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Efficient linear phase contrast in scanning
transmission electron microscopy with matched
illumination and detector interferometry

Colin Ophus!, Jim Ciston', Jordan Pierce?, Tyler R. Harvey?, Jordan Chess?, Benjamin J. McMorran?,

Cory Czarnik3, Harald H. Rose?* & Peter Ercius'

The ability to image light elements in soft matter at atomic resolution enables unprecedented
insight into the structure and properties of molecular heterostructures and beam-sensitive
nanomaterials. In this study, we introduce a scanning transmission electron microscopy
technique combining a pre-specimen phase plate designed to produce a probe with
structured phase with a high-speed direct electron detector to generate nearly linear
contrast images with high efficiency. We demonstrate this method by using both experiment
and simulation to simultaneously image the atomic-scale structure of weakly scattering
amorphous carbon and strongly scattering gold nanoparticles. Our method demonstrates
strong contrast for both materials, making it a promising candidate for structural
determination of heterogeneous soft/hard matter samples even at low electron doses
comparable to traditional phase-contrast transmission electron microscopy. Simulated
images demonstrate the extension of this technique to the challenging problem of structural
determination of biological material at the surface of inorganic crystals.
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tructural analysis at atomic resolution is commonly used to

provide deep insight into the functionality of structures in

both biological and physical sciences. Recent examples
include the enormous progress in dynamic structural biology,
direct imaging of screw dislocations via optical sectioning?,
measurements of TiOg octahedra in perovskite superlattices®
and many others. Transmission electron microscopy (TEM)
and scanning TEM (STEM) are ubiquitous techniques for
high-resolution analysis of both hard and soft matter structures
due to the focusing capabilities of electron optics. The theoretical
resolution limit for traditional TEM and STEM is 1-2 A, which
has further been extended to 0.5 A with aberration correction®~6.
This has significantly improved quantitative structural analysis in
both TEM and STEM to sub-A resolution and single-picometre
precision in materials science where many materials can
tolerate very high electron doses. Compared with STEM, TEM
phase-contrast imaging is overwhelmingly preferred by the
biological community because it provides an efficient means of
imaging weak-phase objects at doses at or below 10e~ A =2,
Resolution for biological materials is limited by the achievable
signal-to-noise ratio (SNR) before the target structure is damaged
or destroyed, rather than TEM information transfer’ !,
The primary method currently used to solve the structure of
dose-sensitive samples is single-particle reconstruction, from
cryo-electron microscopy (cryo-EM). This method is very
effective, but typically requires many thousands of identical
particles isolated from each other so that the defocused signals
from adjacent particles do not interfere. Further, information
transfer depends on the defocus used, which has a large nonlinear
effect on the contrast in the final image!?~!°. This effect is
especially prevalent for phase-contrast high-resolution TEM
(HRTEM) and requires careful inspection, numerical aberration
correction and/or computer simulation for direct structural
interpretation.

Image interpretation in STEM is typically simpler. The contrast
and efficiency of STEM is controlled by the geometry of the post
specimen, monolithic detectors which simply integrate over
specific scattering angles in reciprocal space. The two most
common STEM imaging techniques are annular dark field (ADF)
that can produce incoherent image contrast roughly proportional
to the projected mass thickness of the sample and bright field
(BF), which can produce coherent image contrast similar to
traditional TEM!>'6, An alternative method called annular bright
field is a new technique designed to directly image weakly
scattering materials such as lithium and oxygen, but this imaging
technique is difficult to optimize since the detector inner/outer
angle ratio is set by the physical detector size!”!8, ADF-STEM
with incoherent image contrast is commonly used to produce
interpretable images at atomic resolution based on high-angle
scattering, but this process is relatively inefficient per incident
electron, commonly requiring significantly more dose per unit
area compared with TEM. This is especially limiting for light
elements such as carbon, which scatter electrons very weakly.
Thus, STEM is more commonly used for materials science and
infrequently in biological sciences'®%°.

