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Abstract

We describe the development, operation, and application of the 4D Camera—a 576 by 576 pixel active pixel sensor for scanning/transmission electron
microscopy which operates at 87,000 Hz. The detector generates data at ~480 Gbit/s which is captured by dedicated receiver computers with a
parallelized software infrastructure that has been implemented to process the resulting 10-700 Gigabyte-sized raw datasets. The back illuminated
detector provides the ability to detect single electron events at accelerating voltages from 30 to 300 kV. Through electron counting, the resulting
sparse data sets are reduced in size by 10-300x compared to the raw data, and open-source sparsity-based processing algorithms offer rapid
data analysis. The high frame rate allows for large and complex scanning diffraction experiments to be accomplished with typical scanning
transmission electron microscopy scanning parameters.

Key words: active pixel sensor, direct electron detector, phase contrast STEM, scanning transmission electron microscopy, 4D-STEM

every electron to contribute to the measurement (Park et al.,
2015; Kim et al., 2020). DEDs are also incorporated into spec-
trometers for electron energy loss spectroscopy (EELS) and scan-
ning electron microscopes for electron backscatter diffraction
with great success (Hart et al., 2017; Susarla et al., 2022).

The application of advanced DEDs for scanning TEM
(STEM) allows the user to acquire a two-dimensional (2D) con-
vergent beam electron diffraction (CBED) pattern at every scan
position in a 2D set of scanning positions. The resulting data set
is thus four-dimensional (4D) leading to the common term of
4D-STEM (Ophus, 2019). This is a rapidly evolving field enab-
ling the acquisition of data with traditional STEM image con-
trast produced by radial, monolithic detectors as well as
enabling new imaging modalities (Nord et al., 2020; Paterson

Introduction

Progress in direct electron detectors (DEDs) for transmission
electron microscopy (TEM) has recently lead to significant ad-
vances in almost every aspect of the field (MacLaren et al.,
2020). DEDs provide significantly faster readout, zero dead
time (rolling shutter readout), and large improvements in sensi-
tivity compared to traditional charge-coupled device (CCD)
cameras. DEDs avoid the conversion process of electrons-
to-photons-to-electrons involved in the use of CCDs with a scin-
tillator. This leads to improvements in sensitivity, point spread
function (PSF), and detector quantum efficiency (DQE). DEDs
have achieved great success in solving three-dimensional (3D)
biological structures (such as proteins) in the field of cryogenic
electron microscopy due to their improved sensitivity (to reduce

dose) (McMullan et al., 2009) and speed (to correct motion
blur) (Brilot et al., 2012; Grob et al., 2013). Further, iz situ
TEM has greatly benefited from the improved time resolution
(~1ms) and use of “rolling readout” mode to eliminate the
duty cycle (dead time) of older detector technologies allowing

etal., 2020). For example, ptychography has achieved extremely
high resolutions (Chen et al., 2021) and the ability to image
high- and low-scattering elements simultaneously (Yang et al.,
2017). Reconstruction of the 3D scattering potential is possible
by so-called S-matrix Reconstruction from a focal series of
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Fig. 1. A schematic of the 4D Camera detector, data acquisition, and data processing system. Each 1/4 sector of the detector is separately processed by
four FPGAs and forwarded to four receiver servers. The receiver servers buffer the data in main memory at the full data rate until a scan is complete. Data
are then offloaded to the event builder PC (named “Mothership 6"”) which includes a fast connection to the NERSC supercomputer system. Data can be

locally or remotely processed for rapid feedback at the microscope.

4D-STEM datasets (Brown et al., 2018, 2022). Electric field
measurements have been shown possible at the atomic level
(Hachtel et al., 2018; Murthy et al., 2021). Strain and structural
measurements at the atomic- to nano-scale are possible due to
scanned (near-) parallel beam techniques (Hirata et al., 2011;
Ozdol et al., 2015; Zeltmann et al., 2020). Beam sensitive crys-
talline materials such as polymers can be investigated with
4D-STEM as well (Panova et al., 2019).

