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Three-dimensional imaging of integrated circuits
with macro- to nanoscale zoom

Mirko Holler®™, Michal Odstrcil', Manuel Guizar-Sicairos ®', Maxime Lebugle’, Elisabeth Miiller!,
Simone Finizio®', Gemma Tinti', Christian David', Joshua Zusman?, Walter Unglaub?, Oliver Bunk®1,
Jorg Raabe®', A.F. J. Levi? and Gabriel Aeppli'>4

The imaging of integrated circuits across different length scales is required for failure analysis, design validation and quality
control. At present, such inspection is accomplished using a hierarchy of different probes, from optical microscopy on the mil-
limetre length scale to electron microscopy on the nanometre scale. Here we show that ptychographic X-ray laminography can
provide non-destructive, three-dimensional views of integrated circuits, yielding both images of an entire chip volume and high-
resolution images of arbitrarily chosen subregions. We demonstrate the approach using chips produced with 16 nm fin
field-effect transistor technology, achieving a reconstruction resolution of 18.9 nm, and compare our results with photolithographic
mask layout files and more conventional imaging approaches such as scanning electron microscopy. The technique should also be

applicable to other branches of science and engineering where three-dimensional X-ray images of planar samples are required.

volumes with nanoscale resolution is important for a variety

of applications, from mapping the natural neural connec-
tome'” to inspecting silicon-based integrated circuits’*. For inte-
grated circuits, such inspection is required for failure analysis and
security’, and a hierarchy of probes are currently used to image at
various length scales: from imaging the entire chip (millimetres)
using optical microscopy to imaging individual features of the
underlying transistors (nanometres) using transmission electron
microscopy on thin slices prepared with a focused ion beam.

X-ray ptychography combines scanning X-ray microscopy and
coherent diffractive imaging®. A sample is scanned in a coherent
X-ray beam and the propagated diffraction patterns are recorded,
in reciprocal space, for each scanning position. Iterative algorithms
permit the reconstruction of projections of the sample, while the
resolution is limited by neither the beam diameter nor the step size
used in the scan, but is determined by the scattered X-rays that can
be recorded with a sufficient signal-to-noise ratio as well as by the
position accuracy and stability of the sample in the beam. Recently,
we showed that ptychographic X-ray computed tomography
(PXCT)—the combination of X-ray ptychography and computed
tomography, which involves recording many projections of a sample
at different sample orientations—can provide high-resolution 3D
images of a complementary metal-oxide-semiconductor integrated
circuit at 14.6 nm isotropic resolution”.

In tomography, the axis of rotation is perpendicular to the
propagation direction of the incident light. As a consequence,
samples need to be specially created such that they can be accessed
by the radiation from all projection angles from 0 to 180°. For
integrated circuits, this requires the extraction from the chip of a
close to cylindrical pillar, which, in our previous demonstration,
was prepared by focused ion beam milling. While the subsequent
tomography requires no slicing of the pillar, and is in that sense
non-destructive, the extraction of the imaged pillar is a destruc-
tive and time-consuming task. Additionally, the region to be

N on-destructive three-dimensional (3D) imaging over large

imaged must be selected before the pillar extraction, precluding
zooming capability.

The preparation of cylindrical pillars from a region of interest
could be avoided for tomography by mounting the sample with the
axis of rotation parallel to the integrated circuit surface. However,
this causes the effective thickness of the sample to increase in pro-
portion with the incidence angle of the X-rays to the sample. The
increased effective thickness increases the attenuation and thereby
limits the angular range of the measurement, resulting in a miss-
ing wedge of data in reciprocal space (Fig. 1a). The situation may
be improved by not having the axis of rotation perpendicular to
the incoming beam. Imaging in this generalized geometry is called
laminography”'', and hierarchical X-ray imaging has been dem-
onstrated at low resolution’’. The approach is well suited to flat
samples, where the tilted rotation axis forbids access to momen-
tum transfers within a cone—rather than wedge—of reciprocal
space (Fig. 1b).

