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Abstract

We demonstrate a method to image an object using a self-probing approach based

on semiconductor high-harmonic generation. On one hand, ptychography enables high-
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resolution imaging from the coherent light diffracted by an object. On the other

hand, high-harmonic generation from crystals is emerging as a new source of extreme-

ultraviolet ultrafast coherent light. We combine these two techniques by performing

ptychography measurements with nano-patterned crystals serving as the object as well

as the generation medium of the harmonics. We demonstrate that this strong field in

situ approach can provide structural information about the object. With the future

developments of crystal high harmonics as a compact short-wavelength light source,

our demonstration can be an innovative approach for nanoscale imaging of photonic

and electronic devices in research and industry.

KEYWORDS: diffractive imaging, high-harmonic generation, nanostructured semicon-

ductors, nano-optics, ultrafast photonics

1 Introduction

Since its first observation1 high-harmonic generation (HHG) from band gap solids has been

an intensively studied topic that opens up to a wide range of applications. The all-solid-

state nature of the generating medium enables more compact UV to extreme-ultraviolet

(XUV) HHG sources. Additionally, the harmonics generated from the strong field interac-

tion with the solid are highly sensitive to its electronic band structure, making them an

excellent observable for structural properties of the material.2 Furthermore, the visualiza-

tion of the electron currents associated to the fundamental mechanisms of the strong field

process can pave the way for applications in future petahertz optoelectronics3–5 or light in-

duced topology.6,7 Over the past years high harmonics have been observed in a multitude

of materials ranging from 3D bulk1,8–10 to 2D crystals.11–13 Out of the many possibilities,

nanostructuring of the material is especially interesting as it allows to increase the generated

harmonic yield and directly control the spatial structure of the generated harmonics.6,14–16

The sub-wavelength sensitivity of the generating beam to those nanostructures can be fur-

ther exploited to monitor nanoscale spatial amplitude and phase modulations of the crystal
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itself.

Coherent diffractive imaging (CDI) is a powerful technique that has been widely used for

nanoscale imaging since its first experimental demonstration.17 By solving the so-called phase

problem, using a phase retrieval algorithm, this lensless technique can reach a spatial res-

olution limited only by the wavelength. Ptychography was developed to generalize CDI

to extended objects.18 It uses multiple coherent diffraction patterns originating from over-

lapping light probes on the structure. The image reconstruction of the whole structure is

performed using the redundant information provided by these multiple diffraction patterns

using an iterative algorithm.19,20 Stunning demonstrations have been performed using syn-

chrotron radiation or HHG-gas sources in biology and solids state physics.18,21–25

In this work we demonstrate the use of HHG from solids as an integrated source of light to

image a sample using ptychography. The key here is to combine in a 2-in-1 configuration

the generation medium and the object, as illustraded in Figure 1. In this configuration,

the ptychographic HHG probe is intricated with the object. Indeed HHG from solids is a

spatially coherent light source that qualifies also well for coherent diffractive imaging as was

demonstrated recently.15 The conservation of the coherence properties during the generation

process makes the harmonics a suitable intrinsic self-probe for ptychography. Compared to a

previous work that uses the perturbative second harmonic generation,26 the non-perturbative

high-harmonic generation allows to image the object with significant structural information

thanks to the sensitivity of the strong field emission process to the material properties.

Finally, another interest of the ptychographic approach is the compatibility with tight focus-

ing. This enables low average power femtosecond fiber lasers to reach sufficient intensities for

HHG in solids and opens up possibilities for extremely compact and affordable arrangements.
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2 Methods

In our experiments we use a commercial all-fiber laser delivering 90 fs pulses with 10 nJ at

a central wavelength of 2100 nm and 18.66 MHz repetition rate, having linearly polarized

purely single mode output beam.27 The laser beam is focused at the rear side of the sample

by an aspheric lens with 3 cm focal length, reaching a focal spot size of 6.5 µm (FWHM),

with intensities of about 0.2 TW/cm2. Self-focusing during the propagation of the beam in

the sample can additionally decrease the laser focus and furhter increase the peak intensity.