Coherent, phase-contrast imaging in STEM is also possible
using a differential measurement of the BF centre disk as initially
proposed by Rose?l. Dekkers and De Lang, Rose and Haider
et al.>>72* also proposed using a STEM probe aberration corrector
to form a probe containing a reference wave, which can be
directly interpreted using a segmented detector. Ptychography is
another dose-efficient phase-contrast method that utilizes full
images of the transmitted electron diffraction pattern to
reconstruct both the complex (real and imaginary) probe image
and complex sample potential. Ptychography was demonstrated
at atomic resolution for the first time by Nellist et al?’,
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with recent improvements in both computer algorithms and
detectors®®=28, One recent example of how phase-contrast
imaging can be achieved in STEM is given by the work of
Pennycook et al?*0, Their method implements an elegant
ptychographic reconstruction algorithm that uses subregions
recorded on a pixel array detector to form efficient phase-contrast
images.

STEM experiments can also be expanded using methods other
than advanced detector geometries and computational
algorithms. One example is the recent use of structured phase
in electron microscopy, typically performed by placing a phase or
amplitude plate in the probe-forming aperture to produce an
electron probe with the desired properties. Diffraction gratings
have been used in STEM to create vortex beams with
orbital angular momentum>®'~3* and Bessel beams for very long
depth-of-field imaging®*.

Although all of these methods are important steps to
improving STEM imaging beyond the simple mass-thickness
contrast of ADF-STEM, it is highly desirable to develop a
high-resolution imaging technique with directly interpretable
contrast that can also operate with high efficiency to reduce beam
damage. This could expand the use of STEM to solve important
questions in the biological field, as well as hybrid hard/soft
materials®>3.

In this manuscript, we present simulations and a proof-of-
principle experiment for a new kind of phase-contrast
electron microscopy called matched illumination and detector
interferometry (MIDI)-STEM. MIDI-STEM combines the
concepts of phase gratings, aberration correction, high-speed
pixelated direct electron detectors and phase reconstruction using
an interference pattern (such as in electron holography). The
MIDI-STEM method produces almost ideal linear phase-contrast
images over a wide range of spatial frequencies with very high
efficiency and could potentially be used to image soft matter and
beam-sensitive samples at atomic resolution.

Results

Description of MIDI-STEM experimental set-up. A simplified
diagram comparing a conventional STEM (Fig. 1la) and
MIDI-STEM (Fig. 1b) experimental set-up is shown in Fig. 1. In
conventional STEM experiments, the probe is formed by a plane
wave incident on a circular condenser aperture. Lens elements are
used to create a circular electron beam with (approximately)
constant phase, which converges to an atomic-scale probe at the
sample plane. Electromagnetic deflectors scan the probe over the
sample surface in a 2D grid pattern. As shown in Fig. la, post
specimen, monolithic detectors integrate over regions of the
scattered (dark field) or unscattered (bright field) electron dif-
fraction pattern. Two common detector configurations are
shown, an ADF detector and a BF detector.

In a MIDI-STEM experiment, diagrammed in Fig. 1b, a
patterned phase plate is placed at the probe-forming aperture
position. The phase plate consists of alternating concentric
trenches with equal area where a thin SiN film has been
patterned by a focused ion beam. Each alternating ring applies
either a 0 or n/2-phase shift due to the local SiN thickness. This
phase plate generates a probe with a built-in reference wave,
which is then scanned across the sample as in traditional STEM
imaging. In this case, the high-angle scattering signal is recorded
by a traditional ADF detector, and a pixelated direct
electron detector is used to record an image of the transmitted
centre beam at each scanned position. The ADF detector
produces a signal that is very similar to a conventional
ADF-STEM experiment. The images of the transmitted centre
beam are processed by fitting a virtual detector to match the
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Figure 1| Experimental set-up for STEM experiments. (a) Conventional
set-up, with a round probe-forming aperture and monolithic, single-pixel
ADF and BF detectors below the sample. (b) MIDI-STEM set-up, with a
patterned phase plate placed in the probe-forming aperture and a pixelated
detector below the sample.

geometry of the phase plate producing an approximately linear
phase signal. The virtual detector consists of the even and
odd-numbered annular rings formed by the phase plate, where
the phase signal is given by the difference between the sum of all
odd ring intensities minus the sum of all even ring intensities.
Precise alignment of the virtual detector rings can be achieved
using an image of the centre beam in vacuum or by averaging all
diffraction pattern images and fitting ellipses to the ring edges®’.
The ability to match the virtual detector to the phase-plate
geometry using post processing makes MIDI-STEM highly
flexible to compensate for any errors in the phase plate itself or
in the scanning electronics. It is also capable of utilizing almost
any pre-specimen phase-plate design. Further technical details of
the MIDI-STEM model are given in Supplementary Note 1 and
Supplementary Fig. 1.