While it may seem, from the point of view of missing informa-
tion, that the two geometries are similar, laminography has several
important advantages. First, because the angle between the incom-
ing X-ray beam and the surface is constant, the effective sample
thickness to penetrate remains constant as well. Second, laminog-
raphy simplifies preparation of planar samples to at most a uniform
thinning of the substrate to manage attenuation, and provides flex-
ibility to select the measurement position and to trade, for a given
photon budget, resolution for measured volume. More specifically,
zooming can be achieved by combining a variety of straightforward
measures, including decreasing the sample raster steps and X-ray
spot size, and increasing the counting times to capture more reliable
high-angle scattering events.

Ptychographic X-ray laminography

In this Article, we report the 3D imaging of planar samples using
ptychographic X-ray laminography (PyXL) (Fig. 1c). Ptychography
scans are performed by moving the sample in a plane perpendicular
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Fig. 1| Imaging geometries. a,b, lllustration of the filling of Fourier space in tomography (missing wedge) for conventional tomography with §=90° (a) and
in laminography (missing cone) for =61° as in our instrument (b). ¢, Imaging geometry of PyXL. d, Density of chip features as a function of the in-plane
component of the spatial period for PyXL in a high-resolution limited field of view (FOV) shown in blue and a low-resolution overview (with expanded FOV)
modes shown in red, as well as for conventional PXCT depicted in green. The spikes are real and due to the multiscale design rules for the chip.

to the axis of rotation. Thereby, the sample is at a fixed distance
from the beam conditioning optics, allowing the use of conven-
tional ptychography algorithms. We developed and built an instru-
ment dedicated to PyXL in which the sample position is measured
with respect to beam defining optics via differential laser interfer-
ometry", similar to the previously described tomography instru-
ments'*'"". The interferometer positions are used to operate a piezo
scanner in a closed loop, which in turn is mounted on an axis of
rotation for laminography. The diffracted X-rays propagate to a pix-
elated photon-counting detector in the far field through a helium-
filled flight tube. Choosing the laminography angle  requires a
balance between minimizing the missing information cone and
providing sufficient transmission through the sample, and in our
case it is set to #=61°. While the scan range of the piezoelectric
stage is only 100X 100 um?, the axis of rotation is mounted on two
linear stages, allowing stitching of several such scan regions and
thereby sampling of any selected region of interest in the sample.
The maximum sample area that can be imaged in the instrument
is 12X 12mm?, beyond the die size of many integrated circuits in
daily use.

We also address the image reconstruction challenge created
by the missing cone of information in reciprocal space (Fig. 1b),
which is inherent to the laminography geometry (Fig. 1c). When
standard reconstruction methods such as filtered backprojec-
tion'®"” are used, the missing cone remains empty, resulting in
unphysical artefacts (Supplementary Fig. 1b). Instead, we use an
iterative approach that enforces consistency in the Fourier (recip-
rocal space) domain between the reconstruction and the mea-
sured data and two additional priors in real space. The first prior
is based on knowledge of the sample composition and limits the
electron density of the sample material to a range between that of
SiO, and Cu. The second prior uses the assumption of a compact
shape of the copper interconnects by driving the solution towards
a minimal local total variation'. Iterative enforcement of these
constraints in combination with a pyramidal multiscale approach
improves the 3D reconstruction considerably (Supplementary
Fig. 1c). Note that the refined reconstruction is still fully consis-
tent with all measured data. In the future, for a more self-con-
tained approach, it may be possible to learn the density constraints
from the measured data and, in this way, eliminate introduction
of ad hoc priors.
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Imaging of integrated circuits and method comparison

We demonstrate PyXL by imaging an integrated circuit and com-
paring the result with its Graphic Database System (GDS-II)
photolithographic mask layout files and also with the more conven-
tional imaging approaches of PXCT and scanning electron micros-
copy (SEM).

