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Plasmon-enhanced high-harmonic generation

from silicon

G. Vampa'?*, B. G. Ghamsari'3, S. Siadat Mousavi', T. J. Hammond', A. Olivieri', E. Lisicka-Skrek’,
A. Yu Naumov?, D. M. Villeneuve?, A. Staudte?, P. Berini' and P. B. Corkum™3*

Plasmonic antennas can enhance the intensity of a nanojoule
laser pulse by localizing the electric field in their proximity'. It
has been proposed that the field can become strong enough
to convert the fundamental laser frequency into high-order
harmonics through an extremely nonlinear interaction with
gas atoms that occupy the nanoscopic volume surrounding
the antennas®*. However, the small number of gas atoms
that can occupy this volume limits the generation of high
harmonics®”. Here we use an array of monopole nano-antennas
to demonstrate plasmon-assisted high-harmonic generation
directly from the supporting crystalline silicon substrate. The
high density of the substrate compared with a gas allows
macroscopic buildup of harmonic emission. Despite the sparse
coverage of antennas on the surface, harmonic emission
is ten times brighter than without antennas. Imaging the
high-harmonic radiation will allow nanometre and attosecond
measurement of the plasmonic field® thereby enabling more
sensitive plasmon sensors® while opening a new path to
extreme-ultraviolet-frequency combs™.

Traditional high-harmonic generation occurs in rare-gas
atoms'"'?. Therefore, early experiments with plasmonic antennas’
or funnels’ assumed that high harmonics were generated through
local field enhancement in the gas surrounding the nanostructures.
However, considerable enhancement is also achieved below and
around the antennas, in the material that supports them, as
demonstrated in Supplementary Fig. 1.

In recent years, high harmonics have also been generated with-
out nanostructures directly from the bulk of a ZnO crystal”, and
subsequently from various other materials' '°—in some cases with
peak intensities as low as 10''-10'> W cm ™. These intensities are
two to three orders of magnitude lower than those required in the
gas phase. Not only is the threshold intensity to drive this nonlin-
ear optical process lower than in gases, but the density of solids
is ~1,000 times greater. Hence, generating plasmon-assisted high
harmonics within a crystalline substrate should overcome the limit
of previous experiments (that is, the need to increase the number of
emitters), and improve the longevity of the nanostructures to high-
power irradiation (the longevity depends on their structural qual-
ity). These advantages have been exploited in a recent experiment
conducted on Au-coated sapphire nano-cones'’, where the surface
plasmon is adiabatically excited—rather than resonantly excited as
in this letter.

Figure la shows a sketch of the experimental setup (see also
Supplementary Information). We focus infrared femtosecond laser
pulses with a central wavelength of 2.1 um onto an array of Au
monopolar nano-antennas fabricated on a thin film of single-
crystal Si (500 nm thick) grown on an Al, O, single-crystal substrate

(0.5 mm thick). Figure 1b shows a high-resolution scanning electron
micrograph of the structures (design and fabrication details are
reported in the Supplementary Information). Two designs are
implemented, with the antennas parallel to either the [110] or the
[100] orientation of the Si crystal (therefore, rotated by 45°).

Figure 2a shows the high-harmonic spectrum produced by ant-
ennas in the configuration parallel to the [110] Si lattice. The emis-
sion extends from the 5th to the 9th harmonic for an incident inten-
sity (in vacuum) of 3 X 10 W cm™2. The 11th harmonic, at 190 nm,
lies beyond the detectable spectral range of our experimental setup.
When the laser polarization is parallel to the antennas (red line), the
high-harmonic emission is 5 to 10 times stronger than for polariza-
tion orthogonal to the antennas (green line), a configuration that
does not lead to field enhancement (see Supplementary Fig. 1). In
fact, in the latter case, the high-harmonic power spectrum is almost
identical to that emitted from an area without any nano-antennas
(black line). Parallel and perpendicular polarizations correspond
to equivalent crystal directions; therefore, harmonic emission from
bulk silicon is unchanged. Despite the small area covered by the an-
tennas (8%), and the small volume over which the field is enhanced,
emission from the array is stronger than the emission from the bulk,
thatis, off the array (black line). We estimate that the high-harmonic
emission is confined to regions of ~20 X 20 nm” on either side of
each antenna, and that the high-harmonic emission density in these
regions is increased by ~3 x 10°-3 X 10* times with respect to the
bulk (see Supplementary Information).

