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Abstract: Colloidal crystals with specific electronic, optical, magnetic, vibrational properties, 
can be rationally designed by controlling fundamental parameters such as chemical 
composition, scale, periodicity and lattice symmetry. In particular, silica nanospheres -which 
assemble to form colloidal crystals- are ideal for this purpose, because of the ability to 
infiltrate their templates with semiconductors or metals. However characterization of these 
crystals is often limited to techniques such as grazing incidence small-angle scattering that 
provide only global structural information and also often require synchrotron sources. Here 
we demonstrate small-angle Bragg scattering from nanostructured materials using a tabletop-
scale setup based on high-harmonic generation, to reveal important information about the 
local order of nanosphere grains, separated by grain boundaries and discontinuities. We also 
apply full-field quantitative ptychographic imaging to visualize the extended structure of a 
silica close-packed nanosphere multilayer, with thickness information encoded in the phase. 
These combined techniques allow us to simultaneously characterize the silica nanospheres 
size, their symmetry and distribution within single colloidal crystal grains, the local 
arrangement of nearest-neighbor grains, as well as to quantitatively determine the number of 
layers within the sample. Key to this advance is the good match between the high harmonic 
wavelength used (13.5nm) and the high transmission, high scattering efficiency, and low 
sample damage of the silica colloidal crystal at this wavelength. As a result, the relevant 
distances in the sample - namely, the interparticle distance (≈124nm) and the colloidal grains 
local arrangement (≈1μm) – can be investigated with Bragg coherent EUV scatterometry and 
ptychographic imaging within the same experiment simply by tuning the EUV spot size at the 
sample plane (5μm and 15μm respectively). In addition, the high spatial coherence of high 
harmonics light, combined with advances in imaging techniques, makes it possible to image 
near-periodic structures quantitatively and nondestructively, and enables the observation of 
the extended order of quasi-periodic colloidal crystals, with a spatial resolution better than 
20nm. In the future, by harnessing the high time-resolution of tabletop high harmonics, this 
technique can be extended to dynamically image the three-dimensional electronic, magnetic, 
and transport properties of functional nanosystems. 
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1. Introduction

Colloidal crystals ordered in three dimensions form an important class of materials with a 
diverse range of magnetic, electronic, transport properties [1] with potential applications in 
nanoelectronics, thermoelectrics, photovoltaics, and nano-enhanced therapies [2–7]. These 
approaches promise functional materials that go beyond what is possible by simply changing 
the alloy or multilayer composition of nature-given materials. However, the design of such 
materials relies critically on the availability of accurate predictive characterization tools and 
models of how function and mechanical performance are related to nano-to-meso-scale 
structures [2]. To unravel the local structural properties of colloidal crystals, coherent X-ray 
scattering and diffractive imaging are important tools [8]. 

Structural retrieval methods based on computation of the angular cross-correlation 
function (CCF) from coherent scattering patterns [9,10] have been successfully applied to 
glassy systems of polymethylmethacrylate spheres [11–13] using hard X-rays from 
synchrotron facilities, making it possible to extract information on local symmetries in 
heterogeneous structures. Small-angle scattering combined with angular cross-correlation 
analysis made it possible to obtain insight into orientational order heterogeneities in densely 
packed films of silica spheres of different sizes [14]. Recently, a CCF analysis was applied to 
ultrafast small-angle electron diffraction [15] to probe the ordered arrangement of ligands in a 
two-dimensional supracrystal of dodecanethiol-capped gold nanoparticles [16], and clarified 
the microscopic order/disorder dynamics that governs light-induced thermal evolution in such 
systems. Finally, a CCF analysis from diffraction patterns in a Transmission Electron 
Microscope (TEM) was used to unravel the structural details with which the helical-to-
skyrmion magnetic phase transition occurs in Cu2OSeO3, enabling the study of order/disorder 
correlation in protected magnetic topologies [17]. 

