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Abstract: The results of a soft X-ray chemically sensitive ptychographic imaging of non-planar
nanoscale 3D objects - atom probe tomography tips, with resolution down to 12 nm at 800 eV
using scanning X-ray microscope at the electron storage ring BESSY II are presented. We
validate that this approach can be used to determine the tip (emitter) shape, and to resolve inner
nano-scale structures as relevant for semiconductor applications and even for quantitative chemical
composition analysis. Imaging of buried interfaces with below 30 nm resolution is demonstrated.
This work might pave the way for contactless, ptychographic in-situ characterization of APT tips
with tabletop coherent EUV sources.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Objectives and motivation

X-ray coherent diffraction imaging (CDI) opens a wide perspective for non-destructive, chemically
sensitive in-depth imaging of nano-structures with resolution determined primarily by the
wavelength of light and the detector numerical aperture (NA). The paramount benefit of CDI-
based techniques over conventional X-ray microscopy is that CDI generally does not rely on
complex high-quality X-ray optics. However, in order to obtain a reconstructed image of an object,
generally, a large amount of diffraction data, so-called over-sampling, is required. Ptychography
is a form of coherent diffractive imaging (CDI) technique in which the sample is scanned with a
focused light beam to reach the necessary amount of over-sampled data by recording multiple
diffraction patterns (one for each position). The distance between neighboring scan positions is
a fraction of the illumination spot size (typically ∼60% overlap is required) [1,2]. This allows
us to reach the necessary amount of oversampling and enables efficient decoupling of sample
and probe functions as well as “stitching” of sample image fragments during the ptychographic
reconstruction process. The technique allows for the reconstruction of both amplitude and phase
distributions in the sample plane, much like holography, via customized iterative phase retrieval
algorithms [3–6]. Utilizing information on both absorption and phase shift in every pixel of
the sample’s image enables chemical resolution by calculating the so-called scattering quotient
[7]. It is derived from the refractive index n and the extinction coefficient k and is calculated
from the phase shift and absorption values. One cannot determine n and k values from the
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phase shift and the absorption values alone without knowledge of the sample thickness. Yet the
scattering quotient can be determined, and as it is unique for each material and wavelength, this
allows for chemical identification by comparing experimental values with tabular ones. The large
number of collected diffraction patterns provides a tremendous level of data redundancy (i.e.
total pixel count in all the diffraction patterns is much higher than the number of pixels in the
object), which enables both high resolution and high signal-to-noise ratio. Being contactless
and non-destructive, ptychography gained extended popularity for variety of applications in
recent years: biological tissues imaging [7–9], structures height profile measurements [10–13],
X-ray optics characterization [14], magnetic imaging [15], imaging of thin films [16–20], buried
interfaces imaging [21], semiconductor structures imaging [22,23], internal structures imaging
[24], and buried defects characterization [25]. Later the technique was adapted for transmission
electron microscopy (TEM) as well. Some examples of TEM ptychography include but are not
limited to: structural imaging [26], actinic imaging with sub-angstrom resolution [27], crystalline
structure imaging [28], and single particle imaging [29].

Given the high spatial resolution that can be achieved with ptychographic CDI, we recently
proposed [30] its exploitation to image atom probe samples. Atom probe tomography (APT) is
highly complementary to TEM, as it enables nano-scale compositional analysis on 3D objects,
which has triggered lots of attention in the semiconductor industry [31,32]. For APT analysis,
the samples are shaped into a nano-sized object that resembles a tomography pin [9] but with
much tighter aspect ratio and dimensions, i.e. the tip’s endpoint has a radius of less than 100 nm,
the lengths can be several hundreds to thousands of nanometer while the thickness of the sample
changes along its z-axis with typical taper angles around 5 to 10°.

While APT is capable of atom-level resolution, the accuracy and resolution in APT is sample
dependent. The reason is, in an atom probe microscope, the sample itself acts as the ion optics
and thereby its shape and properties define the magnification during analysis.

During APT analysis, atoms are field evaporated from the tip surface via the effect of a
combined electric field (several tens of V/nm) and a short voltage (ns) or laser (ps) pulse.
The extracted ions are accelerated towards a position sensitive detector that registers their
time-of-flight (i.e. mass-to-charge ratio), as well as their x-y impact position and sequence. Via
simple backward projection algorithms [33,34], one reconstructs a 3D point cloud (x-y-z) of the
sample volume in which all detected atoms are identified. While the exact ion trajectories will
be defined by the shape of the atom probe tip, especially by its end point topography [35–40],
current reconstruction algorithms simply assume a hemispherical end shape without any (varying)
topology. A simplification that is no longer justified for heterogenous samples and that introduces
distortions due to faulty x-y-z positions in the reconstructed volume. To overcome this problem,
research efforts are being undertaken to experimentally determine the tip (end) shape. Based on
this, realistic ion trajectories can be calculated to avoid oversimplified backward projection, which
ultimately paves the way for more accurate reconstruction algorithms which are being developed
in the community [41–43]. Motivated by the need for a fast, contactless, and high-resolution tip
shape imaging method we set out to evaluate the capabilities of CDI for that purpose.

