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Atom-Scale Ptychographic Electron Diffractive Imaging of Boron Nitride Cones
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Ptychographic coherent diffractive imaging (CDI) has been extensively applied using both x rays and

electrons. The extension to atomic resolution has been elusive. This Letter demonstrates ptychographic

electron diffractive imaging at atomic resolution, permitting identification of structure in a boron nitride
helical cone at a resolution of order 1 A, beyond that of comparative Z-contrast images. A scanning
transmission electron microscope is used to create a diverging illumination in a defocused Fresnel CDI
geometry, providing a robust strategy leading to a unique solution.
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Elucidating structure at the atomic scale is crucial for the
development of modern materials in nanotechnology.
Examples of such materials are the allotropes of carbon,
including buckminsterfullerenes [1] and graphene [2].
Scanning transmission electron microscopy (STEM) and
transmission electron microscopy (TEM) play a key role in
structural determination at atomic length scales. As an
alternative microscopy technique, diffractive imaging
combined with ptychography would provide a valuable
complement for studying atomic structure. Ptychographic
electron coherent diffractive imaging (PECDI) combines
diffraction data recorded using overlapping probe posi-
tions. In this Letter we demonstrate PECDI at the atomic
scale. We show that, for a given STEM probe, PECDI
provides structural information at a resolution greater
than that obtained in the corresponding Z-contrast images.

In general, CDI recovers the exit wave field of a speci-
men from far-field diffraction data using various phase
retrieval methods [3]. High resolution CDI was first dem-
onstrated using x rays [4], and has since led to many
advances in phase retrieval algorithms, geometries for
more effective data collection, and methods of coping
with partial spatial coherence in the illuminating fields.
Under the condition that the recovered transmission func-
tion of the specimen is equivalent to a linear integration
through its atomic potential, the quantitative nature of CDI
will also permit tomography at atomic resolution [5,6].

There have been a number of nonptychographic demon-
strations of electron coherent diffraction imaging (ECDI)
at atomic resolution, often used in conjunction with TEM
images [7,8], or reconstructed a priori from diffraction
data recorded with a single probe position [9-11]. A major
hurdle present in ECDI, particularly when using plane
wave illumination, is the large dynamic range required to
record both the intense Bragg peaks and the weak scatter
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that lies between. Failure to measure this weak scatter
results in arbitrary relative phase offsets of the Bragg peaks
following iterative phase retrieval, leading to a nonunique
solution. Illuminating the specimen with a STEM probe
focused before the specimen creates convergent beam
electron diffraction (CBED) disks in the far field.
Adjustments can be made until the point where the
CBED disks overlap, ensuring no isolated regions exist
in the diffraction data. The large defocus distances present
in this Fresnel CDI geometry also impart strong phase
curvature across the illuminating beam [12—-14], enhancing
the ability of iterative phase retrieval algorithms to arrive at
a unique solution [15].

Recent advances in diffractive imaging utilize a probe
scanned across a specimen in a geometry which results in
each element of interest being illuminated multiple times
from a different region of the probe (different in amplitude
or phase), imparting diversity in the diffraction data.
Ptychography was originally proposed as a method of
overcoming resolution limits in electron microscopy
[16,17]. When applied to CDI, ptychography [18] provides
significant improvements in reconstruction quality by re-
ducing erroneous pathways that iterative algorithms can
take as they traverse solution space. This results in far
fewer artifacts in the recovered images and the ability to
image extended objects. Ptychographic methods which
also incorporate iterative probe retrieval into the image
reconstructions show further improvements in reconstruc-
tion quality [19]. While PECDI has been performed at
relatively low resolution [20], to date these methods have
yet to be applied at resolutions which allow atomic struc-
ture to be observed.

The specimen investigated was a cone-shaped particle
consisting of a helically wound boron nitride (BN) layer, as
shown in the large field of view annular dark-field (ADF)
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STEM image in Fig. 1(a). The conical morphology arises
from a topological defect in the BN hexagonal lattice. Such
structures are of interest due to their potential applications
as field emitters and mechanical springs [21].

