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6.1 Introduction

Semiconductor-based metasurfaces are an emergent area of photonics that has surged in the past

decade." Exciting applications of these novel materials, such as wavefront engineering,4-7

sensing8-11 and nonlinear optics,12,'3 are extensively covered throughout this book. The

promising features of semiconductor materials are their transparency for photon energies below

the electronic bandgap, pronounced optical nonlinearities and charge carrier dynamics that lead

to extraordinary opportunities in ultrafast photonics. The goal of this Chapter is to provide the

reader with an overview of ultrafast semiconductor-based metasurfaces and their applications.

The structure of this chapter is as follows: Section 6.2 describes the ultrafast processes taking

place after an ultrashort laser pulse excites a semiconducting material; Section 6.3 and Section

6.4 review ultrafast phenomena in Mie-resonant nanostructures and metasurfaces that utilize

silicon and gallium arsenide, respectively; Section 6.5 is devoted to photon acceleration in

semiconductor metasurfaces; Section 6.6 covers the ideas of how semiconductor-based

metasurfaces can be utilized for shaping of ultrafast laser pulses; Section 6.7 concludes the

chapter and briefly outlines the emerging directions within ultrafast photonics using of

semiconductor metasurfaces.
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6.2 Ultrafast phenomena

By convention, ultrafast phenomena are processes taking place on a time scale of approximately

one picosecond and shorter,14 allowing characteristic modulation frequencies of above 1 THz.

Few all-electronic devices can provide bandwidths above several hundreds of GHz, although this

picture is changing rapidly. Therefore, it is still a widespread consensus in the optoelectronics

community that an all-optical approach is a major candidate for ultrafast signal processing at

speeds exceeding several THz. Hence, the ultimate challenge of ultrafast photonics is to find

materials that enable efficient and practical pathways for photons to interact with each other.

Ultrafast processes in materials are routinely investigated using pump—probe

spectroscopy, or time-resolved spectroscopy. A typical pump—probe setup is illustrated in Fig. 1 .

A powerful ultrashort laser pulse ("pump") modifies the sample that is then probed by a weaker

pulse ("probe). The probe is monitored as a function of the time delay z between the pulses,

reconstructing the dynamical behavior of the material. The probe and the pump can have

different polarizations, frequencies, and temporal profiles, to attempt to elucidate the underlying

processes using different experimental conditions.

Semiconductors and dielectrics are often the base materials for Mie-resonant

nanostructures. The most common semiconductors—silicon, germanium, gallium arsenide, and

others—have been well-studied with time-resolved spectroscopy.15,16 A simplified timeline of

the microscopic processes following a femtosecond pulse impinging on a surface of a bulk

semiconductor is as follows:17

• i< 100 fs: Free carriers (FCs) are generated through single- or multi-photon

absorption. At this point, the electromagnetic field is typically still within the material, thus

subject to coherent frequency-mixing processes. FCs lose coherence via carrier-carrier scattering
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events. The energy distribution is non-Boltzman, i.e., the electron gas has not yet thermalized.

• i< 2 ps: Electrons and holes have thermalized to Boltzman-type energy distributions.

The electron-lattice energy exchange is underway through electron-phonon scattering. Light is

no longer present in the material.

• T 5_, 100 ps: Electrons and holes have lost their energy to phonons and recombined.

Lattice sinks its excess energy to the environment. The end time of this process is highly

dependent on rnany parameters, including the substrate material.

In every step of this process, the transient value of the cornplex dielectric permittivity of

the material š(t) = (t) + iE" (t) differs from its equilibrium value : š(t) = "š0 + š (t).

There are three main contributions to Aš(t): the instantaneous one (with the most often cited

contribution being the Kerr nonlinearity18), the one induced by the presence of the free carriers

4c(t) and the one induced by the lattice heating, or the presence of phonons ELM. While

thermo-optic effects can enable efficient switching of photonic metadevices,19-21 this Chapter

focuses on the phenomena that can happen on the timescales around 1 ps or faster.