The main objective of this work was to perform a proof-of-concept study that shall validate
the feasibility and the limitations of a ptychographic imaging of atom-probe tomography tips, to
determine the best-achievable spatial resolution, required measurement conditions, and chemical
sensitivity. On the long-term, such research could contribute to the potential hybridization of a
soft X-ray/EUV imaging system with an atom probe microscope, to access structural information
about the tip shape in-situ during an APT measurement. This information will allow for the
determination of the ion trajectories, and hence the ions’ original positions more accurately. Such
a system is envisioned as a stepping-stone to improve the spatial accuracy of APT especially
in heterogeneous material systems [41,42,44]. As examples have proven, the hybridization of
(complex) characterization equipment is not an unfeasible endeavor. For examples, researchers
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at NIST Boulder have integrated a table-top EUV light source into an atom probe microscope
[45]. In their system, the EUV light source is utilized to trigger field-evaporation of atoms from
the APT sample rather than for imaging purposes. Or at the Ernst-Ruska centre in Germany a
combined TEM-APT setup is being built with the purpose to achieve fully correlative, nano-scale
materials characterization [46].

So far, most high-resolution EUV / X-ray ptychographic images, for example as reported in [10]
were taken from thin film samples with imprints or holes, showing spatial resolution smaller than
10 nm [14]. There are a number of works where soft X-ray CDI was performed on non-actinic
structures, for example: tomographic 3D imaging of uniform porous gold nano-structure with
ptychography [24]; ptychographic imaging of Allende meteorite grain sample [26]; single-shot
CDI tomographic imaging of a yeast cell [47]; tomographic 3D imaging of bone structure with
ptychography [9]; single-shot CDI of live cells [48]. In this paper we show the results of soft
X-ray ptychographic imaging of APT tips. The shape of a typical APT tip significantly differs
from both a typical thin planar sample for which the ptychography resolution is studied, and the
more arbitrary 3D samples like grains or cells. The APT tip represents a conical needle with the
apex radii ∼100 nm, where both the internal and the surface structure of the top few hundred
nm is of interest [31]. This is a challenge for CDI since planar approximation of the object is
no longer correct, which leads to a decrease of resolution in the lower, and thus thicker part of
the tip. On the other hand, the apex of the tip is very small both in lateral and axial dimensions.
This leads to a miniscule change in the absorption and phase shift resulting in low contrast and,
consequently, also lower resolution, and higher requirements for detector’s dynamic range. To
test the capability of ptychographic imaging for such samples, we have prepared two realistic test
systems, which are highly relevant for semiconductor applications [42,49–52].

System 1 (Fig. 1 left) represents a 230 nm thick SiGe multilayer film stack with thickness of a
single layer ∼20 nm in which the Si1−xGex concentration gradually varies from the top to the
bottom of the sample. The multilayer region is grown on a ∼1 µm Ge buffer layer on a silicon
substrate. Imaging of this sample allowed us to quantitatively evaluate chemical resolution of the
technique. System 2 is comprised of an 80 nm wide Si fin embedded in SiO2, and was used to
evaluate whether the contrast is enough to resolve a nanostructure embedded in such a needle
(see Fig. 1 right). In the preparation of these tip specimen, ion beam induced Pt layers were
deposited (see section 2), and were left intentionally to take advantage of high contrast provided
by Pt in EUV.

Fig. 1. Schematic models of System 1 (left) and System 2 (right)
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2. Experimental setup

The samples have been imaged using various wavelengths in the range from 1.03 nm (750 eV)
to 1.65 nm (1200 eV) on the MAXYMUS beamline at the electron storage ring BESSY II. The
image and the scheme of the setup are shown in Fig. 2. A grating and a pair of slits were used to
monochromize the beam. SiN Fresnel zone plate (FZP) with the diameter of 120 µm, 60 µm
beamstop, and outer zone width of 100 nm had 8 mm focal distance at 800 eV, and in conjunction
with order sorting aperture (OSA) focused the soft X-ray beam onto the sample into a 1 µm spot.
Since authors did not contribute to the construction of the MAXYMUS endstation, the detailed
description of the setup is not given here but can be found instead in [53].