The success of DEDs to improve the resolution, sensitivity,
flexibility, and efficiency of STEM experiments is truly creating
a revolution in atomic- and nano-scale analysis on many fronts.
Frame rate has been identified as a critical metric with the
development of 1 bit operation and the introduction of event
based detectors to significantly increase frame rate and reduce
data rates (O’Leary et al., 2020; Plotkin-Swing et al., 2022;
Stroppa et al., 2023). However, most current detectors operate
with ~1-1.5 kHz acquisition rates, which is slower than typical
STEM scanning rates of 100-1,000 kHz. This can lead to the
incorporation of artifacts due to sample drift or charging
(Jones et al., 2015; Ophus et al., 2016), especially in ptychogra-
phy where phase information about the sample is found using the
overlapping of adjacent probes. As an example, 1,024 by 1,024
probe positions is a common STEM scan size, and at 0.1-1
MHz scanning rate such an image can be acquired in under 30
s using an annular dark field (ADF) detector. A DED running
at 1 kHz requires 17.5 min to acquire such a data set. Drift of
the sample beyond the field-of-view is almost certain which indi-
cates how faster detector acquisition is advantageous. Further,
kHz acquisition rates also practically limits the achievable min-
imum dose applied to a sample, because the operator must reduce
the beam current by a factor of 10-100 when switching from nor-
mal STEM imaging, which is used for focusing and aligning, to
4D-STEM in order to maintain the same dose (O’Leary et al.,
2020). Further, slow acquisition rates limit the use of
4D-STEM for large field-of-view acquisitions and for complex
STEM acquisition schemes such as focal series, electron

tomography, scan rotation series, iz situ, and high throughput
experiments. Recent successes have achieved excellent results at
high frame rates at the cost of pixel binning. (Stroppa et al.,
2023) The 4D Camera was designed to acquire full frame
4D-STEM data with a probe dwell time of 11us making
4D-STEM highly complementary to traditional STEM detectors.
It excels in applications where speed is important such as atomic
resolution imaging of materials and in relatively low and medium
beam currents (~1-100 pA).

Materials and Methods

The 4D Camera sensor is mounted in a retractable Gatan K3 cam-
era housing, making it immediately deployable on any TEM. It is
currently installed on a double aberration-corrected Titan 80—
300 named the TEAM 0.5 at the National Center for Electron
Microscopy (NCEM) facility within the Molecular Foundry at
Lawrence Berkeley National Laboratory. Each frame consists
of 576 by 576 pixels digitized to 12 bits, which is about 4 Mbit
per frame. At 87,000 Hz, the raw data rate is ~480 Gbit/s requir-
ing a dedicated acquisition system to capture the full data rate.
The full detector system (see Fig. 1) includes a set of field program-
mable gate arrays (FPGAs) for collecting and routing the digitized
detector pixel signals and a set of computers for data capture,
storage, and analysis. A 1/4 sector of each frame is handled separ-
ately by a dedicated FPGA/receiver pair during acquisition. The
raw data are accumulated at the full rate into the memory of
the four dedicated receiver servers over a high speed network con-
sisting of 48 x 10 Gbit/s connections (12 links per receiver). After
the STEM scan is complete, the data are then offloaded to flash
memory installed in a fifth event builder server (named
“Mothership 6”) over 4 x 20 Gbit/s network connections.

The fifth server acts as the storage and processing computer
for data reduction, postprocessing, and interactive analysis
and is directly connected to the National Energy Research
Computing Center (NERSC) by 100 Gbit fiber providing extra
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Fig. 2. Schematics of (a,b) 80 kV and (e¢,d) 300 kV electron scattering (red lines) in 10 um wide APS pixels (vertical black lines). (a) and (¢) show how a
thinner inactive top layer (light gray) reduces electron scattering leading to reduced lateral energy deposition in the active layer (medium gray) compared to
a sensor with a thicker inactive layer [(b,d)]. The active region is ~4-5 um thick, and the thick inactive region in (b) and (d) is ~5 zm thick.

computational and storage capabilities for the large amounts of
data generated. The open-source stempy (Avery et al., 2022)
processing software was developed with Python, Numpy, and
C++ to rapidly reduce the raw data by finding electron strikes.
Other postprocessing such as center of mass (CoM) imaging is
then accomplished using Jupyter notebooks applied directly to
the sparse output data. The largest data size that can be ac-
quired (due to memory limitations) is ~700 Gbytes (GB). The
data reduction counting step can be accomplished locally using
the fifth server in ~8 min or by multiple nodes on the NERSC
super computing cluster in <5 min. Thus, the operator can re-
ceive rapid feedback at the microscope in typically <10 min
to determine the quality of each scan even for these extremely
large data sets. Rapid (even live) feedback to operators at the
microscope has been identified as an important part of the fu-
ture of electron microscopy allowing for data quality to be
checked and results even generated during a microscope session
(MacLaren et al., 2020; Spurgeon et al., 2021).

