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Controlling the polarization and phase of high-order
harmonics with a plasmonic metasurface
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Nanostructured surfaces, or metasurfaces, allow exquisite control of linear and nonlinear optical processes by reshaping
the amplitude, phase, and polarization of electric and magnetic fields near wavelength-scale heterogeneities. Recently,
metasurfaces have broken new ground in high-field attosecond science where they have been utilized to amplify the
emission of high-order harmonics of femtosecond infrared laser pulses, a notoriously inefficient process, by enhanc-
ing the incident field, and to shape the emitted high harmonics in space. Here we show control of the polarization and
phase of high harmonics with a plasmonic metasurface. We design and fabricate perpendicularly aligned rectangular
gold antennas on a silicon crystal that generate circularly polarized deep-ultraviolet high harmonics, from a circularly
polarized infrared driver, providing a simple path for achieving circular emission from patterned crystals. Our meta-
surface enhances the circularly polarized harmonics up to ~43 times when compared to the unpatterned surface, where
harmonics are quenched. Looking forward, circularly polarized high harmonics will be useful tools for sensing chiral
laser—matter interactions and magnetic materials. Our approach paves the way for polarization control at even shorter,
extreme ultraviolet, wavelengths. © 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing
Agreement
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1. INTRODUCTION

High-harmonic generation (HHG) is an extremely nonlinear opti-

location of individual nanostructures [10]. For instance, focus-
ing harmonics to the diffraction limit has been achieved with
Fresnel zone plates [10,17]. More recently, controlled diffraction
of extreme ultraviolet (XUV) high harmonics ata photon energy of
11 eV has been achieved with a nanostructured MgO surface [18].
We note that the aforementioned experiments generated linearly
polarized harmonics in the UV or XUV regime.

On the other hand, circularly polarized high harmonics are a
promising tool for probing magnetic properties of solids [22,23]
and chirality-sensitive laser—matter interaction [24,25]. However,
a circularly polarized driver cannot produce circularly polarized
high harmonics from a gas target because the electrons cannot
recollide with the parent ion [26]. More sophisticated engineered
optical fields can avoid this problem [27-30]. Some crystals can
also produce circularly polarized high harmonics [5,31]. An alter-
native approach to control polarization of emitted harmonics is
using nanostructured metasurfaces. Metasurfaces have been uti-
lized to shape the polarization of low-order perturbative harmonics

cal process that converts low-energy photons into high-energy ones
during interaction with gases [1], liquids [2], and solids [3]. Solid-
state HHG has been reported from high-density bulk dielectrics
[4,5], semiconductors [3,6], single crystal metals [7], and 2D
materials [8], as well as from nanostructured surfaces [9—18]. The
latter showcases the flexibility of tailoring the nonlinear optical
properties with nano-structuring, opening new research opportu-
nities at the confluence of attosecond science and nanophotonics
[19-21].

The effect of nanostructures on solid-state HHG is twofold.
First, each individual nanoscale feature enhances the laser electric
field and thereby the local HHG efficiency. Such nanostruc-
tures have been shown to enhance HHG from sapphire—metal
nanocones [9], ZnO cones and ridges [10], plasmonic Au antennas
on Si [11], GaP antennas [15], Fano-resonance structures [12],

metasurfaces supporting optical bound states in the continuum
[16], and epsilon near zero material [13]. Second, far-field emission
profiles of the high harmonics can be controlled by arranging the

2334-2536/22/090987-05 Journal © 2022 Optica Publishing Group

in the visible and infrared spectral regions [32-35]. In this con-
text, the Pancharatnam—Berry phase, or geometric phase, method
allows a continuous variation of the nonlinear phase, and thus of
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Fig. 1. Concept of the experiment: each antenna resonates for the
linear component of the incident circularly polarized driving field that
aligns parallel to the antenna’s major axis, thereby emitting linearly polar-
ized odd-order high-harmonic radiation with half-cycle multiples of one
quarter-cycle delay. Interference of pairs of antennas’ emission results in
circularly polarized high harmonics upon diffraction. The experiments
are performed in reflection; however, transmission geometry is shown for
clarity.

the polarization, across the metasurface by simply rotating the
individual nanoscale elements [36].