Fig. 2. Experimental setup: FZP – Fresnel zone plate, OSA – order sorting aperture. Image
from [53].

To both control position and account for drifts and vibrations, the sample stage is equipped
with a differential laser interferometer system which provides position accuracy of 2.5 nm.

Diffraction patterns were registered with a PnCCD X-Ray camera. Its sensor from MPG
HLL has 264× 264 pixels with 48 µm pixel pitch,< 3e RMS readout noise, and 100 ke full well
capacitance. Considering that distance from the sample to the detector was 8.5 cm, the numerical
aperture (NA) was equal to 0.075. This results in resolution limit of λ/2 NA= 11 nm at 800 eV.

For each sample a set of ptychography scans (from 400 to 10 000 diffraction patterns each)
with various step sizes (40 to 120 nm) and data-point acquisition times (50 to 2000ms) were
measured and analyzed. Number of scan positions is larger, and step size is smaller (only 4-12%
of the illumination spot size) than usual [1,54] for ptychography to accommodate for the relatively
small number of pixels of the camera sensor.

Examples of typical registered diffraction patterns corresponding to a Siemens star test target,
an APT tip (system 1) and the beam without a sample inserted are shown in Fig. 3 (from left to
right). Note the lack of diffraction features when the light is being diffracted at the APT tip as
compared to the rich pattern observed from diffraction at the Siemens star.

All reconstructions shown in this manuscript were performed in MATLAB using the momentum-
accelerated ptychographical iterative engine (mPIE) algorithm [55] implemented in an open-source
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Fig. 3. Examples of the diffraction patterns corresponding to Siemens star test target (left)
and SiGe staircase APT tip (center), the beam on the CCD without sample in place (right).
All three images share the colorbar indicating intensity in logarithmic scale and the scalebar
to the right.

software PtyLab [56]. mPIE is a state-of-the-art ptychographic algorithm which is based on
extended ptychographical iterative engine (ePIE) [6] with much higher than ePIE convergence
rate. It is described in more detail in Section 5.1.

Atom probe sample preparation

Needle shaped specimens were prepared by employing a standard lift-out and apex sharpening
technique [57] using the Helios G3 CX focused ion beam – scanning electron microscope (FIB-
SEM) from Thermofisher Scientific. In the first step of the specimen preparation, a protective Pt
cap was deposited on the sample surface using either ion- or electron-beam induced deposition
with a gas injection system (GIS). A 69Ga+ beam was used at 30 kV to lift out part of the sample,
connect it to a carrier wire using another Pt deposition, and to reach a specimen apex diameter of
∼ 100-200 nm. Then, the beam energy was decreased to 5 kV before further shrinking of the tip
diameter to reduce beam-induced damage and Ga-implantation in the resulting specimen. For
APT specimens, it is customary to fully remove the Pt cap. For the systems reported in this work,
part of the Pt cap was not removed, as this layer provides additional contrast in the ptychographic
images.

While several tips were imaged with CDI, this manuscript is being restricted to two examples
which are presentative for all other measurements and allowed us to evaluate the accuracy on the
dimensional measurements in the reconstructed structures, the spatial resolution and chemical
sensitivity achieved.

3. Experimental results

3.1. Quantitative chemical mapping

Imaging nanoscale 3D object such as an APT tip represents a challenge since the thickness (i.e.
optical path) is different in each point of an image: light propagation distance depends on X and
Y coordinates of the scan due to the cone shape of the needle. Without knowing this thickness
distribution, it is impossible to determine n and k values from reconstructed phase and amplitude
distributions alone. However, there is a way to use these distributions to calculate so-called
scattering quotient [7] distribution which is independent of sample thickness and enables accurate
determination of chemical elements and composition by comparing experimental values with
tabular ones. This technique is described in more detail in Section 5.3.

To estimate the ability of the technique to resolve small changes in a chemical composition, we
had performed ptychographic imaging of the APT needle containing a SiGe staircase, consisting
of three elements: Si, Ge and Pt, and in which the concentration gradually changes from Si to Ge
over a 180 nm thick region.
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The quality of reconstruction of the inner buried structure strongly depends on the optical
contrast between the materials, i.e. the complex refractive index n = (1 − δ) − i · β, where δ is
the refractive index decrement, and β is the absorption index. The optical constants for Si and Ge
are presented in Fig. 4, demonstrating that the highest contrast can be achieved around the Ge
L absorption edge at ∼ 1230 eV due to largest β difference between materials, however, lower
δ values for both materials as well as lower β of Si reduce the diffraction efficiency of the tip
resulting in lower contrast and signal-to-noise ratio (SNR) in the reconstructed images.