The sensor is a complementary metal oxide semiconductor
(CMOS) active pixel sensor (APS) with 10 um by 10 um square
pixels. APS sensors are designed to capture a few scattering events
for each incident electron in the charge collection area while min-
imizing lateral charge deposition. See also Clough et al.’s review
on the differences between different types of detectors (Clough
& Kirkland, 2016). A schematic of such a CMOS sensor is shown
in Figure 2 which demonstrates how front-side illuminated sen-
sors with regions of material above the charge collection region
broaden the range of energy deposition due to electron scattering.
In general, front-side illuminated CMOS detectors are limited to
operating at relatively high accelerating voltages (i.e., 300 kV) to
minimize this effect and avoid damaging the chip electronics. The
4D Camera sensor was produced by thinning the inactive sub-
strate layer to reduce electron scattering outside the active area.
The sensor is back-side illuminated thus exposing the charge col-
lection region first to the beam (see Figs. 2a and 2c). The detector
was tested at accelerating voltages from 6 to 300 kV, and full
charge deposition is seen at voltages below 30 kV. The sensor
used to acquire the data in this manuscript was overthinned, re-
moving some of the active region making it comparatively more
sensitive with less lateral scattering at lower accelerating voltages.

For typical STEM experiments, the incident electron beam flux
is sufficiently low, such that only about 1-2.5% of the detector
pixels will be hit with an electron in each frame; however, it
can also be used in “integration” mode where each pixel intensity
is the sum of all charge deposited in a pixel allowing full frame
movies to be acquired with high current. Here, we only discuss
the detector for use in the sparse counting mode. During the de-
sign phase, we considered typical parameters for aberration-
corrected STEM operating conditions (60-300 kV, ~10 us dwell
time, 1-100 pA beam current) in order to match 4D Camera op-
eration as close as possible to normal operational parameters.

Using these parameters, 87,000 Hz was a chosen to match the
~10 us dwell time used in typical HR-STEM image acquisitions.
At such acquisition speeds and beam currents only about one
electron will strike a pixel and the surrounding nearest- and
second-nearest neighbors. The energy deposited in a pixel and
the surrounding pixels is then used to determine the initial pixel
location of the electron strike (Battaglia et al., 2009). The nature
of electron scattering in a material dictates that the electron on
average will deposit energy in a large surrounding area
(Caswell et al., 2009), leading to PSF blurring. As shown in
Figure 2, thinning the inactive layer and back-side illumination
will reduce electron scattering, but the surrounding pixels can
still have energy deposited in them. Further, the number of scat-
tering events and amount of energy deposited is a stochastic pro-
cess leading to a Landau distribution of energy deposition in each
pixel (Denes et al., 2007). It is thus impractical to use the amount
of energy captured in each pixel to differentiate the number of
electrons. However, if the flux on the detector is sufficiently
low (~50 pA), then we can assume with high confidence that
only one electron will strike within any 3 by 3 pixel neighborhood
creating a local peak. The pixel with the highest deposited energy
is likely the original strike location of the electron, furthermore
subpixel locations can be determined using centroiding (Li
et al., 2013; Ruskin et al., 2013). In the simple case, the highest
intensity pixel is counted as one electron regardless of energy de-
position, and the surrounding pixels are set to zero which re-
moves the PSF blurring. Coincidence loss (i.e., electrons hitting
the same neighborhood) causes a ~5% counting error. This
also leads to suppression of detector dark current noise and the
ability to sum frames without adding detector noise (Battaglia
etal.,2009). An added benefit is that the counted data are highly
compressible leading to smaller storage and memory require-
ments and the ability to implement faster computation with algo-
rithms designed to take advantage of this sparse data format (Pelz
etal.,2022). What would be extremely large (>100 GB) datasets
can be compressed 10--300x with the ability to fit in the working
memory of consumer grade computers and graphical processing
units (GPUs). The 4D Camera has been in operation since ap-
proximately Spring of 2019. The capabilities of the detector for
several operating modes is presented and discussed in more detail
below.