The samples used are several identical chips produced in 16 nm
fin field-effect transistor technology for general purpose logic. The
transistors are on a single-crystal silicon substrate and are electri-
cally connected by more than a dozen metal interconnect layers that
are embedded in SiO, dielectric. The convention is to label the metal
layers in sequence, M0, M1, M2 and so on, with MO closest to the
transistor layer. The total thickness of all of the layers and intercon-
nect vias is about T'=4 um. We define T as the active layer thickness.
For PXCT, a cylindrical pillar of 10 pm diameter was prepared using
a focused gallium ion beam in a scanning electron microscope and
measured as for previous studies’. In total, 914 projections were
acquired and we obtained an isotropic resolution of 16.5nm, deter-
mined using Fourier shell correlation”. Further details are given
in Methods.

For laminography, we mechanically polished an entire chip of
2.5x2.5mm? to a substrate thickness of about 20um to obtain
sufficient transmission of approximately 25% for 6.2keV X-rays.
Supplementary Fig. 2 shows a visible light micrograph of the chip
surface with the circular flip-chip solder bonding areas clearly seen.
These have a pitch of 170 um. First, to obtain an overview image
covering the region of interest and also demonstrating the stitch-
ing capabilities of the instrument, a near-field ptychography scan®
was performed with a 50 um X-ray beam diameter. A total area of
300%x300um? was covered by stitching ptychographic measure-
ments from 25 subscans, each containing a region of 70 X 70 pm?. In
this overview mode the resolution obtained was 0.5 pm, limited by
the reconstruction pixel size, which is given by the beam numerical
aperture and the detector pixel size. Further details can be found
in Methods. A low-resolution 3D PyXL overview image was recon-
structed using 300 such projections.

For the high-resolution PyXL measurement a 40 um diameter
region was virtually selected in the overview dataset, also containing
the region measured via PXCT in the first sample. The X-ray beam
size was reduced to 4 pm, and N=2,872 projections were recorded
in an angular range from 0 to 360°. With a chip T=4um this angular
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Fig. 2 | 3D renderings at different zoom levels covering a length-scale
range from a 300 um overview to nanometric device structures. a,

The near-field ptychography results, giving a low-resolution overview
measurement covering a chip area of 300 X300 um? with 500 nm
resolution. a,b, The area measured via PyXL at high resolution is highlighted
inaand shown in an isolated view in b. ¢, Further zooming to the active
structures, revealing fine details down to the reconstruction resolution of
18.9 nm. All device layers and connections between them are resolved.

The front edge of the volume rendering is cropped to expose the manually
segmented inverter logic presented in Fig. 3a in detail.

sampling would allow a resolution no better than 7.6 nm at a lami-
nography angle of 61° according to the laminography sampling
equation, Ar = n X tan 6, derived in Methods. This is lower than
the limit of 12 nm posed by the depth of field*'.

Figure 1d shows the densities of chip features as a function of
their spatial period, collected using PXCT and PyXL. This was
computed in the two lowest layers, referred to as M0 and M1, by
means of a normalized power spectral density of the reconstructed
electron density. The sharp peaks are real and due to the chip’s
hierarchical design rules, which impose quasiperiodic features for
periods varying by several orders of magnitude. Naturally the peaks
are sharper (and more intense) for the larger fields of view pos-
sible for PyXL because the sampled volumes are larger, implying
better definition of quasiperiodic structures, and hence leading to
two additional decades of useful spatial information in the form of
visible maxima for PyXL compared with PXCT. The large advance
represented by PyXL is thus very clear: with a single instrument we
are now able to efficiently visualize the multiscale ‘connectome’ for
an integrated circuit from the millimetre to 10 nm scales. Figure 2
shows 3D renderings of the reconstructed volumes measured via
PyXL at various length scales down to the device level. The render-
ing was created by applying a threshold to the data, and it covers
five orders of magnitude in length scales, revealing device details as
well as features at the 100 um scale of the overview. Supplementary
Video 1 shows such zooming capabilities in an animation, and
Supplementary Fig. 3 shows slices of the raw reconstructions of
the two lowest metal layers of the chip, MO and M1, unaltered by
thresholding and segmentation.

