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The enhancement and control of non-linear phenomena at a nanometer scale has a wide range of
applications in science and in industry. Among these phenomena, high-harmonic generation in solids

is a recent focus of research to realize next generation petahertz optoelectronic devices or compact all
solid state EUV sources. Here, we report on the realization of the first nanoscale high harmonic source.
The strong field regime is reached by confining the electric field from a few nanojoules femtosecond
laser in a single 3D semiconductor waveguide. We reveal a strong competition between enhancement
of coherent harmonics and incoherent fluorescence favored by excitonic processes. However, far from
the band edge, clear enhancement of the harmonic emission is reported with a robust sustainability
offering a compact nanosource for applications. We illustrate the potential of our harmonic nano-device
by performing a coherent diffractive imaging experiment. Ultra-compact UV/X-ray nanoprobes are
foreseen to have other applications such as petahertz electronics, nano-tomography or nano-medicine.

Ultrafast nano-photonics science is emerging thanks to the extraordinary progresses in nano-fabrication and
ultrafast laser science. Boosting laser fields in nanostructured photonic devices to the strong field regime has
the potential of creating nano-localized sources of energetic photons or particles, opening vast applications.
Nowadays, optoelectronics is extending to the highly non-linear regime where electron currents can be opti-
cally controlled under strong fields in semiconductors. A recent impact of this capability is the emergence of
high-harmonic generation (HHG) in crystals'~>. High harmonics are emitted when electrons undergo either
intra-band or inter-band processes. These above bandgap phenomena occur efficiently in a crystal exit layer of
sub-micrometer thickness* down to an atomically thin layer®-1°. The strong electron currents from which HHG
originates can be manipulated in space and time. This, in turn, allows to localize the HHG process in time at the
single optical cycle scale* and in space at a nanometer scale to create for example beams that carry orbital angular
momentum!!. This control can not only revolutionize attosecond science but also prepare a new generation of
ultrafast visible to X-ray optoelectronic devices operating at petahertz frequencies.

The high intensity needed for HHG in solids requires large laser amplification systems which limits the inte-
gration of the source in advanced devices. However, nanoscale field enhancement is nowadays a technology used
to stimulate non-linear phenomena'>'®. Different meta-surfaces of metallic'*-'%, dielectric and semiconductor!’1
as well as metallic/dielectric and metallic/semiconductor hybrid structures?-** were successfully used to boost
non-linear processes. In 2016, Han et al. showed the enhancement of high harmonics from a 800 nm femtosecond
oscillator operating at 75 MHz repetition rate using plasmonic resonances in hybrid sapphire-metal waveguides®.
Enhancement of high-harmonic generation induced by an array of metallic nano-rods has been observed***>.
Plasmonic resonances ensure extremely high enhancement of the local electric field with sub-diffraction-limited
hot spots. Another route for HHG enhancement is to use a full semiconductor structure. This is not the first time
that such structures are used. Indeed, recent works have studied samples composed of an array of structures and
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Figure 1. Field enhancement in the semiconductor waveguide. (a) Schematics of the field enhancement. The
local field enhancement increases moderate pump intensities of 0.05-0.2 TW/cm? provided by the laser to up
to 5 TW/cm? and allows for HHG. The SEM picture shows our structure patterned on a bulk ZnO crystal with
the dimensions: base size of 4.1 um in diameter, height of 6.1 pm and top of 2.6 um. The vertical black thick bar
represents 2 um. (b) Simulation of the intensity distribution in the cone (plane spanned by k- and E-vectors).
Significant intensity enhancement occurs on the tip of the cone by a factor larger than 20. The simulation

has been done with the experimental parameters. ¢ Intensity enhancement at the exit of the cone (plane
perpendicular to the propagation direction) 100 nm below the top surface of the cone.
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for light emitted around the crystal bandgap?®-?%. Liu et al. have recently reported on the enhancement of har-
monics using an array of structures patterned on an all-dielectric 2D surface?. The main difference of our work is
that we use a single nanostructure to create a nanoscale size HHG source opening the path for a compact ultrafast
extreme UV (EUV) nano-probe. In addition, we explore the enhancement regime of above band gap harmonics
which are relevant for further extension of the HHG nanosource to the EUV. We also illustrate the potential of the
nanostructured cone to produce a nanosource of hot electrons.

Results

The principle is based on the confinement of the laser light in an integrated structure to reach the intensity
threshold that allows for high-harmonic generation from a few nanojoules mid-infrared fiber laser. The effective
laser intensity is raised up from the sub-TW/cm? to the TW/cm? regime inside a single zinc oxide (ZnO) nano-
structured waveguide as illustrated in Fig. 1a. The design of the structure and the results from finite-difference
time-domain (FDTD) simulations of the intensity enhancement are shown in Fig. 1b. As the beam propagates
towards the tip of the ZnO nanostructured cone, the fundamental intensity is enhanced by more than one order
of magnitude in a sub-laser-wavelength volume. The simulation of the laser confinement at the output surface in
the plane perpendicular to the propagation direction shows a regular centered mode (see Fig. 1c). Note that inten-
sity enhancement close to the exit surface is mandatory for efficient above bandgap HHG because high harmonics
cannot propagate more than few 100 nanometers in the bulk crystal due to their strong absorption'.