Optical response of a semiconductor that contains free carriers, such as electrons and

holes, is often dominated by the Drude dispersion of the dielectric permittivity:22

EFC = CO 2 iy

CO 2

where cup = Ne2leom* is the plasma frequency, N is the free carrier concentration, e is the

elementary charge, m* is the effective free carrier mass, and y is the damping constant. This

approximation holds for several important experimental cases such as for photon energies below

the band gap and low free carrier concentrations.

The rate of FC relaxation to the equilibrium state strongly depends on the material used

as the constituent material for a metasurface. Semiconductors with an indirect bandgap, such as
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silicon, are poor candidates for ultrafast metasurfaces, as relaxation times in these materials can

take hundreds of picoseconds.15 Higher-order terms of the rate equation can mitigate the slow

relaxation through hard optical purnping. Another approach to shorten the lifetime of FCs in a

semiconductor is to increase the probability of monomolecular recombination through

inhomogeneities of the crystal structure or non-radiative centers.

The general (simplified) recombination rate equation for FC density N (t) is:23

N = —AN — BN2 — CN3, (1)

where A, B and C are the monomolecular, bimolecular and Auger recombination rates. These

coefficients are specific to a given semiconductor. For instance, in bulk GaAs, A < 5 • 107 s-1,

B = (1.7 ± 0.2) • 1 0-10 cm3/s and C = (7 ± 14) • 1030 cm6/s.23 At low pump intensities and

N < 1018 cm-3, the first term in Eq.(1) dominates over the second and the third ones, giving a

relaxation time of 200 ns (although in experiments, this time scale is often on the order of several

nanoseconds). This figure can be improved by either increasing the pump intensity leading to a

higher FC density or decreasing the value of A . The latter can be achieved by introducing

impurities (a good example being low-temperature-grown GaAs) or by increasing the surface

area by nanostructuring.24 Both approaches have been utilized in semiconductor metasurfaces, as

shown below.
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Figure 1. Pump-probe spectroscopy of semiconductor metasurfaces.

6.3 Ultrafast response of silicon metasurfaces

Managing free-carrier response

Since silicon is dominant in micro- and nanoelectronics, it has been the material of choice for a

wide class of optoelectronic devices. Silicon-based all-optical switches25-27 showed switching

times in the range of several hundreds of picoseconds. This time constant is related to the FC

relaxation time that tends to be high in monocrystalline materials. To decrease the relaxation

time of FCs and enable ultrafast response times, several approaches are used, with two of them

being in the focus of this chapter.

One of the approaches to reduce the FC relaxation time utilizes amorphous silicon (a-Si).

Irregularities in the lattice and other defects serve as recombination sites for electrons and holes,

rnodifying the first term on the right-hand side of Eq.(1). Typical pump—probe traces of thin a-Si

filrns are shown in Fig.2(a).28 Characteristic relaxation times related to FC recombination are on

the picosecond timescale, which are two-orders-of-magnitude reduction with respect to

crystalline silicon. It is also apparent that the pump intensity and the photoinduced FC density

influences the relaxation time too. This effect is explored in more detail in Fig.2(b). Here, FC
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recombination times decrease significantly as the pump-induced FC density increases, to

subpicosecond time scales at FC densities of more than 1020 cm-3. This fast relaxation due to

the higher-order terms of Eq.(1) can be put into use in ultrafast behavior using Mie-resonant

nanoparticles. For example, in Baranov et al.,29 see Fig.3(a), ultrafast relaxation of dense plasma

was demonstrated in silicon nanoparticles populated by a dense electron-hole plasma, showing