Extreme ultraviolet (EUV) light from compact High-Harmonic Generation (HHG) sources 
has unique capabilities for imaging nanomaterials due to its intrinsic chemical, elemental, and 
spin specificity. Moreover, HHG exhibits very high spatial and temporal coherence, when 
implemented in a phase matched geometry [18–26]. The high spatial coherence of the HHG 
beam also makes it possible to combine tabletop coherent small-angle scattering with full-
field coherent diffractive imaging (CDI). In CDI, a finite object (sample) is illuminated with a 
coherent beam; if the far-field diffraction pattern collected at the detector is adequately 
sampled with respect to the spatial Nyquist frequency [27,28] the phases of the scattered 
amplitudes can be recovered computationally by an iterative algorithm [29]. Reconstruction 
of an image of the sample is achieved by computationally propagating the diffracted light to 
the sample plane. CDI provides a comprehensive and definitive characterization of how light 
interacts with the sample because the image contains both amplitude and phase information, 
fully capturing the influence of both material and topographical composition. 

Coherent diffractive imaging with hard X-rays from synchrotron sources have recently 
demonstrated the possibility to image the three-dimensional structure of single colloidal 
crystal grains [30,31] and enabled two-dimensional microscopy of colloidal crystals with 
relatively large (418 nm in diameter) nanosphere size [32]. Past work used EUV HHG CDI at 
a wavelength of 30nm to record scatter patterns from a sparse region of large 2µm core-size 
silica spheres [33], and achieved a spatial resolution between 250nm and 440nm. However, to 
date, full-field, quantitative EUV coherent scattering and imaging of close-packed nanosphere 
multilayers still poses a challenge for a wide range of colloidal crystals, with dimensions 
ranging from 10nm to 200nm. 

In this work, we demonstrate small-angle Bragg scattering from nanostructured materials 
using a tabletop-scale microscope illuminated by coherent HHG beams, to reveal important 
information about the local order of silica colloidal crystal grains that are separated by grain 
boundaries and discontinuities. We also implement full-field quantitative ptychographic 
coherent imaging to visualize the extended structure of a silica close-packed colloidal crystal 
multilayer [1], with thickness information encoded in the phase. The high spatial coherence 
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and short wavelength (13.5nm) of high harmonic beams, combined with advances in coherent 
imaging techniques [34] allows us to obtain images with amplitude and phase contrast from 
near-periodic extended self-assemblies of multilayered silica nanosphere lattices, 
quantitatively and nondestructively, with a spatial resolution better than 20nm. We achieve 
excellent agreement between the nanosphere size extracted from scanning electron 
microscope (SEM) images (123 ± 3nm) and the estimated sphere thickness from the phase 
reconstruction (124nm ± 1nm). These combined techniques allow us to simultaneously 
characterize the sphere size, the distribution and level of crystallinity within a single colloidal 
crystal grain, as well as to probe the arrangement of nearest-neighbor grains. Hence, in a 
single tabletop-scale EUV microscope, we provide a complete structural characterization of a 
colloidal crystal of silica nanospheres, with high quantitative accuracy over a broad range of 
length scales. 

In the future, by harnessing the high time resolution of tabletop high harmonics, this 
technique can be extended to dynamically image the 3D electronic, magnetic, and transport 
properties of functional nanosystems. 

2. Experimental setup

Silica colloidal crystals were prepared by dropcasting monodispersed silica nanospheres with 
123 ± 3nm core diameter onto 30nm thick silicon nitride membranes. The sample was then 
imaged in a scanning electron microscope at a 2.0keV electron energy, Fig. 1 (inset). The 
sample is composed of three distinct regions characterized by different nanosphere 
distributions: (left) a sparse aggregate of randomly distributed silica nanospheres, (center) a 
monolayer of close-packed spheres distributed in grains and characterized by grain 
boundaries and discontinuities, and (right) a three-dimensional multi-layered colloidal crystal. 
A high-definition, full-field SEM image of the sample is available in the Appendix A. 