The layout of the experimental setup is shown in Fig. 2 (see methods). The laser, of few nanojoules energy, is
coupled into the cone entrance to seed the harmonic emission. Using a UV/VIS spectrometer, we have measured
emission spectra at different pump intensities. The results are displayed in Fig. 3a,b. At low pump intensity of 0.07
TW/cm? only H3 is generated from the bare crystal and emission from the defect states (450-550 nm band) is
noticeable (blue curve, Fig. 3a). While this intensity is not sufficient to trigger above-band gap harmonic genera-
tion in the bare crystal, H5, H7 and H9 are efficiently generated when the laser is focused into the cone (red curve,
Fig. 3a). The Supplementary Movie S1 shows the dynamic enhancement when the isolated truncated cone is scanned
across the laser beam focus. In Fig. 3a, we notice a very strong enhancement of the luminescence generated at the
excitonic band edge (385nm) and the defect states spectral regions. When increasing the pump intensity to 0.17
TW/cm?, we notice that H5, H7 and H9 and the luminescence are generated from the bare crystal (blue curve,
Fig. 3b). When focusing into the nanostructured cone, all harmonic orders and the luminescence are dramatically
enhanced with respect to the bare crystal (red curve, Fig. 3b). We see that the luminescence from the band edge,
which could be barely measured from the bare crystal, is strongly enhanced. The 5% harmonic, although distinguish-
able, cannot be used to retrieve quantitative information of the full intensity dependence. Moreover, Fig. 3¢ reports
the non-perturbative intensity dependence of the luminescence which scales as I>!. This does not allow us to clearly
identify the strong field origin of the harmonic emission such as reported by Sivis et al.?®.

SCIENTIFIC REPORTS | (2019) 9:5663 || https://doi.org/10.1038/s41598-019-41642-y 2


https://doi.org/10.1038/s41598-019-41642-y

www.nature.com/scientificreports/

Figure 2. Experimental setup. The laser used in this experiment is an all fiber laser with 2.1 pm operating
wavelength, 85 fs pulse duration, 19 MHz repetition rate and 8.7 n] maximum pulse energy. The laser is focused
with an off-axis parabola (f=25mm) into the sample to a spot size of 5.9 um (FWHM) at normal incidence.

The intensity range used in the experiment is 0.05-0.2 TW/cm? The light exiting the cone is collected by a lens
towards a spectrometer or a CCD camera. Different transmission filters can be used to select a specific harmonic
order. The spatial profile of H7 emitted from the cone is shown as an inset.
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Figure 3. Intensity-dependent signal yield. (a,b) Spectra emitted from the ZnO cone (red curve) and from the
bare crystal (blue curve) measured at pump intensities of 0.07 TW/cm? and 0.17 TW/cm?, respectively. The
harmonics H3, H5, H7 and H9 are highlighted as well as the luminescence from the band edge at 385 nm and
from defect states. (c,d) Intensity dependence and power law of the harmonic yield for H7 and H9 from the bare
crystal (blue crosses) and the cone (red circles), respectively. The power law for the luminescence from the band
edge generated in the cone is shown in (c) as magenta triangles.

In order to discriminate between coherent and incoherent enhancement, we concentrated our study on higher
harmonic orders. H7 (300 nm) and H9 (233 nm) stand well above the ZnO excitonic band edge which allows for a
clear observation of the coherent enhancement process. H7 and H9 are enhanced in the cone (red curve) by more
than two orders of magnitude with respect to the bare crystal (blue curve) at low intensity (Fig. 3a) and by around
one order of magnitude at higher intensity (Fig. 3b). Figure 3¢,d report the intensity power law dependencies of
H7 and HY, respectively. Note that the background produced by the saturated 3*¢ harmonic is below H7 and H9
signals and its subtraction was efficiently achieved during the analysis. While H7 and H9 behave perturbatively
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Figure 4. Temporal evolution of the harmonic emission. Temporal evolution of (a) H7 and (b) H9 from a
cone at an intensity of 0.17 TW/cm? (red curve). The signal is observed over a time of 3 hours. SEM-images

of the top of a cone after an exposure time of half an hour and 3 hours, respectively at an intensity of 0.17
TW/cm? are shown in (¢,d). The polarization direction is indicated by a black arrow. The initial cone, before
irradiation, is shown as an inset in (c). (e) Image of hot electrons emitted by the cone taken by photo-emission
electron microscopy (PEEM). The cone is back illuminated by a 775 nm pulsed laser beam under an angle of
45°. The image is a superposition of two simultaneously acquired images, one recorded in low energy electron
microscopy imaging mode (LEEM, topographic signature) and one in PEEM imaging mode (photoelectron
signature).

with the laser intensity when generated in the bulk (with close to I dependencies for harmonic order q), their
yield scales non-perturbatively when enhanced in the cone.