Results and Discussion

Typical STEM imaging experiments use radially symmetric,
monolithic bright field (BF), annular BF, and/or ADF detectors
to integrate electrons scattered to different angles in diffraction
space. The choice of detectors and their inner/outer angles must
be decided before an experiment is conducted. The use of a pixe-
lated detector to capture the full scattering pattern provides the
ability to generate traditional STEM image contrast with the
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Fig. 3. High resolution STEM imaging of a SrTiO3/PbTiO3 multilayer. (a) A raw camera frame acquired in 11 us from one scan position. (b) A single counted
frame showing only electron strikes as bright pixels. (¢) A PACBED pattern generated by summing the counted data. (d) The simultaneously acquired
ADF-STEM image and magnified inlay. (e-h) The CoM,, CoM,,, CoM,, CoM, of a small 250 by 250 pixel region of the full scan. (i) The phase image
calculated from the CoM, and CoM, with magnified inlay. The inlays have a field-of-view of 2.3 nm.

flexibility of choice as to the inner/outer angle(s) during postpro-
cessing (MacLaren et al., 2020). The 4D Camera provides the
ability to acquire a large, continuous range of scattering angles
in the same amount of time as a typical STEM experiment
(<15's). Once electron counted, a radial sum algorithm imple-
mented in the sparse domain (Avery et al., 2022; Pelz et al.,
2022) further reduces the 4D data to 3D and allows a user to
interactively set detector inner/outer angles for the desired
STEM image contrast.

Figure 3 shows data acquired at high resolution from
a highly converged electron beam of a SrTiO3(20)/PbTiO5(20)/
SrTiO3(20) multilayer sample acquired perpendicular to the in-
terfaces along the [100] direction. The sample was detached
from a substrate and placed on a TEM grid using the process de-
scribed in (Bakaul et al., 2016), and the nominal thickness was
23.64 nm. The STEM was operated at 300 kV with a conver-
gence angle of 30 mrad and a beam current of about 50 pA.
The thinned sensor is ~30% efficient at detecting 300 kV elec-
trons, necessitating larger beam currents than should be neces-
sary. Figure 3a shows a single raw camera frame. A faint
outline of the central circular beam is visible but is obscured by
camera dark noise. Figure 3b shows the same frame after it has
been electron counted where each bright pixel indicates the loca-
tion of one electron strike. Most electrons are within the central
beam although some are scattered outside. Summation of all
sparse frames from every scan position produces a position-
averaged convergent beam electron diffraction (PACBED)

pattern, as shown in Figure 3¢, which can be used to determine
sample thickness, composition, and other properties (LeBeau
et al., 2010; Ophus et al., 2017). Two dark horizontal rows are
due to production defects in this first iteration of the detector,
and other horizontal defects are due to nonlinear camera noise
which are not removed due to the thin detector. Figure 3d shows
the simultaneously acquired ADF-STEM image where the pro-
jected Pb and Ti/O columns show the expected Z-contrast.

The CoM was calculated for each counted frame in Figure 3.
Even with the small number of electrons (see Fig. 3b) the CoM,
and CoM, signal is quite strong as can be seen in the zoomed in
Figures 3e and 3f, respectively. Atom positions are at the center
of each red/blue blob. The radial deviation of the CoM (Fig. 3g)
shows each atomic column with a singularity in the center as
the beam passes directly over the column, and the vector angle
is plotted in Figure 3h. Finally, the CoM images are used to calcu-
late the phase signal resulting in Figure 3i over a 25.4 nm field of
view with 0.025 nm real space pixel size. The pure oxygen col-
umns are visible, but difficult to resolve at this length scale.
Other datasets acquired with smaller probe step sizes clearly
show the oxygen columns, but we display this medium magnifica-
tion data set to demonstrate the ability to scan large regions for,
e.g., polarization measurements (Yadav et al., 2016).

To show the capabilities of the detector for low-dose im-
aging of sensitive materials with high- and low-scattering ele-
ments, we chose a hexagonal NaYF, nanoparticle with core
and shell doping of 15% thulium and 20% gadolinium,
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respectively (Pedroso et al., 2021). These avalanching upcon-
verting nanoparticles exhibit extremely large amplification
factors due to a photo avalanche mechanism and are useful
as probes in optical imaging of biological systems and high-
density, rewritable 3D photopatterning (Lee et al., 2021,
2023). Several questions about the structure of these core/shell
nanoparticles remain such as the dispersion of defects and
dopants and the core/shell interface which could be answered
by detailed high resolution analysis. The material is sensitive
to the electron beam (Hobbs, 1973) and contains high- and
low-scattering elements with small interatomic spacings diffi-
cult to resolve.

