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Abstract In this chapter, the basic principles of atomic resolution scanning
transmission electron microscopy (STEM) will be described. Particular attention
will be paid to the benefits of the incoherent Z-contrast imaging technique for
structural determination and the benefits of aberration correction for improved
spatial resolution and sensitivity in the acquired images. In addition, the effect
that the increased beam current in aberration corrected systems has on electron
beam-induced structural modifications of inorganic systems will be discussed.
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Procedures for controlling the electron dose will be described along with image
processing methods that enable quantified information to be extracted from STEM
images. Several examples of the use of aberration-corrected STEM for the study
of nanoscale systems will be presented; a quantification of vacancies in clathrate
systems, a quantification of N doping in GaAs, a quantification of the size
distribution in nanoparticle catalysts, and an observation of variability in dislocation
core composition along a low-angle grain boundary in SrTiOs3. The potential for
future standardized methods to reproducibly quantify structures determined by
STEM and/or high-resolution TEM will also be discussed.

1 Introduction

Transmission electron microscopy (TEM) has long played a key role in driving
our scientific understanding of extended defects and their control of the properties
of materials—from the earliest TEM observations of dislocations [1] through to
the current use of aberration-corrected TEMs to determine the atomic structure
of grain boundaries [2]. With the current generation of aberration corrected and
monochromated TEMs, we can now obtain images with a spatial resolution
approaching 0.05 nm in both the plane-wave, phase-contrast TEM and the focused
probe, Z-contrast scanning-TEM (STEM) modes of operation [3-5]. In addition to
the increase in the spatial resolution, aberration correctors also provide an increase
in the beam current and subsequently the signal-to-noise levels (contrast) in the
acquired images. This means that small differences in structure and composition
can be more readily observed and, for example, in the STEM mode of operation,
complete 2-D atomic resolution elemental maps can be generated using electron
energy loss spectroscopy (EELS) [6, 7]. Furthermore, the EEL spectra that are
obtained using a monochromated microscope also show vast improvements over
the spectra that could be obtained a few years ago—allowing bonding state changes
to be observed from core-loss spectra with high precision [8] and the low-loss region
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of the spectrum to be used to map fluctuations in optical properties [9—11]. Taken all
together, these newly developed capabilities for (S)TEM provide a comprehensive
set of tools to measure, quantify, and understand the atomic scale properties of
nanoscale materials, interfaces, and defects.

However, although the tools now exist to obtain very high-quality images from
nanoscale materials, defects, and interfaces, as yet there has been very little work to
quantify the information contained in them—other than to identify a structure and
report composition variations in obvious cases across a hetero-interface. Images of
individual interfaces, grain boundaries, or dislocations are typically presented as
being “representative” of the whole structure with little proof that this is actually
the case. In addition, the history of the sample is usually poorly defined in terms
of its synthesis, preparation for the TEM, and beam irradiation history (which
can easily have a significant effect on the structure, particularly when aberration-
corrected microscopes are used). This is in stark contrast to the work that has been
performed using TEMs for structural biology, where quantifying the information
present in low-dose images has been the major emphasis of research for over 20
years [12-24]. Image processing and analysis methods for the study of organic
systems can now routinely cope with variations across an image caused by sample
movement and noise and can quantify the contribution of each—leading to a well-
defined measurement of resolution and the accurate incorporation of these essential
experimental factors into the structure determination procedure. In the case of the
analysis of point defects in nanoscale systems, dislocations, grain boundaries, and
interfaces by aberration-corrected (S)TEM, the lack or periodicity in the structure,
large composition variations, and a sensitivity of the structure to beam modification
actually make the experimental considerations very similar to those employed for
organic systems. We can therefore use the image processing/analysis tools that have
already been defined for structural biology to provide an unprecedented atomic scale
characterization of nanoscale materials, defects, and interfaces—potentially even
defining the effect of single atom composition variations on the structure and the
subsequent properties.