FC relaxation times of —2.5 ps. This finding paves the way to FC-driven sub-THz bandwidth for

all-optical signal processing.
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Figure 2. Ultrafast relaxation offree carriers in thin amorphous silicon (a-S0 films. (a) Typical relaxation traces of reflectance
under dffferent free-carrier plasma concentrations. (b) Electronic relaxation time as a function of initial free-carrier density.
Squares stand for hydrogenated a-Si, and triangles stand for nonhydrogenated a-Si. (c) Maximum relative reflectance
modulation as a function of initial carrier density for amorphous silicon (triangles) and hydrogenated amorphous silicon
(squares) films. Reprinted with permission from Ref /30].
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Figure 3. Ultrafast free-carrier relaxation in Mie-resonant nanoparticles under intense excitation. (a) Transient transmittance of
Mie-resonant silicon nanoparticles under a pump fluence of 44 mJ/cm2 and estimated FC plasma density of 1029 cm-3. (b)
Comparison offree-carrier relaxation times under various free-carrier densities with data from refs [17,18,22_1. Reprinted with
permission from.29

All-optical modulation by nonlinear absorption
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Photogenerated charge carriers are not the only source of all-optical modulation; other processes

that play a significant role in Si metasurfaces are the so-called instantaneous nonlinearities, such

as the Kerr effect and nonlinear absorption. They contribute to switching times on the scale of

the pump pulse duration and can be shorter than 100 fs. In silicon, the nonlinear figure of merit

Fn = n2/(213), where n2 is the nonlinear Kerr effect coefficient, is the light wavelength and

is the nonlinear absorption coefficient, is relatively sma11.31 Therefore, the prime instantaneous

mechanism of all-optical modulation in silicon metasurfaces is two-photon absorption (TPA),

whereby two photons get absorbed by a semiconductor simultaneously to produce an electron-

hole pair. TPA manifests itself as a sharp dip at near-zero delay on time-resolved transmittance

or reflectance traces,32-34 with a duration of the dip limited to the length of the optical pulses

used in the experiment. Specifically, in Ref[34], Della Valle et al. modeled pump—probe

spectroscopy traces of an amorphous silicon metasurface (Fig.4 a,b) and decomposed it into

three rnain contributions: TPA, FC and lattice heating, see Fig. 4 (b-d). They revealed a set of

operating windows where ultrafast all-optical modulation of transmission exists, with full return

to zero in 20 ps.
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Figure 4. Transient transmittance of amorphous silicon metasurfaces. The experimental data (a) matches well the numerical
results (b), which is broken down into several contributions: two-photon absorption (c), free-carrier dispersion (d) and lattice
heating (e). Reprinted with permission from Ref [34].

Temporal separation and isolation of the instantaneous and the FC contributions has been

implemented in Ref[35]. Here, the authors used the magnetic Mie-type mode to create conditions

that balance the slow FC response to obtain a purely instantaneous, sub-50-fs response due to

TPA. Typical TPA dips in pump—probe traces in metasurfaces are shown in Fig.5(a). For one of

the samples, the pump—probe trace only contains the sharp, 65-fs-long feature at zero delay

(purple curve), where the undesirable FC contribution vanishes. Such a sharp separation of

responses is explained by the proper spectral positioning of the magnetic Mie-type resonance

with respect to the spectrum of the laser pulses. In Fig.5(b), the red part of the resonance shows a

more substantial contribution to transmittance modulation than that at the blue side of the

resonance. TPA-induced all-optical modulation has also been observed in Fano-resonant, high-Q

metasurfaces, as reported in Ref.[36]. Instantaneous phenomena, in sharp contrast with the free-

carrier-related contributions, allow for possible switching rates at frequencies of more than 10

THz.
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Figure 5. Tailoring the relative contributions of the two-photon absorption (TPA) and free-carrier (FC) dispersion in silicon
metasurfaces. (a) Samples of amorphous silicon metasurfaces. Left: nanodisk metasurface with magnetic-dipole resonance, right:
Fano-resonant metasurface with high-Q resonance. (b) Transmittance of the metasurface with a magnetic dipole resonance:
unperturbed (solid line) and populated with FCs (dashed line). The left side of the resonance is affected by the FCs while its
contribution is small on the right part of the resonance. (c) Transient transmittance of femtosecond pulses through seven different
metasurfaces, with the corresponding spectra given on the right. For metasurface (vii), the relative contribution of the slow FC
contribution to the transmittance is much smaller than that by the TPA. (d) TPA and FC contributions to the all-optical
modulation trace in a Fano-resonant semiconductor metasurface. (e) Thermo-optic contribution to transmittance. Reproduced
with permission from Refs. [36'371

