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Resonant Fully Dielectric Metasurfaces for Ultrafast

Terahertz Pulse Generation

Luke Peters,* Davide Rocco, Luana Olivieri, Unai Arregui Leon, Vittorio Cecconi,
Luca Carletti, Carlo Gigli, Giuseppe Della Valle, Antonio Cutrona, Juan Sebastian Totero
Gongora, Giuseppe Leo, Alessia Pasquazi, Costantino De Angelis, and Marco Peccianti*

Metasurfaces represent a new frontier in materials science paving for
unprecedented methods of controlling electromagnetic waves, with a range of
applications spanning from sensing to imaging and communications. For
pulsed terahertz (THz) generation, metasurfaces offer a gateway to tuneable
thin emitters that can be utilized for large-area imaging, microscopy, and
spectroscopy. In literature, THz-emitting metasurfaces generally exhibit high
absorption, being based either on metals or on semiconductors excited in

1. Introduction

Optical metasurfaces, the 2D counterpart
of metamaterials, have emerged as a com-
pelling area of research in photonics. In
general terms, metasurfaces are densely en-
gineered surfaces and are often composed
of arrays of subwavelength structures where
the field is manipulated by different physi-

highly resonant regimes. Here, the use of a fully dielectric semiconductor
exploiting morphology-mediated resonances and inherent quadratic nonlinear
response is proposed. This system exhibits a remarkable 40-fold efficiency
enhancement compared to the unpatterned at the peak of the optimized
wavelength range, demonstrating its potential as a scalable emitter design.
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cal local processes. Research has been moti-
vated by the promise of manipulating light
in novel fashions, thereby opening up new
avenues for optical functionalities.!! The
studies in this particular area are driven
by the aspiration to develop metasurface-
based devices that can ensure efficient,
compact, and on-chip frequency conver-
sion, steering the future of photonics
towards a more integrated and functional landscape, with very
strong use cases beginning to enter the mainstream, rang-
ing from flat-optics cameras on mobile phones!?] to wave-front
engineering for telecommunications.}] Within the framework
of the nonlinear frequency conversion, that is, the genera-
tion of new optical frequencies via a nonlinear field-matter in-
teraction, metasurfaces are assuming a quite intriguing piv-
otal role, as they offer a unique platform to enhance the
nonlinear optical processes, overcoming the limitations posed
by conventional nonlinear materials such as phase-matching
constraints and low conversion efficiencies.** The investiga-
tion of these concepts within the terahertz (THz) frequency
spectrum is quite recent. General research on terahertz light,
which occupies the 0.1 to 10 THz band of the electromag-
netic spectrum, is fuelled by fundamental and practical ram-
ifications in fields as different as biological imaging,’*! art
restoration,['*12] and telecommunications.['** Indeed, the non-
linear generation of terahertz pulses from ultrafast optical
sources is indeed standard in the field*'® and it is histori-
cally considered a seminal achievement enabling the modern
terahertz research area. However, the lack of efficient large-
area thin emitters is certainly a fundamental and practical
limit, bringing cumbersome experimental setups with complex
geometries as well as several other limitations like the res-
olution limits of novel near-field imaging systems.['>2}] Re-
search on ultrathin emitters brought the investigation of sur-
faces because of the rich nonlinear optical phenomenology
hosted?*?’1 and also to the exploration of novel physical mecha-
nisms as in the emerging class of spintronic emitters!?8-3% with
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Figure 1. Terahertz generation mechanism in resonant dielectric metasurfaces. a) Sketch of the metasurface’s composition: AlGaAs elements over a
400-nm-thick AlOx substrate. TL — transition layers 90-nm-thick. b) SEM insets of the metasurfaces’ spatial distribution (full SEM images available in
Figure S1, Supporting Information). The metasurfaces are named after the ratio Dx:Dy. The 1:1 design has a circular base with a 190-nm radius, 2:1.3
has dimensions of 384 by 207 nm, and 2:2.3 measures 380 by 437 nm. c) Conceptual sketch of the THz generation process. d) Diagram of the intrapulse

optical rectification process.

exceptional conversion efficiency per unit of thickness. How-
ever, in those technologies, the ability to tailor the emission
in regards to the nature of the excitation and the spatiotem-
poral property of the emitted waves is quite limited. As a re-
sult, we expect metasurfaces to play a growing role in this
area.[31-3%]

Among the platforms proposed in the community, metal-
based metasurfaces!3*3% offer a relatively strong nonlinear re-
sponse boosted by local field enhancement without the several
challenges related to the typical velocity matching condition re-
quired in bulk generation. Metal high ohmic losses at optical fre-
quencies are the typical drawback that affects nonlinear conver-
sion efficiencies.l?”:3®]