2 Z-Contrast Imaging in STEM

The main principle behind the scanning transmission electron microscope is to use
the electron lenses to form a small focused beam (probe) of electrons on the surface
of the specimen [25] (Fig. 1a). As this electron probe is scanned across the surface of
the specimen, the electrons that are scattered by the specimen are collected in a
series of detectors that cover different angular ranges—the signal in each detector
therefore contains a different part of the physics of the interaction of the beam with
the specimen [26]. A 2-D image is created by displaying the output from one of these
detectors as a function of the beam position as it is scanned across the specimen.
Most STEM images use a high-angle annular dark field (HAADF) detector, in which
the scattering that is collected is proportional to the Rutherford scattering cross-
section that has a second power Z> dependence on the atomic number Z of the
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Fig. 1 (a) The geometry of the probe, detector and sample produce an overlapping CBED pattern
at the detector plane. (b) The Z-contrast image (and electron energy loss spectrum) can, to a first
approximation, be treated as a convolution between the probe intensity profile and the scattering
cross section for the signal of interest (i.e. inelastic or elastic). The two probes shown illustrate the
effect of aberration correction on the final image

scattering center—giving rise to the name Z-contrast imaging. From the earliest
images of individual heavy atoms on a light support [25], the technique evolved to
be able to image crystals with atomic spatial resolution [27]. In the remainder of this
section, the principles behind the spatial resolution and the compositional sensitivity
of the method will be described and the effect of aberration correction discussed.

2.1 Basic Concepts of Z-contrast Imaging

As described above, a Z-contrast image [27-32] is formed by collecting the
high-angle scattering on an annular detector and synchronously displaying its
integrated output on a TV screen or computer monitor while the electron probe
is scanned across the specimen. Detecting the scattered intensity at high angles
and integrating it over a large angular range effectively averages coherent effects
between atomic columns in the specimen, allowing each atom to be considered to
scatter independently with a cross-section approaching a Z> dependence on atomic
number (Fig. 1b). This cross-section forms an object function that is strongly peaked
at the atom sites. The detected intensity is, to a first approximation, a convolution
of this object function with the probe intensity profile. The small width of the
object function (~0.1 A) means that the spatial resolution is limited only by the
probe size of the microscope. For a crystalline material in a zone—axis orientation,
where the atomic spacing is greater than the probe size (~ 0.1 nm for the JEOL
2100 C corrected STEM at UC-Davis, ~ 0.1 nm for the Nion-corrected VG STEM
at Lawrence Berkeley National Laboratory (LBNL), and 0.05-0.1nm for the C;
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corrected FEI Titans at Lawrence Livermore National Laboratory (LLNL), LBNL,
and Oak Ridge National Laboratory (ORNL)—these microscopes were used to
obtain the results presented later in this chapter), the atomic columns can be
illuminated individually. Therefore, as the probe is scanned over the specimen, an
atomic resolution compositional map is generated in which the intensity depends
on the average atomic number of the atoms in the column. An important feature of
this method is that changes in focus and thickness do not cause contrast reversals
in the image, so that atomic sites can be identified unambiguously during the
experiment. As the images can be interpreted directly in real time while working
on the microscope, they can be used to position the probe to obtain electron energy
loss spectra from defined locations in the structure [33-39], thus permitting a full
spectroscopic analysis to be correlated with the image on the atomic scale.

Since the initial development of the Z-contrast imaging technique, there have
been many studies that have confirmed the general concept of incoherent imaging
described above—in particular, identifying the location of atomic columns in the
image is straightforward. However, interpretation of the intensities within the atomic
columns seen in the images is a little more complicated than the simple incoherent
model suggests [38—42]. If you want to interpret the absolute intensities in the
individual columns in terms of the presence of vacancies and impurities, then first
principles simulations of the atomic structures must be accompanied by image
simulations—there are currently several available packages to perform these simula-
tions [43,44]. As the aim of this chapter is to discuss the applications of quantitative
imaging in STEM, we will not discuss the details of the simulations further here,
other than to mention in the subsequent sections when simulations were used.

