI|I≈0 also indicates that these metasurfaces are an order of
magnitude more sensitive to the incident illumination than the
nonresonance metasurface and bulk GaAs (see Figure 4a).
We see two possible explanations to the enhanced saturation
observed in resonant metasurfaces. First, the local electromagnetic ﬁeld is enhanced at Mie-type resonances, providing
higher free carrier (FC) generation rates for the same intensity,
if compared to the bulk semiconductor. Second, the reﬂectance
spectrum is sensitive to the FC concentration, and, therefore,
to the incident power. Judging from the local ﬁeld distribution
in Figure 2b, the overall intensity enhancement within the
nanocylinders is quite subtle, by a factor of <1.5, which cannot
make up for the observed saturation. Therefore, here, we
attempt to reconstruct the saturable behavior of the
metasurfaces by modeling the FC response of the semiconductor.
Principle of Charge-Induced Changes in GaAs
Metasurfaces. The observed modulation of the reﬂection is
caused by three mechanisms of refractive index modulation in
GaAs:54

low-quality factor and becomes almost nonresonant, as in the
case of the substrate (purple curve).
Saturation Model. The I-scan traces exhibit a typical
saturable behavior. Before discussing the microscopic origins of
saturation in metasurfaces, we construct a phenomenological
model for experimental curves that saturate as a function of
intensity I:
R(I ) = R1 −

ΔR
1 + I /Is

(1)

where ΔR = R1 − R0 is the reﬂectance modulation, R1 is the
reﬂectance at high intensities (I ≫ Is), R0 is the linear
reﬂectance for close-to-zero intensity, I is the input intensity,
and R(I) is the intensity-dependent reﬂectance. Such dependence provides an excellent description of the experimental data,
as shown in Figure 3b and Figure 4a by solid curves and dots
(model and experimental results, respectively). The curves
were obtained by ﬁtting this model to experimental data and
the Is parameter for each of the resonant samples was
determined. The Is parameter characterizes how sensitive the
metasurface is to the incident illumination: the smaller the Is
parameter, the less energy is needed to saturate the system and
to change the reﬂectance signiﬁcantly. The slope dR/dI at
about I ≈ 0 can also be used to characterize the nonlinear
behavior and the eﬃciency of the reﬂection modulation.
Below, we compare Is and dR/dI|I≈0 that were experimentally
measured.
The values obtained from the ﬁt for the resonant case are Is
= 1.1 GW/cm2 for sample (i), 1.3 GW/cm2 for sample (ii),
and 1.6 GW/cm2 for sample (iii), as shown in Figure 4a. In the
cases of nonresonant sample (iv) and substrate (s) in Figure 4,
the measured data corresponds to the beginning of the

Δn = ΔnDT + ΔnBF + ΔnBS
Δϰ = ΔϰBF + ΔϰBS + ΔϰDT < 0

(2)

where Δn and Δϰ are changes in the real and imaginary parts
of the GaAs refractive index, respectively, and the indices DT,
BF, and BS denote the three terms: Drude term, bandﬁlling,
and bandgap shrinkage (renormalization). These terms can
2800
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Figure 4. (a) Experimental I-scan traces (dots) and their best
numerical ﬁts (curves) for diﬀerent metasurfaces (i)−(iv) with
diameters of 250, 238, 196, and 140 nm, respectively, and the GaAs
substrate (s). Note that the multiplication coeﬃcients are introduced
for clarity, and ﬁtting was performed before they were applied to the
data. The Is parameter, measured in GW/cm2, and the slope dR/dI|I≈0
are the values obtained from the ﬁtting procedure. (b) Corresponding
reﬂectance spectra and the femtosecond pulse spectrum (gray shaded
areas). The three upper graphs refer to the samples (i)−(iii) with the
spectral position of Mie-type resonances in the vicinity of the laser
illumination. The solid and the dotted curves correspond to the
experimental and numerically simulated spectra, respectively.

