Advanced methods in scanning X-ray microscopy
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ABSTRACT

New developments in X-ray instrumentation and analysis have facilitated the development and improvement
of various scanning X-ray microscopy techniques. In this contribution, we offer an overview of recent scanning
hard X-ray microscopy measurements performed at the Swiss Light Source. We discuss scanning transmission
X-ray microscopy in its transmission, phase contrast, and dark-field imaging modalities. We demonstrate how
small-angle X-ray scattering analysis techniques can be used to yield additional information. If the illumination
is coherent, coherent diffraction imaging techniques can be brought to bear. We discuss how, from scanning
microscopy measurements, detailled measurements of the X-ray scattering distributions can be used to extract
high-resolution images. These microscopy techniques with their respective imaging power can easily be combined
to multimodal X-ray microscopy.
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1. INTRODUCTION

The potential of X-rays for imaging applications was realized within weeks after their discovery. Since the
first radiographs, ever new X-ray imaging applications have been utilized, resolution increased, and a variety of
different imaging contrast mechanisms employed. The ability to resolve structural details far beyond the resolving
power of optical microscopes is due to the significantly shorter wavelength of X-rays.! All imaging applications
discussed in this communication, used wavelength between 0.5 A and 1.5 A, corresponding to photon energies
between 6.2keV and 18 keV. However, none of the techniques presented here depends on this particular energy
range. The analysis techniques we discuss are equally applicable to both softer and harder X-rays, and also to
other scanning transmission microscopy probes, such as electrons.

We report on new developments in various scanning X-ray microscopy techniques, which were facilitated by (i)
the availability of highly brilliant X-ray sources at 3"d-generation synchrotrons, (i7) new developments in X-ray
detector technology, such as fast-readout area detectors with high dynamic range and low noise characteristics,
and (#47) analysis techniques capable of taking advantage of tens of thousands of detailled diffraction patterns for
a single specimen. The combination of all of these factors makes possible efficient imaging of extended objects
with a spatial resolution given by the extent of the X-ray probe or, using coherent diffraction imaging (CDI)
techniques, significantly smaller.
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#While techniques exist to overcome the Rayleigh criterion, this entails imaging the distributions of fluorescent markers
instead of the objects of interest themselves.



All data presented here have been taken at the coherent small-angle X-ray scattering beamline, cSAXS, at
the Swiss Light Source (SLS). The beamline was designed to host a wide variey of sample environments for, inter
alia, state-of-the-art small-angle X-ray scattering (SAXS) and coherent diffractive imaging experiments in the
energy range of 5 — 18 keV. Fast detection is paramount in scanning microscopy, and thus fully flexible pixelated
detectors, such as charge-coupled devices (CCDs), have only been rarely used in every-day operation. All results
reported below were obtained with the PILATUS, a fully pixelated fast framing detector, permanently installed
at the cSAXS facility. Each PILATUS pixel acts as a single-photon counter and does not suffer any readout
noise.’ These excellent noise characteristics allow rapid measurements. A PILATUS module, comprising
100 000 pixels, can be read out with up to 300 Hz.

2. SCANNING TRANSMISSION X-RAY MICROSCOPY

Probably the most common form of scanning microscopy with X-rays is scanning transmission X-ray microscopy
(STXM). Typically, a fast point detector is used to measure the X-ray intensity past the specimen. Spatial reso-
lution is gained by tightly focusing the illuminating probe. Resolutions well below 50 nm have been reported.* 8
In case of hard X-rays, necessary to penetrate thick samples, the absorption contrast tends to be rather weak and
measuring the phase delay emparted by the specimen often offers significantly higher sensitivity. The absolute
phase can be determined by interference or propogation-based techniques, but is experimentally quite challenging
to quantify. Yet, differential phase contrast (DPC) is measured readily quantitatively via the angle of refraction.
The DPC signal can be integrated in order to obtain complete knowledge of the complex-valued transmission
function of the specimen.’'? This was recognized early on, and more advanced detection schemes than mere
transmission measurements were put in place,'22? which frequently also allows the integration of all intensity
at ¢ # 0, where ¢ is the momentum transfer, yielding a dark-field image.5 Using a fully pixelated detector
offers virtually complete freedom in imaging modes, including the aforementioned absorption, phase contrast,
and dark-field, which can all be measured in parallel.