For both PXCT and PyXL, the resolution is sufficient to identify
all interconnections down to the individual transistors, even though
the laminography resolution volume is anisotropic because of the
missing cone of information (Fig. 1b). For tomography, Fourier shell
correlation' is an established method for estimating the resolution.
In the case of laminography it remains a valid estimator as long as it
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is only computed in the valid Fourier regions and not in the missing
cone. Such analysis will provide a measure of the obtained average
resolution in the Fourier directions where data are available, mean-
ing that the resolution will worsen along the direction of the rota-
tion axis. For the present measurement a resolution of 18.9nm was
estimated, and thus we expect that imaging of even more advanced
technology is possible today. As an example, on passing from
16 nm to 7 nm technology, the minimum metal pitch in technology
decreases from 64nm to 40nm, still considerably larger than our
present resolution. We did not procure a physical chip paired with a
design file at the 7nm node, so for this first demonstration of PyXL
16 nm technology was imaged instead.

An interesting question, especially in the context of security, is
whether and where certain electronic building blocks of a particular
type exist within a manufactured integrated circuit. As an example,
an inverter circuit was chosen, and to automate the search we used
the known GDS-II model to render a corresponding 3D volume
with a voxel size identical to the PyXL reconstruction, shown in
Fig. 3a next to Fig. 3b, which is the underlying electrical circuit sche-
matic. We then calculated the expected reconstruction volume by
removing its Fourier components within the missing cone in recip-
rocal space. The coordinates of the inverter pattern, corresponding
to the GDS-II model, were then found in the measured dataset at
low computational cost using 3D cross-correlation. We manually
segmented the single inverter found in the PyXL dataset and ren-
dered it as the interpolated surface view shown in Figs. 2c and 3c.
The expected structure rendered from the GDS-II file in Fig. 3a
shows also individual fins that cannot be identified in the mea-
sured data. Supplementary Video 2 shows the slices of the inverter
(Fig. 3) with the measured image and GDS-II model side by side.
The automatic search of circuitry from the GDS-II in the measured
data can be extended to larger blocks and thereby provides a fast
method to verify that chip design and manufacture match and no
undesired functionality (for example a backdoor into a processor or
memory) has been introduced.

PyXL represents the only non-destructive method for nano-
metre-resolution analysis of integrated circuits. Commonly used
methods for nanometre-scale imaging of integrated circuits, such
as mechanical delayering and imaging by SEM, are destructive. As a
consequence not only can the sample not be re-examined after the
imaging process, but also the images obtained may not even reflect
the previous state of the integrated circuit because of sample modi-
fication during the preparation steps. The non-destructive nature
of PyXL therefore may be especially useful when investigating
integrated circuit failure, as caused for example by electrostatic dis-
charge. Nonetheless, it remains important to compare the imaging
quality of PyXL with established techniques, so one of our samples
was mechanically polished to expose the second-lowest metal layer,
referred to as M1, and imaged using SEM with an electron energy of
5keV. Figure 4 shows the direct comparison of the results obtained
by SEM, PXCT and PyXL. For completeness, the corresponding
(simplified) photolithographic mask layout of the same layer is also
shown. Clearly, SEM provides highest image quality within a given
two-dimensional plane. However, it is a destructive multistep tech-
nique and artefacts may occur due to the unavoidable and imperfect
mechanical removal of material to expose the sample plane of inter-
est. For example, the failure to mechanically delayer to the precise
location of the M1 metal layer is apparent because bright spots in
the image correspond to the locations of vias connecting M1 to the
third-lowest layer M2.