Active control of scattering

Mie-resonant nanoparticles provide unique opportunities to spatial tailoring of light fields. In

Ref[38], a FC plasma was used to dynamically manipulate the scattering pattern of

semiconductor nanoparticles. To numerically simulate changes in optical properties of a

photoexcited silicon sphere with a diameter of D = 210 nm at a wavelength of = 800 nm,

the authors considered range of absorbed fluences Feff < 100 mJ/cm2 that generated a rather

dense free carrier plasma •=-:, 1021 cm-3 for efficient switching of the nanoparticle optical
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properties. In Fig.6, the scattering diagram of the nanoparticle is almost symmetric at A = 800

nm and Feff 1̂ 0, whereas the scattering cross-section was boosted by a factor of about 9. The

latter parameter is changed almost by a factor of three with fluence increasing up to Feff =

100 mJ/cm2 at the fixed wavelength of 800 nm, owing to the strong shift of the peak position of

the scattering spectrum (Fig. 6(a)). This effect was further explored in Ref. [39]. This concept

paves the way to the creation of low-loss, ultrafast, and compact devices for optical signal

modulation and beam steering.
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Figure 6. Dynamic tailoring of the directional scattering by Mie-resonant nanoparticles. (a) Calculated scattering spectra of a
single undoped Mie-resonant silicon nanoparticle in thermodynamic equilibrium (dotted line) and under various pump fluences of
35 mJ/cm2 (dashed line) and 100 mJ/cm2 (solid line). (b) Corresponding scattering diagrams of light with a wavelength of 800 nm
that impinges from the left at an angle of 0°. Highly unidirectional forward scattering is observed at the maximum pump power.
The diameter of the particle is 210 nm, the excitation wavelength is 800 nm. Reprinted with permission from Ref [381

6.4 Ultrafast response of Gallium Arsenide metasurfaces

Gallium arsenide is a material that has been widely utilized in optoelectronics. Its high electron

mobility') has been enabling the world's fastest field-effect transistors for a long time. From an

optoelectronics perspective, the bandgap of 1.42 eV makes it attractive to use Ti:Sapphire laser

radiation (photon energy 1.55 eV) to induce interband transitions and efficiently generate FC

plasma at low pump powers. This section reviews past attempts to use GaAs as the base material

for semiconductor metasurfaces.

Resonance position control
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Photonic resonances define the functionalities of metasurfaces. Real-time control of the central

resonance wavelength opens opportunities for dynamically reconfigurable metadevices, such as

phase-gradient metasurfaces, metalenses, and other spatial phase-shaping designs. A GaAs-based

metasurface shown in Fig.7(a), supports a magnetic dipole resonance that manifests itself as a

reflectance peak at a wavelength of 1015 nm, see blue curve in Fig.7(b). Figure 7(c) shows the

dependence of the reflectance spectra of the metasurface as a function of the time delay between

the pump and probe. When the metasurface is pumped at 800 nm and free carriers modify the

refractive index (pump-probe delay of 1 ps), the resonance wavelength is blue-shifted to roughly

985 nm (purple curve in Fig 7(b)). At a delay of 6 ps, the resonance reverts back to its initial

position (yellow curve in Fig 7(b)). Here, a pump fluence of only 310 iiT/cm2 was used, which

corresponds to 250 0 per disk.41 The fast FC relaxation time stems from the large surface area of

the nanoparticles and potentially high density of surface recombination defects, consistent with

previous findings reported in photonic crystals.42
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Figure 7. Active control and ultrafast relaxation of magnetic response in GaAs metasurfaces. (a) Scanning electron micrograph
of a GaAs-based metasurface. The scale bar is 500 nm. (b) Reflectance of the metasurface under chferent pump-probe delays.
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Even more dramatic tuning of the resonance was achieved in high-quality factor resonances that