The nanoparticles are best imaged along the c-axis where mix-
ing of atom species along the projection direction is minimized.
Low-dose ADF-STEM measurements can resolve the yttrium
atoms due to their relatively large Z-number, but the other atom-
ic columns are weak scatterers. High resolution 4D-STEM scans
were acquired using the 4D Camera with a 200 kV accelerating
voltage, 17.1 mrad convergence angle, and each diffraction pat-
tern contained ~150 electrons (2 pA beam current). 1,024 by
1,024 real space probe positions were required to image the entire
26 nm diameter nanoparticle in a 30 by 30 nm field of view with
0.029 nm pixel size with a total dose of ~1,800 ¢~ /A2, This al-
lows the fluorine atomic columns to be resolved, while minimiz-
ing sample damage. The phase signal was extracted from CoM
measurements of each diffraction pattern to produce the image
shown in Figure 4. The inset shows the expected atomic arrange-
ment overlaid on a magnified portion of the top edge of the nano-
particle where the hexagonal rings of the yttrium and 50/50
yttrium/sodium columns are seen as the brightest columns. At
the center of each bright hexagon is a dimmer sodium column.
Triangular arrangements of fluorine columns surround the
brighter columns. In the center, some defects due to beam dam-
age are seen, but the edge is fairly stable all around the nanopar-
ticle. We found that the nanoparticle centers were more easily
damaged by the beam which is either due to the thulium dopants

Fig. 4. Low-dose STEM phase imaging of a doped NaYF,4 nanoparticle.
The inset shows a 4 nm by 4 nm magnified region of the edge of the
nanoparticle where yttrium (medium green), sodium (large yellow), and
fluorine (small white) atomic columns are visible.

in the core or more inelastic scattering due to the increase in pro-
jected thickness. The ability to simultaneously image high- and
low-scattering elements in a large beam sensitive nanoparticle
shows the capabilities of the 4D Camera for investigating new
classes of materials previously too sensitive to image at high reso-
lution using these techniques.

CoM is one type of phase contrast imaging that is relatively
simple to extract from a pixelated detector. It does not, however,
utilize the full range of information possible with such a detector
and can be implemented using simple segmented detector with
only four channels (Shibata et al., 2012; Bosch et al., 2016). A
more advanced algorithm capable of using the entire scattering
distribution is called ptychography (Humphry et al., 2012;
Jiangetal.,2018). We implemented a ptychographic reconstruc-
tion method that takes advantage of the sparse nature of 4D
Camera data providing large scale, rapid analysis on a modest
GPU. The method is described in more detail in (Pelz et al.,
2022) and is based on the single sideband (SSB) algorithm devel-
oped previously (Yang et al., 2015, 2017). In brief, the SSB pty-
chography method takes the Fourier transform of the 4D data
hypercube along the probe scanning directions. Summation of
the intensity within the double overlap regions of the double re-
ciprocal space data set can then be used to determine the object
function which approximates the projected potential of the sam-
ple in the weak scattering limit. The speed and sparse data output
of the 4D Camera provides the ability to rapidly generate ptycho-
graphic reconstructions over a wide field-of-view in <10 min.

Figure 5 demonstrates the ptychographic reconstruction cap-
abilities of the 4D Camera from a 1,024 by 1,024 4D-STEM
scan with 0.03 nm real space pixel sampling of gold nanopar-
ticles on an ultra-thin carbon substrate. The beam accelerating
voltage was 80kV, the convergence angle was 30 mrad, and
the beam current was ~35 pA. At this accelerating voltage, the
detector is ~50% efficient as measured by comparing the meas-
ured screen current from the Titan software to the flux of electron
strikes incident on the detector. Figure 5a shows the virtual
ADF-STEM image generated by summing all electron strikes
within 46-72 mrad showing several ~5 nm gold nanoparticles.
Figure 5b shows the phase image reconstruction using the same
technique as used for Figures 3i and 4 where the atomic contrast
is better resolved and more features are seen in the lightly scatter-
ing carbon substrate. Figure 5¢ shows the SSB ptychographic re-
construction from the same data set where more low frequencies
and improved atomic contrast is evident with the inset Fourier
transforms. Implementation of the SSB algorithm to take advan-
tage of the sparse data output allows a 1,024 by 1,024 probe pos-
ition 4D-STEM data set, which is originally 700 GB in raw form,
to be processed by a GPU in <1 s (Pelz et al., 2022). The three im-
ages are calculated from the same data set.