To investigate the sustainability of the harmonic nano-source, we have monitored the temporal evolution
of the harmonic signal which exhibits unexpected dynamics. For intensities below one TW/cm?, the harmonic
signal emitted from the nanostructured cone was enhanced during hours as shown in Fig. 4a,b for H7 and H9,
respectively. After exposure of a pristine cone to the laser, the harmonic signal first increases during a time span
of up to half an hour and then decreases and tends towards a constant value. The temporal evolution of the har-
monic emission is related to a structural modification of the cone, similarly to a study in bow-tie antenna recently
reported®. Two deep subwavelength cracks appear close to the center of the cone after half an hour of exposure
(SEM-image in Fig. 4¢)*'. Due to the local field enhancement self-organized reshaping occurs which leads to a
higher field enhancement than in the initial pristine cone. This explains the initial increase of the harmonic sig-
nal. For longer exposure the reshaping continues and the top surface of the cone becomes porous (SEM-image
in Fig. 4d), which leads to a decrease of the harmonic signal. We found that the damages occur at the position of
highest field enhancement (Fig. 1b,c), i.e. in the center of the output surface of the cone, and that the linear cracks
are perpendicular to the laser polarization. Those cracks are associated to emission of ions and electrons. We have
further confirmed the field localization at the top of the nanoprobe by measuring the spatial distribution of hot
electrons emitted during the strong field interaction (see Fig. 4e). The measurement is realized using photoemis-
sion electron microscopy (PEEM, see methods) with a spatial resolution of about 35 nm?2. The central bright spot
corresponds to the non-linearly photo-emitted electrons with an energy ranging from 6 to 12 eV and a source size
of 590 nm full width at half maximum (FWHM). Note that this illustrates another potential of our semiconductor
waveguide to create nanoscale source of hot electrons.

The strong localization of the electron emission reflects the nanoscale field enhancement inside the structure and
is correlated to the harmonic source size. From the simulation shown in Fig. 1c, the transverse mode of the funda-
mental beam at the top of the cone has a size of 900 nm. The diameter of H7 emission from the cone was measured
to be 800nm (FWHM) (see inset in Fig. 2). This opens perspectives in the realization of UV/EUV nano-probes for
spectroscopy or imaging applications. As an example, HHG can be used to image nanoscale objects in a femtosec-
ond snapshot®***. Here, we selected H5 emitted from the cone by using a narrow bandwidth filter to investigate the
feasibility of coherent diffractive imaging (CDI). A generic layout is displayed in Fig. 5. The beam is focused onto
a sample consisting in a nanoscale pattern realized on a thin opaque membrane (see methods). The coherence of
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Figure 5. Generic layout of the coherent diffractive imaging setup. Few nano-joules of our 2.1 um femtosecond
laser are injected in the cone. The emission from the cone was filtered in the far field to select the 5" harmonic
and then focused on a nano-patterned test sample consisting in a partially occulted cross. The diffraction
pattern is collected in the far field using a CCD detector. A phase retrieval algorithm is then applied to
reconstruct the image of the sample. The white bars on the SEM images of the sample and the reconstructed
image correspond to a distance of 2 pm.

the harmonic source allows to measure a well contrasted diffraction pattern in the far field. The incoherent part of
the emission due to fluorescence creates a constant background that does not contribute to the diffraction pattern.
The image of the sample was reconstructed using a phase retrieval hybrid input-output algorithm which acts as a
virtual lens (see methods). The CDI reconstruction reproduces well the cross-shape of the sample with a spatial
resolution of 1.6 um. This proof-of-principle can be extended to the sub-100 nanometer range by using higher band
gap material to push the HHG spectrum to shorter wavelengths?. Besides illustrating the coherence of the harmonics
generated in the semiconductor cone, we propose the realization of a very compact ultrafast nanoscale microscope.
Other techniques such as ptychography could allow generalizing the method to extended objects™®.

