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Coherent extreme-ultraviolet pulses from high-harmonic generation have ample applications in

attosecond science, lensless imaging, and industrial metrology. However, tailoring complex spatial

amplitude, phase, and polarization properties of extreme-ultraviolet pulses is made nontrivial by the lack
of efficient optical elements. Here, we have overcome this limitation through nanoengineered solid
samples, which enable direct control over amplitude and phase patterns of nonlinearly generated extreme-

ultraviolet pulses. We demonstrate experimental configurations and emitting structures that yield spatially

patterned beam profiles, increased conversion efficiencies, and tailored polarization states. Furthermore, we
use the emitted patterns to reconstruct height profiles, probe the near-field confinement in nanostructures
below the diffraction limit of the fundamental radiation, and to image complex structures through coherent
diffractive emission from these structures. Our results pave the way for introducing sub-fundamental-

wavelength resolution imaging, direct manipulation of beams through nanoengineered samples, and

metrology of nanostructures into the extreme-ultraviolet spectral range.

DOI: 10.1103/PhysRevLett.128.223902

Attosecond science and strong-field physics are under-
going a revolution through the recently discovered
generation of high harmonics in solids [1-3]. Until now,
high-harmonic generation (HHG) from dielectrics was
shown to generate photon energies well into the extreme
ultraviolet (XUV) photon energy range [4-6]. The flexi-
bility associated with solid samples consequently promises
achievements beyond those of gas-phase HHG [7], which
enabled femto- and attosecond timescale [8—12] studies,
and all-optical nanoscale XUV imaging [13,14]. All XUV
experiments that rely on post-generation beam shaping are
currently challenged by the lack of suitable optical ele-
ments: Refractive optics are limited by the high absorption
of materials in the XUV and were only recently demon-
strated by gas expansions with a spatially varying density
profile close to a resonance [15]. Diffractive XUV focusing
through binary amplitude shaping has recently been dem-
onstrated for polychromatic HHG pulses [16]. However,
binary diffraction elements are challenged by low efficien-
cies (10% for gratings [17]), whereas purely phase shifting
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elements would provide higher efficiencies (41% for
gratings) but their realization is impractical due to the
extremely short attenuation lengths in the XUV.

The possibility to nanostructure the emitting medium in
solid HHG opens up the path towards tailored emission
profiles, and to directly generate XUV patterns inside
structures for imaging unknown objects through diffraction
with sub-fundamental-wavelength resolution. First steps
have been undertaken in HHG from engineered surfaces,
albeit at relatively low photon energies and from larger
structures [18-25]. In this report, we introduce and dem-
onstrate XUV science of nanostructures by HHG. We show
how the diffracted emission patterns can be quantitatively
understood and modeled, and use this knowledge for first
demonstrations to control the phase, amplitude, and polari-
zation of the emitted XUV pulses at will. Moreover, we
introduce XUV generation from complex structures and
use the measured patterns to reconstruct the underlying
nanoscale structures. Our results demonstrate profile
retrieval in all three dimensions, paving the way towards
imaging and semiconductor wafer metrology through solid-
state HHG from structured materials.

To generate diffractive high harmonics in the XUV we
focused 800 nm femtosecond pulses onto a grating-struc-
tured (10 um pitch, 5 pm linewidth, 85 nm height) fused
silica sample (112 = 3 pym thick), as shown in Fig. 1(a).
Only odd harmonics orders are observed, because fused

Published by the American Physical Society
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FIG. 1. (a) Experimental setup. (b),(c) Diffracted high harmonics

generated inside the grating-structured rear surface. (d) Simulation
of HHG diffraction from a near-field phase grating. (e) Height
reconstruction, using the data from panel (c). (f),(g) Diffracted high
harmonics generated by a phase-grating imprinted infrared pulse.
(h) Simulation of HHG diffraction from a near-field amplitude
grating. (i) Enhancement of HHG, total diffraction signal (red)
compared to emission of a flat sample (black).

silica appears isotropic to HHG due to its small crystal-
domain sizes. The absorption length in silica at the
generated wavelengths is less than 20 nm [26], hence
effective harmonic emission takes place only close to the
interface between silica and vacuum at the rear surface, and
phase matching over an extended volume of the emitted
XUV is negligible. When the sample is oriented such that
the flat surface faces the impinging pulses [Fig. 1(b)],
harmonic orders 7 (H7), 9, and 11 are diffracted onto the
detector [Fig. 1(c)]. At the structured rear surface, diffrac-
tion originates from a transverse phase modulation of the
XUV emission, which is introduced by the optical path-
length difference of the grating grooves, and therefore has a
periodicity equal to the pitch of the grating. We simulated
diffraction patterns [Fig. 1(d)] using an analytical model,
assuming a phase grating in the near field (Supplemental
Material [27]). The excellent agreement of photon-energy
dependent diffraction angles and efficiencies between
experiment and simulation confirms our model. The
generation of HHG directly inside the diffractive grating-
structured silica, which then entails a pure phase gra-
ting, leads to extremely efficient first-order diffraction.

