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ABSTRACT

We report the application of focused probe ptychography using binary 4D datasets obtained using scanning transmission electron
microscopy (STEM). Modern fast pixelated detectors have enabled imaging of individual convergent beam electron diffraction patterns in a
STEM raster scan at frame rates in the range of 1000-8000 Hz using conventional counting modes. Changing the bit depth of a counting
detector, such that only values of 0 or 1 can be recorded at each pixel, allows one to decrease the dwell time and increase the frame rate to
12.5kHz, reducing the electron exposure of the sample for a given beam current. Atomically resolved phase contrast of an aluminosilicate
zeolite (ZSM-5) is observed from sparse diffraction patterns with isolated individual electrons, demonstrating the potential of binary

ptychography as a low-dose 4D STEM technique.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143213

Transmission electron microscopy (TEM) and scanning TEM
(STEM) are capable of imaging materials at atomic resolution, provid-
ing invaluable insights into their structure. Many systems, including
soft (organic) materials and functional materials such as lithium-ion
battery components, hybrid perovskites,”” and metal-organic frame-
works,” contain low atomic number (Z) elements and are easily dam-
aged by the incident electron beam. The weaker scattering of low-Z
materials also leads to a low contrast in images, a problem that is com-
pounded by the limited electron dose (fluence) that can be used to
form the image, resulting in a low signal-to-noise ratio (SNR).
Electron scattering by low-Z elements primarily leads to a small phase
shift of the transmitted wave, and imaging them requires a form of
efficient phase-contrast imaging. In conventional TEM, phase plates
are increasingly used to enhance phase contrast.”

For beam-resistant samples, the STEM has been widely used to
provide atomic resolution imaging and spectroscopy.” In a STEM,
the electron beam is focused to form a small probe that is scanned
in a raster across the sample. Signals arising from the detection of
scattered electrons can be plotted as a function of probe position to
form an image. In particular, an annular dark-field (ADF) detector
collects relatively high angles of scattering, offering an incoherent
imaging mode whose contrast is highly dependent on the atomic
number. The incoherent nature also leads to a simple imaging

mechanism where the spatial resolution is controlled by the inten-
sity distribution of the illuminating probe. However, the Z-contrast
nature of ADF imaging makes it poorly suited to light element
imaging, and the collection of only high-angle scattering means that
only a small fraction (~10%) of the transmitted electrons is
detected. By the principle of reciprocity, the STEM can be used for
phase-contrast imaging, using a small detector that integrates only
the coherent signal from the central regions of the bright-field (BF)
disk for each probe position and so again uses only a fraction of the
incident electrons.

Phase techniques such as differential phase-contrast (DPC),’
integrated DPC,” ptychography,'’'* and annular bright-field (ABF)
imaging'” have significantly improved the SNR of STEM imaging for
weak-phase-objects. As shown by Seki et al.,'* ptychography offers the
highest SNR of these techniques. It also has the advantage of allowing
the correction of residual aberrations following acquisition, removing
the need to finely focus the probe before data acquisition, and hence
reducing sample exposure to the electron beam. Low dose imaging has
been demonstrated for ptychography using a defocused probe that
spreads the electron flux over a substantial illumination area.'” Here,
we address low dose methods for ptychography with a small focused
probe, which allow for simultaneous acquisition of incoherent imaging
modes such as ADF.