In Fig. 2b we show the intensity dependence of the harmonic
radiation yield. Emission from antennas whose axis is parallel to
the [100] direction (coloured diamonds in Fig. 2b) is weaker than
for those aligned parallel to the [110] direction (coloured circles in
Fig. 2b), as similarly measured for the bulk'® (compare grey circles
with grey diamonds in Fig. 2b). Harmonic emission from Au would
be irrespective of the orientation of the substrate. Further proof
that the emission occurs from Si rather than Au is reported in
Supplementary Fig. 3, which shows an image of the 5th harmonic
generated from Si (bright areas) and not from micrometre-sized thin
Au electrodes (black areas).

For antennas parallel to the [110] direction, all harmonics from
the bulk scale approximately as I*°, where I is the incident laser
intensity, whereas perturbative nonlinear optics predicts I", where
n is the harmonic order'. A slightly slower scaling, also non-
perturbative, has been measured from bulk ZnO (ref. 13). All har-
monic orders emitted from the array (coloured lines) show the same
intensity dependence, scaling approximately with I°. This suggests
that they are also generated non-perturbatively. The different scaling
can arise from saturation of ionization above a threshold intensity
(as found for ZnO; ref. 13): because of enhancement, emission from
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Figure 1| Experimental setup. a, Laser pulses with a duration of 100 fs and with a centre wavelength of 2.1um are focused with a CaF; lens on an array of
Au monopolar nano-antennas. The antennas are fabricated on a 500-nm-thick single-crystal Si film grown over a 500 um sapphire substrate (M-plane
cut). A combination of a half-wave plate (HWP) and a quarter-wave plate (QWP) compensates for the birefringence of the sapphire substrate to achieve
horizontal linear polarization inside the Si film. b, High-resolution scanning electron micrograph of an Au nano-antenna array. The antenna major axis is
aligned along the [110] direction of the Si crystal, which yields the strongest high-harmonic emission from bulk Si. The length, width and height of the
monopoles determine the resonant wavelength to 2.1um, the fundamental laser wavelength (see Supplementary Information for details about the design).
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Figure 2 | Non-perturbative high-harmonic spectrum. a, High-harmonic spectrum extending up to the 9th harmonic (233 nm), when antennas aligned
along the [110] direction are illuminated with a polarization parallel (red line) and perpendicular (green line) to the major axis of the antennas. The black
line is the emission from bulk Si, when the sample is illuminated on the unpatterned material beside the array. The detection limit of our spectrometer
extends to 200 nm, which is not enough to measure the 11th harmonic (at 190 nm). The vacuum intensity of the infrared driver is 3 x 100 Wem™2. b, The
peak harmonic signal from an array of antennas with their axis parallel to the [110] direction of the Si crystal (coloured circles) and from the bulk (grey
circles), for polarization parallel to the axis of the antennas, is plotted as a function of the intensity of the infrared laser. The On/Off contrast decreases with
increasing laser intensity (blue arrow pointing up-right), and remains close to unity for decreasing laser intensity (blue arrow pointing down-left). The
scaling of bulk harmonics is reversible (not shown). When the axis of the antennas is parallel to the [100] direction instead, harmonic emission is weaker
(open diamonds with coloured edges). Bulk emission from the [100] direction (open diamonds with grey edges) is also similarly weaker than from [110],
suggesting that harmonics are emitted from Si rather than from Au. All harmonics scale non-perturbatively. The dashed black line, which scales with /°, is a
guide to the eye.

the array corresponds to a higher intensity inside Si, which results
in slower scaling. Alternatively, it may also arise from progressive
damage to the antennas, as explained below.

The contrast between ‘on’ and ‘off the array’ steadily decreases
with increasing laser intensity, approaching unity at the highest
intensity, and then remains close to one for decreasing laser int-
ensity. We interpret this irreversible behaviour as being due to
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progressive damage, but it is unclear whether it occurs to the Si or
to the antennas (the antennas do not seem to be obviously altered,
see Supplementary Fig. 6). Harmonics from unpatterned Si behave
reversibly. In higher-bandgap materials, the intensity required for
high-harmonic generation increases, and extensive damage to the
antennas is expected'>”’. However, generating harmonics from the
substrate, rather than from gas atoms placed near the antennas,
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Figure 3 | Imaging high-harmonic emission. Image with the 5th harmonic of a corner of an illuminated array. a, The harmonic is emitted only for the
portion of the beam that overlaps with the array and for polarization parallel to the antennas' major axis—a proof of field enhancement. b, The emission
disappears for polarization perpendicular to the antennas’ major axis. At this intensity, no harmonic emission is observed from the bulk. The contour of the

array is marked by the white dotted line.

offers opportunities to overcome the damage limit by encapsulating
the antennas in a transparent dielectric medium, such as SiO, or
MgF,. Alternatively, the antennas can be buried in the Si film or fab-
ricated with materials more resilient than Au, such as TiN (ref. 21).