PyXL is well suited for imaging integrated circuits, and in-
plane features provided by PyXL are clearer and contain fewer
artefacts compared with PXCT. This is most probably due to a
combination of (1) a limited depth of field”!, which is less limit-
ing for PyXL because in this measurement geometry the effec-
tive thickness along the X-ray propagation is slightly smaller,
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Fig. 3 | 3D rendering and circuit diagram of an inverter. VDD and VSS are supply voltages of the device, ‘In labels the input and ‘Out’ the output.

The associated metal layer is M1. a, The expected device structure generated from the GDS-1l model is rendered. Here also details not resolved in the
measurement are shown, such as the fins and gate conductors. b, The electronic circuit representation. ¢, The structure identified in the volume of the
high-resolution PyXL measurement. It has been manually segmented and is shown as an interpolated surface rendering. The 250 nm scale bar is valid
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Fig. 4 | Comparison of different imaging techniques applied to different samples of the same chip area, showing the second-lowest metal layer M1.
a-d, Design layout (simplified) (a) and virtual slices obtained from PyXL after missing cone refinement (b), SEM (¢) and PXCT (d). The grey-scale bar
shown applies to the quantitative X-ray images in b and d, and the bright lines correspond to connections manufactured from Cu surrounded by SiO,. The
region of interest shown here was close to the edge of the extracted pillar for PXCT in d, which explains the missing features in the lower right corner.

and (2) the improved nanostructural stability of a wafer (PyXL)
relative to that of an isolated pillar (PXCT) when strongly irradi-
ated by X-rays®. The streaking artefacts for PXCT are caused by
the long straight metal line features, which dominate when imaged
parallel to the direction of X-ray propagation, resulting in phase
jumps larger than 2, and thereby causing artefacts in the recon-
struction. For PyXL the X-rays are not parallel to the direction
of these structures, making PyXL less prone to these artefacts.
However, for PyXL the resolution is anisotropic, which results in
artefacts of a different type in the direction of the missing cone,
that is, perpendicular to the individual layers. For comparison of
PXCT and PyXL Supplementary Fig. 1 shows two slices perpen-
dicular to the layers of the chip. Here the structures appear less
sharp in the vertical direction for PyXL.

Conclusions
We have reported PyXL, a technique that can image extended flat
samples in three dimensions with nanoscale resolution and minimal
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sample preparation. Low-resolution, fast 3D overview scans can be
performed without any modification in the setup, and the region
of interest for high-resolution 3D imaging can be freely chosen on
the basis of the overview. For our test chip, such a low-resolution
(500 nm) scan over an area of 300 X 300 um?, yielding an image with
2.3x 107 voxels (cubic with side length 500 nm), was collected in
30h; a high-resolution (18.9nm) zoom over a subarea 40 pm in
diameter, which produced 3,800 3,800 % 600 voxels with dimen-
sions 13X 13x13nm? required 60h. The latter chip area was 16
times larger than that which we could image using conventional
PXCT at 16.5nm resolution in 23h, demonstrating that for the
layered integrated circuit in the present case our laminography
measurement, where (unlike PXCT) the more feature-rich planar
structures are projected onto both dimensions of the area detector,
is about six times more efficient for generating significant informa-
tion at high resolution. This includes the images themselves and
also the possibility of finding functional features, such as the pres-
ence and location of a single inverter circuit.
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Currently the imaging rate, volume and resolution are limited by
the available coherent X-ray flux. As outlined previously®, we expect
marked improvements in the near future. Such improvements fol-
low the transition from third- to fourth-generation synchrotron
sources, as pioneered by the Swedish MAXLAB*, from which we
expect an increase by two orders of magnitude in brilliance, and
the construction of megahertz-repetition-rate X-ray free-electron
lasers including LCLS II at SLAC in California. In addition, the
spectral bandwidth used in our experiment, which is determined
by a Si(111) monochromator, could be relaxed by an order of mag-
nitude by using multilayer mirrors”. Furthermore, our Fresnel
zone plates (FZPs) provide limited efficiency compared with, for
example, Kirkpatrick-Baez mirror systems*, which could provide
an additional order of magnitude improvement. The total increase
in coherent flux could thus reach 10*, which could be combined
with further advances from using an evacuated flight tube and in-
vacuum detection, implying even greater efficiency for PyXL.