Appl. Phys. Lett. 116, 124101 (2020); doi: 10.1063/1.5143213
Published under license by AIP Publishing

116, 124101-1


https://doi.org/10.1063/1.5143213
https://doi.org/10.1063/1.5143213
https://doi.org/10.1063/1.5143213
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5143213
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5143213&domain=pdf&date_stamp=2020-03-23
https://orcid.org/0000-0002-1899-5320
https://orcid.org/0000-0002-6353-6000
https://orcid.org/0000-0002-7864-8427
https://orcid.org/0000-0003-1513-9964
https://orcid.org/0000-0001-5306-7936
https://orcid.org/0000-0002-5883-6463
https://orcid.org/0000-0001-8068-1990
mailto:colum.oleary@materials.ox.ac.uk
https://doi.org/10.1063/1.5143213
https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

Focused probe ptychography is performed using the STEM con-
figured as for any atomic resolution incoherent imaging mode. For
each probe position, the intensity in the STEM detector plane is
recorded on a pixelated detector resulting in a four-dimensional (4D)
dataset. Two of these dimensions correspond to the real-space probe
position, and two correspond to reciprocal space positions in the con-
vergent beam electron diffraction (CBED) pattern recorded at the
detector plane. As shown by Rodenburg and Bates'® and Rodenburg
et al,' the transmission function of the sample, including the phase
shift introduced by light elements, can be retrieved from the 4D STEM
data without the need for real or virtual phase plates, as is the case for
conventional TEM.

Following the approach of Rodenburg and Bates,'® the ptycho-
graphic process is described as follows: we denote M(Ky, R) as the
complex amplitude of the electron wave in the diffraction plane, with
respect to a scattering vector Ky and probe position R,,. The detector
records the intensity in the diffraction plane, which for a thin sample
can be written as

MKy, Ry)[* = |A(Kp)exp(i2n - Ry) ok, P (KPP, (1)

where A(Kj) corresponds to the aperture function of the microscope
with a modulus that expresses the size and position of the physical
probe-forming aperture and any residual lens aberrations expressed as
a phase shift in the argument of A(Ky), W(Kj) is the Fourier trans-
form of the specimen transmission function, and v(r) is a complex
function with an argument that expresses the phase shift due to the
sample. In order to retrieve the phase of y/(r), a Fourier transform is
performed with respect to R, to obtain

G(Ky, Q) = A(Kp)A™ (K + Q) @i, ¥ (Kp) ¥ (Ky — Q). (2)

G(Ky, Q) can be thought of as a convolution in the detector plane of
a function consisting of the overlap region of two aperture functions
separated by the spatial frequency of interest in the image, Q,, and a
function representing the interference of all pairs of diffracted beams
separated by Q.

Once G(Ky, Q) is obtained, y/(Ry) can be determined using the
single sideband (SSB) method'” for weak-phase-objects, or the Wigner
distribution deconvolution (WDD) method'® for general phase-objects.
The advantages of ptychography over other STEM phase imaging
methods include super-resolution capabilities, robustness to dynamical
scattering, and post-processing aberration correction.'”'>'*'* The
reader is referred to the literature for further information on ptycho-
graphic reconstruction algorithms.'*'”***!

Initially, the slow frame rates (<100 Hz) and low SNRs of early
indirect charged-coupled devices (CCDs) limited the application of
ptychographic experiments to beam-stable samples, i.e., amorphous
carbon'” and Si [110]."" In recent years, the emergence of direct, kHz-
rate noise-free fast pixelated detectors (FPDs) has given rise to a pleth-
ora of applications, such as nanoscale magnetic domain mapping,””
low-dose scanning electron diffraction,”” and atomic resolution charge
density imaging.”* The increase in the available detector frame rates
has been particularly advantageous for electron ptychography, with
recent applications including super-resolution imaging of nanomateri-
als,"’ imaging lithium in novel battery materials,' and comparing DFT
calculations of charge transfer with experimental phase reconstruc-
tions.”” Furthermore, the combination of simultaneous ADF imaging

scitation.org/journal/apl

with electron ptychography renders quantitative atomic resolution
imaging of both light and heavy elements feasible within a single
experiment, for a sufficiently thin sample.”®