Figure 1 demonstrates diffraction-limited resolution when using a Fresnel zone plate (FZP) as coherently
illuminated focusing device. The FZP used in this demonstration was a 1pum thick gold structure with a
diameter of 50 um and a finest zone width of 100nm.” As object to be imaged, we used another zone plate,
featuring 100 nm structures as well. The transmission image a) shows limited contrast, but the line profile
(along y = 0) indicates that even the finest zones are distinguishable. Differential phase contrast, Figs. ¢) and
e), drastically increases contrast. While for the transmission measurement the total detected intensity is used,
DPC is measured wvia the intensity distribution’s first moment and does not require a separate measurement.
Differential phase contrast is a directional imaging contrast, i.e., in this case it features strong contrast across the
imaged zones, but limited contrast along the zones. However, the phase differential parallel to the zones clearly
emphasizes connecting bridges between zones, manufactured in order to increase stability of the FZP structure.
The increased contrast by DPC is particularly important for weakly scattering specimens, such as life sciences
samples.'?22:Y Sub-50nm resolution has been achieved using FZPs with a tighter focus and will be published
elsewhere.® 23

3. SCANNING SMALL-ANGLE X-RAY SCATTERING

Whereas typical dark-field imaging analyzes the total amount of scattered light, the combination of scanning X-
ray microscopy with small-angle X-ray scattering allows spatially resolved analysis of both density and oriention
of nano-scale structures. In an experiment, complete scattering distributions are measured and azimuthally
integrated. A fully pixelated detector gives virtually arbitrary freedom when choosing the radial range over
which it is integrated, i.e., the length scale to which one chooses to be sensitive. Figure 2 presents a bio-imaging
application, namely, collagen-sensitive imaging of a mouse femur,!l Figs. d)—f). Other length scales can be imaged
in parallel.

$ Additional ¢g-dependent imaging modes will be discussed in the following section.

TSee also section 4 for STXM imaging of a biological specimen.

'Femora were collected from 7 weeks old BALB/c mice. Briefly, the mice were euthanized by cervical dislocation
and the femora were removed and post fixed 48 hours in 4% paraformaldehyde (Lily’s solution, Bie&Bertnsen). Bones
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Figure 1. STXM images of a Au Fresnel zone plate. a) and b) transmission contrast, ¢) and d) DPC in x direction, i.e.,
horizontal, e) DPC in y direction. The line profiles are taken at y = 0.

In this specific example, beamline optics focused 10'' — 10'2 photons per second in a spot profile of ap-
proximately 5 x 20 yum?. While the point-to-point resolution does therefore not exceed the resolving power of
standard visible-light micrographs, Fig. 3, scattering allows us to gain insight in structures in the nanometer
range. Collagen fibres, for instance, scatter anisotropically, i.e., by measuring the orientation of the scattering
distribution one can obtain information on the orientation of the fibres. In practice, we therefore integrate over
multiple azimuthal segments. Their average intensity can then be Fourier analyzed.?* The ratio of first to zeroth
Fourier amplitude, i.e., the intensity averaged over all angles to the intensity variation as a function of angle,
gives a degree of orientation, Figs. 2b), e), and h). The orientation itself holds important information on a variety
of life sciences and materials sciences samples.?* The outer surface region of the bone exhibits a high degree of
orientation on several length scales, attributed to a high degree of ordering in cortical bone.

Standard SAXS analysis yields also information on the dimensionality of the scatterers. Thus, Figs. 2c), f),
and 1) show spatially resolved fits of the radial profile of the scattering intensity to a polynom, I(g) o ¢~™. The
q~! intensity decay predominant in Fig. 2f) is indicative for elongated scattering centers, i.e., collagen fibrils
in the present case, and the ¢—* intensity decay mainly seen in Fig. 2i) shows the presence of more compact,
volumetric structures.

Such studies of extended areas in the square millimeter range are routinely performed, and we believe that
this technique helps to bridge the gap between high-resolution imaging, which often is restricted to small and thin
samples, and large-scale imaging, incapable of yielding information on the nano-meter scale. SAXS measurements
at multiple points have, of course, been performed before.2°30 Here, we note the new range of applications offered
by the combination of fast read-out detectors and high-brilliance light sources, which allow the acquisition of
tens of thousands of diffraction patterns with a rate of several tens of Hertz.

were freed for muscle tissue and decalcified for 3 weeks (15% EDTA, 0.5% paraformaldehyde in 0.1 M PBS). Femora were
embedded in O.T.C. compound (Tissue-Tek®) and frozen on a bath of ethanol and dry ice. 100 um sections of the distal

femur were cut on a Leica CM 3050 S cryostat and stored in 0.5% paraformaldehyde in 0.1 M phosphate buffered saline
until measured.
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Figure 2. Scanning SAXS images of a mouse fermur section. In each row, three plots are shown for a certain range of
length scale. a)—c) correspont to 92.0 — 143.8 nm, d)—f) to 52.9 — 76.7 nm, and g)—i) to 38.0 — 47.0nm. The first column
shows the intensity per pixel scattered in this range, the central column shows, the degree of orientation, and the right
column shows the intensity power law exponent. See text for details.
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Figure 3. A visible-light micrograph of a stained 6 ym thick section.
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Figure 4. Malaria-infected blood cells. a) STXM image and b) the simultaneously recorded Fe fluorescence. Field of view
comprises 30 x 30 pm?.

4. COMPLEMENTARY SCANNING X-RAY IMAGING TECHNIQUES

Putting discussions of stability aside, the imaging resolution in scanning microscopy, discussed thus far, is given
by the extent of the probe. Furthermore, the location from which imaging information is gained is encoded
by motor positions and/or timing. These facts make scanning microscopy inherently adaptable, in that various
imaging mechanisms can be exploited in parallel.