The scaling laws* for ptychographic imaging would thus allow
approaching a resolution of 2nm with the same measurement
time as for the current experiment, or inspection of an entire
0.3%x0.3mm? integrated circuit at 50 nm resolution in 3h. Beyond
higher flux, reaching such imaging speed and/or resolution will
require additional developments for faster and more accurate sam-
ple scanning, improved X-ray probe stability and a careful manage-
ment of radiation damage. In that context, the latest mechanical
and electronic hardware can already improve the imaging rate by a
further decrease in imaging overhead”. Additionally, laminography
reconstruction algorithms could benefit from the sparse, laminar
structure of ICs, as well as knowledge of other priors from design
files and fabrication practice, leading to measurements requiring
fewer projections. In the area of ptychographic reconstruction, sig-
nificant development is necessary and ongoing?"*"** to reliably over-
come the depth of field limitation on resolution, which is 12 nm for
the present sample and photon energy, to approach 2 nm. Radiation
damage may pose another limit to achievable resolution, although
as mentioned above we observe significantly better sample stabil-
ity for laminography compared with tomography requiring isolated
pillars. Small deformations that may occur during a measurement
at higher dose can also be dealt with in the reconstruction step.

Beyond the measurement of integrated circuits for failure analy-
sis, design validation and quality control, our imaging method is
applicable to any scientific, medical or engineering problem where
the samples are planar. In reflection mode, its application could
become a practical 3D imaging technique for unthinned samples,
further opening up low-energy (soft) X-ray investigations in areas
from biomedicine to magnetic devices.

Methods
X-ray measurements. All X-ray measurements were carried out at the cSAXS
beamline of the Swiss Light Source at the Paul Scherrer Institut, Switzerland. The
photon energy of 6.2 keV with a spectral bandwidth of 2 X 10~ was selected using
a double-crystal silicon monochromator. For both PXCT and PyXL a 170 um
diameter gold FZP with a 60 nm outermost zone width was used in combination
with a 50 pm central stop and 30 um order sorting aperture to define a 3-4 um
diameter illumination on the sample. The FZPs were manufactured in the
Laboratory for Micro and Nanotechnology, Paul Scherrer Institut, Switzerland, on
the basis of a nanofabrication process published elsewhere™.

The PXCT data were measured using the flexible tOMography NanoImaging
instrument (lOMNI)">'** with a PILATUS photon-counting detector’ with
172 um pixel size positioned at a distance of 7,386 mm from the sample, using
600 % 600 pixels for the reconstruction, resulting in a reconstructed pixel size of
14.3nm. 914 projections were acquired, each having an FOV of 18 x 9 um?. The
328 scan positions of each projection followed a Fermat spiral trajectory™ and had
an average spacing of 0.7 um and 0.1's exposure time. The sample was positioned
downstream from the focal point of the FZP, where the beam diameter was 3 um.
The measurement time per projection was 90s. The deposited X-ray dose into
the copper interconnects for the whole tomogram was estimated to be 55 MGy.
The tomogram was reconstructed to a voxel size of 14.3 nm in a way akin to the
procedure used in ref. °: the complex-valued projections were reconstructed using
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1,200 iterations of the difference map solver* followed by 300 iterations of the
maximum-likelihood refinement™. For tomography, the phase of the reconstructed
projections was used after postprocessing alignment and removal of constant and
linear phase components™. A modified filtered backprojection was used after
aligning the projections using a tomographic consistency approach™.

