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We report a method for quantitative phase recovery and simultaneous electron energy loss spectroscopy
analysis using ptychographic reconstruction of a data set of “hollow” diffraction patterns. This has the
potential for recovering both structural and chemical information at atomic resolution with a new

generation of detectors.
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Introduction.—Scanning transmission electron micros-
copy (STEM) has been extensively used for structural
analysis in physical, chemical, and biological sciences
for several decades [1]. High-angle annular dark field
(HAADF) STEM images show a strong atomic number
(Z), contrast and a significant advantage of STEM-HAADF
imaging is that it allows simultaneous electron energy loss
spectroscopy (EELS) due to the annular detector geometry
used, thus providing composition and structural informa-
tion at atomic resolution [2-4]. However, HAADF images
are relatively insensitive to light elements in the presence of
heavier elements [1,5]. More recently, it has been demon-
strated that differential phase contrast (DPC) STEM im-
aging using solid state segmented detectors can be related
to the atomic-scale electric field [6]. However, a method
compatible with quantitative phase recovery and simulta-
neous EELS analysis has not been demonstrated yet.

Ptychography was originally proposed by Hoppe [7]
using arrays of far-field diffraction patterns formed by a
known, finite-sized probe scanned over the sample with a
partial overlap of the probe positions. This overlap of
illuminated regions provided a redundancy, enabling a
convergent iterative reconstruction of the exit wave [8,9],
thereby resulting in a unique phase solution. The greatest
potential advantage of this technique is that the resolution
of reconstructions is not limited by aberrations of the
optical system, but is instead determined by the maximum
spatial frequency recorded in diffraction patters and the
stability and accuracy of scan positions. Ptychographic
coherent diffractive imaging has been successfully imple-
mented using both visible light [10,11] and x-ray sources
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[12-14]. Using electrons, the experimental geometry
required is similar to that for aberration-corrected STEM
imaging and high-atomic resolution phase-sensitive infor-
mation has been successfully reconstructed at both low and
intermediate voltages [15-20]. Importantly, Brown et al.
have demonstrated that only a limited portion of electrons
detected are required for reconstruction [18]. Wang et al.
[19] have also reported a ptychographic reconstruction of a
LaBg crystal in which light B atoms were clearly resolved
together with heavy La atoms in reconstructed phases. An
alternative technique involves scanning a focused probe in
a highly convergent beam geometry and extracting phase
information by evaluating the overlap between the first- and
zero-order scattered intensity using direct methods [21-27]
rather than an iterative method [10]. Using these direct
methods, Nellist et al. have reconstructed phase informa-
tion at atomic resolution [22-24,26]. Importantly, in this
geometry the focused probe used is compatible with the
conditions required for simultaneous incoherent Z-contrast
imaging.

Recent advances in fast direct electron detectors and data-
processing algorithms have triggered a renewed interest in
phase-retrieval techniques [18,24,26-29]. In this Letter,
using a fast direct counting detector [30], we propose a
new configuration for iterative ptychographic reconstruction
from hollow diffraction patterns using a focused scanned
probe. Importantly, this will enable the future combination
of ptychography with both EELS and HAADF to simulta-
neously provide high-efficiency phase and Z contrast
imaging together with spectroscopic information in a single
experiment. We demonstrate the feasibility of this method
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FIG. 1. Schematic illustration of the experimental setup used.
(a) Optical configuration used for ptychographic data acquisition.
(a is the probe convergence semiangle and f is the semiangle of
the hollow region of detector.) (b) HAADF image of MoS,
oriented along the [001] direction. The region enclosed in the red
box was subsequently reconstructed using the ePIE algorithm.
(c) Projected atomic model of MoS, displayed along the [001]
direction.

by retrieving phases from synthesized hollow diffraction
patterns experimentally acquired from a monolayer MoS,
sample and have compared these with STEM-ADF imaging.
Furthermore, we have performed multislice simulations to
evaluate the accuracy of these experimental ptychographic
results and explored how the effects of the experimental scan
step size and the probe position error influence hollow
ptychographic reconstructions.