can be achieved by implementing a broken symmetry design as shown in Fig 8(a). As shown in

the transient spectra in Figure 8(b), a 10-nm spectral blue shift of the sharp resonance with a Q

factor of 500 was observed with pump fluence of less than 100 R.1•cm-2. This corresponds to a

relative all-optical reflectance modulation of 45%.
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Figure 9. Ultrafast control of nonlinearities and frequency mixing in GaAs metasurfaces. (a) Spectra of the nonlinearly
converted signal governed by second harmonic generation (SHG), third harmonic generation (THG), sum-frequency generation
(SFG), four-wave mixing and six-wave mixing processes, photoluminescence (PL) in a GaAs-based metasurface. The
metasurface is being pumped by two femtosecond laser pulse trains at frequencies of ah and w2 with a time delay between them
marked in the ordinate axis of the plot. (b) Ultrafast switching of the SHG intensity from the oh beam by the w2 beam. Reprinted
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with permission from Ref [43J .

Ultrafast nonlinear response

Due to their high nonlinear susceptibilities, GaAs metasurfaces open vast possibilities for

frequency conversion. Recently, an optical frequency mixer based on a GaAs-based dielectric

metasurface43 enabled a variety of simultaneous nonlinear optical processes across a broad

spectral range. In Fig. 9(a), two collinearly propagating pump beams at frequencies of ail and (1)2

were focused at the same location on the GaAs metasurface sample and generated eleven spectral

peaks, ranging from —380 to —1,000 nm. Specifically, seven different nonlinear processes

(second-harmonic generation (SHG), third-harmonic generation (THG), and fourth-harmonic

generation (FHG), sum-frequency generation (SFG), two-photon absorption-induced

photoluminescence (PL), four-wave mixing (FWM), and six-wave mixing (SWM))

simultaneously gave rise to eleven new frequencies that span the ultraviolet to NIR spectral

range. This multifunctional metamixer exploits the combined attributes of resonantly enhanced

electromagnetic fields at the rnetasurface resonant frequencies, large even-order and odd-order

optical nonlinearities of non-centrosymmetric GaAs, and significantly relaxed phase-matching

conditions due to the subwavelength dimensions of the metasurface. It is important to note that it

is an open question, whether the variety of frequency mixing signals emitted from the

metasurface are signatures of cascaded nonlinearities or representations of high-order nonlinear

optical susceptibilities.

To investigate the temporal dynamics of the nonlinear generation processes, the signal

intensities were measured while varying the optical delay between the two pump pulses. As

expected, the harmonic generation signals and PL arising from two-photon absorption are

observed regardless of the optical delay. In contrast, the frequency mixing signals such as SFG,

FWM, and SWM appear only within a 160 fs window when the two pump pulses temporally
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overlap at the metasurface. More interestingly, Fig. 9(b) shows the dynamics of SHG from the

wi beam, where the intensity decreases dramatically at zero delay and then recovers with a time

constant of a few picoseconds. The fast recovery of the SHG intensity (-3.7 ps) is due to the

relaxation of the free-carriers through both nonradiative recombination at surface states24,42 and

higher-order processes such as Auger recombination.23
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6.5 Time-variant semiconductor metasurfaces and photon acceleration

The concept of photon acceleration (PA) was originally introduced in gaseous plasmas44•45 as a

process of frequency conversion that occurs when electromagnetic waves propagate in a medium

with a time-dependent refractive index.46 PA in a solid (e.g., semiconductor) medium can be

achieved at much lower laser intensities than in a gas because of the ease of FC generation and

can be further enhanced in high-quality factor (high-Q) optical cavities.47,48

Recently, PA has been realized in semiconductor metasurfaces.49 The main idea of

photon acceleration in a semiconductor metasurface is given in Fig. 10(a). Briefly, mid-infrared

photons interact with, and get trapped by, the metasurface. As FCs are generated by four-photon

absorption, the resonant frequency of the metasurface blue-shifts, and the frequency of the