Fig. 4. Optical constants of Si and Ge in the accessible energy range.

The first set of measurements was therefore performed at 800 eV to find a compromise between
the highest achievable refraction contrast, low absorption of Si and Ge and optimal operational
conditions at the beamline. The second set was performed at 1230 eV, near the Ge L absorption
edge, but low scattering at this energy led to very low contrast and SNR in the reconstructed
images. The results of the second set of measurements can be found in Supplement 1.

Ptychographic imaging of the SiGe staircase tip at 800 eV

In this paragraph we discuss the experimental conditions, data processing routines and the results
of ptychographic imaging of the SiGe staircase tip at 800 eV.

During this experiment beam energy was set to 800 eV, scan area 3× 3 µm, beam focus spot 1
µm, scan step 60 nm (50× 50 scan positions in rectangular grid), and the exposure time for each
scan position was 200 ms. Number of counts in a single diffraction pattern was roughly 2·106,
which translates into 107 photons per second at the detector plane.

The reconstructed images: sample’s absorption (see Fig. 5(a)), phase retardance (Fig. 5(b)),
and derived from them scattering quotient map (Fig. 5(c)) corresponds well to the reference SEM
image (Fig. 5(d)). It is worth mentioning though that all SEM images were made at 52° angle
with respect to the specimen axis due to hardware limitations, while the CDI was done at normal
incidence.

To identify chemical composition of the structures present in the tip, the exact values of the
peaks’ coordinates in the histogram of scattering quotient map were determined (see Fig. 6(a)).
To do so, we fitted the histogram with three Gaussian distributions (see Fig. 6(b)) according to
equation (1) in the Methods section. Fitting coefficients are available in Table 1. Each coefficient
has a distinct meaning: a – the height of the gaussian, which is proportional to the abundance
of the composite, b – the peak coordinate, allows for the identification of the composite by
comparing with tabular values, and c – the width of the distribution, characterizes signal-to-noise
ratio, and/or presence of contaminants. The Pt material was deposited by ion beam, creating a Pt

https://doi.org/10.6084/m9.figshare.27201234
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Fig. 5. SiGe staircase APT tip ptychographic imaging at 800 eV: reconstructed object
transmission (a), phase retardance (b), calculated scattering quotient map (c), and SEM
image (d) for comparison.

layer with considerable C contamination [58], which results in a very broad peak corresponding
to a non-uniform mix of two elements.

Fig. 6. Resolving chemical composites in ptychographic reconstruction of SiGe staircase
APT tip: histograms of the scattering quotient maps (Fig. 5(c)) in cases of normal sampling
(a) and double upsampling (c), corresponding gaussian fits (b) and (d), and resulting
chemically resolved images before (e),(g) and after (f),(h) filtration; SEM image (i) included
for comparison.

Table 1. Fitting parameters (see Eq. (1)) for the scattering
quotient histogram shown in Fig. 6(b),(d)

a1 b1 c1 a2 b2 c2 a3 b3 c3

248 0.11 0.0241 122 0.19 0.0348 31.8 0.15 0.250
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By ranging the scattering quotient values and attributing them to a particular element using
a color code (see Fig. 6(a)), the scattering quotient map (Fig. 5(c)) can be transformed into a
chemically resolved image (see Fig. 6(e)) where all the composites are represented with the
maximum clarity and sharper edges. Using the additional filtration procedure described in
Section 5.4, we remove residual noise and small reconstruction artifacts (see Fig. 6(f)). The
larger artifacts remain. For example, at the bottom of the reconstructed image there is a fake Ge
layer between Pt and Si. This is the result of Pt/Si interface being not parallel to optical axis
leading to its blurring. As a result, the scattering quotient values gradually transition from high
values corresponding to Pt to low values corresponding to Si, which will be falsely assigned to
Ge in that region. The approximation of a plane object, commonly used in ptychography, will
result in blurring of any interface oriented not parallel to the optical axis with the amount of
blurring proportional to the angle. In order to image 3D objects with a complex inner structure, a
tomographic multi-angle approach [24] or multi-slice ptychography [59] can be used, but both
require much more data acquisition, as well as processing.

Experimentally determined coordinates of Si and Ge peaks (b1 and b2 values in Table 1) are in
a good agreement with the values of scattering quotient calculated from tabular values (fq = f1/f2)
[60,61] presented in Table 2 (see equation (3) in Section 5.3), thus confirming the validity of
chemical sensitivity of the reconstruction.