Experimental data acquisition.—The microscope used in
these studies was a JEOL ARM 300CF located at the
Electron Physical Sciences Imaging Centre and operated at
80 kV with a convergence semiangle, @ = 24 mrad. The
ptychographic data sets reported here were obtained
from a monolayer MoS, located at the probe focus plane
[Fig. 1(a)]. Further details of the experimental configura-
tion are provided in the Supplemental Material, part I [31].
As an alternative to using the entire bright-field disk of each
diffraction pattern for ptychographic reconstruction [19],
we propose collecting a hollow cone diffraction pattern
from a future physical or synthetic hollow pixelated
detector (hollow ptychography), the central hollow part
of which would allow electrons to enter an EELS spec-
trometer. However, the required hollow detector hardware
is not currently available and hence as a proof of concept,
we have collected full diffraction patterns using a MEDIPIX3
detector [30] and mimicked hollow acquisition by applying
a mathematically synthesized hollow mask for different

FIG.2. (a)-(e) Binary masks applied to diffraction patterns with
hollow inner angles of (a) 0, (b) 5, (c) 10, (d) 15, and (e) 20 mrad
and an outer angle of 24 mrad, which is equal to the convergence
semiangle a. Diffraction patterns calculated from the object
function reconstructed from (f)—(j) experimental and (k)—(o)
simulated data set with different hollow inner angles correspond-
ing to the masks shown in (a)-(e), respectively. All diffraction
patterns were obtained after 50 reconstruction iterations. The
20-mrad scale bar applies to all data in (a)—(0).

inner angles fA, as shown in Figs. 2(a)-2(e), before
reconstruction using the extended ptychographic iterative
engine (ePIE) algorithm. The effective area of diffraction
patterns used corresponded to the bright annular region of
masks, as shown in Figs. 2(a)-2(e). Further details of the
calculation of the masks used are provided in the
Supplemental Material, part 1T [31].

The initially generated estimate of the focused probe is
shown in Fig. S3(a). Further details are given in the
Supplemental Material, part III [31]. For the experimental
step size used, the overlap ratio between adjacent probe
positions was approximately 89% [8]. Because of this large
overlap ratio and the number of diffraction patterns
recorded, the missing information in the center of each
diffraction pattern could be retrieved by performing multi-
ple iterations of the ePIE algorithm. This retrieval can be
observed by examining the evolution of calculated dif-
fraction patterns of the object function reconstructed
from both experimental [Figs. 2(f)-2(j)] and simulated
[Figs. 2(k)-2(0)] data set after 50 iterations. Using the ePIE
algorithm [10,39], the exit wave was assumed to be a
product of probe and object transmission functions, which
is satisfied for a relatively weakly scattering sample such as
monolayer MoS,.

Comparison of conventional system imaging and
ptychography.—Figure 3(a) shows an annular dark field
(ADF) image, synthesized directly from the full ptycho-
graphic data sets by integrating the intensity over angles
from 24 to 32 mrad (the maximum acquisition angle of the
detector). Note that the dose used to record this image was
identical to that used for ptychographic reconstructions.
Using the ePIE algorithm, both the conventional (Con
Ptycho, using the full diffraction pattern) [Fig. 3(b)] and
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FIG. 3. (a) ADF image of monolayer MoS,. (b) Conventional
ptychographic (Con Ptycho, full diffraction pattern) and (c) Hol-
low ptychographic (Hol5 Ptycho, p =5 mrad) reconstructed
phases from the same sample in the region enclosed by the
red square in Fig. 1(b), respectively. The top-right and bottom-
right insets in (a)—(c) are the corresponding experimental unit-cell
averaged and simulated results, respectively. The 1-nm and 1-A
scale bars apply to (a)—(c) and their corresponding insets,
respectively. (d)—(f) Power spectra of (a)—(c). The pink, white,
yellow, and red circles mark (100), (110), (200), and (300)
reflections corresponding to spacings of 273, 158, 136, and
91 pm, respectively.