The fifth harmonic order at a wavelength of 420 nm is selected using a bandpass filter set just

before the CCD camera. Because of mechanical limitations and of the limited chip size of the

CCD, a microscope objective (numerical aperture (NA) of 0.75) is set after the sample col-

lecting the wide angle diffraction patterns on the detector. It images the far field diffraction

pattern from a virtual plane located about 200 µm after the sample. The raw ptychographic

Figure 1: Depiction of the setup used for ptychographic in situ HHG imaging. The incident
laser is focused on the rear end of the nanopatterned crystal and generates harmonics directly
in the structure. The far field diffraction pattern is then captured by a CCD. After moving
the sample the procedure is repeated for the next position until a full array of n diffraction
patterns is collected.

data are pre-processed before the reconstruction, this includes: i) binning and cropping of

the diffraction pattern, ii) subtraction of background noise and iii) correction for the projec-
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tion of the Ewald sphere onto the flat detector. As a consequence of this pre-processings, the

effective NA of the diffraction data set is limited to 0.5. The calibration of the microscope

objective magnification (of about 20) is performed by comparing the experimental data to

numerical simulations. The ptychographic data were then used to perform the amplitude

and phase image reconstruction of the nano-patterned samples using the PyNX library.28

3 Results and discussion

3.1 Nanopatterned silicon sample

The first structure is patterned onto a 300 µm (100)-cut silicon sample using a Focused Ion

Beam (FIB). The test geometry is a custom mix of features commonly used in scientific and

industrial applications (see Figure 2 (c)). Its overall size is 18x12 µm2. The depth is chosen to

be about 50 nm to achieve a well contrasted phase object. The structure is probed in a spiral

scanning pattern using 2000 points with an average step size of 500 nm and with 3 seconds

of integration time each. The polarization of the laser is aligned along the short axis of the

structure that matches the [110]-axis (ΓK) of the silicon sample. The reconstruction uses

40 iterations of the alternating projections algorithm followed by 40 iterations of maximum

likelihood algorithm retrieving the probe simultaneously with the image of the object. The

reconstructions are performed on a GPU using PyNX CUDA supported modules. To avoid

artifacts of the reconstruction process, 10 independent reconstructions are averaged. The

retrieved probe, that reconstructs the harmonic source, has a size of 2.5 µm (FWHM). The

size reduction in respect to the laser focus results from the self-focusing effect and from the

harmonic nonlinear conversion.

An example of a reconstruction in amplitude and phase of the sample is shown in Figure 2. It

retrieves all the features of the sample. A resolution of 800 nm is estimated using a 10%-90%

edge criterion on the rightmost edge of the amplitude in Figure 2 (d), which is less than twice
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Figure 2: Reconstruction of the silicon sample. The amplitude (a) and phase (b) of 10
averaged independent reconstructions of the field at the exit of the structure. A scanning
electron microscopy image of the patterned structure is shown in (c). (d) shows a profile
along the dashed lines in (a) and (b). The black dashed lines in (d) represent the expected
positions of the structure edges.

the theoretical resolution limit for this setup (d = λ

2NA = 420 nm). The comparison of the

cut through the reconstructed structure with a cut through the original pattern shows a good

overlap. We note the presence of unexpected amplitude modulations in the reconstruction.

This effect takes its origin in the propagation of H5 in the structure29 and is qualitatively

confirmed by finite difference time domain (FDTD) simulations. Moreover, the simulation

of the propagation of the fundamental laser confirms no significant confinement in the 50 nm

depth nanostructures. The overall phase profile shows a contrast of 0.95π, close to the

designed phase difference of π. However, The amplitude reveals an increase of the coherent

signal from the patterned area compared to the unpatterned parts of the sample by tenfold

that does not match the expected design of a phase object. Comparative spectroscopic

measurements of the HHG emission between the structured sample and the bulk material

have been conducted and have confirmed this increase of the harmonic 5 signal from the

patterned sample (Figure 3 (a)). This behaviour is also visible for H3, which is slightly
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increased. In contrast H7, the first above band gap harmonic, is decreased significantly.

This increase of below band gap harmonics was observed by Sivis et al 14 for FIB induced

Figure 3: (a) Spectra recorded at a position inside the patterned structure (blue) and an
unstructured area of bulk silicon (orange). (b) Illustration of the depth of the source of
emission for the first three harmonics that effectively propagate outside the crystal. In the
structured part, first comes an area where material has been removed with the FIB (1). Next
is an area where the crystal structure is transferred into an amorphous phase (2) followed
by an area where the Ga implementation leads to a high concentration of crystal defects (3).
At large depth only the pristine silicon remains (4).