Figure 5. Simulations. (a) Reﬂectance as a function of the incident
beam power for the metasurface (iii) with period of the structure of
385 nm and cylinder diameter of 195 nm. Inset: Changes in refractive
index and extinction coeﬃcient. (b) Dominant eﬀects: bandﬁlling
(BF) and bandgap shrinkage (BS) and the total contribution to
changes in real and imaginary parts of refractive index as a function of
the incident beam power. (c) Unperturbed reﬂectance spectrum
(black curve), the reﬂectance spectrum with changed Δϰ and Δn
under free-carriers generation induced at ∼3 GW/cm2 (red curve),
the reﬂectance spectra with changes only in Δn or Δϰ in blue and
green curves, respectively.

lead to both positive and negative contributions to the real part
of the refractive index n and to negative contributions to the
extinction coeﬃcient ϰ. We carried out FDTD simulations of
the reﬂectance spectra in order to demonstrate that
metasurfaces with Mie-type resonances in GaAs nanocylinders
are much more sensitive to low-power laser stimulation than
nonresonant structures or bulk materials and can reveal
nonlinear behavior as saturable optical absorbers caused by
injected FCs. Reﬂectance spectra of the metasurface are
calculated with the dielectric function of GaAs modiﬁed by the
corresponding changes in the refractive index for diﬀerent
incident power values according to eqs 2 (see Methods for
detailed information). Simulated reﬂectance at 830 nm is
plotted in Figure 5a as a function of the incident beam power
along with the corresponding changes in the refractive index in
the inset. The nonmonotonic behavior of Δn and Δϰ as
functions of incident power is demonstrated in Figure 5b by
dashed and solid curves, respectively. There are both negative
and positive values of Δn(I) leading to the blue and to the red
shifts of the resonance, respectively. The advantage of
operating with photon energy larger than the bandgap is the
presence of absorption, which allows to obtain signiﬁcant
changes in the imaginary part of the refractive index in addition
to the changes in the real part due to FC injection. The
dominant contributions to the change in the extinction
coeﬃcient are BS and BF, the contribution of DT is more
than 20 times smaller compared to BF and it will not be taken
into account. We performed full-wave numerical simulations of
the metasurface response for four cases to show how the

resonance is modiﬁed under FC generation. The ﬁrst case is
the equilibrium state of the metasurface with the complex
dielectric permittivity function of GaAs from Palik dispersion
data,55 as shown in Figure 5c and Figure 2b by a black curve.
The second one (red curve in Figure 5c) is the same data of
the complex dielectric permittivity of GaAs but with the added
changes in refractive index and extinction coeﬃcient
determined by FCs induced at 3 GW/cm2 of input intensity
(estimated plasma density of N ≈ 5 × 1018 cm−3). The other
cases include the changes added either in refractive index or in
extinction coeﬃcient in blue and green curves, respectively.
Figure 5c demonstrates that in our case the reﬂectance
increases mostly due to the decrease in absorption. We also
veriﬁed that changes in complex dielectric permittivity in the
GaAs substrate did not aﬀect the reﬂectance spectrum of the
metasurface under pump illumination. It can be concluded
therefore that the metasurfaces under study show saturation of
reﬂectance due to saturation of absorption in its GaAs
nanocylinders.
2801
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Figure 6. Simulations. (a) Reﬂectance as a function of the induced free-carriers concentration for the high-Q metasurface in a logarithmic scale.
Inset: An array unit of the high-Q metasurface (see Methods for the exact dimensions). Red arrows indicate several estimated corresponding pump
ﬂuences. (b) Unperturbed reﬂectance spectrum R0 (black curve) and the reﬂectance spectrum RN (red curve) with changed Δn and Δα according
to a free-carrier concentration of N = 7.4 × 1016 cm−3 at the energy E0 in the vicinity of the bandgap edge Eg.