The BN cone was placed on a holey carbon film, such
that the regions of interest protruded into a void in the film.
This ameliorates diffuse scattering from the support film.
Electron diffraction data were recorded using an FEI Titan?
80-300 microscope, installed in an ultrastable environ-
ment, operating at an electron energy of 300 keV corre-
sponding to a wavelength of 2 pm. For the detailed
examination of the regions of interest shown as white
boxes in Fig. 1(a) the STEM illumination for PECDI was
created using a probe-forming aperture with a convergence
semiangle of 10 mrad. Comparative ADF images of the
specimen were also recorded using this probe focused at
the specimen plane. To record PECDI data the probe was
focused such that the BN sample was 160 nm beyond the
focus of the probe, producing an illumination in a Fresnel
CDI geometry [12] with significant phase curvature across
the diameter of the illumination (Fresnel number Np = 9)
[15]. In this overfocused geometry the diameter of the
probe was 32 A in the plane of the specimen. The electron
current was 63 pA, or 3.9 X 108 e~ /s, and for a single
exposure the electron fluence incident on the sample was
4.6 X 10° e~ /A2. The probe was scanned across each of
two regions on the BN sample in a 5 X 4 grid using 10 A
steps to facilitate the ptychography requirements of a
significant overlap between adjacent probe positions.

At each probe position diffraction data were recorded
with a 1 s exposure, an example of which is shown in
Fig. 1(b). The detector used was a Gatan UltraScan™
1000, which had a numerical resolution of 1.3 A™! in
this geometry. Data were also recorded with the probe
passing through a void in the carbon film. This provided
an accurate starting guess of the probe amplitude for the
iterative algorithm. Recording the probe data in the vicinity
of the specimen, rather than with the specimen completely
removed, incorporated the effects of specimen surface
charge into the measured probe. Exposures of equal length
with no electrons were recorded to correct for detector
noise. Further insight into the illuminating wave field
was provided by the CEOS Cs aberration correction
software [22].

PECDI generally requires explicit knowledge of the
probe, as it must be separated from the object function
many times during an iterative reconstruction. In the ideal
case the exit wave field of the specimen for the jth probe
position ¢ is related to the object transmission function
T via

where p, is the 2D real space coordinate, ¢ is the incident
probe, and p; is the ptychographic offset. Situations where
Eq. (1) does not hold inhibits the use of ptychographic
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FIG. 1 (color). (a) Large ADF image of the BN cone showing
the region of interest imaged in (c) as a small solid white box.
Also depicted is the direction of the tip of the BN cone.
(b) Sample diffraction data (on a logarithmic intensity scale)
for a single probe position, shown to scale as a 32 A white circle
in (c). (c) PECDI image of the edge of the BN cone. Color map
represents the phase of the reconstructed transmission function.
The white box highlights the reconstruction of in-plane (100)
columns. (d) Averaged radial power spectral density (PSD) as a
function of spatial frequency for the PECDI reconstruction (red
solid line) and an ADF image of the same region (blue dashed
line). The peaks labeled 1-4 are discussed in the main text. The
green dotted line represents a power law fit with a slope of —2.0.
Significant deviation of the PECDI PSD occurs at a spatial
frequency of approximately ¢ = 1.0 A~
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methods to date. However, advances which allow multi-
slice methods to be incorporated into PECDI may extend
the validity of the approach [23]. Imaging thin regions of a
specimen containing light elements such as boron and
nitrogen in the absence of any membrane or support film
ensures Eq. (1) is satisfied here, as confirmed by the
subsequent analysis.

In conjunction with ptychography, those diffractive
imaging methods which enable in situ probe retrieval offer
the most promising solution for performing PECDI. For
this study a variation of the method of scanning x-ray
diffraction microscopy (SXDM) was used, described in
detail by Thibault et al. [19]. The SXDM algorithm de-
couples Eq. (1) to solve for both the probe and the object
transmission function, recalculating each in turn at the
beginning of every iteration. The modified SXDM algo-
rithm then uses Eq. (1) as a constraint to the solution in real
space, along with the typical Fourier constraint in recip-
rocal space, which involves forward propagating the exit
wave from each probe position and reapplying the mea-
sured intensity to the complex wave field. These two con-
straints are used in conjunction with both error reduction
[24] and the difference map algorithm [25] in turn to
provide feedback and stop stagnation during the phase
retrieval. While the algorithm optimizes the initial estimate
of the probe, an accurate initial guess of the probe wave
field proved important in recovering the object transmis-
sion function. Accordingly, the measured probe data with
the aberration coefficients and the propagator based on the
correct focus to specimen distance applied to the phase
were used as input for the algorithm. At every fifth iteration
the measured far-field probe intensity was applied as a
further modulus constraint to the probe.