trapped photons follows. Accelerated MIR photons then upconvert via the standard x(3)

nonlinear process, resulting in the observed blue-shifting of the third harmonic generation. The

metasurface, Fig. 10(b), is designed to have a high-Q resonance at AR = 3.62 )un that enables

efficient four-photon FC generation at modest pulse intensities. The effect of PA on harmonics

generation emerged as upconverted radiation appearing at frequencies of up to ,==.: 3.1coL, where

coL is the central frequency of the MIR pulses. Moreover, we detect anomalous levels of

nonlinearly generated signal with frequencies of up to 3.4coL in the wings of the THG spectra,

corresponding to the spectral density enhancement of 10' over the projected signal from an

unstructured fihn. In Fig. 10(c), a comparison is given between THG spectra generated by a

photon accelerating metasurface and an unstructured silicon film of the same thickness. In the

silicon film, the central peak of the THG spectrum, as well as its width, stays the same for all the

fluences of the pump beam. In contrast, THG from the metasurface shows strong blue-shift and

broadening of the THG spectrum. An intuitive coupled-mode theory (CMT) model with time-
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dependent eigenfrequency coR (t) and damping factor yR (t) accurately captures most features of

the experimental data and provides further insights into PA efficiency improvements, thus

paving the way to future applications utilizing nonperturbative nonlinear nanophotonics. One of

the potential applications of photon-accelerating metasurfaces would be to fill the spectral gap

between high optical harmonics to generate satellite-free isolated attosecond pulses—something

that is currently accomplished using bulky optical components. We propose to utilize the process

of high-harmonic generation by a MIR pulse which nonlinearly interacts and gets spectrally

broadened by a time-variant metasurface, as shown through CMT calculations in Fig. 10(d).5°

We anticipate that photon-accelerating metasurfaces could play a pivotal role in obtaining

resonant solid-state high-harmonic continua for the generation of attosecond pulses in the

extreme UV.
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Figure 10. Photon acceleration in time-variant semiconductor metasurfaces. (a) The concept of blue-shified harmonics
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generation. Mid-infrared (MIR) photons are trapped by the metasurface (MS) cavity, blue-shifted by the rapid refractive index
variation due to free carrier generation inside the MS, and then nonlinearly upconverted to near-infrared (NIR) photons via the
standard THG process. The blue-shifted MIR and NIR photons then leave the MS, and their spectra are detected in transmission.
The red shaded areas in the plots illustrate the radiation spectra; the gray area represents the temporal profile of the incoming
pulse. Solid and dashed curves illustrate the time-dependent nature of the MS resonance. (b) Schematic of the sample and the
MIR beam setup. In experiments, the following dimensions of the sample were used: wy = 0.87 pm, wy = 1.54 pm, g = 400 nm,
and h = 600 nm. Inset: a close-up scanning electron micrograph of the metasurface elements; scale bar: 1 pm. (c) Third
harmonic generation (THG) spectra measured for various input fluences for the unpatterned Si film and the metasurface. Shaded
gray area: THG from the unstructured film at the highest fluence F„,„, = 5.5 m.1 cm'. Shaded blue areas indicate the integration
range of Am < 1.17 pm. (d) Overlapping high harmonics from time-variant metasurfaces (TVM). Spectra of the 15th (solid lines)
and 16th (dashed lines) optical harmonics generated by a static resonator and a compressed pulse (black) and a TVM and a
chirped pulse (red), revealing the spectral overlap of the accelerated harmonics. The spectra are normalized by unity for clarity.
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Temporal pulse shaping

In the view of recent advances in ultrashort laser pulse sources, it is essential to seek novel

approaches to pulse shape management. Huygens' metasurfaces (Fig.11(a)) have been shown to

efficiently manipulate wavefronts via their capability to create desired discrete phase gradients

between 0 and 2n.51 In Fig.11(b), the spectrally resolved relative phase delays for a systematic

scaling of the nanodisks are given, these nanodisks may be then used to create spatially tailored

light fields. However, this kind of metasurface can also support pathways to temporal shaping of

laser pulses. In Fig.3(c), a schematic of metasurface-based pulse shaper is shown. It provides a

strong group-delay dispersion of more than —2000 fs2 in combination with unity transmission,

resulting in a Fourier-transform limited pulse. The authors of Ref. [51] managed to design a

metasurface that recompresses a chirped 120-fs laser pulse at A = 800 nm wavelength that has

passed 20 cm of glass. Huygens' metasurfaces can provide remarkable dispersion control that

can be integrated into a linear beam path as an ultrathin transmitting element.