Despite recent detector advancements, 4D STEM imaging experi-
ments remain difficult to perform on beam-sensitive materials. Most
modern low-noise integrating CMOS and electron counting detectors
can record full-frame individual CBED patterns at ~10° Hz, while
more traditional non-pixelated (i.e, ADF and DPC) detectors can
operate at speeds faster than 10°Hz. The relatively slow speeds of
FPDs make 4D STEM acquisitions more susceptible to scan distor-
tions, sample drift and changes to lens aberrations and ultimately, set a
minimum possible dose. For example, with a frame rate of 1 kHz and
a probe step size of 0.2 A, a current of 0.5 pA would correspond to an
electron dose of 7.7 x 10* e A~2. For reference, this dose value is 1-2
orders of magnitude greater than the critical dose previously calculated
for MFI-type zeolites.””* A beam current of several femtoamperes
would be needed to image such materials without damaging them, for
which it is not practically possible to navigate the sample and align the
microscope.

Fortunately, modern FPDs possess a variety of acquisition modes,
several of which can operate at faster frame rates. Many CCD and inte-
grated CMOS detectors enable hardware binning and windowing,”
increasing the frame rates at the expense of pixel resolution and field
of view, respectively. Other electron counting detectors allow the user
to increase the detector speed at the expense of dynamic range, i.e., the
range of intensity values that can be recorded at each detector pixel.
For example, for a 6-bit counting mode, each detector pixel can record
between 0 and 63 counts. However, as the bit-depth is decreased, the
readout time of the on-chip counters decreases and consequently
detector frame rates can be increased significantly. In this study, we
investigate the performance of phase reconstructions using 4D datasets
acquired with a counter depth of 1-bit (i.e., which can record either 0
or 1) at a frame rate of 12.5kHz.

The 4D STEM datasets were obtained from an aluminosilicate
zeolite sample (ZSM-5) using a Quantum Detectors MerlinEM system
(see supplementary material Sec. S1) installed on a JEM ARM300CF.
An acceleration voltage of 300kV was chosen which optimized the
electron-optical alignment at low beam currents on the instrument
used and minimized beam damage of the specimen (see supplemen-
tary material Sec. S2). For this experiment, 256 x 256 CBED patterns,
each consisting of 256 x 256 pixels, were recorded using the 1-bit
counting mode at 12.5kHz (see supplementary material Sec. S3 for
more details). To minimize the beam current at the sample, the probe
semi-convergence angle was set to 7.6 mrad. This value was sufficient
to resolve the ZSM-5 framework, while reducing noise from unwanted
higher spatial frequencies.

A sequence of CBED patterns from the acquired 4D dataset is
shown in Fig. 1(a) (Multimedia view), which have an average of 272
counts per frame and the position-averaged CBED pattern is displayed
in Fig. 1(b). Dead pixels, which comprised 0.05% of the bright-field disk,
had no noticeable effect on the reconstruction (see supplementary mate-
rial Sec. S3). The beam current was measured as 0.3 pA using a Faraday
cup, corresponding to a cumulative electron dose of 1000 e A% As
shown in Fig. 1(a), this beam current was sufficiently low such that each
electron event was isolated within the CBED patterns.

Recording 4D STEM data with a 1-bit counter depth is advanta-
geous for several reasons. First, for a frame rate of 1 kHz, a 256 x 256
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(a) (b)

FIG. 1. (a) CBED frame sequence and (b) position-averaged CBED pattern for
ZSM-5. Multimedia view: https://doi.org/10.1063/1.5143213.1

probe position scan would take over one minute to acquire. This is suffi-
ciently long for the specimen or low order aberration drift to have a det-
rimental effect on the acquired data. At 12.5kHz, a 256 x 256 probe
position scan takes just over 10 s and drift rates are significantly reduced.
In addition, faster frame rates enable data acquisition at higher, more
optically favorable probe currents for a given electron dose.