Specifically for H7, H9, and H11, the percentage of the sum
of the signal diffracted into the first orders, compared to the
sum of both the first and zeroth-order signals, is 70%, 90%,
and 97%, respectively. We expect to also diffract light into
the third orders and higher orders, but are unable to
measure these orders in the present experimental configu-
ration. The total measured diffracted signal is on the same
order of magnitude as the total signal from a flat sample
(Supplemental Material [27]). For H9 and H11 only little
signal is diffracted into the zeroth order, which resembles
the situation of the theoretical maximum of 41% diffraction
efficiency in each first order [17]. The depth of the grooves
of the grating can also be reconstructed from the measured
wavelength-resolved diffraction efficiencies in Fig. 1(b).
We employ an analytical model (Supplemental Material
[27]) which allows to extract the modulation depth of a
binary phase grating, and therefore the height of the
grooves, with prior knowledge of only the refractive index
of the bulk and the central wavelength, see Fig. 1(e). The
three harmonic orders give an average height of 76 nm,
which is close to the value of 85 nm measured with a
profilometer. This demonstrates that HHG can be utilized
as a tool for direct height metrology of a periodic sample
through phase control of the XUV generation.

We now turn to a configuration where the sample is
oriented such that the infrared pulses impinge on the
structured surface first and harmonics are emitted from the
rear flat surface [Fig. 1(f)]. The structured front surface
imprints phase modulation onto the infrared beam, which
translates into amplitude modulation on the flat rear surface,
leading to diffraction patterns with the same emission angles,
but markedly different intensity distributions [Fig. 1(g)]
compared to the previous configuration [Figs. 1(b)
and 1(c)]. Figure 1(h) shows a simulated spectrum, where
we propagated the fundamental field to the rear surface by
Fresnel diffraction, creating a modulated infrared intensity
distribution (Supplemental Material [27]). HHG is effec-
tively driven by a periodically modulated intensity distribu-
tion of the fundamental field, which facilitates the emission
of both odd and even diffraction orders [Fig. 1(g), due to a
limited field of view in the detection, we did not observe the
even orders of H9 and H11 for positive divergence angles],
whereas even diffraction orders are absent for the XUV phase
grating with 50% duty cycle in Figs. 1(b)-1(d). In both
configurations, the odd diffraction orders originate from
modulations with a periodicity of 10 um, the pitch of the
grating. In addition, even diffraction orders appear as a cause
of a modulation in the fundamental near field with a
periodicity of 5 ym. We attribute this faster modulation
due to the Fresnel propagation that repeats the initial phase
grating after regular distances [35,36], the so-called Talbot
length zp = 2na®/A (a is the pitch of the grating, n the
refractive index). The thickness of our sample is on the same
order of magnitude as half the Talbot length, such that the
initial phase grating is repeated with a phase shift. This leads
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(a) AFM image of the structure. (b) Schematic of setup, for detecting zeroth and first-order diffraction. (c) Polarization-

dependent HHG. (d) Polarization-dependent zeroth-order diffraction. (e) Polarization-dependent first-order diffraction. (f),(g)
Simulation of the near-field of 800 nm, when polarized perpendicular and parallel to the grooves, respectively. (h),(i) Simulated

polarization-dependent zeroth and first-order diffraction signals.

to modulations in the fundamental intensity distribution in
addition to the phase grating, causing the emission of even
diffraction orders at the flat exit surface due to breaking of the
original 50% duty cycle of the grating (Supplemental Material
[27]). As before, experimental intensities and simulations
[Fig. 1(h)] show good agreement. Additionally, the sinusoidal
modulation of the amplitude imparted onto the fundamental
field, determined by the geometric parameters of the grating
structure and the sample thickness, gives rise to higher local
power density, thus enhancing the conversion efficiency of
light pulses at the fundamental frequency to HHG by about a
factor of 2. Figure 1(i) shows a direct comparison between the
divergence-integrated spectra generated in such configuration
and spectra generated in a flat bulk material, with equal
sample thickness. The enhancement is most pronounced for
higher harmonic orders due to the nonlinear HHG process.