The sample was investigated using tabletop-scale 13.5nm high harmonic source driven by 
a 20fs, 2mJ, 3kHz, Ti:Sapphire laser centered at 785nm (KMLabs Dragon). Bright, phase 
matched, spatially-coherent HHG beams at a wavelength of 13.5nm were produced in a 
150µm diameter waveguide filled with He gas at a pressure of 575Torr. The residual laser 
light was rejected using a pair of ZrO2-coated Si mirrors placed near Brewster’s angle, 
followed by a 400nm Zr foil. A single harmonic at a wavelength of 13.5nm was then selected 
using a pair of Si/Mo multilayer mirrors (CXRO [35]). In our experimental apparatus [34] the 
first flat mirror, 2.54cm diameter, is used to steer the beam onto a second curved mirror with 
100mm radius-of-curvature, which gently focused the 13.5nm beam onto the colloidal crystal 
sample. Slight astigmatism in the focus of the beam was observed due to the non-zero angle-
of-incidence on the curved mirror. For this reason, the sample was placed between the 
horizontal and vertical foci at the circle-of-least confusion, which was measured using a 
knife-edge method to be approximately 5µm in diameter. The camera, (Andor iKon, 2048 by 
2048 square pixels, side 13.5µm length) was placed 18.3mm away from the sample. A 
schematic layout of the experiment is provided in Fig. 1. 
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Fig. 1. X-ray scattering and microscopy of a silica nanosphere colloidal crystal using 13.5nm 
extreme ultraviolet beams from a tabletop high-harmonic source. Bright, phase matched, 
spatially coherent HHG beams at a wavelength of 13.5nm are produced in a He-filled 
waveguide. Multilayer mirrors are used to select and focus a single harmonic onto the 
nanosphere colloidal crystal sample. The light scattered from the sample is collected on an 
EUV sensitive charged-coupled device (CCD). CDI images of the sample are obtained by 
raster scanning the sample across the beam at the focus, and the diffraction from each position 
is collected. The image at the sample plane and in the inset is a scanning electron microscope 
(SEM) image of the sample. 

3. Tabletop EUV scattering

Coherent EUV diffraction patterns were collected from two distinct regions of the sample 
(left and right regions in the inset of Fig. 1). The sample was aligned perpendicular to the 
beam, in transmission geometry. The diffraction patterns were collected at room temperature 
by acquiring a series of 20 frames with an exposure time of 12 sec for the pattern of Fig. 2(a) 
and 3.5 sec for Fig. 2(d), with 1x1 binning on the camera at 1MHz pixel readout rate. In these 
experimental conditions, and the overall fluence of the 13.5nm light impinging on the each 
sample region was calculated to be less than 4μJ/cm2, thus allowing for non-destructive 
probing of the structure of the colloidal crystal. Note that recent progress (i.e., after these 
experiments were carried out) has increased the 13.5nm flux by a factor of 20, allowing for 
much reduced sample exposure times. The resulting diffraction patterns, obtained by 
summing up all frames in a series, are reported in Fig. 2(a, d). 

In the diffraction pattern of Fig. 2(a), several orders of Bragg peaks are visible due to the 
long-range order of the colloidal crystal in this region. Colloidal self-assemblies are known to 
organize into close-packed hexagonal layers that can either lead to the hexagonal close-
packed (h.c.p.) or face-centred cubic (f.c.c.) colloidal crystals [36]. These systems are often 
found to form a random sequence of both stacking types, yielding a random close-packed 
structure, due to the low difference in free-energy between the two structures [37]. 
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Fig. 2. Coherent EUV scattering from silica nanosphere lattices of different symmetry. (a, d) 
EUV Bragg diffraction of different sample regions and (d) illustration of angular cross-
correlation. The diffraction patterns are plotted on a logarithmic scale. (b, e) Scanning Electron 
Microscopy images of the sample probed with EUV Bragg coherent diffraction. (c and inset of 
e) Simulations obtained as the squared amplitude of the Fourier transform from (b) and (e),
respectively. (f) Compared CCFs between (d) the EUV coherent pattern from the sample and
(inset of e) the simulation from a region of the SEM image. The four-fold periodicity in both
curves show a qualitative agreement in the determination of the lattice symmetry for that
sample region. 