Here we merge the metasurface approach with non-
perturbative HHG. Inspired by the geometric phase approach,
and by the sensitivity of plasmonic rectangular nano-antennas
to the orientation of incident linear polarization relative to the
antennas’ major axes [11], we design a plasmonic metasurface that
controls the polarization of emitted HHG in space. Specifically,
we generate circularly polarized harmonics by shining a circularly
polarized driver on an array of pairs of rectangular antennas fabri-
cated on a Si substrate, with the major axis of each antenna in the
pairs aligned perpendicularly to one another. As sketched in Fig. 1,
each antenna couples to the component of the driver’s electric field
that aligns with the antenna’s major axis, effectively linearizing
the driver’s polarization in each antenna’s hotspot and resulting in
efficient, enhanced, local high-harmonic emission. Crucially, each
antenna emission is synchronized with the driving laser but with
a relative phase of n/2 (“n” is the harmonic order), determined
by the relative orientation of the two antennas. The circularly
polarized driver guarantees efficient coupling to both antennas.
Therefore, overlapping the linear high-harmonic emissions from
the two perpendicular antennas in the far-field results in circularly
polarized odd-order harmonics. A similar scheme for bow-tie
antennas was proposed in [37].

2. HIGH-HARMONIC GENERATION, DETECTION,
AND CHARACTERIZATION

The optical setup for generating and detecting high harmonics
is shown in Fig. 2. A titanium sapphire femtosecond regenera-
tive amplifier (Coherent Legend) pumps an optical parametric
amplifier (OPA TOPAS, Light Conversion) with an energy of
1.3 m]/pulse. The OPA delivers signal (1.31 pm wavelength) and
idler (2.05 pm wavelength) infrared laser pulses of 80 fs duration at
1 kHz repetition rate. The idler beam, with an energy of ~200 pJ,
is spatially filtered with a diamond pinhole of 100 pm diameter,
collimated with a CaF; lens, and refocused onto the sample with
a spherical focusing mirror of 100 mm focal length. The beam
waist on the sample is measured with knife-edge method and is
found to be comparable to the size of a patterned nano-antenna
array (70 wm). We estimate that a total of ~20,000 antennas are
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Fig. 2. Experimental setup and scanning electron microscope image

(SEM): femtosecond laser pulses with center wavelength of 2050 nm,
80 fs pulse duration at a 1 kHz repetition rate are spatially filtered and
focused with a spherical mirror (f =100 mm) on an array of gold
antennas fabricated on silicon crystal. A combination of wave plates
[half- (A/2) and quarter-wave plates (A/4)] is utilized to control the
laser polarization onto the sample. The polarization of the harmonics
generated from the antenna arrays is analyzed using a polarizer suitable
for the harmonic wavelengths. High harmonics are collected in reflection
geometry and focused with a 250 mm spherical mirror on the slit of the
spectrometer (Princeton Instruments Isoplane 320). The inset shows a
high-resolution SEM image of perpendicular antennas. The horizontal
antenna’s major axis is aligned along the [110] direction of the Si crystal.
The length, width, gap, pitch, and height of the arrays determine the
resonant wavelength.

illuminated simultaneously. A silicon filter is used at the Brewster
angle to remove any spurious wavelength coming from the OPA.
An iris placed before the spatial filter attenuates and controls the
average power of the laser system. A zero-order half-wave plate
controls the linear polarization, while a quarter-wave plate (A /4)
converts the linear polarization to circular polarization. The angle
between the incident beam and sample is kept less than ~ 5 degrees
to maximize the resonance.

The sample consists of Au nano-antennas deposited on a single
crystal Si film epitaxially grown on a sapphire substrate, R-plane.
The inset shows a high-resolution scanning electron image of
the rectangular antennas, which are fabricated by electron-beam
lithography (see Supplement 1 for details on the fabrication). The
nano-antennas are designed to resonate at the laser wavelength (see
Supplement 1 for resonance plots and field enhancement), using
commercially available finite difference time-domain software
from Lumerical. The horizontal nano-antennas are patterned
parallel to the [110] direction of the silicon crystal.

The harmonics are measured in reflection to avoid the bire-
fringence of sapphire. The harmonics reflected from the sample
are collected and refocused using a spherical mirror (250 mm
focal length) onto the slit of a commercial UV-VIS spectrom-
eter (Princeton Instruments Isoplane 320, equipped with a
PI-MAX4 ICCD camera). The circularity of the emitted har-
monics from antennas and bulk was characterized by rotating an
ultra-broadband wire-grid polarizer (250-4000 nm) placed after
the sample.