2.2 Aberration Correction

In conventional high-resolution TEM imaging and in atomic resolution Z-contrast
imaging, the resolution of the final image is limited by the aberrations in the
principal imaging lens. For STEM, this means the aberrations in the final probe-
forming lens—which determines the spatial extent of the electron beam on the
surface of the specimen. As with other high-resolution methods, defocus can be
used to balance out the effects of aberrations up to some optimum value, usually
called the Scherzer defocus, with a resolution given by

d = 0.43(CA%)+ (1)

As can be seen from this equation, there are two principle factors that control
resolution—the wavelength A of the electrons (determined by the acceleration
voltage of the microscope) and the spherical aberration coefficient Cy of the lens. For
typical C values in uncorrected state-of-the-art 200kV TEM/STEM microscopes
(Cs ~ 0.5mm), this gives an optimum probe size of ~ 0.12nm [45]. This equation
also shows the two methods that can increase the spatial resolution—higher voltage
and lower C;.
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Fig. 2 The effect of spherical aberration (a) can be corrected to create a smaller, more intense
electron probe (b)

In the late 1990s there were two main efforts underway to establish Cs correctors
for TEM [3] and STEM [4]. For the formation of a STEM probe, the effect
of Cs correction is shown schematically in Fig.2. Practically the effect of Cj
correction means that a larger area of the lens is free from spherical aberration,
allowing larger apertures to be used and a higher resolution to be obtained [46].
An important corollary to the increase in spatial resolution is that the larger aperture
size means that the smaller probe that is formed can have up to an order of magnitude
more beam current than a conventional STEM probe [6]. Now that spherical
aberration has essentially been removed as the limitation in the probe size, higher
order aberrations are the limiting factors. As was the case with the Scherzer defocus,
the aberration corrector can now be adjusted to compensate for those higher order
aberrations by tuning C; itself to an optimal value. Although due to the complexity
of the multipole electron optics of correctors many more parameters actually control
the probe size, (1) can be modified to yield the probe full-width-at-half-maximum p
of a simplified system limited only by 5th order aberration Cs [47]:

p = 0.37(CsA%)6 )

For a state-of-the-art aberration-corrected STEM, the probe size can now approach
0.05 nm [5] and designs are currently being implemented that should push resolution
even further to ~0.03nm [48]. Aberration-corrected STEMs are now becoming
the standard for high-resolution imaging, with many applications to solve materials
science problems being present in the literature [49-53].

Another advantage of the aberration corrector for STEM is the increased
usefulness of other imaging signals not traditionally exploited in scanning mode.
Instead of the annular-shaped detector used for Z-contrast imaging, a detector placed
directly on this axis will form a bright field image, which can be shown by simple
optical reciprocity considerations to be equivalent to a conventional high-resolution
TEM phase contrast image. Thanks to the larger aberration-free area of the electron
wavefront, the collection angle for this bright field detector can be increased in a
corrected instrument and high-quality images can be obtained [26]. As a supplement
to the Z-contrast images described above, simultaneous phase-contrast images can
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provide information on the location of light elements in the structure that are not
imaged clearly by the Z-contrast technique. On the other hand, one issue that is
brought up by the use of large apertures is the reduction in depth of focus, whereas
in the analogous case of photography, for instance, where a very small depth of
focus is highly sought after to produce pleasant out-of focus backgrounds with large
aperture portrait lenses, it means in an aberration-corrected STEM that the coupling
between the probe on the surface of the sample and the atomic columns is more
complex. While this decrease in depth of focus can have a negative effect on high-
resolution imaging, it has been proposed as a method to perform optical sectioning
of samples to deliver 3-D imaging [54-57]. Although in the straight STEM approach
(as opposed to the confocal approach), the 3-D images suffer from distortion due to
the missing wedge of information (the same way that tilt tomography does [58,59]),
it can have applications in the study of nanostructures [60].

2.3 Low-dose Imaging

As stated in the previous section, the increase in spatial resolution provided by
aberration correctors is accompanied by an increase in the beam current. While
there are materials that are still able to withstand the >10°e~/ A® dose that a typical
aberration-corrected STEM image now contains, beam modification of the sample
is now a significant issue for materials science. This is especially true when we start
to consider what we would like to do with the aberration-corrected STEM. One
of the big impacts that the increase in resolution and sensitivity can give us is the
ability to look at interfaces and defects in more detail and to examine the distribution
of point defects (vacancies and impurities) around these structures. However, point
defects are mobile and by definition, the defect and interface structures are going
to be less stable than the bulk material. To overcome some of the effects of beam
damage, recent work in aberration-corrected STEM has moved to lower voltages.
While this will significantly reduce the effects of knock-on damage, it does not tell
the whole story of beam damage. Experience from the structural biology field shows
that for organic systems, it is the electron dose that is the important thing, rather than
the accelerating voltage. This implies that knock-on damage is not going to be the
limitation for every materials system.