More exotic metasurface platforms include: Randomly dis-
tributed nanotips such as “black-silicon”3%*, and “quasi-
bound in continuum (BIC)” materials.[*!) Although these re-
sults demonstrate enhanced THz generation, they seldom offer
a means of customizing emission parameters, such as phase,
wavelength, and bandwidth. In addition, quasi-BIC exploits nar-
rowband resonances which also might affect typical terahertz use
cases. Recently, terahertz generation from above-bandgap excited
semiconductor metasurfaces has been demonstrated*?! in the
absorption regime. The generation exceeds the one from the na-
tive substrate, usually driven by a combination of different sur-
face phenomena, for example, surface quadratic nonlinearities,
carrier drift, photo-Dember processes,[**] and the bulk nonlinear
response.

Drawing insights from purely theoretical studies on THz gen-
eration from individual all-dielectric nanoantennas dominated
by Mie resonances in the infrared!*!], here we present AlGaAs
metasurfaces tailored for pulsed terahertz generation from an ex-
tended system, which similarly employs dielectrics to mitigate
conversion losses.[*+#¢]
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2. Methodology and Results

The metasurfaces comprise a 400-nm tall nanocylinder of
Al0.18Ga0.82As fabricated using electron-beam lithography.
These cylinders are placed on a 400 nm thick AlOx substrate with
a low refractive index (n = 1.6) (Figure 1a). The fabrication pro-
cess is detailed in the Experimental Section.

We examined three different designs characterized by a 2D ar-
ray of nanocylinders with an elliptical cross-section, each with
distinct ellipticities Dx:Dy, where Dx and Dy are the axes of the
elliptical base Figure 1b displays an inset for the 2:1.3, 1:1, and
2:2.3 ellipticity metasurfaces. Specifically, the 1:1 design has a cir-
cular base with a 190 nm radius, 2:1.3 has dimensions of 384 by
207 nm, and 2:2.3 measures 380 by 437 nm. The period of the 2D
array is 750 nm. Comprehensive SEM images can be found in the
Supporting Information (Figure S1, Supporting Information).

The samples are analyzed using a standard reflection geome-
try, employing a high-energy optical beam for the nonlinear gen-
eration of THz radiation as schematically sketched in (Figure 1c).
The structures are tailored to maximize internal energy for the
optical input wavelength, ~1280 nm (below-bandgap), and for a
p-polarized coupling at a 45° optical impinging angle with respect
to the surface plane.

As the structure offers negligible absorption (unlike for exam-
ple typical surface generation in low-bandgap III-V semiconduc-
tors), the generation is mediated by a quadratic field-matter in-
teraction mechanism that drives an optical rectification process,
as in many THz nonlinear crystals!*! (Figure 1d).

3D finite element simulations of the metasurfaces were used
to correlate the different ellipticities with the spectrum of the in-
ternal energy (see Figure 2a—d, more information in Experimen-
tal Section), highlighting a predominant resonance around the
pump wavelength (1280 nm) for the sample 2:2.3.

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Study on terahertz emission from the dielectric metasurfaces. a) Simulated total internal energy for the different metamaterials. b—d) The
simulated field enhancement inside the meta-atoms that form the different metasurfaces 2:1.3, 1:1, and 2:2.3 respectively represents the amplitude
of the incidence field. ) THz experimental contribution from the nanoparticles as a function of the optical pump wavelength. f-h) THz experimental
emission from the 2:1.3, 1:1, and 2:2.3 metasurfaces respectively, results are shown in the frequency domain, where PSD is power spectral density. Note

(e—h) are obtained by subtracting the substrate contribution.

Terahertz emission efficiency was tested via focussed ultra-
fast femtosecond pulse illumination, with a spot diameter in the
order of 50 um. We note that this investigation focuses on the
p-polarization as optimal for the chosen experimental design.
Figure 2f-h presents the general feature of the emission at dif-
ferent pump center wavelengths and for different aspect ratios of
the structure, in the range of 1100-1350 nm. Notably, the con-
tribution of the substrate to emission was also measured (re-
ported in Figure S2, Supporting Information for completeness)
and removed from the characterization of the metasurfaces. The
terahertz power emission dependence from the illumination re-
flects the quadratic response of the medium in the experimental
regime considered.

The theoretical modeling predicts an enhancement of the to-
tal internal energy for nanoparticles with a longer axis parallel
to the terahertz polarization direction (2:2.3 design) around the
optical pump wavelength of 1280 nm (Figure 2a,d). This align-
ment allows the optical field to couple more effectively to dielec-
tric resonances along the longer nanoparticle axis, boosting the
internal field intensity. A larger internal field enables greater non-
linear optical rectification, leading to higher terahertz emission
efficiency. Notably, beyond 1280 nm, the experimental results de-
viate from the modeling predictions (Figure 2a,e). This discrep-
ancy arises most likely because the simulations account only for
nonlinear generation within the metasurface nanoparticles, ne-
glecting substrate contributions.