The contrast transfer function (CTF) of a microscopy
technique describes the measured contrast as a function of the
scattering angle or spatial frequency'®>. A monotonically
decreasing CTF that passes both low and high spatial
frequencies is desirable for easy image interpretation. The CTF
of MIDI-STEM can be calculated from the overlap region of the 0
and 7/2 regions of the probe for the unscattered centre disk and a
scattered disk. An example of a MIDI-STEM CTF is plotted in
Fig. 2¢, where the phase-plate geometry is shown in Fig. 2a. The
scanning electron microscopy image in Fig. 2b shows the exact
phase plate used in this study, which produces the CTF plotted in
Fig. 2d. The geometric construction used to calculate
MIDI-STEM CTFs is shown in more detail in Supplementary
Figs 2, 3 and 4 and Supplementary Note 2.

0.5 c d
0.4

0.3
0.2
0.1

Contrast transfer function

0 0.5 1 1.5 20 0.5 1 1.5 2
Normalized spatial frequency (scattering vector length/probe size)

Figure 2 | MIDI-STEM phase plates and resulting CTFs. (a) Schematic of
a phase plate with 4 ring pairs, and (b) scanning electron microscopy image
of the patterned phase plate with 20 ring pairs used in this study. Scale bar,
5um. The calculated CTFs for (a,b) are plotted in (¢,d), respectively. Black
diagonal lines show the CTF for an ideal phase-contrast STEM experiment.

A MIDI-STEM experiment. We performed an MIDI-STEM
experiment to image a highly heterogeneous sample consisting
of randomly oriented cuboctahedral gold nanoparticles (NPs)
supported on a thin amorphous carbon film to demonstrate the
linear imaging capabilities of this technique. The average image of
the centre beam from all probe positions is plotted in Fig. 3a, with
the fitted edges of the virtual detector overlaid on the right half of
the image as red lines. Note that the contrast has been scaled up
to make the phase-plate rings visible. The ADF detector is not
visible at this contrast level, but was positioned such that the
inner detector angle was just beyond the edge of the outer-most
phase-plate ring at 20 mrad.

In Fig. 3b,c, we show the MIDI-STEM image reconstructed
using the matched virtual detector and the simultaneously
recorded ADF detector image, respectively. The ADF image
shows strong contrast for the gold NPs, and the atomic planes are
visible in several NPs typically with the (111) plane spacing. The
carbon support is very faintly visible in the ADF image, and
though it can be distinguished from vacuum, no structural
information can be obtained.

The MIDI-STEM image shown in Fig. 3b also shows good
contrast for the NPs, with a similar SNR for the atomic planes as
the ADF image in Fig. 3c. Furthermore, the MIDI-STEM image
also shows very strong contrast for the carbon support, especially
at the vacuum edge. The ADF image was used to color the area
occupied by the gold NPs in Fig. 3d to emphasize the surrounding
carbon structure. Inside the carbon film, we observe regions of
correlated intensity between adjacent pixels in both the fast
(horizontal) and slow (vertical) directions. Because each image
pixel is a separate probe position representing a completely
independent measurement, we ascribe these features to the
atomic clustering characteristics of filament-like structures known
to exist in amorphous carbon®®. The gold NPs also have
significant additional contrast that we interpret as amorphous
carbon clustering around the particles. The source of this carbon
could be from the sample fabrication process, from the
surrounding substrate, or contamination from previous STEM
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Figure 3 | MIDI-STEM experiment of a heterogeneous sample. (a) The image of the centre beam averaged from all diffraction patterns. Simultaneously,
recorded images of gold NPs on a thin carbon support (b) using a virtual detector (edges outlined by red lines) shown in (a,c) using a conventional ADF-
STEM detector. Scale bar, 2 nm. (d) Same as (b), with gold NPs shaded with random colours to emphasize the surrounding carbon. (e-g) Line traces with

positions shown in (d) for images (b,c).

scans used for focusing. This additional contrast is not visible in
the ADF images (except perhaps as some weak ‘fuzziness’)
demonstrating that ADF imaging suppresses weakly scattering
atoms such as carbon, which makes samples appear to be
cleaner than they really are. ADF-STEM is essentially biased
towards highly scattering materials, and this experiment
demonstrates the capabilities of MIDI-STEM to simultaneously
image low- and high-scattering materials.