In the case of aberration-corrected TEM, high-resolution images of organic
systems can be obtained by using the standard low-dose approach to imaging [61].
Applying a similar approach to STEM is not as straightforward, as the typical
mechanism to reduce beam current is to change the parameters of the electron gun.
However, this changes the electron optics in the column and leads to a misalignment
of the corrector—which is then hard to realign under low-dose conditions as the auto
tuning software typically requires high signal-to-noise images or diffractograms to
converge accurately. Despite all of the problems, it is possible to control the dose
in the aberration-corrected STEM to permit atomic scale images to be obtained of
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beam sensitive materials [62], and to investigate where the resolution will be limited
by dose [63].

Following the approach in [63], we discuss here briefly the effect of lowering
the dose on STEM images. The images were acquired using a JEOL JEM-
2100F/Cy STEM/TEM with a retrofitted CEOS Cs-corrector operating at 200kV.
After Cs-correction, the probe diameter was ~ 0.1 nm. A reading of the electron
beam current at normal operating conditions was measured at 50 pA using the
ammeter behind the small phosphorus viewing screen. For conventional high-dose
STEM operation, the JEM-2100F is typically operated with a gun extraction voltage
(A1) of 2.8 to 3.2kV, and an electrostatic gun lens voltage (A2) between 6.8 and
7.3kV. To record images with a reduced beam current, Al and A2 were reduced
to 0.9kV and 6.2kV, respectively. Images were obtained using an annular dark-
field (ADF) detector with an inner cutoff angle of ~ 30mrad, corresponding to
low-angle annular dark-field (LAADF) imaging—here incoherence is sacrificed for
more electrons reaching the detector. The Gatan Digiscan 688 system was used as
the scan driver, which was controlled by the Gatan Digital Micrograph software
package. Figure 3a shows an image of SrTiO; [001] taken under the typical high-
dose imaging conditions described above. Here, the imaging conditions are a beam
current of ~50pA, a pixel dwell time of 20 us per pixel, and a pixel size of
0.05A”. These imaging conditions correspond to a radiation dose of approximately

1.0x 108e™/ A’ As expected, the calculated power spectrum shows clearly visible
diffraction spots at 1.3 A resolution. However, the electron dose is approximately 10
million times too high for most biological specimens.

The most straightforward way to reduce the electron dose during image ac-
quisition in STEM is to reduce the pixel dwell time (i.e., increasing the STEM
scanning speed). The Gatan Digiscan system allows the dwell time to be reduced
to a minimum of 0.5 s per pixel. In the STEM, magnification corresponds to
changing the pixel size. We chose a magnification to give a pixel size of 1.0 A%,
Figure 3b shows an image of SrTiO; taken with a dwell time of 0.5 s per pixel with
a typical probe current of approximately 50 pA. The specimen is exposed to a total
radiation dose estimated to be 150 e~/ A%, A close inspection of the image, however,
reveals a streaking artifact parallel to the scan direction. The power spectrum and
Fourier-filtered image are shown inset. Fourier filtering was done by masking the
Fourier transform spots, using a mask size of 15nm™! and edge blurring of 5 pixels
(1.0nm™!). Noticeable streaking is observed in the raw image, which influences
the anisotropic background noise. This observed streaking artifact is caused by
a slow reaction time of the photomultiplier/read-out electronics, which leads to
an anisotropic smearing out of individual signal peaks. An additional artifact that
contributes to the anisotropic background is a random horizontal offset of scan lines.