The experiments clearly evidence a significant boost in ter-
ahertz emission from the 2:2.3 metasurfaces at 1280 nm
(Figure 2e,h). Across the full span of pump wavelengths tested,
this elongated nanoparticle design maintains higher conversion
efficiency, validating the enhanced performance of this metasur-
face configuration. This is additionally confirmed by the nonlin-
ear simulations (reported in Figure S3, Supporting Information).
Remarkably, a 40-fold increase in the total detected energy is ob-
served when comparing metasurface 2:2.3 (Figure 2h) to the base
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substrate (Figure S3a, Supporting Information) at a pump wave-
length of 1400 nm. For the designed resonance peak at 1280 nm,
an enhancement of around 15 times is seen.

Although the other two metasurface geometries produce lower
terahertz yields, they reveal quite intriguing emission dynamics.
Terahertz time-domain spectra for each design at various optical
wavelengths (Figure 3a—c) show a distinct change in the carrier-
envelope phase of the pulse emitted.

In a further investigation, we plot the terahertz phase for the
different metasurfaces across a range of pump wavelengths and
terahertz frequencies (Figure 3d-f). Remarkably, these broad-
band resonant nanostructures enable continuous control over the
emitted terahertz phase profile simply by acting upon the meta-
surface shape and pump wavelength. We remark that this could
allow a route toward wavefront engineering, which is a sharp
challenge in the broadband terahertz domain.

3. Conclusion

In conclusion, this work demonstrates broadband all-dielectric
metasurfaces for efficient, customizable terahertz pulse gener-
ation. The proposed structure comprises cylindrical semicon-
ductor nanoresonators based on the AlGaAs/GaAs platform.
Through optimization of the metasurface design, a significant
40-fold enhancement in terahertz emission efficiency is achieved
compared to the bare substrate. Intriguing, beyond the efficiency,
the structure enables a form of control over the emitted terahertz
radiation characteristics. By tailoring the shape and dimensions
of the nanocylinder elliptical cross-section, the amplitude and the
phase profile of the resulting terahertz pulses can be changed.
The structures enable manipulation of the terahertz phase by
merely tuning the optical excitation wavelength. This peculiar
capacity for spatio-temporal structuring of the terahertz wave-
front at a planar nanophotonic interface could empower differ-
ent types of applications. These include ultrafast terahertz beam

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Phase of terahertz emissions from the dielectric metasurfaces. a—c) THz-TDS traces obtained from the metasurfaces, for varying different
input wavelengths (1120, 1160, and 1380 nm respectively), showing the difference in the phase of the THz emission. d—f) Map diagrams for each of the
three metasurfaces for varying input wavelengths and THz frequencies. Note that for comparison the phase of the absolute phase of the bottom left
corner is set to 0 to highlight the dynamics. The reference signal is generated from the substrate without the dielectric metasurface. The initial temporal

position of the pulse is not conserved changing the sample.

steering, wireless communication, computational imaging, and
spectroscopy. More broadly, the approach highlights the poten-
tial of all-dielectric metasurfaces for nonlinear frequency conver-
sion, circumventing limitations of plasmonic systems and, more
in general, non-transparent systems. With further optimization,
such engineered nanoresonator surfaces may displace traditional
bulk crystals for terahertz generation. Looking beyond, the con-
cepts demonstrated here are a potential route to unlock the full
potential of metasurfaces in terahertz photonics.

4. Experimental Section

Fabrication: ~Sample fabrication was based on a molecular beam epi-
taxy growth substrate with the following layered structure: i) [100] non-
intentionally doped GaAs wafer, ii) 90 nm of GaAs-to-Al0.98Ga0.02As
transition layer with linearly increasing Al concentration, iii) 1 um
of Al0.98Ga0.02As, 90 nm of Al0.98Ga0.02As-to-Al0.18Ga0.82As tran-
sition layer with linearly decreasing Al concentration, iv) 400 nm of
Al0.18Ga0.82As. For the adhesion layer, a 10-nm layer of SiO2 was de-
posited using plasma-enhanced chemical vapor deposition (PECVD). This
was complemented by a spin-coated 100-nm layer of hydrogen silsesquiox-
ane (HSQ) serving as a negative resist. The desired metasurface geometry
was patterned through 20 kV e-beam lithography and transferred to the Al-
GaAs layer by inductively coupled plasma-reactive-ion etching (ICP- RIE)
with SiCl4:Ar chemical treatment. Finally, wet oxidation was performed in
an oven at 390 °C for 40 min under a controlled mix of water vapor and
N2:H2 gas carrier aiming at converting the 1 um Al-rich layer into amor-
phous non-stoichiometric aluminum oxide (AlOx).

