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X-ray microscopy and spectroscopy are powerfulgdol gain valuable insight into many exciting,

scientifically relevant samples. Development in noscopic methods has always aimed for achieving
spatial resolutions as high as possible. Althoughli confined X-ray beams with spot sizes welldvel

10 nm have been characterized in recent years usimgrs [1], Fresnel zone plate (FZP) lenses |2, 3

or multilayer Laue lenses [4, 5], X-ray imagingthwisingle-digit nanometer resolution remains an
extreme challenge.

We report on unprecedented spatial resolution dmwih nm achieved at two soft X-ray microscopes
using photon energies between 700 eV and 850 e¥.ekperiments were performed at the scanning
transmission X-ray microscopes (STXM) at the Pollb@amline at the Swiss Light Source [6] and the
Hermes beamline at Synchrotron Soleil [7]. The rdtie applications of these two instruments lie in
the combination of microscopy and spectroscopy,revhégh spatial resolution provides a major benefit
for scientific research.

The key element in a STXM for achieving small smites and thus high resolution is the
Fresnel zone plate (FZP) commonly used as X-rag.l&n elegant method to fabricate high-resolution
FZPs has been introduced by doubling the line derahtained from the lithography step utilizing
atomic layer deposition [8, 9]. This method hasrbagplied to fabricate FZPs with zone widths down t
12 nm [8-10]. By further optimization of the nanbification process, we have fabricated FZPs with
outermost zone widths well below 10 nm and heigletsveen 60 nm and 80 nm [11]. The specifications
for the lenses were chosen according to the illation at the PolLux and Hermes beamlines [6, 7],
ensuring that the zone plate dimensions match tinerence length and energy bandwidth of each
beamline. To achieve the highest possible spaslution, the experimental geometry and mechanical
stability of the STXM endstations had to be optietizSpecial attention has to be paid to the exigeme
short focal length, and to the mechanical stabditthe sample stage. While the former challengelza
addressed by using a thin order-sorting aperture, latter one has to be addressed by carefully
optimizing the position control and feedback systémthis way, the maximum amplitude of sample
displacement with respect to the zone plate has bemight to = 3 nm perpendicular to the beam axis.

In order to characterize the spatial resolutiorowf FZPs, we recorded images of high-resolutioh tes
patterns. The test patterns consist of a pericgletitions of an iridium line, an HSQ line, a seton

iridium line, and a gap. The lateral dimensiongacth line or gap of the investigated test sampies a
10 nm, 9 nm, 8 nm, and 7 nm (Figure 1). We scatinedest objects in point-by-point mode with steps
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of one nanometer. Figure 2a shows a STXM micrograph
of a test pattern with 9 nm lines and spaces recorded at
Seme— the Pollux STXM at 700 eV. To further reduce the noise,
we saved the average position of each recorded pixel
from the interferometer feedback loop and interpolated
the recorded intensity to a regular grid. Determination of
the spatial resolution was conducted using a two-
dimensional Fourier shell correlation [2, 12] of two
independent data sets. This yields a frequency cut-off at
0.15 nm" in Fourier space, or 6.8 nm (7.1 nm) in real

Figure. 1. lllustration of the 7 nm test space considering the half-bit (one bit) criterion
sample for characterization of the spatial (Figure 2b).
resolution.
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Figure. 2. @) High resolution X-ray micrograph of the test micrograph of the test sample with 7 nm
sample with 9 nmiridium lines and spaces, recorded at the iridium lines and spaces, recorded at the

Pollux STXM at 700 eV. b) Fourier shell correlation of a). Hermes STXM at 750 eV.

Whereas the Pollux beamline is limited by the coherence of the radiation from the bending magnet, the
Hermes beamline provides higher flux at conditions for diffraction-limited imaging. Figure 3 shows the
raw, as recorded image of a 7 nm test pattern without further post-processing or filtering. The achieved
spatial resolution sets a new benchmark in X-ray microscopy.
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