The diffraction of the high-harmonic beam carries information
about the spatial distribution of nanoscopic emission regions. The
simulations predict an inhomogeneous field enhancement, which is
strong at the ends of the antennas and all along the edges (see Sup-
plementary Fig. 1). Although these tiny features cannot be imaged
with the infrared beam (unless electrons® or near-field probes® are
used), they should be distinguishable with a short-wavelength high-
harmonic beam, whose diffraction limit of Ay;;/2 approaches 100 nm
(g is the wavelength of a high harmonic order). Figure 3 shows
a corner of the array imaged with a magnification of 160 taken
using a lens with NA = 0.75 and the 5th harmonic (1=420nm),
for polarization of the driving field parallel (Fig. 3a) and perpen-
dicular (Fig. 3b) to the axis of the antennas. The emission is clearly
brighter over the array for parallel polarization—another indication
of enhancement. The blurring of the sharp edge of the array can
be used to estimate a resolution of ~1.6 um (4.6 times larger than
the expected diffraction limit, defined by the Rayleigh criterion
r =0.611/NA). This resolution is not sufficient to resolve individual
nano-antennas. A larger-numerical-aperture lens should allow indi-
vidual regions of field enhancement to be imaged. Lens-less imaging
can also be used to exceed the diffraction limit***.

Our results have a number of important implications. First, bec-
ause high-harmonic emission lasts only a fraction of the optical
cycle, imaging the high harmonics can map the sub-cycle dynamics
of the collective electronic motion, which influence the temporal®
and spatial properties® of the local plasmonic field. For example, if
the antennas are resonant with a ‘probing field’ that excites plasma
oscillations, then the resulting local field will perturb the high-
harmonic generation process driven by a non-resonant driver. The
perturbation will alter the spatial®” or spectral’®* properties of the
harmonic beam. By measuring the beam, we will be able to track
the spatial evolution of the local field with attosecond temporal
resolution.

Second, the interference between near field and bulk harmonics
will contain a wealth of information about the fields in the antennas.
For example, as the laser wavelength is scanned across the plasmonic
resonance, the amplitude and phase of the near field will be modified
relative to the bulk—which is largely unaffected by the frequency
sweep. Each harmonic created in the array will inherit the phase shift
of the plasmonic field, multiplied by the harmonic order. Thus, this
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homodyne detection scheme offers a highly sensitive method for
studying plasmon responses that differs from previously proposed
methods™, where an electron microscope images electrons that are
simultaneously photoionized by attosecond pulses and accelerated
in the local field of an infrared pulse. Coherent detection of high
harmonics will enable a new generation of plasmon sensors of un-
precedented sensitivity, in which small phase shifts of the resonance
herald tiny variations in the environment surrounding the antennas.

Third, an inhomogeneous field will accelerate electron-hole
pairs differently throughout the volume and even between succes-
sive laser half-cycles, since the electrons and holes follow oppositely
directed paths. If the variation in the field is sufficient across the
path length of the electron and the hole, the inversion symmetry
is broken, allowing even harmonics™ to be produced. In fact, high
harmonics can be thought of as a quantum sensor for weak fields
or for field inhomogeneity. We do not observe emission of even
harmonics. As discussed in the Supplementary Information, the
opposite field gradients at the two ends of each antenna average the
even harmonic signal in the far field to zero, and the asymmetry
on either side of the antennas is predicted to be too small to yield
appreciable even harmonic emission. The spatial average would
be removed by imaging single nano-antennas with a sufficiently
high NA lens, or by designing asymmetric antennas. In addition,
the effect of the anisotropic field will be enhanced with a longer
wavelength driver. We predict that at 3.7 um the even harmonic
signal from the dominant short-trajectory electron-hole pairs will
reach ~3% of the nearest odd harmonic.