PyXL laminography measurements were carried out using the laminography
nanoimaging instrument. For the high-resolution scan, a circular FOV of
40 um diameter was virtually defined in the sample surface plane such that the
imaged volume is about a factor of 16 larger than in the case of PXCT. Because
the device geometry and the position measurement are perpendicular to the
X-ray beam propagation direction, this circular FOV in the sample plane results
in an elliptical FOV of about 50 X 26 ym? in the position-measurement plane,
which is perpendicular to the X-ray beam propagation direction, as shown in
Supplementary Fig. 4. The 485 scan points in that region of interest followed
the Fermat spiral trajectory” and had an average spacing of 0.7 um in the
position-measurement plane and 0.1s exposure time. The sample was positioned
downstream from the focal position, where the beam diameter was 4 um. A total
of 2,872 projections were recorded at angles equally spaced in the range of 0-360°.
The time to record a single projection was 67 s and the overhead between two
projections for rotating and following the region of interest was 9s. The resulting
X-ray dose experienced by the copper interconnects for the whole laminogram is
estimated at 76 MGy. The complex-valued projections were reconstructed using
300 iterations of the difference map solver’ followed by 200 iterations of the
maximum-likelihood refinement® using 480 x 480 pixels of the Eiger photon-
counting detector’ with 75 pm pixel size positioned at a distance of 2,345 mm
after the sample, resulting in a pixel size of 13.0 nm. Supplementary Fig. 4b shows
a reconstructed projection. The phase projections were unwrapped and aligned
using a new in-house-developed iterative algorithm based on 3D consistency
and a pyramidal approach in which the reconstruction and alignment are refined
starting from low to progressively increased resolution. The initial 3D volume
reconstruction was provided by the filtered backprojection method with the
filtering kernel multiplied by sin(6) to account for the laminography geometry®.
Given sufficient angular sampling, the filtered backprojection method provides
an optimal reconstruction, Xy, up to the missing cone region in the Fourier
space. The values inside the missing cone were estimated by an iterative scheme
in which the 3D volume was Fourier transformed back and forth between object
and reciprocal space. In reciprocal space, consistency with the known Fourier
components, which were obtained in the previous step, was enforced outside
the missing cone. Additional prior knowledge about the sample, as discussed in
the main text, was enforced in object space. This process can be described as an
alternating projection method between two constraints, IT,, which applies object
space priors, and 1, which enforces consistency in Fourier space:

I, : X — X, = ma-x{Xmina min[xma)nx - I"VXOTV]}

M : X — Xp = Xepp + F S F (X — Xepp))

where X denotes the refined electron density and X, X,,.., are limits of the
maximum and minimum electron density values given by the known composition
of the sample. In object space, the refined reconstruction X is additionally updated
by a gradient of a regularization functional V,Oy,, in our case the total variation'?,
with updated step size p. Finally, in reciprocal space, that is after the Fourier
transform F, S, denotes the missing cone region defined as

max

0, ifk2+k*<k?tan?@
Selke Ky, k) = {1 ::lsex v

where k, is the reciprocal space coordinate parallel to the rotation axis and k,, k,
are the perpendicular direction coordinates. An alternative approach would be
an iterative use of the Radon transform to enforce consistency with the measured
projections*’; however, the large volume of our reconstruction makes the Fourier-
transform-based approach significantly faster. Additionally, to further accelerate
the convergence and reduce the computational cost, we have used a pyramidal
approach, in which the missing cone refinement starts from the lowest spatial
frequencies and progressively includes a larger fraction of the Fourier space while
continuously enforcing the priors in the object space.

The reconstructed voxel size was 13.0 nm and the volume covers
3,800 % 3,800 X 600 elements. The resolution was estimated to be 18.9 nm using
an intersection of the Fourier shell correlation curve and the one-bit threshold".
The missing cone was excluded from the Fourier shell correlation calculation.
The computation of the two-dimensional ptychographic reconstructions of this
high-resolution laminography dataset required 4.7 h using eight nodes equipped
with 28-core CPU Intel Xeon E5-2690 v4 processors. The computation time for
the 3D laminography reconstruction using the filtered backprojection method was
40min using a single Nvidia P100 GPU. The total time for the 3D reconstruction
including data loading, alignment of the projections, filtered backprojection
reconstruction and filling of the missing cone was 4 h.