3. RESULTS

Figure 3 shows a comparison between the high-harmonic spectrum
produced by nano-antennas and by unpatterned (bulk) Si using
circularly polarized (a) and horizontal linearly polarized (b) inci-
dent light. The emission extends from the fifth to ninth harmonics
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High-harmonic spectrum with circular and linearly polarized infrared driving field: (a) odd-order high-harmonic generation extending up to the

ninth harmonic, when bulk (off arrays, green line) and antennas (on arrays, red line) are driven with a circular polarization at the vacuum intensity of 2.5 x
10" W cm 2. All the harmonics from arrays are significantly enhanced compared to unpatterned material. (b) A comparison of high-harmonic generation
from patterned arrays and unpatterned silicon when the incident polarization is linear and parallel to the major axis of the horizontal antenna (inset). The

on/offarray contrast is much lower as compared to the circular driving field because bulk emission is significantly suppressed for circular polarization.
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Polarization analysis of high harmonics illuminated with circularly and linearly polarized infrared driving fields: both panels show harmonic

power as a function of the rotation angle of the polarizer. (a) Characterization of harmonics when the array is driven with circular polarization. Fifth and
seventh harmonics show little variation, suggesting that the harmonic polarization is circular. (b) Characterization of fifth and seventh harmonics when the
array is driven with linear polarization. Harmonic power shows a strong minimum, indicating that the harmonics are linearly polarized.

for an incident intensity (in vacuum) of 2.5 x 10'® W cm™2. The
11th harmonic, at 185 nm, lies beyond the detectable spectral
range of our experimental setup. For circular incident polarization,
harmonic power from the nano-antennas (red line) is ~43 and
~20 times stronger than from unpatterned Si (green line) at the
fifth and seventh harmonics, respectively. This large contrast is due
primarily to the quenching of bulk emission from Si with circular
input polarization, as can be seen comparing the green lines in (a)
and (b). It is known that gas-phase high harmonics are suppressed
with circular input polarization because electron trajectories miss
the parent ion for re-collision [26]. Many solids behave similarly to
gases [3]. Emission from the antennas, on the other hand, remains
strong, largely irrespective of the input polarization. This suggests
that the polarization inside the plasmonic hotspot is linearized,
which keeps high-harmonic emission active. Enhancement from
the array using linearly polarized light is 20%-30% weaker than

we measured previously [11], largely because of the wider unit cell.
Fabrication imperfections may also contribute to the difference.

To confirm that the nano-antennas generate circularly polarized
high harmonics in the far field, we analyze their polarization state
with a polarizer placed after the sample. Figure 4(a) shows the
harmonic power from the nano-antenna arrays, as a function of the
polarizer rotation angle, when the polarization of the driving field
is kept circular. Clearly, the fifth and seventh harmonics appear to
be circularly polarized. On the contrary, when the polarization of
the driver is linear and horizontal [Fig. 4(b)], the harmonics show a
strong minimum for vertical polarization, indicating that they are
horizontally linearly polarized, like the driver. This also confirms
that the harmonics have a defined polarization (i.e., they are not
unpolarized). Further proof that the harmonics are polarized is

shown in Supplement 1 (for the fifth harmonic).
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4. DISCUSSION

In conclusion, we demonstrated a plasmonic metasurface that
emits circularly polarized high harmonics by exploiting the relative
delay between the resonance of two perpendicularly aligned rect-
angular nano-antennas and the selective enhancement of specific
driver polarization states. Adding phase and polarization control to
high-harmonic emission from nanostructured surfaces completes
previous demonstrations of field-enhanced high-harmonic emis-
sion from sub-wavelength nano-structures with the addition of the
temporal aspect that is so crucial to all attosecond and high-field
phenomena.

Control of the polarization occurs 77 situ, while the high har-
monics are being generated, without requiring external optical
elements, whose dispersion is a hurdle to the synthesis of fem-
tosecond deep-UV pulses, or tailored light fields. This advantage
becomes paramount at even shorter wavelengths, such as for XUV
harmonics that can be generated from dielectric crystals, where
polarization optics perform poorly or are nonexistent altogether.
With the recent demonstration of high-harmonic emission from
ceramic plasmonic metals at laser intensities comparable to the
damage threshold of dielectrics [7], we foresee the integration of
plasmonic metasurfaces on dielectric substrates, for the generation
and control, in both amplitude and polarization, of XUV harmon-
ics, and even their extension to frequency combs for ever more
precise metrology.

Finally, our metasurface approach provides the opportunity to
integrate other functionalities, such as 77 situ focusing of the circu-
larly polarized harmonics [38], and structuring of the polarization
in space. With such control in a small-scale deep-UV focus, one can
envision revealing magnetic and chiral anisotropy on chemisorbed
molecules for catalysis and other energy technologies, where spe-
cific chemical bonds can be accessed with deep- and vacuum-UV
harmonics.
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