We have thus far shown the generation of structured
XUV light and explained the underlying mechanism in
periodic structures larger than the wavelength of the
fundamental driving laser. We also demonstrated the ability
to use the emitted harmonics to sense the amplitude
distribution of the fundamental field at the generation
interface and to reconstruct height profiles. We now turn
to investigating light-matter interaction of intense femto-
second pulses with periodic structures with characteristic
sizes smaller than the driving wavelength, in which the
fundamental near field will be shaped by the geometry of
the structure, which provides opportunities for controlling
not only amplitude and phase, but also the polarization state
of the emitted XUV light.

Generation inside a nanostructured fused-silica grating
with sub-fundamental-wavelength dimensions [400 nm

pitch, 200 nm linewidth, 85 nm height, Fig. 2(a)] is shown
in Fig. 2. We observed first-order diffraction of the har-
monics, when emission occurred on the structured side
[Fig. 2(b)]. This demonstrates that also with these sub-
fundamental-wavelength dimensions a phase grating can be
imprinted onto the XUV wavefront, similar as in Fig. 1(b).
The signal was absent when the structure was facing the
incoming pulses, thus the mechanism of imprinting ampli-
tude modulation on the fundamental wavefront [Fig. 1(f)]
does not apply here, since the structural features are too small
for the fundamental wavefront to diffract from. For 400-nm
pulses, diffractive harmonic emission at both the flat and at
the structured side is possible (Supplemental Material [27]).
The diffractive XUV generation is caused not only by phase
modification, but also by the near-field amplitude of the 800-
nm pulses at the structured exit surface, which represents a
powerful new control mechanism over XUV emission.

We demonstrate this by changing the near-field of the
800-nm pulses in the nanostructures at will by changing
the polarization of the incoming pulses with respect to the
grating grooves. We measured the polarization dependence
of HHG through detecting both the first and zeroth-order
diffracted harmonics, as shown in Fig. 2(b), left and right
panel, respectively. The yield of the first diffraction orders
[Fig. 2(c)] for three different polarization angles [0° (parallel
with grooves), 45°, and 90° (perpendicular to grooves)]
shows a significant dependence for each harmonic, demon-
strating that the polarization indeed acts as a control
parameter for XUV generation. In more detail, we observe
that all harmonic intensities maximize at 0°, except for the
zeroth-order of H7 and the first-order of H5, which minimize
at this angle [see Figs. 2(d) and 2(e)]. The common features
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among the polarization dependent intensities of the har-
monics can be attributed to the effect of the sub-wavelength
structure on the fundamental field distribution, which we
simulated (Supplemental Material [27]) for parallel and
perpendicular orientations, as shown in Figs. 2(f) and 2(g),
respectively. For a perpendicular orientation the field is
localized between the grooves, whereas for parallel orienta-
tion the field is concentrated inside the grooves. Con-
sequently, the minimum signal for intermediate polarization
angles around 45° in Figs. 2(d) and 2(e) arises from a less
efficient generation of the harmonics, which is caused by the
splitting of the fundamental field amplitude between the top
and bottom grooves. Based on the near-field simulations in
Figs. 2(f) and 2(g), we simulated the zeroth and first order
diffracted harmonic signals, which are shown in Figs. 2(h)
and 2(i). The simulations accurately capture the increased
XUV generation at 0° and 90° and a minimum signal for
intermediate polarization angles around 45°. A convergence
study (Supplemental Material [27]) furthermore demonstrates
fully converged simulations. Thus, we have shown that HHG
can indeed be controlled by modifying the fundamental
near-field distribution by changing the incoming polariza-
tion, and inversely this distribution can be probed using
diffracted HHG.

Some intensity dependencies in Figs. 2(d) and 2(e) stand
out and require deeper analysis: We observed a relatively
weaker modulation of H5, which is below the band gap of
silica and thus generated over a much longer interaction
length than other harmonics. This leads to greater con-
tributions from the unstructured bulk of the silica as
compared to generation in the vicinity of the structured
surface, thus reducing the overall intensity modulations as a
function of angle between polarization and grooves, as
reproduced by the simulations in Figs. 2(h) and 2(i).
Another intensity dependence that requires further analysis
is that of H7, which minimizes at 0°. H7 is just above the
band gap of silica, so the cascaded frequency conversion
steps and their interference may become relevant [28], as
intermediate lower harmonics can be generated over the
entire interaction length of the solid medium. We modeled
H7 as interference between the direct upconversion of
seven 800 nm photons, sum frequency generation of the
fundamental and twice H3 for the first cascaded step, and
HS5 and twice the fundamental for the second cascade
(Supplemental Material [27]), which reproduces the exper-
imental data well. Inclusion of cascaded processes could
possibly resolve discrepancies between experiments and
simulations for other harmonics too, e.g., H9. Such a
simulation would be challenged by the larger number of
cascaded processes, and goes beyond the scope of our
study, but may stimulate new theories.