■

real applications. However, we ﬁnd this design especially
attractive for a laser system that requires ultralow power
operation. A comparison of GaAs metasurface saturable
absorbers with other types of saturable absorbersincluding
SESAMs, carbon nanotubes, nanoparticles, and grapheneis
included in the Supplementary Note S3.
In summary, we have designed and fabricated nonlinear
metasurfaces that show pronounced reﬂectance saturation
owing to absorption saturation in Mie-resonant GaAs nanoparticles resonances. The observed self-modulation of femtosecond laser pulses in resonantly excited metasurfaces was
typically an order of magnitude higher than in bulk GaAs or in
an unstructured GaAs ﬁlm. The comparison of self-modulation
in the femtosecond regime and the CW regime under the same
average intensities obviously indicates the nonthermal nature
of self-modulation. We attribute the reﬂectance increase to
free-carrier-induced changes mainly in the imaginary part of
the refractive index, as revealed by full-wave numerical
simulations. The main achievement of the presented work is
in the demonstration of decreased Is parameter and increased
self-modulation eﬃciency for the resonant semiconductor
metasurfaces. We expect a picosecond time scale operation of
such reﬂectance modulation device.46 Additional numerical
simulations show that symmetry-broken metasurfaces allow to
achieve a saturable absorber with signiﬁcantly improved
characteristics, such as very low saturation ﬂuence and high
modulation depth. These metasurfaces can serve as ultracompact saturable absorbers and can become backbones for
novel photonics devices, for example, low-threshold pulsed
laser sources or optical noise ﬁlters.

DISCUSSION
Resonant metasurfaces reveal strong nonlinear behavior of
reﬂectance and low Is values. Furthermore, comparing to
previous ﬁndings, the operating ﬂuences of GaAs metasurfaces
are much lower than those needed in metallic56,57 or siliconbased36,58 metasurfaces; for example, in sample (iii) the
observed relative reﬂectance change is 0.3 at a ﬂuence of 140
μJ/cm2 (2.3 GW/cm2). However, the quality factors (Q) of
the metasurfaces under study were kept at very modest values;
below, we show that the use of high-Q resonances can lead to
an even more drastic reduction of Is.
Breaking a certain symmetry in the plane of metallic and
dielectric structures can lead to resonances with very high Qfactors.59−62 We chose the nanodisk with a hole shifted from
the disk center along the diameter as an elementary unit of our
high-Q metasurface with a Q-factor about 500, as shown in the
inset of Figure 6a (see Methods for the exact dimensions).
Such a system is mirror-symmetric, where the input linear
polarization is unchanged upon reﬂection, which is essential for
laser applications. Simulated reﬂectance at the energy E0 ≳ Eg
is plotted in Figure 6a as a function of the induced free-carriers
concentration in a logarithmic scale. The value of E0 was
chosen very close to the bandgap edge, to attain absorption
small enough to exhibit the high-Q resonance, but not zero, to
obtain the contribution from absorption change. Under
nonperturbative intensities, the absorption coeﬃcient is α0 =
129 cm−1, and the refractive index is n0 = 3.5932. In Figure 6a,
the reﬂectance dependence demonstrates a typical behavior of
a saturable absorber. The saturation eﬀect is present only for
one of the linear polarizations (see Methods for the detailed
information). The characteristic pump ﬂuences needed to
inject the corresponding amount of free-carriers are marked by
red arrows and show that one needs only 50 nJ/cm2 to achieve
more than 50% of modulation depth with respect to R0. Under
a free-carrier density N = 7.4 × 1016 cm−3 at the energy E0, the
refractive index and absorption coeﬃcient are reduced by Δn =
−5.7 × 10−3 and Δα = 21. This leads to the shift and increase
of R0 up to RN, as shown in Figure 6b by black and red curves,
respectively (see Methods for detailed information). There is a
certain roll-oﬀ in reﬂectance at higher ﬂuences Fp > 90 nJ/cm2
associated with the bandgap shrinkage eﬀect, which leads to
Δα > 0, and we also expect a fairly low damage threshold. This
puts some limitation on the operating power range and thus
restricts, for example, the laser pulse energy and its stability in