hollow ptychographic reconstruction (Hol 5 Ptycho, with a
hollow mask of a 5-mrad inner angle) [Fig. 3(c)] were
calculated. The 25 (double S) atoms were better resolved in
both reconstructed ptychographic phases than in the ADF
image at a dose of 7.5 x 10* ¢/A2, suggesting that ptycho-
graphic reconstructions are more robust under low-dose
conditions. The top-right insets in Figs. 3(a)-3(c) show
the corresponding unit-cell averages of these results.
Figures 3(d)-3(f) show the associated power spectra
calculated from Figs. 3(a)-3(c) with the (100), (110),
and (200) reflections corresponding to spacings of 273,
158, and 136 pm clearly present. The power spectra
calculated from the reconstructed complex object waves
[Figs. 3(e)-3(f)] show an additional weak (300) reflection
corresponding to a spacing of 91 pm, and the lower order
reflections are also stronger than those in the power spectra
calculated from the ADF image. These results demonstrate
that the resolution in the complex object wave functions
reconstructed from both conventional and hollow ptychog-
raphy is 0.91 A. This resolution can be understood by
considering diffraction patterns calculated from the recon-
structed object functions [Figs. 2(f)-2(j)], which show that
high-angle scattering is recorded in the dark field region at
up to two times the convergence semiangle a.
Furthermore, we have compared ADF and ptycho-
graphic results in real and reciprocal space. Figure S5(a)
shows line profiles across a pair of Mo and 2S atom
positions. Compared with ptychographic phases, the signal
at Mo and 2S positions in an ADF image is close to the
noise level, consistent with the lower contrast in an ADF

image. Figure S5(b) shows the corresponding intensity
profiles from the position indicated by red arrows in the
power spectra, clearly demonstrating that the ptycho-
graphic phases show an additional (300) reflection corre-
sponding to a spacing of 91 pm.

Comparison of experimental and simulated results.—To
confirm our interpretation of the above experimental
results, we have performed a series of theoretical ptycho-
graphic reconstructions using synthetic hollow diffraction
patterns simulated using the multislice method [38] from a
monolayer MoS, model. Further details of the simulation
parameters are provided in the Supplemental Material,
part IV [31]. A simulated ADF image together with conven-
tional and hollow ptychographic phases (f = 5 mrad) are
shown in the bottom-right insets in Fig. 3 from left to right.
Line profiles obtained across a pair of Mo and 25 atom
positions are shown in Fig. S5(c), which demonstrates that
the contrast difference between 25 and Mo positions in
ptychographic reconstructions is higher than in the ADF
image. The complete set of simulated reconstructed phases
with various hollow angles are shown in Fig. S6.

Figures S7(a) and S7(b) show line profiles across Mo and
2§ positions in reconstructed phases [Figs. S6(a)-S6(e)]
using both experimental and simulated hollow diffraction
patterns, for various inner angles. The lines shown in
Figs. S7(a) and S7(b) show results with 3-pixel widths
extracted across Mo and 2S positions indicated by red
arrows of top-right and bottom-right insets to Figs. S6(a)-
S6(e), respectively. The line profiles extracted from both
experimental and simulated data show similar trends. In
general, as the hollow inner angle increased, the value of
reconstructed phases decreases together with the overall
quality of reconstructions. The absolute phase values in the
simulations were larger (by 3%) than those in the experi-
ments, which may be due to a small Stobbs factor present for
data recorded from a monolayer sample [40]. It should be
noted that the reconstructions using hollow angles of less
than 10 mrad showed similar phase values to those obtained
from conventional ptychography. For hollow angles larger
than 10 mrad, the phase values decreased abruptly, and the
(300) reflection was not present [Figs. S6(f)-S6(j)]. In
addition, given the oversampling ratio used [41], the degree
of the redundancy in our experimental ptychographic data
sets for different hollow angles is shown in Fig. S8. Itis clear
that for the increasing hollow inner angle, the degree of
redundancy is decreased. Overall, these results indicate that
an inner angle of less than 10 mrad is necessary to
reconstruct resolved data.