To conclude, we have observed non-perturbative harmonic
generation from crystalline bulk Si assisted by plasmonic field
enhancement from an array of monopole nano-antennas. Using
solids overcomes the difficulty of generating macroscopic emission
with low-density gas—a scheme that was tried in previous
experiments’™*. Harmonic emission is sensitive to the orientation
of the incident linear laser polarization with respect to the major
axis of the antennas. This effect can be exploited to engineer the
polarization of the harmonic beam in the near field. For example,
circularly polarized harmonics could be obtained by illuminating
with a circularly polarized driver two overlapping arrays of
antennas, with their major axis perpendicular to one another. Each
antenna array will couple to the component of the electric field
that aligns with the antenna’s major axis, therefore with a quarter-
cycle delay between the two arrays. This delay is inherited by the
harmonics (multiplied by their order). Overlapping the emission
from the two arrays will result in circularly polarized odd-order
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harmonics. Complicated geometries, such as metasurfaces™, will
allow even more precise control of many properties of high-
harmonic beams, such as amplitude and orbital angular momentum.
Looking forward, light can be confined to volumes smaller than
a few cubic nanometres™. In this regime, the atomic arrangement of
the atoms of the antenna becomes relevant. Such tight confinement
provides an opportunity to control strong-field excitation at the level
of a single unit cell. This will be a valuable tool to address several
conceptual issues in high-harmonic generation from solids, such as
the role played by the relative diffusion of the electron and the hole,
the plausibility of collisions between neighbouring electrons and
holes, and the effect of boundaries and impurities on propagating
electron-hole pairs. Combining solid-state technology with strong-
tield physics, high-harmonic generation can be engineered at will.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Fabrication of the antennas. Several square monopole arrays were fabricated by
electron-beam lithography, metal evaporation and lift-off on the (001) surface

of a 500-nm-thick single-crystal silicon film (http://www.mtixtl.com/
sossilicononsapphire-2.aspx). The silicon was grown on an R-plane 500-nm-thick
sapphire substrate. The Si/sapphire substrate was first annealed at a temperature of
200 °C in ambient conditions for two hours. Immediately after cool down, two
layers of polymethyl methacrylate (PMMA), each with a thickness of 40 nm, were
spun on the substrate to produce a re-entrant electron-beam resist bi-layer. PMMA
495 A2 and 950 A2 were used for the first and second layer, respectively. Both
layers were baked at 180 °C for one hour and cooled to room temperature before
any further processing. The nano-antennas were patterned by electron-beam
lithography at 30 keV followed by a one-hour bake at 95 °C. The samples were
developed in MIBK/IPA 1:3 at 20 °C. A 2-A-thick chromium adhesion layer was
deposited directly on the substrate followed by evaporation of 200 A of gold, both
using electron-beam evaporation. The metal lift-off took place in an acetone bath
at 40 °C, which was sonicated at 30 kHz for approximately one minute. Figure 1
shows a scanning electron micrograph of a nano-antenna array.

Generation and detection of high harmonics. An optical parametric amplifier
(Light Conversion OPA TOPAS-Prime) is pumped with a titanium sapphire
femtosecond regenerative amplifier (Coherent Legend Elite Cryo) and delivers
infrared laser pulses of 100 fs duration with a central wavelength of 2.1 um at
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10 kHz repetition rate. The beam is spatially filtered with a diamond pinhole of
150 um diameter and refocused into the silicon sample with a magnification of 2/3.
The beam waist on the sample is comparable to the size of a nano-antenna array
(100 um). The average power of the laser system is significantly attenuated from
P=150mW to the required values of <1 mW (<100 n]J per pulse) by a
combination of a spatial filter and a small aperture placed before the filter. Control
over the power is achieved by slightly varying the aperture size. The waist on the
sample is unaffected since it is a fixed fraction of the pinhole size.

Harmonics with photon energies above the direct bandgap of Si (at 3.4 eV) are
strongly absorbed. Because the region of field enhancement extends only a few
nanometres below the Si surface, to detect these harmonics the Si film must face
the detector. The projection of the sapphire ¢ axis on the surface aligns to the
(100) direction of the Si crystal, and therefore shows birefringence for the desired
output polarization parallel to the (110) direction. We used a combination of a
half-wave and a quarter-wave plate to ensure that the polarization exiting the
sapphire substrate and entering the Si film is linear and aligned along the
(110) direction.

The harmonics are detected by focusing them through the slit of a
visible-ultraviolet spectrometer from Ocean Optics (model USB20004-).

Data availability. The data that support the plots within this paper and
other findings of this study are available from the corresponding author on
reasonable request.
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