Table 2. Tabular values of real f1,
imaginary f2 parts of atomic scattering
factor [60,61], corresponding scattering
quotient fq for Pt, Ge, Si and C at 800 eV,

and experimentally obtained values
fq_exp

Material f1 f2 fq fq_exp

Pt 48.6 22.8 0.47 -

Ge 23.2 4.6 0.20 0.19

Si 13.2 1.6 0.12 0.11

C 6.35 0.936 0.15 -

3.2. Resolution estimation

With the sample thickness, light scattering on inner structures and defects increases, and plane
object approximation loses its validity. This increases the complexity of the reconstruction and
can lead to a decrease of the resolution since not all the structures get interpreted correctly by the
algorithm. On the other hand, a thin layer of material with low absorption and low refraction
will produce a very weak diffraction signal, which can also be detrimental for the reconstruction.
So, here we attempt to estimate the resolution impact of those effects on the example of SiGe
staircase APT tip.

Resolution test of the setup

The resolution of the experimental setup was tested with a Siemens star measurement standard as
the test object. The aim of this experiment was to assess the achievable resolution of the setup at
present experimental conditions. The beam energy was set to 750 eV, scan area 3× 3 µm, beam
focus spot 1 µm, scan step 60 nm (50× 50 scan positions in total), exposure time for each scan
position was 100 ms. An example of a diffraction pattern from a Siemens star (in logarithmic
scale) is shown in the left of Fig. 3.

Eight iterations of the mPIE algorithm [55] were already enough to reach stagnation of the
reconstruction error. Results of the reconstruction are shown in Fig. 7: reconstructed image with
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magnified fragment in Fig. 7(a,b), reconstructed probe in Fig. 7(c), and the dependency of the
reconstruction error on the number of iterations.

Fig. 7. The results of the reconstruction: reconstructed image (a), magnified fragment (b),
reconstructed probe (c), and dependency of reconstruction error on number of iterations (d).
Images (a) and (c) show complex light distributions: intensity as brightness and phase as
color.

To assess the resolution in the reconstructed image we have calculated Fourier ring correlation
as described in [62] using open-source software [63]. The calculated value is 12.8 nm which is
very close to the pixel size of 12.2 nm.

Resolution estimation for 3D samples

In order to estimate the resolution in the ptychographically reconstructed images of the APT tip,
we analyzed two sharp interfaces: Pt/Si at the apex of the tip, and Si/Ge 1.2 µm below the apex
(see Fig. 1). The sample thickness at the Pt/Si interface is ∼130 nm, while at the Ge/Si it is ∼350
nm.

We measured the widths of the transition region between both materials over which the
scattering quotient value (see Fig. 8(c)) changes from 90% to 10%. To measure the distance with
subpixel resolution, sampling was increased by a factor of ten. Along each line (4 in case of Pt/Si
and 11 for Ge/Si, see Fig. 8) the width of the transition region was measured, and the mean and
standard deviation calculated. In the graphs ripples are visible around the interface which often
occur near sharp interfaces or edges in CDI reconstructions. The results of the measurement are:
(2.4± 0.2) pixels or (27± 2) nm for Pt/Si and (4.8± 0.6) pixels or (55± 7) nm for Ge/Si.

Fig. 8. Scattering quotient values along vertical lines of fragments (depicted by pink
rectangles) of ptychographically reconstructed APT tip image (c) containing: Pt/Si (a) and
Ge/Si (b) interfaces.

This hints that the resolution changes as function of the depth, i.e. the thickness of the sample,
since the second interface corresponds to almost three times larger sample thickness. In addition,
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difference in contrast may also affect the resolution to a certain extent. The loss in resolution with
increasing sample thickness may be because the thin sample approximation is less valid, and that
the sample should be better considered as a 3D rather than a 2D object when light propagation
is calculated. While this is possible [24,59], that route requires more complex and extensive
experiment with extra hardware capabilities, which we didn’t have, plus much more extensive
data processing. This kind of experiment might be the next step but goes beyond the scope of
this initial work.

Another possible reason for a lower resolution at the Ge/Si interface could be an angular
misalignment of the interface such that the beam does not hit the interface parallel. The relationship
between the sample thickness and the resolution warrants a more thorough investigation which is
outside the scope of this study.