To confirm that the experimental EUV coherent diffraction pattern, Fig. 2(a), originates 
from the multi-layered region of the nanospheres in the colloidal crystal, we carried out a 
series of simulations starting from the SEM image of the sample. We selected an area of the 
SEM image corresponding to the sample area illuminated by the EUV beam (5μm spot-size), 
and characterized by a multilayered arrangement of close-packed nanospheres. Figure 2(b) 
shows the selected area of the SEM image of the sample used for the simulation. The 
corresponding diffraction pattern, Fig. 2(c), was simulated as the squared amplitude of the 
Fourier Transform (FT) of the SEM image. Artifacts in all two-dimensional Fourier 
transforms, associated with image re-scaling, were avoided by converting the image to a 
binary (black and white) image, followed by multiplication with an apodizing cosine function 
to smooth the edges of the images and remove the scale-bar [38]. The two-dimensional 
Fourier transform was then normalized to the number of nanoparticles detected in the 
corresponding SEM image. The diffraction pattern thus obtained shows agreement in both 
orientational order and symmetry to the experimental pattern of Fig. 2(a). 

The Debye-Scherrer rings typical of a more-disordered region of the silica colloidal 
crystal were detected in the same sample, as shown in Fig. 2(d). The analysis of this 
diffraction pattern was carried out calculating the radial integrated intensity distribution 

)
1

( ) ( ,
2

I q I q dϕ ϕ
π

=   of the scattered intensity at the detector. The resulting integrated 

intensity profile is reported with the black solid line in Fig. 2(d), overlaid to the diffraction 
pattern. From this analysis we estimate that, in this region of the colloidal crystal, silica 
nanospheres have a characteristic interparticle distance d1 = 149 ± 2nm (q1 = 0.0415nm−1). 
This value, compared to the nanosphere diameter estimated from SEM images (123 ± 3nm), 

Vol. 26, No. 9 | 30 Apr 2018 | OPTICS EXPRESS 11399 



suggests that assemblies of spheres in this region are characterized by a sparse distribution. 
For the simulations we then selected an area of the SEM image of the sample characterized by 
a sparse arrangement of nanospheres, Fig. 2(e), and computed the FT, reported in Fig. 2(e, 
inset). The procedure for this simulation is identical to the one adopted for the results in Fig. 
2(b, c). 

The Bragg pattern obtained with coherent EUV light contains information in its speckle 
that is associated to local arrangement and the symmetry of nanospheres in colloidal 
assemblies. Methods based on the computation of angular cross-correlation functions [9–
13,39] (CCF) give access to order/disorder correlations in such systems. A schematic 
illustration of the CCF, at the scattering vector q1, is provided in Fig. 2(d). With 

1( , )I q ϕ  

being the diffracted intensity at the scattering vector q1 and the azimuthal angle φ, and Δ the 
shift between the two angles, the normalized CCF can be calculated as: 
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The normalized CCF can also be calculated from the the one-dimensional FT of 1( , )I q ϕ
over the azimuthal coordinate φ, as [15,16]: 

{ }( )( )21
1 1 1) ( ) ( )( , , Re ( , .)C F FI q I q I qϕ ϕϕϕ ϕ ϕ−Δ = + Δ = (2)

The investigation of the local symmetry of the nanosphere assemblies in both the 
experimental pattern, Fig. 2(d), and in the simulation, Fig. 2(e, inset), is carried out at the 
scattering vector q1. The resulting CCFs are displayed in Fig. 2(f), with experimental data in 
red and the simulation in blue. The CCF analysis demonstrates that experimental data and 
simulation are in qualitative agreement. The area of the sample illuminated by the EUV beam 
is indeed characterized by a sparse distribution of nanospheres, as suggested by the integrated 
intensity profile analysis. 

