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We demonstrate x-ray scanning coherent diffraction mawpg (ptychography) with 10 nm spatial resolu-
tion, clearly exceeding the resolution limits of conventbhard x-ray microscopy. The spatial resolution in a
ptychogram is shown to depend on the shape (structure faftarfeature and can vary for different features in
the object. In addition, the resolution and contrast is shtmincrease with increasing coherent fluence. For an
optimal ptychographic x-ray microscope this implies a sewvith highest possible brilliance and ultimately an
x-ray optic with a large numerical aperture to generate fitgr@al probe beam.

In order to understand the function of nanoscopic objectpends on its scattering strength (structure factor) anchen t
and materials, such as organellesin biological cells, eta@  fluence, i. e., the number of photons per unit area, applied to
tronic devices, or nano structured materials such as isaly the featuré?® This is illustrated by high-resolution images ob-
it is crucial to be able to determine their structure. Ideall tained by coherent x-ray diffraction microscopy with foeds
this is done in the natural environment of the specimen osynchrotron radiatiof®
under working conditions, e. g., the investigation of alect To build an efficient ptychographic microscope, the coher-
migration in a via of a functioning electronic devicer the  ent fluence needs to be optimized. For a fixed field of view
activity of small catalyst particles inside a chemical tea€  of areaA, the fluence is only determined by the coherent flux
Hard x-ray microscopy is ideal to address these questians, & of the source and the exposure time. Asis directly re-
the large penetration depth of hard x-rays in matter allowdated to the brilliance3r of the source, optimal performance
one to investigate the inner structures of an object witkleat ~ will be reached at the most brilliant sourdéshe spatial res-
structive sample preparation or in-situ inside of spe@aigle  olution can, however, be further increased if the field ofwie
environments. is reduced, condensing the coherent flux onto a smaller area

In conventional x-ray microscopy the spatial resolution@nd increasing the coherent fluence together with the cohere

is currently limited to a few 10 nr,mainly due to aber- inténsity /. on the sample. Optimal focusing of the coher-
rations and the limited numerical aperture of today’s x-rayent fluxF¢ is obtained by diffraction limited optics with high
optics*7 By combining scanning microscopy with coherent humerical aperturé/A:

x-ray diffraction imaging this limit can be overcome. In eet P AE

years, scanning coherent diffraction microscopy, alsoAkno I. = —% x Br x — x NA? x T. (1)

as ptychography, has been rediscov@maul introduced into Actt E

the field of x-ray imagind. In ptychography, the sample is Here, A.,; o« (\/NA)? is the effective area of the diffrac-
scanned through a confined coherent beam with appropriaigyn limited focus, AE/E is the energy bandwidth, ar
ovgrlap between the_ ?Iluminated areas of nejghbo_ring scagy the efficiency of the focusing optic. An optimal ptycho-
points. .At each position Qf the.scan, a far-field d'ﬁraCt'F’”graphic microscope is thus placed at the most brillianty-ra
pattern is recorded. The diffraction patterns are thentiénl i oy rce and ultimately makes use of optics with highest numer
a phasing algorithm to reconstruct the object's transimissi jca| aperture® At the same time, such a scanning microscope
function and the wave field of the illuminatidf The simul- yields the best conventional x-ray scanning micrographs.
taneous reconstruction of the illumination is quite impatt We have constructed and built a hard x-ray scanning micro-
as the illuminating beam is typically not known very well. As scope at beamline P06 of the new low-emittance synchrotron
a result, ptychography has revolutionized the charact®o@  5giation source PETRA Il at DESY in Hambut§lt is in-
of x-ray optics>** Ptychographic imaging has been applied t0gtajied at a distance of approximatély m from the undu-
real sample’§ and extended to three dimensions by a combivator source. On the way to the instrument, the x-ray beam
nation with tomography® is monochromatized by a Si (111) double-crystal monochro-
In this Letter, we demonstrate that ptychographic imagingmator, and higher harmonics are reduced by a pair of total
yields spatial resolutions well beyond the state of art af-co reflection mirrors. In addition, the lateral coherence téng
ventional x-ray microscopy and discuss the physical limita at the instrument can be adjusted by prefocusing oplits-
tions and the resulting requirements on ptychographicyx-raside the scanning microscope, the beam is usually focused by
microscopes. Mechanical and x-ray optical stability is onea pair of crossed nanofocusing refractive x-ray lenses made
crucial requirement? but the main limitation is given by the of silicon?° but other optics, such as Fresnel zone pfates
strength of the scattering signal in the diffraction patsef=or ~ and multilayer Laue lensesan be used, as well. By means
a given feature in an object, the resolution and contrast deaf x-ray fluorescence, absorption, and (coherent) scatjeri
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FIG. 1: (a) Fluorescence map (Ta,Kof an NTT-AT resolution
test chart. The spatial resolution is given by the full widthhalf
maximum (FWHM) beam size of the probe 86 x 80 nm? (pixel
size 40 nm). (b) Corresponding reconstructed ptychographic im-
age showing a significantly improved spatial resolutiorxgpsize
3.84 nm).
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Fig. 1(a) shows the fluorescence map of a resolution test § 04 TRt O T
chart by NTT-AT (model: ATN/XRESO-50HC) made of tan- & 05 7 X Foriom
talum (material thickness00 nm). The smallest features (50 064 T T =~ - o
nm lines and spaces) are clearly resolved wigh & 80 nm? P — e 271 ET.20m
diffraction limited beam generated with nanofocusingaefr ' ;0 2'0 (') 2'0 4'0
tive lenses ail5.25 keV. Fig. 1(b) shows the reconstructed ' ' bos [nm]