Another common experimental mode of 4D-STEM is nano-
beam electron diffraction (NBED), where the convergence an-
gle of the STEM probe is reduced to avoid overlap of
diffracted beams on the detector (Ophus, 2019). The probe
is localized to approximately the nanometer scale and can pro-
vide information about crystal phase, orientation, and strain
while also providing the ability to generate virtual BF and vir-
tual ADF real space images from any desired scattering angles.
The speed of the 4D Camera provides the ability to scan over
very large fields-of-view reducing the need to carefully choose
the region of interest. Full devices or a battery stack can be rap-
idly investigated with nanometer scale real space pixel sizes
over a tens of micron-sized field of view. The concentrated in-
tensity of intense Bragg spots can lead to undercounting in
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Fig. 5. Phase contrast STEM imaging of gold nanoparticles on carbon. (a) ADF-STEM image generated from the sparse 4D data set. (b) Phase image from
CoM created from the sparse 4D data set. (¢) The phase calculated by single side band ptychographic processing from the sparse data set. Color bar
represents radian phase shift in (¢). All images were generated from the same data set.

some cases. The position of the Bragg peak is well represented,
but intensity is lower than expected.

The ability of the detector to investigate an entire device was
tested on a focused ion beam (FIB) liftout of a 15 by 15 um sized
battery stack composed of (from top to bottom) platinum and
aluminum protective layers, titanium, LiPON, LiCoO,, nickel,
aluminum, and silicon as shown in the overview scanning elec-
tron microscopy (SEM) image of the entire FIB liftout seen in
Figure 6b. The region scanned by 4D-STEM presented in
Figures 6a and 6c is indicated as a red box on the SEM image
of the FIB liftout in Figure 6b. The thickness of each region of
the battery stack can be differentiated by Z-contrast in the
ADF-STEM image in Figure 6¢ simultaneously acquired with
the 4D-STEM data.

The 4D Camera was used to acquire several separate
scans of the thin area of the specimen with 256 by 1,024
real space probe positions to improve the signal to noise.
In total ten frames were acquired per probe position with
a total acquisition time of 38s. The rapidity of the scans
and the nanometer scale scanning step size meant that sam-
ple drift could be ignored. The microscope was operated at
300 kV and configured in a nearly parallel beam configur-
ation with a convergence angle of about 1 mrad. A pat-
terned aperture was used to improve the ability to
localize individual diffraction spots (Zeltmann et al.,
2020). The beam was rastered with a step size of 12.8 nm
over a field-of-view of 3.27 um by 13.07 um. Each scan
was reduced to electron counts, and the shifts of the elec-
tron beam on the detector due to scanning a large field of
view were removed using shifts from a vacuum scan ac-
quired at the same STEM magnification and camera length.
The reduced, combined data set (originally 1,740 GB of
raw data) only required 3.8 GB of disk space in the sparse
format.

A tiled visualization of a small subset of the 4D-STEM data is
shown in Figure 6a along with the simultaneously acquired
ADF-STEM image from only the first scan (Fig. 6¢). To fit the
page, only one in sixteen patterns is displayed, and each diffrac-
tion pattern is binned by eight to 72 by 72 pixels. The regions of
interest (ROISs) enclosed in blue, orange, and green boxes are en-
larged to show more detail. Figure 6d is from the blue rectangle
where the LiPON directly contacts the LiCoO, for the

electrolyte—electrode interface. The diffraction patterns at the
top of Figure 6d do not show any spots indicating the LiPON
is amorphous. The orange ROI enlarged in Figure 6e is from a
thin LiCoO; region and shows that diffraction patterns along
the vertical direction are more similar as compared to their hori-
zontal neighbors indicating grains are extended vertically along
the growth direction (columnar growth). The patterns in the
green rectangle (Fig. 6f) are from the LiCoO,/nickel/aluminum
interfaces at the bottom electrode. Differences in crystal orienta-
tion and structure are clearly visible, but require advanced pro-
cessing for quantitative understanding of such a large data set
beyond the scope of this demonstration (Rauch & Dupuy,
2005; Brunetti et al., 2011; Savitzky et al., 20215 Ophus et al.,
2022).