Three line traces taken from the MIDI-STEM and ADF-STEM
images of Fig. 3b,c are plotted in Fig. 3e-g. Figure 3e shows that
both MIDI- and ADF-STEM are sensitive to the atomic lattice
planes of the NPs, with approximately the same SNR. The left
side of Fig. 3f shows that both methods show thickness contrast
for an off-zone-axis NP, but the carbon substrate edge at the
vacuum is essentially invisible in the ADF-STEM image, while
strongly visible in the MIDI-STEM image. Finally, the trace in
Fig. 3g along only amorphous carbon shows strong
structural fluctuations in MIDI-STEM, and again no contrast
in ADF-STEM. The MIDI-STEM image shows slowly varying
intensity in the vacuum because it is a differential phase
technique (similar to a high-pass filter) that cannot retrieve the
d.c. component or very low spatial frequencies. This is evident in
the CTF curves plotted in Fig. 2.

Contrast transfer of MIDI-STEM images from simulation. To
validate our experimental results, we have simulated a MIDI-
STEM experiment of a similar sample using the multislice
method. The projected potential of the sample and atomistic
model are shown in Fig. 4a,b. The simulated sample consists of
randomly oriented cuboctahedral gold NPs attached to a wedge-
shaped substrate of amorphous carbon. The realistic amorphous
carbon atomic coordinates from3® were tiled into a wedge with a
maximum thickness of 5nm on the left side and a minimum
thickness at the substrate/vacuum edge of 3nm. No additional
carbon was added on top of the gold NPs as seen in the
experimental results. The simulated STEM scan of 300 x 300
probe positions with a probe position spacing of 0.5A was
confined to the green box overlaid on the projected potential.

4

Three detector configurations are considered in Fig. 4c-k; a
BF-STEM detector constructed by summing over the central
probe disk from 0 to 17 mrad, a (low angle) ADF-STEM detector
from 20 to 95 mrad and a MIDI-STEM virtual detector consisting
of the electrons recorded on odd rings minus those recorded on
even rings. Detector geometries were chosen to match the
experimental set-up presented earlier although only experimental
ADF- and MIDI-STEM signals were experimentally available. All
simulated images are plotted using infinite dose (no noise) and
with an intermediate dose of 500 e ~ A ~2. In addition, the images
are quantitatively evaluated by plotting the measured signal
intensity at infinite dose as a fraction of the total incident
electrons versus the projected potential of the sample at each
probe position. The pixels are separated into two groups
corresponding to probe positions at only amorphous carbon
(blue) or probe positions including both carbon and gold (red) in
projection. A polynomial trend line (black) was fitted to all points
as a guide for the eye. Note that at an accelerating voltage of
300 kV, a projected potential of 1,500 V A roughly corresponds to
a m-phase shift of the incident electron wave, and therefore this
specimen does not obey the weak-phase approximation.

The BF- and ADF-STEM simulations are essentially
complementary, as expected when using such a low inner angle
for the ADF detector. Both show strong contrast for the gold NPs
and weak contrast for the carbon substrate at infinite electron
dose. However, when using a dose of only 500e~A =2, the
BF-STEM signal is overwhelmed by noise; only faint outlines
of the NPs are visible and the substrate is almost invisible.
The ADF-STEM image produces relatively better contrast at
lower dose, as the NPs show high contrast both for atomic
columns and atomic planes. In this ADF-STEM image, the
substrate can be differentiated from the vacuum, but no structural
information can be obtained. A more typical high-angle
ADEF-STEM image with a large detector inner angle (> 50 mrad)
of this sample produces a slightly better image of the gold, but
significantly less contrast for the carbon substrate.