Figure 2 shows (a) the modulus and (b) phase of G(Kf, Qp) for
an example Q, = 4.9 mrad. Although each individual CBED pattern
is sparse, the phase of G(Kj, Q) is still transferred with a high SNR
showing that the variation with respect to the probe position of the sta-
tistical likelihood of electron arrival in a particular region of the detec-
tor is sufficient to enable phase detection. One advantage of SSB
ptychography is that, because only the regions of constructive interfer-
ence are used for the reconstruction process, much of the unwanted
noise is rejected.

The results of the binary 4D STEM experiment on ZSM-5 [010]
are shown in Fig. 3 (see supplementary material Sec. S4 for analysis
workflow). To demonstrate the versatility of the data, two independent
phase reconstruction methods were performed: integrated center-of-
mass (iCoM)’ (i.e., iDPC using a pixelated detector) and SSB ptychog-
raphy. The simultaneously obtained ADF image shown in Fig. 3(a)
reveals the zeolite structure, but with a poor SNR. The iCoM and SSB
reconstructions are shown in Figs. 3(b) and 3(c), respectively, and
both show atomically resolved contrast. The SSB reconstruction was
normalized with respect to the noise'* to broaden the window of infor-
mation transfer. The power spectrum of the SSB phase reconstruction
is shown in Fig. 3(d), where the (10, 0, 0) reflection is resolved, corre-
sponding to a spacing of 2.01 A

To test the efficiency of phase imaging techniques at a low dose
using binary 4D STEM, a second dataset was acquired using a beam

600
400
200

FIG. 2. (a) Modulus (arb. units) and (b) phase (radians) of G(Kj, 4.9 mrad) for
ZSM-5.
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FIG. 3. (a) ADF image, (b) iCoM reconstruction, and (c) SSB reconstruction for ZSM-5.

Scale bar: 2nm. The power spectrum (PS) of (c) is shown in (d). The (10, 0, 0)
reflection, corresponding to a spacing of 2.01 A, is marked with a white circle.

current of 0.06 pA, such that the cumulative electron dose was 200 e
A2 An example CBED pattern sequence for the data is shown in
Fig. 4(a) (Multimedia view). In the static figure showing one acquired
CBED pattern, there are a total of 19 detector counts, corresponding to 9
electron events (see supplementary material Sec. S1). The iCoM and SSB
reconstructions are shown in Figs. 4(b) and 4(c), respectively. In this
case, the ZSM-5 region of interest is wedge-like, with the maximum
thickness in the top left of the image. In the thicker region, the zeolite
structure is resolved, but in the thinner region, there is insufficient scat-
tering to provide significant sample information.

Conversely, for high electron doses (10° e A~?), a 1-bit counting
mode using current detectors leads to saturation. However, with state-
of-the-art FPDs reaching speeds of 0.1 MHz,” future binary 4D STEM

(a) (b) ()

FIG. 4. (a) Example CBED pattern sequence, (b) iCoM reconstruction, and (c) SSB
reconstruction for ZSM-5 using a cumulative electron dose of 200 e A=2 The scale
bar for the phase reconstructions is 2 nm. Multimedia view: https:/doi.org/10.1063/
1.5143213.2
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experiments may not require any change in the probe current between
sample screening and acquisition. This will be essential for imaging
light-element or beam-sensitive nanomaterials, for which large probe
convergence angles and minimal high-order aberrations are necessary.

In conclusion, we have demonstrated the application of binary
4D STEM data to post-processing phase reconstruction techniques.
The 1-bit counting mode on a MerlinEM system can record 10 times
faster than 12-bit counting mode, which is within one order of typical
conventional ADF imaging speeds. Importantly, the results demon-
strate that FPDs do not need a high dynamic range to provide high-
quality phase reconstructions and that faster detectors should enable
high throughput, low dose 4D STEM phase imaging in the near future.
Furthermore, multi-frame acquisition combined with image registra-
tion techniques is increasingly used to increase the SNR of STEM
images and faster scanning will allow this approach to also be used
with pixelated detectors.”””!

See the supplementary material for further details of the MerlinEM
system, experimental setup, and data analysis workflow.
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