Figure 6g is the sum of every pattern in the full data set
showing several distinct rings as well as the shape of the pat-
terned aperture. Interestingly, the inner-most ring is brighter
on the top and bottom compared to the horizontal direction
which matches the real space horizontal-vertical scanning di-
rections. This supports a preferential direction for the LiCoO,
crystals visually identified in Figure 6e. Summation of intensity
for a range of scattering angles for rings of interest produces
the virtual ADF-STEM images shown in Figure 7. The images
correspond to scattering from the LiCo, (a) [111], (b) [311]
and [222], (c) [400], and (d) [440] family of reflections
(Wang et al., 1999; Kushida & Kuriyama, 2002). Such vertical
grain growth is shown in higher detail using a zoomed in por-
tion of the upper left region of the full scan as shown in
Figure 8a. The sum of all diffraction patterns from this region
is shown in Figure 8c which has arcs rather than full rings in-
dicating a preferential direction for many grains. Colored
boxes for the different parts of an arc indicate where the
red, green, and blue contrast is generated in Figure 8b. The
vertical grain texture is apparent and adjacent grains are re-
lated by a small in-plane rotation.

Solid state battery degradation and failure are directly
linked to the electrochemical and mechanical limitations of
bulk electrode, electrolyte material layers and their interfa-
ces (Tan et al., 2020). Data acquisition at this scale and rap-
idity provides bulk and localized, granular structural
information of the solid state battery system that can be
used to highlight crystallographic preferences within bulk
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Fig. 6. Large-scale near-parallel beam 4D-STEM scan of a battery stack.
(a) A subset of diffraction patterns tiled next to each other representing
1/16th of the probe positions in each direction. The diffraction patterns
are binned by eight to fit the page. (b) An overview image of the full FIB
liftout sample. The region presented in (a) and (¢) is indicated by a
rectangle (red). (¢) The simultaneously acquired ADF-STEM image for
one 4D-STEM scan showing the full battery stack with Z-contrast. The
regions in the (d) top blue, (e) left orange, and (f) bottom green boxes
shown in (a) are enlarged to show the details of the diffraction patterns
for different regions of interest. (g) The sum of all diffraction patterns
overlaid with the radial sum of all diffraction patterns showing several
diffraction rings. The colorbar is in units of electrons and on a log scale.

Fig. 7. Virtual ADF-STEM images generated using a rotational sum for
each diffraction pattern. Refer to Figure 6g to see each ring in the full data
set. The images are generated using scattering from the (a) [111], (b)
[311] and [222], (c) [400], and (d) [440] family of reflections in LiCO,.

LiCoO,, modifications in structure of LiCoO, from elec-
trode bulk to electrode-electrolyte interface, as well as other
structural patterns. This data, if combined with complemen-
tary EELS information, can develop a statistically robust
analysis of initial microstructure, charge—discharge micro-
structure evolution as affected by lithium ion movement,
and finally, breakdown of lithium ion transport, i.e. battery
failure.

Summary

The 4D Camera’s high frame rate and data rate enable rapid
scanning with the possibility to integrate 4D-STEM into com-
plex experiments and modalities. The integration of the cam-
era with large computational resources reduces feedback time
to the operator from days to minutes. The 4D Camera allows a
STEM to be treated as a multifunctional electron scattering
beamline which goes beyond the traditional “single image ac-
quisition” approach in favor of capturing all scattering infor-
mation where one can effectively perform many experiments
on a single, large multidimensional data set with massive
data analytics. The next iteration of the detector chip at
NCEM will be thicker to increase the signal to noise. A
streaming-based data workflow is being developed to avoid
costly file writing operations to improve throughput. A second
4D Camera system is currently being commissioned at a se-
cond site. Also, a newly designed detector is being readied spe-
cifically for EELS which includes variable pixel readout rates
across the chip to allow counting of the high intensity zero
loss peak.

Availability of Data and Materials

The authors have declared that no datasets apply for this
piece.
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Fig. 8. Vertical grains. (a) The zoomed in portion of the ADF-STEM image
of the upper left corner of Figure 6c¢. (b) A red—green—-blue composite
image of three virtual ADF images generated from the colored boxes
indicated in the diffraction pattern in (e¢). (c) The summed diffraction
pattern with colored boxes indicating the masks used to generate (b).
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