Adv. Optical Mater. 2024, 2303148 2303148 (4 of 6)

Experimental ~ Setup: The experimental setup consisted of a
Chameleon ultrafast laser, equipped with a compact OPO (optical
parametric oscillator) attachment. The laser offered a repetition rate of
80 MHz, a pulse duration of 140 fs before the OPO, and an average
power of 4 W before the OPO. The OPO allowed for the variability in the
wavelength. The OPO impinging power on the structure was around 150
mW. This laser directed a conventional THz-TDS setup and configured
for reflection-generation spectroscopy. Notably, the detection crystal
employed was a 1mme-thick Zinc Telluride. The ZnTe was rotated to
selectively detect p-polarized input light (with polarization lying in the
plane containing impinging and reflected rays).[*¢] The detection was
performed via optical sampling supplied directly with the Chameleon
laser line at a wavelength of 850 nm (close to optimal collinear phase-
matching condition in ZnTe). Diagrams detailing the experimental setting
are available in the Supporting Information (Figure S4, Supporting
Information).

Theoretical Simulations: 3D finite element method simulations were
performed in COMSOL Multiphysics. The metasurfaces of AlGaAs
nanoresonators were modeled on a substrate, applying Floquet bound-
ary conditions to emulate an infinite periodic structure. The refrac-
tive index dispersion of AlGaAs was taken into account according to
ref. [44].

The primary excitation was modeled as a plane wave p-polarized with
an incident angle of 45° with respect to the surface face. Both linear
and nonlinear calculations were performed. Due to the significant differ-
ence in length scales between the optical (a few um) and THz domains
(hundreds to thousands of um), the simulation incorporated two compo-
nents with distinct domain dimensions. One component ensured a well-
meshed model in the optical domain, featuring a refined mesh for the
nano-cylindrical resonators. In contrast, the other component accommo-
dated at least one wavelength in the THz regime.

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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As mentioned in ref. [44], a general extrusion coupling operator was im-
plemented to correlate the nanocylinders of both components. This pro-
cess mapped electromagnetic fields in the optical wavelengths in the des-
tination geometry (THz range) by keeping the same finer mesh inside the
resonators and relaxing the mesh in the surrounding domains, effectively
optimizing computational resource utilization.

For the incident beam, the model was based on a Gaussian pulse cen-
tered at 2.34 THz (~1280 nm) with a bandwidth of 2 THz, defined as
the spectral width at 1/e2 of the spectral peak. To assess the complete
THz emission from the metasurface, a discretized spectrum of the inci-
dent Gaussian beam was employed. It was sampled with a discrete set of
frequency steps (N = 18, each step ~0.118 THz apart), enabling the cal-
culation of difference-frequency generation (DFG) between the weighted
spectral components. This approach condensed the simulations of the to-
tal THz generation into several DFG problems which could be modeled
following ref. [44], where only the bulk nonlinearities were considered. For
given incident fields spectral components (E(w1), E(w2)) with their rela-
tive amplitude weight, we use Equation (1) for obtaining the DFG nonlin-
ear current densities J; at won = w2 — 1.

Ji @) = =iwye01y) (@, 03, —an) [E (@2) E (@1) + B @) E (@)] (1)

where €, is the vacuum permittivity and y(2) denotes the frequency-
dependent AlGaAs nonlinear susceptibility tensor, i#j#k being the Carte-
sian coordinates. The nonlinear currents imposed within the AlGaAs
nanocylinder were the sources for the nonlinear DFG field. For every spec-
tral component (with N frequency components of the incident Gaussian
beam), the DFG contributions for all combinations were calculated, result-
ing in N(N — 1)/2 simulations.

Lastly, the final THz signal component at w,, was computed as the sum
of all the DFG contributions that generated the nonlinear THz signal at
that specific o, (where @, = n-Af with n = 1,..,N — 1). The obtained re-
sults were in substantial agreement with the experimental measurement.
Hence, the simplified computational framework proposed here was able
to catch all the main features concerning the THz emission from dielectric
metasurfaces. It was important to emphasize that only bulk nonlinearities
were considered in the simulations. As shown theoretically in ref. [44], the
THz efficiency notably improved around the AIGaAs phonon polariton fre-
quencies (=8 and ~11 THz). Consequently, leveraging incident pump sig-
nals with an expansive frequency band could offer additional advantages
in enhancing nonlinear efficiency.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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