The simulated MIDI-STEM image by comparison shows very
strong contrast for both the NPs and the amorphous substrate.
Even at an electron dose much lower than typical STEM
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Figure 4 | MIDI-STEM simulations of a heterogeneous sample. (a) The projected potential and (b) corresponding atomistic three-dimensional model.
Scale bar, 2 nm. Images were generated from scanning over the area enclosed in the green box using two common STEM imaging modes, (c-e) BF-STEM
and (f-h) ADF-STEM, and (i-k) MIDI-STEM. Simulations are shown for (¢ f,i) infinite and (d,g,j) moderate dose. (e h k) Quantitative comparison between
the projected potential and the measured infinite dose signal shows that MIDI-STEM is a significantly more linear measurement than traditional methods.

experiments, atomic positions and planes are visible in the NPs,
with contrast roughly equivalent to the ADF-STEM images.
However, the contrast of the amorphous substrate has been
significantly increased, and the atomic-scale details of the
projected potential are visible in the infinite dose images.
The finite dose MIDI-STEM image also shows many of the
same structural details when comparing with the fine structure
of the projected potential. Qualitatively, the efficiency of
MIDI-STEM is explained by its ability to measure small
scattering events due to the alternating rings of the phase plate.
The plot of projected potential versus measured MIDI-STEM
signal shows it is far more linear than BF- or ADF-STEM and has

a much tighter distribution of measurements. Importantly, both
the carbon and gold plus carbon signals fall on the same
roughly linear curve. The primary sources of non-linearity in the
MIDI-STEM measurement are the high-pass filtering effect of
MIDI-STEM (a minor effect on the scale of a 20 nm field of view)
and the decreased number of electrons available to scatter for
thicker regions of the sample.

Discussion
It is important to emphasize that the key strengths of this method
are its applicability for beam-sensitive soft materials and the
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advantages of linear contrast transfer towards the study of
hard/soft interfaces in materials science. We have reported both
the experimental and theoretical validity of MIDI-STEM for a
sample of gold NPs on an amorphous carbon support as a very
general case of a highly heterogeneous sample as a proof of
principle. To explore the limits of the MIDI-STEM method, we
performed a multislice simulation of a DNA snippet connecting
two gold NPs on a single layer of graphene, plotted in Fig. 5.
DNA was chosen for its well-known structure with weak
scattering and moderate dose sensitivity. The same microscope
parameters and detectors as Fig. 4 were used, and electron doses of
infinity, 500 and 100 e ~ A ~ 2 were simulated. However, unlike in
Fig. 4c-h, in Fig. 5¢c-h the BF- and ADF-STEM simulations
were performed using a conventional STEM probe without a
phase plate. As above, neither the BF- nor ADF-STEM
images show any appreciable contrast in the DNA section at a
non-infinite electron dose. Conversely, the MIDI-STEM images
(Fig. 5i-k) show linear contrast even at fairly low electron doses.
Even at such low doses, MIDI-STEM produces enough contrast
to identify not only the presence or absence of a bio-molecule, but
also the shape envelope and orientation, while being in focus.
MIDI-STEM is therefore a promising technique for imaging
relatively radiation hard bio-molecules and heterostructures such

a Projected potential

500 € A2, gy =2 A" 100e A2 gy, =1 A"

Wals: o <3S TN
A
X

Annular dark field (ADF) Bright field (BF)

MIDI-STEM

Figure 5 | MIDI-STEM simulations of a biological-inorganic interface.
(a) Projected potential of a DNA snippet connecting two gold NPs on a
single layer of graphene substrate, and (b) corresponding atomistic three-
dimensional model. Scale bar, 2 nm. Images were generated from scanning
over the area enclosed in the green box using (c-e) BF-STEM, (f-h) ADF-
STEM and (i-k) MIDI-STEM at infinite and two low electron doses.
Conventional STEM probes were used for BF- and ADF-STEM, while 20 ring
pairs were used for MIDI-STEM.
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as hard/soft interfaces. For the most dose-sensitive bio-molecules,
highly defocused cryo-EM is a more efficient imaging
method, but many samples cannot meet the cryo-EM
requirements of many well-separated identical structures, with
no strongly scattering components. The same atomic coordinates
are used for a comparison with phase contrast, defocused
HRTEM imaging in Supplementary Note 3 and Supplementary
Fig. 5, using the deconvolution methods described in ref. 14.
These simulations show that more information can be recovered
from HRTEM imaging, but this requires large defocus values that
can produce delocalization artifacts.