Higher sampling in reconstructed images

Although the spatial resolution in the ptychographic reconstruction is physically limited by the
wavelength of the light and the detector NA, sampling, i.e. the pixel size, can be improved
by artificially increasing the size of the diffraction patterns via zero padding, thus virtually
“increasing” the detection NA. While these new areas will not add any new information or help in
resolving smaller features, this approach might reduce sampling artifacts, e.g. when pixel sized
features end up in between two pixels. Such approach was already implemented in many works
on ptychography, for example [64–66], so here we evaluate its efficiency in our case of isolated
3D nanoobjects such as APT tips.

We show below that this smoothens edges and results in less “pixelated” images, albeit at
a certain cost. Firstly, it significantly increases the time for reconstruction due to much larger
arrays’ sizes. Secondly, the addition of large areas with no signal will decrease the overall SNR
leading to a higher noise level in the reconstructed images.

The example of such “upsampled” reconstruction is shown in Fig. 6(c,d,g,h). The diffraction
patterns were zero padded to twice of the original size, decreasing pixel size in the reconstruction
from 11.4 nm down to 5.7 nm. This led to much smoother edges of the APT tip, which is
especially noticeable in case of small features such as the tip’s apex.

The histogram shown in Fig. 6(c) was fitted with three gaussian distributions (see Eq. (1)), the
coefficients are presented in Table 3, the fit is shown in Fig. 6(d)

Table 3. Fitting parameters (see Eq. (1)) for the scattering quotient
histograms shown in Fig. 6(d)

a1 b1 c1 a2 b2 c2 a3 b3 c3

1410 0.118 0.0177 672 0.187 0.0204 181 0.126 0.310

The comparison between the native sampling, upsampled reconstruction, and SEM reference
image, presented in Fig. 6, demonstrates beneficial effect of higher sampling for resolving of
tip’s apex.

Quantitative chemical imaging

As shown in Fig. 5, there is a SiGe staircase region near the apex of the tip where the ratio of
Si to Ge gradually decreases. A scattering quotient map, obtained as a result of ptychographic
reconstruction, allows us not only to differentiate between various chemical elements as shown in
Fig. 4, but also to quantitatively measure Si1−xGex ratio in the staircase region of the tip.

Figure 9(a) shows an enlarged fragment of the scattering quotient map of the SiGe staircase tip
from Fig. 5(c). The pixels size is 11.4 nm. The plot in Fig. 9(b) below represents the scattering
quotient averaged over different rows in the area depicted by a red rectangle. The error bars are
the standard deviation values over rows. The horizontal red, green and blue lines indicate tabular
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values of the scattering quotient [60,61]. Vertical dotted lines separate different regions of the
sample and help guide the eye. The Si1−xGex region shows very good linear dependency of the
scattering quotient with the coordinates along the vertical axis (Fig. 9(d)) which corresponds
well to the APT data shown in Fig. 9(e). The Si1−xGex concentration (Fig. 9(c)) was calculated
as:(SQ(y) – SQSi) /(SQGe – SQSi) where SQ is the scattering quotient value of the corresponding
element, and y is the coordinate. Average value of standard deviation of concertation in Fig. 9(c)
is 0.1, while the maximum is 0.16. The size of SiGe staircase region in the ptychographic
reconstruction is 16 pixels which equals 182 nm, in agreement with the APT data.

Fig. 9. Quantitative chemically resolved ptychographic imaging of the SiGe staircase: the
enlarged fragment of the scattering quotient map of the SiGe staircase tip from Fig. 5(c)
(a), scattering quotient value averaged over columns in the area depicted by red rectangle
vs column number (b) and its enlarged fragment corresponding to the staircase region (d)
calculates from scattering quotient Si1−xGex concentration (c), and reference APT data (e).

In the top region of the tip, the transition area between the Pt cap and the Si layer is ∼80 nm
thick shows a scattering quotient slightly higher than the tabular value for Si or the region beneath.
This could indicate some intermixing, contamination, or a non-horizontal or non-planarity of
Si/Pt interface.

3.3. Assessment of geometry of low-contrast features

Our second reference system was an APT tip that contained a Si fin embedded in SiO2 [42].
In this experiment we demonstrate the capability of ptychographic CDI to image low-contrast,
nanometer sized features with high fidelity. The absorption of Si and SiO2 at 800 eV differs by
only 10%, resulting in a very low amplitude contrast (Fig. 10(a)) and negligible phase contrast
(Fig. 10(b)). During this experiment the beam energy was set to 800 eV, with a scan area of
1.2× 1.2 µm, a beam focus spot size of 1 µm, a 40 nm scan step (30× 30 scan positions in a
rectangular grid), with an exposure time for each scan position of 2 s.