Finally, we have compared experimental and simulated
diffraction patterns after 50 reconstructed iterations, as
shown in Figs. 2(f)-2(j) and 2(k)-2(0), respectively, dem-
onstrating that after 50 iterations, the information lost in the
hollow area was retrieved. The accuracy of the missing
information recovered as a function of the number of
iterations was quantified using the root mean square error

146101-3



PHYSICAL REVIEW LETTERS 121, 146101 (2018)

(RMSE) calculated from the hollow area, as shown in
Fig. S9. As expected, this shows that larger inner angles
give slower convergence in the reconstructions. However,
notably for inner angles up to 15 mrad, the RMSE did not
deviate substantially after 50 iterations.

Effects of other parameters.—For typical atomic reso-
lution EELS mapping, the pixel dwell time for a spectrum
is generally much longer (of the order of milliseconds [3,4])
than that for the ADF imaging (of the order of microsec-
onds [42,43]). Considering the total acquisition time for
EELS spectrum imaging, the sampling or scan step size
used for EELS mapping (0.5 A or larger as reported in
[3.44]) is generally much coarser than that used for high
resolution ADF imaging (0.07 A as reported in [43,45]).
Hence, HAADF images acquired simultaneously with a
spectrum image are undersampled, thereby setting an
additional experimental resolution limit. In addition, as a
recent developed STEM technique, DPC with annular-
segmented detectors can potentially be combined with
EELS. However, in a similar undersampled condition,
the resolution of the simultaneously acquired DPC image
is limited by the sampling or scan step size [Figs. S10(k)—
S10(o)]. More detailed discussions are provided in the
Supplemental Material, part V [31]. It is clear that DPC
images with a step size of 0.612 A [Figs. S10(k)-S10(0)]
are completely pixelated and the high resolution informa-
tion is lost.

In the configuration described here, the coupling between
EELS and the hollow ptychographic reconstruction allows
atomic resolution in the reconstructed phase with simulta-
neous atomic resolution EELS mapping. This is possible
because the resolution in reconstructed phases is indepen-
dent of the scan step size and is instead determined by the
maximum collection angle of the detector used to record
diffraction patterns [19,29].

In the experiments described here, the probe overlap
ratio between adjacent positions was selected to give an
equivalent step size to that used in a typical atomic
resolution EELS mapping experiment. It is, therefore,
useful to investigate the effect of scan step size on both
the convergence and resolution of the ptychographic
reconstruction [46,47]. The position accuracy of the
scanned probe can also significantly affect the reconstruc-
tions [47], and to account for this, we also explored the
effects of few-pixel position errors on the reconstructions.

As already described, the experimental data consisted of
a 256 x 256 array of diffraction patterns with a step size of
0.204 A. To explore the effect of step size on the hollow
ptychographic reconstruction, only every second or third
diffraction pattern was selected to synthesize data sets with
an effective scan step of 0.408 or 0.612 A, corresponding to
overlap ratios of 79% or 58%. Furthermore, a 2-pixel
random position error was introduced at each scan position
used in the reconstruction. The reconstructed phases with
different steps and with or without the introduction of a
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FIG. 4. (a) Root mean square error (RMSE) as a function
of hollow inner angle f for various step sizes and position
errors. Solid lines represent step sizes of 0.204 A (-filled inverted
triangle-), 0.408 A (-filled circle-), and 0.612 A (-filled rectangle-)
without the introduction of a probe position error. Same color
dotted lines represent the results with 2-pixel random error
introduced at the probe positions. (b)—(g) Reconstructed phases
for the conditions marked by the dashed vertical line in (a). The
I-nm scale bar applies to all images in (b)—(g). The associated
power spectra are insets to (b)—(g), respectively. The yellow and
white circles mark (200) and (110) reflections corresponding to
spacings of 136 and 158 pm, respectively.