The redistribution of field amplitudes along parallel and
perpendicular components is reminiscent of a form bire-
fringence of the nanostructured grating, which thus acts as a
wave plate for the generated XUV pulses. The agreement
between our simulations in Figs. 2(h) and 2(i) and

TABLE 1. Polarization state of the zeroth and the first dif-
fraction order for harmonic orders generated with 45° angle
between polarization and grooves. The squared moduli of Stokes
parameters Q, U, and V (corresponding to the contributions of
linear 0°-90°, linear +45°, and circular polarization states,
respectively) are shown, normalized by the squared modulus
of the I parameter (corresponding to the total field intensity).

Zeroth diffraction order  First diffraction order

Stokes

parameters H5 H7 H9 HI1 HS H7 H9 HIIL
|0)? 0.000 0.060 0.002 0.004 0.007 0.825 0.099 0.098
|U? 0.996 0.562 0.606 0.537 0.943 0.065 0.200 0.174
[V|? 0.004 0.379 0.392 0.459 0.050 0.110 0.701 0.727

experimental data in Figs. 2(d) and 2(e) lends confidence
to ascribing polarization states to the emitted harmonics,
which are extracted from the simulations. Table I summa-
rizes the Stokes parameters of the zeroth and first diffrac-
tion order of all harmonics for the incident fundamental
polarization angle of 45°. Different harmonics exhibit
various degrees of elliptical polarization. For example,
the zeroth-order of HS is almost purely linearly polarized at
45° (Stokes parameter U), and intuitively expected as HS5 is
emitted over the unstructured bulk where no form bire-
fringence occurs. On the other hand, the contribution of the
circular polarization component (Stokes parameter V)
exceeds 70% in the first order of H9 and H11. As the
nonlinear susceptibility tensors for HHG in amorphous
silica represents an isotropic medium, the elliptical polari-
zation can only be attributed to structurally induced phase
retardation between polarization components parallel and
perpendicular with respect to the grating. These experi-
ments and simulations have shown that HHG is sensitive to
the geometry of the structure, and therefore can be used to
investigate near-field effects. We foresee that using HHG
to directly image the near-field distributions would allow us
to further characterize the effects of strong field confine-
ment [19,23], offering a new platform for ultrafast physics
in nanostructured solids.

Here we take the first step in this direction and
demonstrate direct imaging of periodic and aperiodic
structures through harmonic emission. We chose a complex
aperiodic structure (“smiley”) patterned in silica by e-beam
lithography shown in Fig. 3(a). We generated with 400 nm,
for which the third harmonic dominates the diffracted
signal. If HHG was more polychromatic, spectral filters
would be needed to select a certain harmonic, or Fourier-
transform imaging [14,37] could resolve the HHG spectrum
pixel by pixel. The main beam is blocked out with a beam
block, leading to the diffraction pattern of the smiley
structure as shown in Fig. 3(b). The calculated diffraction
pattern [Fig. 3(c)] matches well with the experimentally
measured one, showing the same significant features of the
diffraction pattern. In Fig. 3(d), the diffracted pattern is
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of micron-sized pillars.

generated from an array of micron-sized pillars, with 2 ym
dimensions, spaced four micrometers apart. In this particular
diffraction pattern, the beam block will not block out any
other diffraction signal, except the zeroth order, easing the
reconstruction of the structure. The image reconstruction
through a phase retrieval algorithm [38,39] in Fig. 3(e)
correctly captures the orientation of the array, and the
dimension as well as the spacing of the micron pillars. As
acomparison, amicroscope image of the pillar array is shown
in Fig. 3(f). Compared to other HHG-based imaging tech-
niques [40], here we can generate diffractive HHG directly
from the structure of interest, which offers a new imaging tool
for the inspection of patterned surfaces in the XUV.

The control of phase, amplitude, and polarization in solid
HHG from nanostructures will allow sensing and even
imaging femtosecond-resolved [41] electric near-field dis-
tributions in dielectric metasurfaces [19] and nanostructures.
Moreover, the opportunity to shape XUV pulse properties at
will opens new perspectives for pulse shaping that are
otherwise challenging to achieve by modifications after
generation. In particular, the demonstrated phase control
can inspire the design of new highly efficient phase diffractive
elements, such as zone plates, which will be more efficient
than the typically used binary elements. This approach of
combined generation and shaping in a single element may
soon compete with postgeneration XUV shaping given the
high efficiencies of XUV phase control [17] and the ongoing
efforts to increase the efficiency of solid HHG [42,43].
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