In summary, we have experimentally demonstrated the
MIDI-STEM imaging method with great promise for improving
the contrast in STEM images for weakly scattering materials. We
also performed multislice simulations of a sample realistically
modelled after our experiment to confirm our interpretation of
the experimental results. In this experiment, we imaged gold NPs
on an amorphous carbon support, using a pixelated direct
electron detector to construct the virtual detectors necessary for
MIDI-STEM while simultaneously recording an ADF-STEM
image. The MIDI-STEM image simultaneously showed
atomic-plane contrast for highly scattering gold NPs and the
amorphous structure of carbon regions. Structural features on the
near-atomic scale were clearly visible in the amorphous carbon
film, showing that MIDI-STEM is a promising candidate to
directly image samples consisting of both hard and soft matter at
atomic or near-atomic resolution using relatively low electron
doses. The primary advantages of MIDI-STEM are high
signal efficiency, good transfer of low spatial frequency
information and the ability to image while in focus to minimize
signal delocalization. MIDI-STEM should also allow the
possibility of post-acquisition software aberration correction
using pychographic methods.

Methods

Experimental. All experimental results presented in this paper were recorded on
TEAM I, an aberration-corrected FEI Titan 80-300 operated in STEM mode at
300KkV with a convergence semi-angle of 17.2 mrad. The phase-plate geometry used
to form the MIDI-STEM probes were equal-area Fresnel zone plates with 20 ring
pairs, fabricated using focused ion beam milling of a SiN membrane3. The
transmitted electron diffraction pattern at each probe position was recorded using a
Gatan K2 IS direct electron detector with 3,840 x 3,712 pixels, operated at 400
frames per second and binned by 2. The camera acquisition and probe scanning
were synchronized using a Gatan Digiscan. The probe was scanned over the 14.5nm
field of view with 256 x 256 probe positions to create a 256 x 256 x 1,920 x 1,792
four-dimensional STEM data set consisting of 420 GB of raw images.

Analysis and Simulation. Post processing to fit the virtual detector was done
using custom scripts in MATLAB. All multislice simulations were performed using
custom MATLAB codes that follows the methods of Kirkland'®, using the same
microscope parameters as in the experiment and eight frozen phonon
configurations. STEM probes were spaced by 0.5 A, and the simulation pixel size
was 0.2 A. Experimental and simulated microscope parameters were optimized to
give the highest contrast. A model detailing the geometric CTF calculations is given
in the Supplementary Notes 1 and 2.

References

1. van den Bedem, H. & Eraser, J. S. Integrative, dynamic structural biology at

atomic resolution - it’s about time. Nat. Methods 12, 307-318 (2015).

Yang, H. et al. Imaging screw dislocations at atomic resolution by

aberration-corrected electron optical sectioning. Nat. Commun. 6, 7266 (2015).

Zhu, Y., Withers, R. L., Bourgeois, L., Dwyer, C. & Etheridge, J. Direct mapping

of Li-enabled octahedral tilt ordering and associated strain in nanostructured

per-ovskites. Nat. Mat. 14, 1142-1149 (2015).

4. Batson, P. E,, Dellby, N. & Krivanek, O. L. Sub-angstrom resolution using
aberration corrected electron optics. Nature 418, 617-620 (2002).

5. Rose, H. Prospects for aberration-free electron microscopy. Ultramicroscopy
103, 1-6 (2005).

6. Dahmen, U. et al. Background, status and future of the transmission electron
aberration-corrected microscope project. Philos. Trans. R. Soc. Lond. A 367,
3795-3808 (2009).

1

| 7:10719 | DOI: 10.1038/ncomms10719 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

1

[=1

1

—

12.

13.

14.

1

w

1

f=)}

1

~

18.

19.

2

f=1

2

—_

22.

23.

24.

2

wu

26.

2

N1

28.

29.

Glaeser, R. M. Limitations to significant information in biological electron
microscopy as a result of radiation damage. J. Ultrastruct. Res. 36, 466-482
(1971).

Isaacson, M., Johnson, D. & Crewe, A. V. Electron beam excitation and damage
of biological molecules; its implications for specimen damage in electron
microscopy. Rad. Res. 55, 205-224 (1973).