Ultrafast responses of Mie-resonant semiconductor nanostructures 19

(a)
03)270

--265

(c)

in
c 260 0.51- co

2 255

-e:'?250 o a 2u5
Phase (rad)

0)

((L i

ig 245 r
Chirped Compressed

6Plane wave itrary

wavefront

240—.- pulse pulse
235

0 0.5rc IT 1.5 27r

(d) Metasurface

IOAN

:

Grating Grating

Phase (rad)

(f)
PPol

(d)

1.

0.8

SP- 0.6

— 0.4

0.2

0

— ct simulated

— I„,„ targeted — 1,,„t measured

-50 0

r (fs)

50

Figure 11. Shaping ultrashort laser pulses with semiconductor metasurfaces. (a) General concept of spatiotemporal shaping by
Huygens' metasurfaces. (b) Engineering Huygens' metasurfaces by silicon nanodisks of various diameters. The phase of light
transmitted through the metasurface can be tuned continuously by varying the nanodisk diameter, keeping the transmittance
close to unity (see inset). (c) Scheme showing the recompression of a chirped pulse after passing a Huygens ' metasurface.

Another approach to pulse shape management has been recently revealed by Divitt et al.52

They embedded a silicon-based metasurface in the focal plane of a Fourier-transform (spectral

dispersing-recombining) setup shown in Fig.11(d). Here, the metasurface enabled pulse shaping

that tailors the temporal profile of a femtosecond laser pulse. As an example, silicon nanopillars

coupled to an aluminum polarizer shown in Fig.11(e,f) were combined to provide a compact,

highly dispersive element to replace bulky spatial light modulators in pulse shapers. As an

example, Fig. 11(g) shows a resulting waveform that contains two isolated pulses, along with the

respective calculations. This approach promises novel applications of metasurfaces as two-

dimensional wavefront shapers to be translated into the temporal domain, enabling flexible

spatiotemporal shaping of light.53
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6.7 Closing remarks and outlook

Although semiconductor metasurfaces are young research field, they have shown pronlises for a

variety of active and ultrafast photonics applications. We envision in the near future, further

efforts in several emergent directions. Currently, silicon and gallium arsenide are dominant in

semiconductor nanophotonics. Novel materials, such as GaP,54 Ge,21 InSb,55 BaTi0,56 LiNb0357

chalcogenide glasses,58 and others have promise for ultrafast photonics and electrooptics,

expanding the scope of ultrafast metasurfaces toward the ultraviolet, as well as the mid-wave and

long-wave infrared. Integration of semiconductor nanocavities with other materials, such as two-

dimensional materials,59-61 quantum-confined systems,62 perovskites,63 may improve cooldown

times, switching powers and spectral ranges available for ultrafast processes described in this

chapter. Since ultrafast phenomena are relevant to various integrated photonics applications,64,65

we predict more exciting results in this direction. A plethora of ultrafast effects are yet to be

explored in semiconductor metasurfaces, including Franz-Keldysh effect, ponderomotive

nonlinearities, as well as nonperturbative regimes of light-matter interaction and high-harmonic

generation.66 Finally, the next frontier in ultrafast metasurface research will encompass the

wealth of possibilities offered by spatially inhomogeneous metasurfaces, such as phase plates,

lenses, diffraction gratings and other flat optics devices. Semiconductor metasurfaces offer

unprecedented flexibility in spatiotemporal control of light fields at the nanoscale, and will serve

as fundamental building blocks for novel photonic metadevices.
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