SEM image of the needle (Fig. 10(h)), corresponds well to the ptychographic reconstruction
(Fig. 10(c,f,g)). The smallest feature resides at the top of Si fin which is 80 nm wide. The
geometry of the sample measured in ptychographically reconstructed chemically resolved images
are in a good agreement with the SEM measurements (Table 4). Peak values of the scattering
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Fig. 10. Ptychographic reconstruction of the APT tip with Si fin embedded in SiO2:
reconstructed object transmission (a), phase retardance (b), calculated scattering quotient
map (c), its histogram (d) and gaussian fit (e), and chemically resolved images without (f)
and with (g) filtration; reference SEM image (h).

quotient for Si and SiO2 are 0.11 and 0.18 respectively, and in good accordance with tabular
values, 0.12 and 0.20, respectively.

Table 4. Comparison of the dimensions extracted from SEM and ptychography as shown in
Fig. 11.

Pt cap size, nm Si fin size at the top, nm Si fin size at the bottom, nm

SEM 142 79 155

Ptychography: without (with) filtration 148 (148) 80 (103) 160 (148)

Despite the low contrast of the Si fin in transmission measurements (Fig. 10(c)) and no visible
contrast in the phase image (Fig. 10(b)), we achieved a chemically resolved image of the APT
needle with the Si fin (Fig. 10(c,f,g)) of good quality and in excellent agreement with the geometry
extracted from the SEM reference image (Table 4).

4. Conclusions

We report on the first-time soft X-ray ptychographic imaging of atom probe needles using
the MAXYMUS scanning X-ray microscope at the electron storage ring BESSY II. These
measurements prove that one can reconstruct the overall shape of an APT tip with a pixel size
as small as 11 nm, paving the way for a potential in-lab, table-top EUV based ptychographic
imaging setup for such purposes.

A spatial resolution of 13 nm was demonstrated on a thin Siemens star reference target, whereas
a thickness-dependent resolution was observed for buried interfaces, i.e. a spatial resolution of
30 nm and 60 nm for a 130 nm and 350 nm thick region, respectively. In the upper region of
the APT tip we were able to accurately resolve the geometry of less than 100 nm sized buried
structures even for materials that have comparable absorption properties and hence exhibit a
low-contrast such as Si and SiO2. Relying on the scattering quotient, we have demonstrated the
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potential of chemically sensitive imaging and quantitative compositional analysis by resolving
the Si and Ge ratio in a thin Si1−xGex gradient layer.

Comparing (ptychographic) CDI to other methods for the purpose of APT tip imaging, its
strength would be the capability to visualize a large field of view of the needle as well as embedded
nanostructures with a chemical sensitivity, without the need for specific sample preparation or
the risk of possible carbon contamination build-up as could be an issue for Transmission Electron
Microscopy (TEM) inspection. While in this study we have presented 2D images acquired in
transmission mode, with CDI tomography one can in principle obtain 3D information, similar as
to scanning probe-based methods such as Atomic Force Microscopy (AFM) [67]. At present,
CDI does not exceed the spatial resolution achieved by TEM nor AFM. Yet, the possibility to
perform CDI imaging with the same EUV light source as used to trigger field-evaporation during
atom probe analysis [45] seems particularly promising for that imaging scheme. The feasibility
of such an approach still needs to be experimentally validated, however.

5. Methods

Here we discuss the methods used in the reconstructions.

5.1. PtyLab and momentum-accelerated PIE (mPIE)

Reconstructions were performed with a PtyLab [56] opensource software available in Matlab,
Python and Julia [68]. PtyLab incorporates multiple reconstruction algorithms.

In this work we used momentum-accelerated ptychographic iterative engine (mPIE) [58]
algorithm which provides much faster convergence in comparison to other ptychographic
algorithms [58]. mPIE is a modification of a popular extended ptychographic iterative engine
(ePIE) [6]. It incorporates an idea of “momentum”: when a certain value of an array element
keeps changing from one iteration to another in the same direction, it gains momentum. So,
when at another iteration it should change in the opposite direction, such a change is penalized,
while momentum decreases. This addition to ePIE helps to avoid stagnation at local minima and
speeds up the convergence rate.

The main parameters of an mPIE algorithm were chosen as follows. Gradient step sizes for
both object and probe were varied in range to 0.25-1 between reconstructions, the number of
probe states varied from 4 to 25, total variation regularization was set to 10−8, the feedback
parameter β was set to 0.3 and friction parameter η to 0.5.