■

METHODS
Nonlinear-Optical Measurements. We used femtosecond laser pulses from a Ti:sapphire laser (Coherent Micra
5) with an average output power of 250 mW and a repetition
rate of 80 MHz for I-scan measurements. The laser
illumination passed through a variable density ﬁlter to control
the incident power on the sample in the range from 0.01 to 40
mW, a broadband half-wave plate to set the polarization
(spectral range 600−1100 nm) and a Glan−Taylor prism. The
mutual position of the plate and prism can also be used to
control the incident power. In the experiment, reﬂectance was
measured instead of transmittance because of the thick and
opaque GaAs substrate. A nonpolarizing beamsplitter and a
2802
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where ΔαBF,BS(E,N) is the absorption modiﬁcation from eqs 3
and 4 for photon energies E, and “PV” denotes the principal
value.
Changes in the real refractive index due to the intraband
free-carrier absorption can be written via the Drude model as
follows:

photodiode were used in position 1 as shown in Figure 3 in
order to be able to measure under normal incidence. Position 2
of the photodiode was used for angular-dependent reﬂectance.
The I-scan measurements for CW illumination were also
carried out under non-normal incidence angle θ = 12° to
increase the amount of signal that is otherwise lost on multiple
reﬂections from the beamsplitter. The laser pulses were
focused at the sample onto a spot with a diameter of ≈20
μm by a lens with a focal length of f = 45 mm. The sample was
placed on a three-coordinate translation stage. The setup also
allowed to use it for z-scan experiments by moving the sample
along the optical axis of the focusing system (for more details
see Supplementary Note S1). The wavelength of the pulse
train is at wavelengths that were close enough to the bandgap
of GaAs to generate a large number of free carriers and beneﬁt
from the Mie-type resonance of the sample. We obtained
values for the damage threshold by gradually increasing the
ﬂuence and decreasing it back to the initial value. If, after a
certain ﬂuence, the reﬂectance of the metasurface decreased in
comparison to the initial one, and did not recover minutes
after the laser beam was blocked, then this ﬂuence value was
taken as the damage threshold.
Calculations of Charge-Induced Complex Refractive
Index. We estimated the carrier-induced changes in refractive
index for GaAs by taking into account three carrier eﬀects:
bandﬁlling, bandgap shrinkage, and the Drude term. The
bandﬁlling-induced change in absorption for photon energies
of E ≥ Eg under the parabolic band assumption54 is
ΔαBF(E , Ne,h) =

C
E − Eg [fv (Ea) − fc (Eb) − 1]
E

ij e 2λ 2 yzl
o
o
m1/2 + mlh1/2 |
o
o Ne
ΔnD(N , E) = −jjj 2 2 zzzo
+ Nh hh
m
}
3/2
3/2 o
j 8π c ε n zo m
mhh + mlh o
0 {n e
k
~

(7)

where me, mlh, and mhh are the eﬀective masses of electrons,
light holes, and heavy holes, respectively, n0 is the index of
GaAs, and ε0 is the permittivity of vacuum. We estimate the
density of injected FCs as N = EA0/(EpumpVNd), where E is the
pulse energy, A0 is the small signal absorptance, Epump = E0 =
1.42001 eV, V is the GaAs cylinder volume, and Nd is the
number of GaAs cylinders.
Numerical Simulations. We used the commercial
software package Lumerical FDTD solutions for the numerical
simulation of the nonlinear reﬂectance behavior of GaAs
metasurface; we applied periodic boundary conditions and
plane wave excitation from the top. The dimensions of the
structure were as following: the period of the structure was
635, 480, 385, and 280 nm for (i)−(iv) metasurfaces,
respectively; the SiOx cap was 200 nm in height, the GaAs
nanocylinder was 300 nm in height, the AlGaO layer is 330 nm
in height, and the diameter of the whole pillar was taken to be
250, 238, 196, and 140 nm for (i)−(iv) metasurfaces,
respectively. The discrepancy between the diameter taken
from the scanning-electron microscopy images and the one
used in simulations may be due to the deviations of the
fabricated pillars from a perfect cylindrical shape. For these
simulations, we took dispersionless refractive indices of 1.6 and
1.45 for AlGaO43 and SiOx, respectively. For the complex
dielectric permittivity function of GaAs we use experimental
data from Palik,55 to which we added the changes caused by
induced dense e−h plasma. The AlGaO oxide pedestal and the
cap layer were modeled as nondispersive dielectric media with
n = 1.6 and n = 1.45, respectively.
The metasurfaces with high-Q resonances we modeled as an
array of single GaAs nanodisks with holes with the following
parameters: the period of the structure was 671.5 nm, nanodisk
height was 117 nm, the diameter was 256 and 64 nm for the
disk and hole, respectively; the shift distance of the hole
regarding the disk center along the diameter was 57 nm. The
refractive index and the extinction coeﬃcient for the
unperturbed spectrum R0 were chosen as a constant n0 =
3.5932 and ϰ0 = 8.95 × 10−4 (α0 = 129 cm−1), respectively.
These values are for E0 = 1.42001 eV energy used for
calculations of charge-induced changes in the complex
refractive index. The resonance for such metasurface has a
Q-factor of approximately 500. The high-Q mode is excited
when the polarization of the input light directed along the
asymmetry axis. The numerical simulations of the reﬂectance
spectra were performed in the spectral range around the E0,
but only this point was used to determine the magnitude of the
reﬂectance coeﬃcient. Taking the material dispersion into
account slightly modiﬁes the spectrum in the neighborhood of
that energy point in contrast to a dispersionless structure with
n0 and ϰ0. The polarization of the electric ﬁeld was directed
along the asymmetry axis. The presence of the substrate and
the AlGaO nanodisk slightly modify the properties of the