As an example, we present STXM and fluorescence imaging results from a malaria-infected blood smear as
specimen, Fig. 4. The specimen was on a glas “00” cover slide (~ 80 um), on which also a labelled transmission
electron microscopy (TEM) grids, made from Cu, were mounted in order to easily correlate positions of visible-
light micrographs with the X-ray measurements. This could be achieved with reduced X-ray flux by prealigning
on Cu fluorescence signals. Photon energy was 9keV, well above the Fe and Cu K edges.

The STXM image presented in Fig. 4a) was taken under less than optimal conditions. The sample was not in
the focal plane of the focusing FZP, which not only decreased spatial resolution™ but convolves in a non-trivial
way differential phase and absorption contrast.! Nevertheless, unstained biological samples can easily be imaged
at photon energies where pure absorption contrast is negligable. Figure 4b) represents integrated counts of the
Fe Kaj, Kas, and K3 fluorsences lines over a dwell time of 0.5s. Both images were taken in parallel, as were
scans combining fluorescence mapping and Bragg-reflection-based imaging. The analysis of such scans is ongoing
and will be published elsewhere.3?

5. SCANNING X-RAY DIFFRACTION MICROSCOPY

In all the scanning microscopy techniques discussed thus far, the resolution has been limited by the extent of the
probe. Manufacturing highly efficient diffractive, refractive, and reflective optics has seen rapid progress, produc-
ing imaging optics with ever increasing resolving power. However, the technological challenges are substantial,
and attempts have been undertaken to make independent the imaging resolution from the nano-fabrication tech-
niques required to manufacture the optics. Coherent diffractive imaging techniques have addressed this problem
and have seen remarkable success.>> 40 Such experiments remain challenging, however, relying on inherently
chaotic X-ray sources, such as synchrotrons, and requiring stringent conditions on sample mounting or optics
characterization.

Scanning X-ray diffraction microscopy (SXDM) is a robust CDI technique, which not only successfully ad-
dresses these problems, but has the additional advantage of a sufficiently redundant data set that successfull
and unique reconstruction of the specimen’s complex-valued exit wave is virtually ensured.*"4? The technique’s

**X-ray spot size was several hundreds of microns but can be drastically decreased without affecting flux.
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Figure 5. SXDM image of amplitude, a), and phase, b) of a 175 um thick semiconductor chip with integrated circuits
(NXP Semiconductors). The phase shows buried structures, which are not visible in the amplitude.

origins lay in ptychography, which was developed in the 1960s in the context of electron microscopy.*® While the
technique’s promise could be demonstrated, it remained experimentally challenging due to stringent sampling
conditions.** ™46 These were drastically relaxed by merging ptychography with iterative phase retrieval techniques
in a technique that was given the name ptychographic iterative engine (PIE).*"48 Recently, the technique was
altered to add further robustness to the reconstruction algorithm and make possible additional data extraction
beyond imaging the specimen.*"42 For instance, SXDM has been used to characterize foci of X-ray optics and
promises to exceed in resolution and efficiency most alternative techniques.%: %0

One of the most salient feature of SXDM is its compatibility with standard STXM setups. However, it does
not rely on focusing optics, and using a pinhole to define the probe has been found as efficient as using focusing
optics in obtaining high-resolution images.?! In case of the studies presented in Fig. 5, the illumination with a
6.2keV beam was defined by a tungsten pinhole with 2 pym diameter. The figure shows a part of a semiconductor
chip and its electrical paths and connections (NXP Semiconductors). Note the significantly enhanced resolution
compared to this probe size. Similar enhancement has been achieved in case of a focused X-ray probe.*!

6. CONCLUSIONS

We have illustrated various scanning X-ray microscopy techniques that offer unique opportunities to characterize
extended samples on a variery of length scales, ranging from millimeters to few tens of nanometers. We have
demonstrated the compatibility of these various techniques, which is a notable feature of the scanning microscopy
approach.

This contribution focused on the imaging aspect of these techniques, while their use in combination with
spectroscopic methods can only be mentioned briefly. By choosing photon energies close to the binding energies
of electrons, the imaging contrast of X-rays can be made element specific. Even finer spectroscopic control
allows the characterization of chemical states of the elements.?? By similar means, also magnetic contrast can be
gained.?® The combination of spectroscopy and microscopy was coined spectro-microscopy and has become one
of the most salient features of X-ray microscopy. We note that, in case of photon-in-photon-out techniques, i.e.,
all of the microscopy techniques discussed in this contribution, there is high flexibility in sample environment,
which can entail buried structures, extreme temperatures, electromagnetic fields, etc.

Further progress in resolution is expected, both due to improved optics manufacturing and increased efficiency
of phase retrieval algorithms. The extensions of all of these techniques to three-dimensional renderings, by
standard tomographic methods or by more specialized techniques, are under development.
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