probe position error are shown in Fig. S11. The quality
of reconstructions was evaluated using the RMSE
calculated from the entire illuminated area after 50 iter-
ations. Figure 4(a) shows the RMSE as a function of hollow
inner angle for various conditions. The RMSE of recon-
structions clearly increases with increasing hollow inner
angle, step size, or position error visible in the degraded
reconstruction phase quality [Figs. 4(b)—4(g)]. For a hollow
inner angle less than 15 mrad, the change in RMSE with or
without probe position error was negligible. However, when
the hollow angle was increased to 15 mrad, the tolerance to
position error was reduced as a smaller portion of the signal in
diffraction patterns was used in the reconstructions.
However, the position error can be corrected using a suitable
high resolution scan position refinement [19] to enable
the recovery of high resolution structural information at
high resolution using a large hollow angle. As observed in
Figs. 4(b)-4(g), for hollow angles up to 15 mrad, the
reconstruction is relatively insensitive to the scan step and
even with a step of 0.612 A (58% overlap ratio), a resolution
of 1.58 A was still achieved in the reconstruction, as indicated
by the presence of the (110) reflection in the power spectra.

For a better understanding of the performance of hollow
ptychography with respect to the specimen thickness, we
have carried out simulations of a series of specimen
thicknesses up to 215 A for a multilayer MoS, crystal,
as shown in Fig. S12. It can be seen that regardless of the
size of the hollow angle the phase of the atomic columns
starts to wrap and contrast reversal occurs as the specimen
thickness increases beyond 71 A, and the phase further
wraps as thickness increases. This thickness-dependent
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contrast is consistent with that observed in conventional
ptychography [48].

The ptychographic results reported here show that with a
24-mrad probe convergence semiangle, electrons scattered
within a semiangle up to 15 mrad can removed from
ptychographic reconstructions without degrading the res-
olution significantly. These low-angle scattered electrons
could be allowed to enter an EELS spectrometer to perform
simultaneous chemical analysis [49]. Given that inelastic
scattering is concentrated at smaller angles [49], particu-
larly for low atomic number elements (and correspondingly
low-energy inner shell levels), a spectrometer with a limited
acceptance angle can still collect an appreciable fraction of
transmitted loss electrons [50]. This geometry therefore
allows ptychographic reconstruction of weakly scattering
samples containing low-atomic-number elements (such as
biological materials) with high contrast at atomic resolution
correlated with simultaneous chemical analysis. Such high-
resolution correlation information cannot easily be directly
obtained using alternative experimental approaches, e.g.,
two-step schemes involving fast detectors [18,29] in con-
junction with energy filters [49].

Generally, in comparison to existing phase contrast
imaging methods in STEM (such as DPC), current
reconstruction algorithms and limitations in computational
speed do not allow real time reconstruction. However,
ptychography can retrieve quantifiable phase information at
high resolution [25,51], even beyond the Abbe limit [29]
and the hollow geometry allows it to couple simultaneously
with EELS chemical mapping, even under undersampled
conditions.

Conclusions.—We have demonstrated that a hollow
ptychographic imaging configuration can enable simulta-
neous coupling of ptychography and EELS mapping. We
have also shown that hollow diffraction patterns can be
used to reconstruct the phase of monolayer MoS, at sub-A
resolution. When compared to conventional ADF imaging
at an equivalent dose, hollow ptychographic reconstruction
provides improved resolution, lower noise, and higher
contrast for light atoms. Although the hollow configuration
uses a lower signal in the diffraction patterns than conven-
tional ptychography, it remains robust to an oversampling
of 58% and 2-pixel probe position error up to a 15-mrad
inner angle for a resolution of 1.58 A. In the future, with the
development of fast hollow detectors that are compatible
with an EELS spectrometer, we anticipate that this geom-
etry will enable simultaneous, correlative analysis using
both highly sensitive phase information and chemical

mapping.
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