Furthermore, the four-fold periodicity of the CCFs for both experimental and simulated 
diffraction patterns suggest that within the overall sparse arrangement, the silica nanospheres 
are locally distributed in small patches characterized by a preferential four-fold symmetry. 
Hence, this method allows us to characterize the local structural order of the colloidal sample 
by comparing experimental data to simulations that are based on the real-space image of the 
sample itself, yielding insights in the microscopic structure of these colloidal systems. 

4. Coherent EUV small-angle scattering

As discussed above, computation of angular cross-correlation functions is effective in 
determining the average, local arrangement of nanoparticles within neighbor grains. In 
combination to small-angle scattering, CCFs also gave insights in the local arrangements of 
grains and their annealing processes [16]. In our experiment, the angular cross-correlation 
analysis at small-angle scattering vectors (close to the DC) reveals important information on 
the arrangement of grains containing several nanospheres. To make sure we could probe a 
few neighboring grains of average center-center distance ≈1μm, we increased the EUV beam 
size at the focus to 15μm, and illuminated a monolayer region of close-packed spheres 
distributed in grains and characterized by grain boundaries and discontinuities, Fig. 3(b). The 
sample was placed 15.1mm away from the detector. We remark that small-angle EUV 
scattering experiments were carried out with the same experimental setup described in 
Section 2, changing only the EUV spot size at the sample plane and the sample-CCD 
distance. 
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Fig. 3. Visualization of grain symmetry using small-angle coherent EUV scattering. (a) 
Coherent diffraction pattern of a silica nanosphere monolayer obtained with an EUV beam size 
of 15µm. The diffraction pattern is plotted on a logarithmic scale. (b) SEM image of the 
sample. Insets: Top: Simulation obtained as the squared amplitude of the FT of the image in 
(b). Bottom: Four-fold grain arrangements are highlighted in white in the zoomed region of the 
SEM image. (c) Top: Cross- correlation analysis at q1, showing the hexagonal arrangement of 
spheres within randomly distributed grains. Red trace: experimental cross-correlation function. 
Pink trace: CCF from the simulation. Bottom: The angular cross-correlation analysis applied at 
q2 reveals the presence of a four-fold arrangement of the grains in the colloidal crystal (blue 
trace), as opposed to the trace obtained without the sample (light blue trace). 

The diffraction pattern, Fig. 3(a), was collected at room temperature, in a transmission 
geometry, by acquiring a series of 30 frames with an exposure time of 9 sec with 1x1 binning 
on the camera at 1MHz pixel readout rate. The FT of the SEM image was obtained following 
the same procedure as in Fig. 2, and it is shown in Fig. 3(b, upper inset). 

The CCF calculated from the EUV diffraction pattern at q1 = 0.05nm−1 reveals a local 
hexagonal arrangement of nanospheres within grains (upper panel of Fig. 3(c), red trace). 
This 6-fold symmetry is confirmed by the CCF from the FT of the SEM image of the 
nanosphere monolayer (upper panel of Fig. 3(c), pink trace). Furthermore, the analysis of the 
integrated radial intensity from the experimental pattern, Fig. 3(a) shows that, in this region of 
the colloidal crystal, nanospheres form crystallographic-like planes with average interplanar 
distance d1 = 125 ± 2nm. This value is in excellent agreement with the data obtained for the 
nanosphere diameter from SEM (123 ± 3nm). 

To retrieve the symmetry of a few nearest-neighbor grains of average center-center size 
≈1μm, the CCF was calculated at q2≈0.006nm−1. In Fig. 3(c, bottom) we report in blue the
resulting CCF for the nanosphere monolayer. We also report the data without the sample
(light blue trace) for comparison. The Fourier components as well as the image of the beam
are reported in the Appendix B. The modulation of the CCF for the sample indicates that in
this portion of the monolayer, grains that include several nanospheres have an average
nearest-neighbour arrangement that is preferentially four-fold. In Fig. 3(b, lower inset) we
display the local four-fold arrangement of the grains in a zoomed region of the SEM image
for clarity. With this approach, we demonstrate that we can fully characterize – in a single
measurement – the average nanosphere distribution within grains, their average interparticle
distance, and the nearest neighbor grains arrangement in the colloidal crystal. Thus, we show
that this technique provides a valuable tool for the characterization of a broad variety of nano-
engineered materials.