(3)

where Ne, Nh are the densities of free electrons and holes,
respectively (we assume Ne = Nh and thus omit the index in
Ne,h subsequently), C is a constant, f v(Ea) is the probability of a
valence band state of energy Ea, occupied by an electron, and
fc(Eb) is the probability of a conduction band state of energy Eb
occupied by an electron and described by the Fermi−Dirac
distribution.
The bandgap shrinkage-induced change in absorption is
ΔαBS(E , N ) =

C
C
E − Eg − ΔEg (N ) +
E − Eg
E
E
(4)

where N is the concentration of free electrons or holes and
κ ijj
N yzz
jj1 −
z
εs jk
Ncr zz{

1/3

ΔEg (N ) =

N ≥ Ncr

ΔEg (N ) = 0

N < Ncr

(5)

where κ = 0.13 is an adjustable parameter, εs = 13.1 is the
relative static dielectric constant of GaAs, and Ncr = 7.4 × 1016
cm−3 is the critical concentration of free carriers.
The real and imaginary parts of the refractive index n̂ = n +
iϰ are dependent and linked by the Kramers−Kronig relations.
Thus, any change in the absorption coeﬃcient Δα is
accompanied by a change in the real refractive index Δn. It
means that the induced change in the real refractive index can
be expressed through the change in the absorption coeﬃcient
in the following form:
ΔnBF,BS(N , E) =

2cℏ
PV
e2

∫0

∞

ΔαBF,BS(E′, N )
E′ 2 − E2

dE ′

(6)
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Petrov, V.; Griebner, U. Passive mode locking of Yb:KLuW using a
single-walled carbon nanotube saturable absorber. Opt. Lett. 2008, 33,
729−731.
(10) Martinez, A.; Yamashita, S. Multi-gigahertz repetition rate
passively modelocked fiber lasers using carbon nanotubes. Opt.
Express 2011, 19, 6155−6163.
(11) Martinez, A.; Sun, Z. Nanotube and graphene saturable
absorbers for fibre lasers. Nat. Photonics 2013, 7, 842.
(12) Bao, Q.; Zhang, H.; Wang, Y.; Ni, Z.; Yan, Y.; Shen, Z. X.; Loh,
K. P.; Tang, D. Y. Atomic-layer graphene as a saturable absorber for
ultrafast pulsed lasers. Adv. Funct. Mater. 2009, 19, 3077−3083.
(13) Bonaccorso, F.; Sun, Z.; Hasan, T.; Ferrari, A. Graphene
photonics and optoelectronics. Nat. Photonics 2010, 4, 611.
(14) Bao, Q.; Zhang, H.; Ni, Z.; Wang, Y.; Polavarapu, L.; Shen, Z.;
Xu, Q.-H.; Tang, D.; Loh, K. P. Monolayer graphene as a saturable
absorber in a mode-locked laser. Nano Res. 2011, 4, 297−307.
(15) Saraceno, C. J.; Schriber, C.; Mangold, M.; Hoffmann, M.;
Heckl, O. H.; Baer, C. R.; Golling, M.; Südmeyer, T.; Keller, U.
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