Discussion

In conclusion, we have shown that high-harmonic generation can be confined in a single nanostructured semi-
conductor. We have shown the severe competition between the enhancement of incoherent fluorescence versus
coherent harmonics. We report that the fluorescence dominates harmonics around the zinc oxide band gap. At
energies well above the band gap, we demonstrated a clear enhancement of harmonics by at least two orders of
magnitude. Our semiconductor harmonic nano-source shows a good sustainability, with hours long lifetime.
Nanoscale enhancement can replace external laser amplifiers using few nano-joules femtosecond laser systems
to boost non-linear processes to the strong field regime. Other control such as terahertz, two-color or DC field
can be applied to our strong field optoelectronic device®*-*. Single nano-emitters generate coherent UV/XUV
radiation which offers a wide field of applications as, for example, ultrafast nanoscale imaging. Our nanostruc-
tured crystal can offer also an appealing source of hot electrons of nanometer scale size, the localization of which
is directly controlled by the confinement of the electric field. Finally, our demonstrations pave the way towards
a stable source of novel all-solid-state attosecond optoelectronic devices operating at petahertz frequencies.
Additionally, the control of the laser phase gradient should also favor tailoring the spatial and spectral phases of
the harmonic emission allowing controlled emission of attosecond pulses®.

Methods

Laser. The seed mode-locked oscillator delivers a train of 1.3 ps hyperbolic secant squared (sech?) shaped
pulses centered at 1910 nm with a repetition rate of 19 MHz. The average power is 4 mW, corresponding to
E=0.2nJ. The pulses are further amplified in a cladding-pumped amplifier based on large mode area thuli-
um-doped fiber to tens of nano-joules. Multisolitonic effects lead to the pulse fission followed by ejection of
high-energy (8.7 n]) pulses that are frequency-shifted to 2100 nm. The spectrum has a central wavelength of
2103 nm and was measured with an optical spectrum analyzer (AQ6375, Yokogawa, Japan). The average power
of the pulse train is 162 mW with a linear polarization state. The pulse duration was measured via autocorrelation
to be 85fs.

Experimental setup. The laser is focused using a 25 mm focal length off-axis parabola either in bulk or nanos-
tructured ZnO. Harmonic spatial profiles can be imaged in the near-field (crystal sample exit) by a lens (f=60mm)
and a CCD-camera (Photonlines, PCO.Ultraviolet). Harmonic spectra can be detected from the near infrared down
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to the deep UV (Ocean Optics QE Pro, cooled). For the imaging experiment, H5 is selected with a FB420-10 trans-
mission filter from Thorlabs and focused by a =50 mm lens onto the PCO ultraviolet CCD camera.

Sample. The surface of a ZnO [0001] crystal is patterned with isolated truncated waveguide structures via
focused ion beam (FIB) milling. The cone has a height of 6.1 um, a bottom diameter of 4.1 um and a top diameter
of 2.6 um. It is illuminated from the bottom with the 2.1 ym laser beam.

Simulations. Finite difference time domain (FDTD) calculations using LUMERICAL Solutions have been
performed to optimize the local enhancement of the electromagnetic field in the cone at a wavelength of 2.1 pm.
The material of both the cone and its substrate is ZnO. Its optical parameters were imported from Bond et al.,
1965, to LUMERICAL and used throughout the simulations. The surrounding medium is air. The structure is
illuminated by a Gaussian beam with w= 5.0 um wave at 2.1 pm wavelength from below the substrate. We used
perfectly matching layers at the boundaries. A finite mesh of 40 nm was used on x, y and z. The calculation time is
about 3 hours on a bi-processors Intel Haswell 10C E5-2650V3 (10 cores, 20 threads, max. frequency 3 GHz, Bus
speed 9.6 GT/s QPI, 768 GB registered SDRAM (DDR4 2133, 68GB/s bandpass)).

CDI. The CDI sample has been patterned on a thin opaque membrane (75 nm SisN, + 150 nm Au) by focused
ion beam milling. The raw diffraction data is shown in the Supplementary Information. The diffraction patterns
take about 1/3 of the full CCD dimensions so that it is possible to measure the background associated to the lumi-
nescence which covers the whole CCD. Indeed, the luminescence is isotropic and adds a constant background
to the diffraction pattern. Other source noise like light scattering is also included in the background. The back-
ground is subtracted to the diffraction pattern which is then inverted using a hybrid input output algorithm. The
reconstruction image is the coherent average over 50 independent runs of the algorithm, of around 500 iterations
each. From the phase retrieval transfer function criterion, the spatial resolution is estimated at 1.6 um.

PEEM. Photoemission electron microscopy measurements are carried out on a LEEM/PEEM III instrument
(Elmitec GmbH) operating under ultra-high vacuum conditions. In PEEM imaging mode the spatial resolution
routinely achieved is 20 nm. The laser source is a mode-locked Ti:Al,O; oscillator (Chameleon Ultra II, Coherent
Inc., repetition rate 80 MHz, pulse width 130 fs, wavelength range 680 nm-1000nm). In addition to PEEM imag-
ing, the instrument can be operated in low energy electron microscopy (LEEM) mode where backscattered elec-
trons are used to create an image reflecting the topography of the sample.
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