Vol. 26, No. 9 | 30 Apr 2018 | OPTICS EXPRESS 11401 



Fig. 4. Quantitative, non-destructive imaging of a near-periodic 3D silica nanosphere colloidal 
crystal. EUV ptychographic CDI of a self-assembled nanosphere multilayer. (a) Reconstructed 
quantitative amplitude and (b) phase. Left: large field of view reconstructions. The scale bars 
are 1μm. The diffraction pattern from the multi-layered region, at the center of the 
ptychography scan grid, is reported in Fig. 2(a). Right: zoomed in reconstructed amplitude and 
phase. The scale bars are 250nm. 

5. Coherent diffractive imaging

Recently, a powerful approach to CDI called ptychography [40–42] has significantly 
increased the fidelity, speed and robustness of coherent imaging. In ptychography, multiple 
diffraction patterns are collected by scanning the illuminating beam across the sample, such 
that each scan position overlaps with adjacent positions [40–42]. This overlap provides the 
ptychography algorithm with a large amount of redundant information, so that it can solve for 
not only the sample, but also the illumination function. Recently, we used a novel technique 
called Modulus Enforced Probe (MEP) to enable high-fidelity ptychographic diffractive 
imaging of periodic objects, demonstrating sub-wavelength spatial resolution [34]. 

The nanosphere sample was imaged using 13.5nm high harmonic beams in a 
ptychographic CDI microscope at room temperature. The sample was scanned in the focus of 
the EUV beam in a rectilinear pattern, with 81 (9 x 9) positions, nominally separated by 
1.2μm between adjacent positions. At each scan position, 2 frames were acquired with an 
exposure time of 4 sec, with 1x1 binning on the camera at 1MHz pixel readout rate (as noted 
above, we have recently achieved a x20 decrease in exposure times). A random offset of ± 
30% of the step size was added to each scan position to prevent the scanning grid from 
introducing periodic artifacts [43,44]. The EUV beam at the focus was measured using a 
knife-edge method to be approximately 5µm in diameter and placed 18.3mm away from the 
detector. The diffraction pattern from the multi-layered region, at the center of the scan grid, 
is reported in Fig. 2(a). The reconstructed image is obtained with the ePIE algorithm [40] 

Vol. 26, No. 9 | 30 Apr 2018 | OPTICS EXPRESS 11402 



with Modulus Enforced Probe [34] for a total of 3350 iterations with 750 iterations of a 
position correction algorithm [45]. The relaxation parameter for the probe was set to 3; for the 
object it was set to 1. The object was re-initialized to unity on the 50th, 350th, and 1350th 
iteration. 

The ptychographic reconstructions are shown in Fig. 4. Note that the reconstructed images 
have horizontal regions where the fidelity is reduced; this is because the EUV beam was 
oblong in shape due to the focusing optics used (see Appendix C) so that it was shorter in the 
vertical direction than expected. As a result, the required overlap of the beam for 
ptychographic scanning was not met in some regions of the sample, leading to a lower spatial 
resolution in striped regions. In the future, a lower step size in the vertical direction could 
correct this. Nevertheless, in regions where the overlap is good, we retrieve quantitative 
images that agree with the sample properties measured in the SEM images. The numerical 

aperture of our diffraction patterns is 0.37, which supports a resolution 2r NA
λΔ = of 

18.2nm. 
From the reconstructed images, we can extract the lateral separation of the nanospheres to 

be 125nm. From the reconstructed phase, and knowing the material composition of the 
colloidal crystal (silica), we can determine the thickness of silica at each spatial location. 
Comparing a region at the center of a nanosphere to a region in between nanospheres, we find 
a phase difference of 0.16rad, which corresponds to a thickness of 124nm, which is in good 
agreement with the estimated nanosphere size from the SEM images. The precision on the 
sphere size estimated with this method is ± 1nm. In determining the nanosphere thickness, we 
considered the contribution from the Fresnel phase, which occurs at the interface of the silica 
sphere and silicon nitride membrane. In our case, the Fresnel phase from the silica was 
calculated to be 5.6µrad, and were thus considered negligible. In the phase image, Fig. 4(b), 
there are regions where the phase appears to wrap; these are locations where the amplitude is 
reconstructed to be zero, hence the phase assigned at that pixel has no physical meaning. 