ptychogram that was recorded simultaneously with the fluo-
rescence map. For the images shown in Fig. 1, an area of
2 X 2 pm? was scanned with a focused coherent x-ray bearTI]—'IG. 2: (color online) (a) Enlarged view of the ptychograptécon-
with a step size ofl0 nm (50 x 50 steps). The exposure girction of the resolution test pattern shown in Fig. 1¢bigtitative
time wasl.5 s per scan point, applying a detected fluence ofphase map). (b) Line spread measured at different positioe).
2.75 x 10* ph/nm?. An error function is fitted to the line scans, and the FWHM apirss

A comparison of Fig. 1(a) and (b) shows clearly that pty-given for each. (c) Far-field diffraction pattern recordedhe posi-
chographic imaging can significantly enhance the spatgal re tion of the dot during the ptychographic scan, (d) simildfraetion
olution over that given in conventional scanning microgcop Pattern on the edge near line scan 1 (both on logarithmiejdahe
To analyse the resolution in more detail, the ptychographi¢c@n 3 and 4 are shifted by0.2 rad and —0.4 rad for better pre-
reconstruction is enlarged in Fig. 2(a), and several limasc Setation, respectively.
[Fig. 2(b)] are evaluated by fitting an error function to them
The straight sharp edges in the test pattern are imaged with
a resolution of about0 nm. This exceeds that of the best |ution and contrast of different features in a ptychogram ca
conventional hard x-ray microscopes available today. &hesvary. It will, however, improve for all features with a grow-
features have the largest structure factor along a streak peing fluence on the sample. This is illustrated in Fig. 3 by
pendicularto the edge up to high momentumtrangterd are  two ptychograms recorded of a front-end processed passi-
thus reconstructed with highest spatial resolutibRig. 2(d)  vated microchip. Fig. 3(a) shows an area2of 2 pm? and
shows the diffraction pattern recorded at the edge near lingas recently recorded at the nanoprobe station P06 at PETRA
scan 1. The small dot analyzed by line scan 3 in Fig. 2(a) scatil, scanning the sample with similar parameters as the pre-
ters isotropically in all directions as illustrated by théirdc-  vious test pattern, except for a slighty shorter exposume ti
tion patternin Fig. 2(c) that was recorded on the dotduttieg t of 1 s. As the microchip is on a silicon substrate that has to
ptychographic scan. Thus its structure factor decays quick be penetrated by the x-rays, the detected fluence is reduced
with increasing momentum transfey and its spatial resolu- to 6.7 x 10® ph/nm?. For comparison, Fig. 3(b) shows an
tion is lower?? A similar reduction in spatial resolution is also earlier x-ray ptychogram of the microchip that was recorded
seen for a round feature at the tip of the spoke in line scan #ith significantly less fluence, i. 63,9 x 102 ph/nm?.2% Al-
in Fig. 2. though a direct comparison is difficult as both images in &ig.

In conclusion from the previous analysis the spatial resodo not show the same detail of the microchip, the far superior
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crease in spatial resolution by about a factor 2 that is exgec
for an approximate power-law behavior@f® (« =~ 4) of the
intensity in the diffraction patterns.

The spatial resolution that can be obtained in a ptychogram
mainly depends on the structure factor of the features in the
object and on the fluence on the sample. This assumes that
technical issues, such as mechanical instabilities ané-bac
ground scattering signals, are minimized. To improve gpati
resolution well below 10 nm, the coherent flux density in the
microscope needs to be increased. For the nanoprobe station

500 nm

[ — at beamline P06 this can be achieved by better focusing the co
04 E?-z 00 03 01 01 herent flux to the aperture of the nanofocusing optics (apert
ad] [rad]

matching) and by improving their numerical aperture. Isthi
way, up to three orders of magnitude in flux density can till b

FIG. 3: Ptychographic images a front-end processed andvpees ~ 9@ined, increasing the spatial resolution by almost onerord

microchip (cf. Ref. 15). (a) Ptychogram recorded with a diete of magnitude. In the future,_spat_ial resolutions_or_1 theesodl
fluence of6.7 x 10° ph/nm?, (b) ptychogram of another field of 1 nm should be reachable in this way for radiation hard and

view (cf. Ref. 23, detected fluencg:9 x 10? ph/nm?). In (b), the  Strongly scattering objects. Instrumentally, the stabdif the

gray scale is slightly shifted to enhance the contrast. microscope will have to be improved. From a methodological
point of view algorithms are required that properly model th
partial coherence of aperture-matched nanobeams.

signal-to-noise ratio in (a) as compared to (b) becomesrappa This work is supported by the German Ministry of Educa-
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ers of the chip with weaker contrast compared to the tungsten

plugs and vias. The factor 17 in fluence also leads to an in-
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