The PECDI phase retrieval of the regions shown in white
boxes in Fig. 1(a) converged to a stable solution in less than
60 iterations, though an interpretable image was provided
after approximately 10 iterations, making rapid feedback a
possibility. Figure 1(c) shows the PECDI reconstruction of
the edge of the BN helical cone. Distinct lattice planes are
visible, corresponding to various layers inside the stacked
cone. These atomic planes, with a spacing of 3.3 A, are
consistent with the locations of centers of the CBED disks
visible in the diffraction data for a single probe position,
shown in Fig. 1(b). In the reconstruction it is possible to
observe atomic structure not present in an ADF image
recorded using the same probe, in the form of in-plane
lattice fringes with a spacing of approximately 2 A in
association with BN loops at the edge of the cone [white
box in Fig. 1(c)]. These loops correspond to tubular regions
where the BN edges join in order to remove their dangling
bonds. The in-plane fringes suggest local hexagonal BN
stacking in the loops.

Numerous methods exist for determining the final reso-
lution of diffractive imaging results [26,27]. For the BN
cone images the resolution was calculated by analyzing the

average power spectral density (PSD) of the recovered
object function and determining where this function devi-
ates from an ideal power law, into a regime dominated by
noise. The PSD corresponding to the reconstruction in
Fig. 1(c) is shown in 1(d), demonstrating an imaging
resolution of approximately 1.0 A~!, beyond the 0.5 A™!
limit defined by the convergence angle of the probe. Back
propagation of the probe recovered during the iterative
phase retrieval to its beam waist also gives a measure of
the potential STEM resolution, resulting in a FWHM =
1.21 A, or 20% lower resolution than the PECDI recon-
struction. The peaks labeled 1, 2, and 4 in Fig. 1(d) strongly
suggest (002), (100), and (004) layers are present, respec-
tively, in the reconstruction, since the corresponding
fringes can be identified in (c). The fringes corresponding
to peak 3 are harder to identify. The PSD for the same
region in the ADF image shows no structure below the
(002) fringe and deviates from an ideal power law at
approximately 0.8 A~!.

Development of methods for incorporating partial co-
herence effects into iterative phase retrieval [28,29] were
also included in the reconstructions. Here the method of
Clark and Peele [29] was used to iteratively refine the
coherence length of the probe, which in reciprocal space
was calculated to be [, = 0.66 = 0.3 A™!, by incorporat-
ing this partial spatial coherence into every instance of the
modulus constraint. The iteratively refined estimate of [,
agrees with previous coherence measurements for the in-
strument [30]. We note that results without incorporating
these corrections into the reconstructions do not materially
affect the results.

The additional contrast provided by PECDI is high-
lighted in Fig. 2. Figure 2(a) shows a PECDI reconstruction
of a separate region of interest on the BN cone, shown as a
dashed white box in Fig. 1(a). This region corresponds to
the lower corner of the BN cone which was thicker than
that imaged in Fig. 1(c), a more severe test of the validity of
Eq. (1). A direct comparison of the PECDI and ADF
images is shown in (a) and (b), respectively, with the
PECDI reconstruction also showing increased sensitivity
to weak scattering near the specimen boundary. Higher
resolution ADF images were also recorded in Fig. 2(c)

FIG. 2 (color).

Comparison of PECDI and ADF images for a
region inside the dashed white box in Fig. 1(a). (a) Phase of the
transmission function recovered using PECDI. (b) ADF image
recorded with the same 10 mrad probe used to create (a), though
focused on the specimen. (c) ADF image recorded using a
14 mrad probe.
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for verification of features not present in the lower resolu-
tion images.

In conclusion, we have demonstrated atomic resolution
ptychographic electron diffractive imaging of a helical BN
cone. Using a small probe in a diverging geometry (32 A
diameter in the specimen plane), rather than a plane wave
or pencil probe, produced continuous diffraction data in the
form of overlapping CBED disks in contrast to isolated
Bragg spots. This continuous diffraction data led to a
unique reconstruction of the object transmission function
using ptychographic phase retrieval incorporating the ef-
fects of partial spatial coherence. PECDI of the BN cone to
a resolution of order 1.0 A produced images of the termi-
nations of atomic planes. The ability to image regions of
interest within extended objects also removes the require-
ments of an isolated specimen. Furthermore, the sensitivity
and quantitative nature of this technique has potential for
use with atomic resolution tomography of specimens with
light elements such as carbon nanotubes.
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