The amplitude reconstruction, Fig. 4(a), shows quantitatively the spatially dependent 
transmissivity of the sample. Comparing a high transmission region to a low transmission 
region, we see that the ratio of the transmissivities is 0.54, which is in agreement with the 
transmission through 124nm of silica [35]. Furthermore, the values of the transmissivity range 
from 0.2 to 0.6, which correspond to transmission through 30nm of silicon nitride followed 
by transmission through 248nm and 124nm of silica, respectively. This indicates that every 
part of the reconstructed image has propagated through part of a silica nanosphere, thus 
demonstrating that the imaged region is a multilayer. 

6. Conclusions

The combination of small-angle Bragg scattering and angular cross-correlation analysis, with 
tabletop short wavelength HHG ptychographic imaging, opens up exciting new opportunities 
for studying nano-to-mesoscopic materials. We presented the first demonstration of small-
angle Bragg EUV scattering from nanostructures using a tabletop-scale setup, enabling 
structural characterization of colloidal crystals of different packing symmetry. By harnessing 
the high spatial coherence of HHG beams, we also showed that coherent diffractive imaging 
can be used to directly visualize 2D and 3D colloidal crystal symmetry in real space, with a 
spatial resolution better than 20nm. Moreover, by harnessing the high coherence of the HHG 
beam, we showed that coherent diffractive imaging can be used to non-destructively visualize 
periodically extended self-assemblies of multilayered nanospheres and to retrieve quantitative 
information about the sample. Since these nanosphere assemblies represent the lattice-texture 
equivalent of topologically-protected spin-textures such as magnetic bubbles and skyrmions, 
this approach can also be used to image charge and spin textures, as well as to other nano-
scale self-assemblies, with broad impact in material science and nanotechnology. Indeed, the 
ultrafast temporal resolution of high harmonic sources (<10−15 sec) combined with chemical, 

Vol. 26, No. 9 | 30 Apr 2018 | OPTICS EXPRESS 11403 



elemental and spin specificity, has already been used to capture the fastest charge and spin 
dynamics in materials [46–49], and has very recently been extended to dynamic imaging [50] 
of thermal and acoustic dynamics in nanostructures. In the future, this approach can be 
extended to 3D structural and dynamic properties of many different types of colloidal 
crystals, with broad potential impact in material science and nanotechnology. 

7. APPENDICES

A. Scanning Electron Microscopy image of the sample

Figure 5 shows a high-definition, full-field SEM image of the sample.

Fig. 5. High-definition, full-field SEM image of the sample. Three regions with different 
nanosphere distribution are visualized: (left) sparse, (center) close-packed monolayer of silica 
nanospheres distributed in grains and characterized by grain boundaries and discontinuities, 
(right) three-dimensional multilayered self-assembly characterized by the presence of multiple 
close-packed layers. 

B. Fourier spectral analysis

Figure 6 shows normalized Fourier spectral components for the sample.
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Fig. 6. Normalized Fourier spectral components for the sample (blue) and for the direct beam 
(red). Inset: direct beam with hard edge applied for ptychographic CDI scans. 

C. Probe reconstruction

Figure 7 shows intensity and phase of the EUV illumination at the sample plane.

Fig. 7. Intensity (left) and phase (right) of the EUV illumination at the sample plane. The 
intensity of the illumination is shown in detector counts. The phase is shown in radians. The 
reconstructed EUV beam has an oblong shape, shorter in the vertical direction than expected. 
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