Ga+ ion implantation as well. However the ion dose (at 30 keV) used to etch the structures

in our work is larger, leading to a higher relative fraction of Ga ions of up to 0.1.30 The

process also generates secondary effects like the amorphization of the crystal structure close

to the surface.30–32 This effect can create tails of localized states into the bands,33 while the

doping, as well as the crystal defects (e.g. vacancies) occurring alongside, add defect bands

in the band gap or can even modify the band gap itself. The increase in signal for the below

band gap harmonics (H3 and H5) could result from an increased probability of interband

transitions (photon emission from the electron-hole recombination) from those additional

states present in the band gap of the pristine silicon. This is particularly true for H5 whose

energy is close to the band gap energy. Theoretical studies have reported such enhancement

for below band gap harmonics, in the case of pure doping and vacancies.34,35 However, crystal

amorphization has been studied theoretically and experimentally and have been found to

significantly lower the HHG yield.36,37 Thus, the enhancement of below band gap harmonics
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is counter-acted by the overall HHG signal reduction due to the amorphization. Additionally,

each harmonic experiences a different absorption by the material. This absorption also

depends on the changes induced by the FIB and consequently changes with depth. All

together, the measured part for each harmonic is generated up to a different depth and

experiences a different sensitivity to the material changes as sketched Figure 3 (b). For our

case H3 is generated at a large depth and is therefore less affected than H5 and H7 that are

generated closer to the surface.

3.2 Spiral zone plate patterned on ZnO

Figure 4: (a) Scanning electron microscopy image of the spiral zone plate. Reconstructions
of the intensity (b) and phase (c) distribution of H5 after the SZP. Intensity (d) at the
focusing plane of the SZP, i.e. from the numerical propagation over 6 µm after the sample,
reconstructing the OAM beam. (e) The corresponding phase for the central ring shape. (f)
A prior direct measurement at the SZP focal plane published in [6].

As a second test of the capabilities of ptychography with HHG from solids, we studied

a 10x10 µm2 spiral zone plate (SZP) patterned on a 500 µm thick zinc oxide (ZnO) crystal.
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The structure is designed to generate a Laguerre-Gaussian beam carrying an orbital angular

momentum (OAM) ` = 1 without the need to pre-shape the driving IR field.6 An example

of an SZP is shown in Figure 4 (a). It is designed to be a pure phase object combining

the phase profiles of helical and spherical waves to induce the OAM and focus the beam

6 µm after the structure. The harmonic used for the measurements is again H5 which lies

below the band gap energy of ZnO (3.3 eV) and is hence generated in the bulk before being

diffracted by the SZP. The etching depth is chosen to be 210 nm resulting in a phase step of π.

Measurements are performed under similar conditions as for the silicon sample, but scanning

the sample in a grid pattern with an average step size of 400 nm. We attempt to retrieve

the induced OAM from the patterned structure based on the ptychography measurements

similar to the approach presented by Vila Comamala et al .38 The data were reconstructed

using a combination of algorithms with a total of 210 iterations of alternating projections

and 10 iterations of difference map, performed using the CPU supported module of PyNX.

The results of the complex field at the exit of the SZP in amplitude and phase are shown

in Figure 4 (b) and (c). The expected well contrasted binary phase profile is retrieved

within the boundaries of the scanned area. This object behaves closely as a pure phase

object with a low amplitude contrast between the patterned and non-patterned areas, a

behaviour that can be explained by the higher resistance of ZnO to material alterations in

the FIB process.39 Amplitude vs. phase contrast are clearly target dependant, emphasising

the potential of this technique for elemental mapping. However, as the ZnO sample features

a much deeper structure than the silicon, the amplitude picture shows a double spiral as a

results of the strong propagation effects expected for both the fundamental and H5, which

is in qualitative agreement with FDTD simulations. The stronger confinement effect in the

structure from the vertical polarization is particularly visible. The numerical propagation of

the reconstructed complex field to the focal plane of the SZP is shown in Figure 4 (d) and

(e). It matches the result from our previous experiments in [6] (reproduced in Figure 4 (f)).

We retrieve the same aberration due to the limited number of illuminated diffracting zones
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from the structure. In addition, we access the phase profile that confirms the OAM ` = 1

carried by the focused beam.

4 Conclusion

In conclusion, we demonstrated that self-probed ptychography allows for robust reconstruc-

tion of various structures and can be a valuable asset for the characterization of nanostruc-

tures or meta-optics in the context of HHG from solids. This approach can be scaled towards

the cutoff of HHG from solids, reaching currently 50 nm,8 which translates directly into a

gain of resolution. Additionally, the sensitivity of the HHG mechanisms based on the non-

perturbative nonlinear properties of the material to the driving laser field can give access

to valuable spectroscopic information from the reconstructed image. In combination with

the recent potential in multi-wavelength imaging,40 self-probed ptychography could allow a

full access to the spatio-spectral image of the sample. Finally, high spatial and temporal

resolution could be obtained in conjunction with broadband CDI algorithms.41
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