Henderson, R. The potential and limitations ofneutrons, electrons and x-rays
for atomic resolution microscopy of unstained biological molecules. Quart. Rev.
Biophys. 28, 171-193 (1995).

. Egerton, R. E,, Li, P. & Malac, M. Radiation damage in the tem and sem. Micron

35, 399-409 (2004).

. Egerton, R. E. Mechanisms of radiation damage in beam-sensitive specimens,

for tem accelerating voltages between 10 and 300 kv. Micro. Res. Tech. 75,
1550-1556 (2012).

Erank, J. Single-particle imaging of macromolecules by cryo-electron
microscopy. Ann. Rev. Biophys. Biomol. Struct. 31, 303-319 (2002).

Frank, J. Three-dimensional electron microscopy of macromolecular assemblies:
visualization of biological molecules in their native state (Oxford Univ. Press,
2006).

Downing, K. H. & Glaeser, R. M. Restoration of weak phase-contrast images
recorded with a high degree of defocus: the twin image problem associated with
CTE correction. Ultramicroscopy 108, 921-928 (2008).

. Kirkland, E. J. Advanced computing in electron microscopy (Springer Science &

Business Media, 2010).

. Pennycook, S. J. & Nellist, P. D. Scanning transmission electron microscopy:

imaging and analysis (Springer Science & Business Media, 2011).

. Eindlay, S. D. et al. Dynamics of annular bright field imaging in scanning

transmission electron microscopy. Ultramicroscopy 110, 903-923 (2010).
Hovden, R. & Muller, D. A. Efficient elastic imaging of single atoms on
ultrathin supports in a scanning transmission electron microscope.
Ultramicroscopy 123, 59-65 (2012).

Muller, D. A. Structure and bonding at the atomic scale by scanning
transmission electron microscopy. Nat. Mat. 8, 263-270 (2009).

. Williams, D. B. & Carter, C. B. Transmission electron microscopy: a textbook for

materials science Vol. 3 (Springer Science & Business Media, 2009).

. Rose, H. Phase contrast in scanning transmission electron microscopy.

Optik 39, 416-436 (1974).

Dekkers, N. H. & De Lang, H. Differential phase contrast in a STEM. Optik 41,
452-456 (1974).

Rose, H. Nonstandard imaging methods in electron microscopy.
Ultramicroscopy 2, 251-267 (1977).

Haider, M., Epstein, A., Jarron, P. & Boulin, C. A versatile, software
configurable multichannel STEM detector for angle-resolved imaging.
Ultramicroscopy 54, 41-59 (1994).

. Nellist, P. D., McCallum, B. C. & Rodenburg, J. M. Resolution beyond

the’information limit’'in transmission electron microscopy. Nature 374,
630-632 (1995).

Hue, F., Rodenburg, J. M., Maiden, A. M., Sweeney, F. & Midgley, P. A.
Wave-front phase retrieval in transmission electron microscopy via
ptychography. Phys. Rev. B 82, 121415 (2010).

. Humphry, M. J,, Kraus, B., Hurst, A. C., Maiden, A. M. & Rodenburg, J. M.

Ptychographic electron microscopy using high-angle dark-field scattering for
sub-nanometre resolution imaging. Nat. Commun. 3, 730 (2012).

Ou, X, Horstmeyer, R., Yang, C. & Zheng, G. Quantitative phase imaging via
fourier ptychographic microscopy. Opt. Lett. 38, 4845-4848 (2013).
Pennycook, T. J. et al. Efficient phase contrast imaging in STEM using a
pixelated detector. part 1: experimental demonstration at atomic resolution.
Ultramicroscopy 151, 160-167 (2015).

30. Yang, H., Pennycook, T. J. & Nellist, P. D. Efficient phase contrast imaging in
STEM using a pixelated detector. part ii: optimisation of imaging conditions.
Ultramicroscopy 151, 232-239 (2015).
. Verbeeck, J., Tian, H. & Schattschneider, P. Production and application of
electron vortex beams. Nature 467, 301-304 (2010).
32. McMorran, B. ]. et al. Electron vortex beams with high quanta of orbital
angular momentum. Science 331, 192-195 (2011).