The near-field ptychographic laminography data shown in Fig. 2a and
Supplementary Fig. 5b were measured using a setup identical to that used for the
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far-field ptychographic laminography. The only required change, of the beam
diameter to 50 um, was achieved by changing to an FZP with a diameter of 120 um
instead of 170 um, which we manufactured on the same membrane such that no
manual interaction with the setup was required. The distance from the sample

to the detector of 2,345 mm and the Eiger detector pixel size of 75 um resulted in

a projected pixel size on the image plane of 495 nm, which was found to be the
limit for the resolution. For this coarse laminogram, an FOV of 300 X 300 um? was
measured with the Fermat spiral trajectory’ implemented with an average step size
of 10 um. To cover the FOV for each projection, 25 patches, each 70X 70 um? in
size, have been measured via stitching and reconstructed together. 300 projections
were acquired, aligned using the same algorithms as for the high-resolution PyXL
reconstruction. The time to measure each projection patch was 14s, including

the overhead for moving to the next stitching patch with the coarse stage.
Supplementary Table 1 gives a brief overview and comparison of the three X-ray
measurements performed.

Angular sampling requirements for laminography. Similar to the Crowther
criterion*' for conventional tomography, for laminography the angular step should
be sufficiently small for adequate sampling of the object’s 3D Fourier transform.
Supplementary Fig. 6a shows schematically the experimental realization with a
fixed source under a parallel beam, and Supplementary Fig. 6b the equivalent
representation with a fixed object and a source rotating around it. Invoking the
Fourier projection-slice theorem we know that each laminography projection
contains information about a thin slice in the Fourier domain going through the
origin and with normal parallel to the beam propagation direction, as shown
schematically in Supplementary Fig. 6c, where the Fourier domain radius is
inversely proportional to the real-space projection resolution Ar. The sampling
requirement for laminography is that these Fourier slices are taken close enough to
each other to capture all details in Fourier space along the direction parallel to the
rotation axis, as illustrated in the inset of Supplementary Fig. 6c. Assuming that the
sample thickness along the axis of rotation T is much smaller than the other sample
dimensions, from this criterion it readily follows that

2Ar
T A

tan 0 =

where 6 is the angle between the beam propagation direction and the axis
of rotation, and Ag is the laminography angular step. Considering that for
laminography the rotation is from 0 to 2=, the required N is given by

2n

N Tt 0
=—=mn—tan
Agp Ar

For someone familiar with the Crowther tomography criterion®, it may seem
counterintuitive that the equation is completely independent of the FOV; however,
this is actually sensible and expected. The key difference from conventional
tomography, which depends on the horizontal sample diameter, arises from the
inclination of the measured Fourier slices, as shown in Fig. 1b. Because of this
inclination we have guaranteed adequate sampling in the plane perpendicular to
the rotation axis. Another way to intuitively understand that this equation should
be independent of the FOV is to consider that once we measure laminography
projections we could always artificially reduce this FOV in postprocessing by
cropping them, and of course we would not expect that by cropping the FOV our
angular sampling would be relaxed.

Finally, the tan 6 factor shows that the most relaxed angular requirements are
for small values of 6; however, this is only because for small values of 6 the 3D
information in the reconstruction is heavily reduced, both because the missing
cone information grows significantly and because the resolution in the direction of
the axis of rotation Az is worsened,

Ar
z=—
sin 6

Through numerical simulations we have observed that > n/4 provides a
significant reduction of missing cone artefacts, and that best image quality is
obtained for larger values of 6, even if somewhat angularly undersampled.

Data availability

The aligned laminography projections generated during the current study are
available under the Creative Common license in the Zenodo repository, https://doi.
org/10.5281/zenodo.2657340.
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