5.2. Averaging over reconstructions and Gaussian fitting

Ptychographic reconstructions always contain noise and reconstruction artefacts. Since each
reconstruction attempt is based on some initial random guess, each reconstruction is unique,
and reconstruction noise is mostly uncorrelated between different reconstructions of the same
dataset. Because of this, it is possible to reduce this noise by averaging the results of different
reconstructions. Moreover, the noise distribution is also different between the different iterations of
the same reconstruction, but of course much more correlated compared to different reconstructions.

We show how averaging affects quality of ptychographic reconstruction on the example of
SiGe staircase tip. Detailed results on resolving inner structure and chemical composition are
given in Section 3.2.

Results of averaging, along with histograms in logarithmic scale, are shown in Fig. S2 in
Supplement 1.

Using MATLAB, we fitted histograms with superposition of three gaussian distributions:

f (x) = a1 exp
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−
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)︃2
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+ a2 exp
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)︃2
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)︃2
)︄

(1)
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The first term represents Si peak in the histograms, the second – Ge, and the third covers all
the rest: Pt, C contamination, SiGe staircase and noise. The goodness of the fit (R2 value) in all
three cases was over 0.99. Parameters of the fittings are given in Table S2 in Supplement 1. The
main parameters here are b1 and b2 – coordinates of centers of the Si and Ge peaks. These allow
us to perform chemical identification of the elements (see following section). The widths of the
peaks are determined by c1 and c2 parameters – standard deviations (STD) of the distributions,
and they are primarily affected by noise level in the reconstructions. We can see that averaging
over 9 iterations leads to 11% average improvement (10% deterioration for the Si peak, and
21% improvement for the Ge peak) in STD, while averaging over 4 reconstructions – to 53%
improvement (44% improvement for the Si peak, and 60% for the Ge peak).

Thus, averaging can be an effective way to increase signal-to-noise ratio at the cost of additional
calculation time.

5.3. Chemically resolved imaging

Since CDI techniques enable the reconstruction of not only the amplitude distribution of the light
passed through the sample but also of its phase, it is possible to identify different composites
inside the sample. The attenuation (amplitude) of the light via its passage through the sample is
linked to the extinction coefficient, while the magnitude of the phase shift is dependent on the
refraction coefficient. Obviously, attenuation and phase shift also depend on the thickness of the
sample at any given point, so without knowing it, it is not possible to extract actual values of the
coefficients. However, there is a parameter which can be calculated based on the attenuation and
phase shift only: scattering quotient [7]. It is independent of thickness and can be calculated as:

fq =
ln(|T |)
φ

, (2)

where |T| - is a matrix of magnitude values of a complex transmission function of the reconstructed
object, and φ – is a matrix of its phase retardation values.

At the same time, scattering quotient can be calculated as:

fq =
f2
f1

, (3)

where f1 and f2 are the average (along the optical path) values of real and imaginary parts of
the complex atomic scattering factor f̃ = f1 + if2. The real part of it characterizes refractive
properties of atoms, while the imaginary one describes the absorption. These values can be
found in CXRO [63] or NIST [64] databases for most chemical elements.

5.4. Chemically resolved images filtration procedure

For removal of reconstruction artifacts, we developed and implemented additional filtration
procedure. We will show how it works using reconstruction shown in Fig. 5 as an example. First,
we obtain “chemical density” maps based on chemically resolved image, like the one shown in
Fig. 6(e). For each image pixel we calculated the amount of every element in a certain radius rc
(in this case it was 5 pixels). Then, each pixel is assigned value corresponding to the highest
density in the neighborhood but only if it belongs to the sample (not background) and density is
above certain threshold (20% in this case).

This step removes small (several pixel across) inclusions of different elements into homogeneous
areas. After that, all pixels with chemical density above second threshold (40%) are assigned
with highest density element value. This helps to remove background inclusions from inside the
sample image.

https://doi.org/10.6084/m9.figshare.27201234
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Ptychography reconstructions often suffer from ringing artifacts in areas of rapid change of
phase and/or amplitude. You can see them on the edges of the sample in Fig. 5(c). To get rid
of those we checked the chemical composition image against transmission and phase of the
reconstructed images (see Fig. 5(a,b)): if either transmissivity was above certain level tt (0.96) or
phase retardance below certain threshold tp (0.15 rad), image pixel was assigned the background
value. Processed in this way, the final chemically resolved image is presented in Fig. 6(f). All the
reconstruction artifacts were successfully removed except for the false Ge stripe at the bottom of
the image due to its sufficiently large dimensions (4 pixels ∼50 nm). The probable reason for its
appearance is lower resolution due to the higher sample thickness in that region (∼600 nm) and
non-planar shape of the interface.
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