33. Harvey, T. R. et al. Efficient diffractive phase optics for electrons. New J. Phys.
16, 093039 (2014).

34. Grillo, V. et al. Generation of nondiffracting electron bessel beams. Phys. Rev. X
4, 011013 (2014).

35. Peplow, M. Materials science: the hole story. Nature 520, 148-150 (2015).

36. Hallinan, Jr D. T. & Balsara, N. P. Polymer electrolytes. Ann. Rev. Mat. Res. 43,
503-525 (2013).

. Fitzgibbon, A., Pilu, M. & Fisher, R. B. Direct least square fitting of ellipses.
IEEE Trans. Pat. Anal. Mach. Int. 21, 476-480 (1999).

. Ricolleau, C., Le Bouar, Y., Amara, H., Landon-Cardinal, O. & Alloyeau, D.
Random vs realistic amorphous carbon models for high resolution microscopy
and electron diffraction. J. Appl. Phys. 114, 213504 (2013).

3

—

3

N

3

o

Acknowledgements

Work at the Molecular Foundry was supported by the Office of Science, Office of Basic
Energy Sciences, of the US Department of Energy under Contract No. DE-AC02-
05CH11231. Work at University of Oregon was supported by the US Department of
Energy, Office of Science, Basic Energy Sciences under Award No. DE-SC0010466.

Author contributions

C.O. developed the MIDI-STEM method to combine a structured phase electron probe
with a matching virtual detector. H.H.R. initially proposed the alternating-zone
interference imaging mode used in MIDI-STEM. Ercius performed the experiments,
using STEM coil synchronization, recording scripts and four-dimensional STEM
experimental protocols developed by J.Ci. and C.C. J.P,, T.R.H,, J.Ch. and B.J.M.
fabricated and tested the phase plates. C.O. ran all multislice simulations and performed
the analysis of experiments and simulations. C.O., P.E. and J.Ci. wrote the manuscript
with input from all other authors. C.O. wrote the Supplementary Notes with input from
T.RH,, J.Ch. and B.J.M.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Ophus, C. et al. Efficient linear phase contrast in scanning

transmission electron microscopy with matched illumination and detector inter-

ferometry. Nat. Commun. 7:10719 doi: 10.1038/ncomms10719 (2016).

This work is licensed under a Creative Commons Attribution 4.0
L7 International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 7:10719| DOI: 10.1038/ncomms10719 | www.nature.com/naturecommunications 7


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Description of MIDI-STEM experimental set-up
	A MIDI-STEM experiment

	Figure™1Experimental set-up for STEM experiments.(a) Conventional set-up, with a round probe-forming aperture and monolithic, single-pixel ADF and BF detectors below the sample. (b) MIDI-STEM set-up, with a patterned phase plate placed in the probe-formin
	Figure™2MIDI-STEM phase plates and resulting CTFs.(a) Schematic of a phase plate with 4 ring pairs, and (b) scanning electron microscopy image of the patterned phase plate with 20 ring pairs used in this study. Scale bar, 5thinspmgrm. The calculated CTFs 
	Contrast transfer of MIDI-STEM images from simulation

	Figure™3MIDI-STEM experiment of a heterogeneous sample.(a) The image of the centre beam averaged from all diffraction patterns. Simultaneously, recorded images of gold NPs on a thin carbon support (b) using a virtual detector (edges outlined by red lines)
	Discussion
	Figure™4MIDI-STEM simulations of a heterogeneous sample.(a) The projected potential and (b) corresponding atomistic three-dimensional model. Scale bar, 2thinspnm. Images were generated from scanning over the area enclosed in the green box using two common
	Methods
	Experimental
	Analysis and Simulation

	van den BedemH.EraserJ. S.Integrative, dynamic structural biology at atomic resolution - itCloseCurlyQuotes about timeNat. Methods123073182015YangH.Imaging screw dislocations at atomic resolution by aberration-corrected electron optical sectioningNat. Com
	Figure™5MIDI-STEM simulations of a biological-inorganic interface.(a) Projected potential of a DNA snippet connecting two gold NPs on a single layer of graphene substrate, and (b) corresponding atomistic three-dimensional model. Scale bar, 2thinspnm. Imag
	Work at the Molecular Foundry was supported by the Office of Science, Office of Basic Energy Sciences, of the US Department of Energy under Contract No. DE-AC02-05CH11231. Work at University of Oregon was supported by the US Department of Energy, Office o
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