This streaking effect can be significantly reduced by increasing the dwell time,
i.e., scanning slower. Using the JEOL JEM-2100F/C;, the streaking effect was
noticeably reduced when images were recorded with a dwell time of 2.0 us per
pixel. However, the fourfold increase in the dwell time would increase the electron

dose from ~450¢e~/ Ao ~ 1,800e~/ A”. Since beam sensitive specimens often
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Fig. 3 Images of SrTiO3 [001] (a) acquired with a C-corrected JEOL 2010F with a radiation
dose of ~5x10%¢™/ A’ (inset fourier transform shows reflections corresponding to a resolution
of 1.3A). (b) Taken with a dwell time of 0.5 s per pixel, a pixel size of 0.3 A and a typical

gun current of approximately 50 pA, yielding an estimated radiation dose of ~450e™/ A? (inset
fourier transform/inverse transform show higher order reflections at 2.0 A). (¢) Taken with a dwell

time of 2.0ps per pixel and pixel area of 0.1 Az, using a gun current of 4 pA, which gives a

dose of ~220e™ /AZ. The streaking effect is reduced in both the image and the inset fourier
transform/inverse transform). (d) Obtained with 2% of the standard gun current with a pixel dwell

time of 1.0 s and pixel size of 0.4 A”. The dose is estimated to be 25 e~ / A’ (reflections at 2.7 A
with corresponding lattice fringes are seen in the fourier transform/inverse transform)

require imaging with much lower electron doses, additional dose reduction is
required. We achieve this by decreasing the probe current. Figure 3¢ shows an image
of SrTiO3, that was recorded with a dwell time of 2.0 s per pixel and a pixel size of
0.1 AZ, while using a probe current of only ~ 4% of the current used for the image
in Fig.3a. The scan artifacts are noticeably less in both the image and the power
spectrum and the apparent resolution is increased with only a small increase in the

. 2 . . .
total electron dose, estimated to be 220 e~/A”. Note that the orientation of the lattice
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is at a significant angle to the scan direction in order to minimize potential artifacts
in the Fourier transform due to periodicities induced by the scan lines. In the power
spectrum, one can see spots at 1.3 A, which is close to the expected resolution limit
of 1.0 A for the C-corrected JEOL 2100F/Cs.

Next, we reduced the electron dose to ~15e¢~/ A? by lowering the probe
current further to only ~ 2% of the probe current at full emission (corresponding
to a current ~ 1pA) and by decreasing the scan speed to 1.0 us per pixel, and
increasing the pixel size to 0.4 A% An example image is shown in Fig.3d. The
SNR of the resulting real-space image is so low that the naked eye does not discern
any structural information in this image. Nevertheless, near atomic resolution
features can still be documented in the power spectrum and Fourier-filtered image.
Spots at 3.95A and 2.7 A can be clearly seen in the calculated power spectrum
of the nonprocessed image. Increasing the scan speed to 2.0 us per pixel (and
consequently doubling the dose to ~30e™/ Az), the power spectrum of the recorded
image showed clearly visible diffraction spots at 2.0 A resolution. Lowering the
probe current below 2% resulted in images that had no discernible features in the
power spectrum.

The images shown in Fig.3 demonstrate that it is still possible to get high
resolution from aberration-corrected images even under low-dose conditions. While
low dose is not necessary for all samples—the examples cited above demonstrate
that for the right problem, aberration-corrected STEM gives beautiful images—it
does mean that we can use it for problems that have so far been ignored because
of the beam damage issue. Furthermore, the control of the dose described here
is not the optimum approach. A far better approach would be to use a set of fast
deflector plates to move the beam on/off the specimen to control the dose—thereby
avoiding any change in the electron optics. Such a deflector system is already under
development for the dynamic transmission electron microscope (DTEM) and its
application to STEM should be straightforward [64].

3 Application to Nanoscale Systems

The STEM methods described above can be applied to any materials system. The
information that can be obtained depends only on the signal to noise in the images
that are obtained—essentially controlled by the ability of the sample to absorb
electron dose without modifying the structure. In this section, a series of examples
will be presented that show how the STEM methods can be applied to extract
quantitative information from materials systems. In the first example from the
study of clathrates, 2-D crystallography methods are used to understand and correct
distortions in STEM images and then determine an average structure. In the second
example, averaging methods are described that enables the effects of point defects
on the structure to be observed. These effects are used to determine the formation
of small clusters of impurities distributed in the bulk. The third example presents
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an analysis of grain boundaries. In this case the symmetry of the structure is broken
by the presence of grain boundary dislocations, limiting the use of crystallographic
averaging methods. However, it is still possible to use multiple images of the grain
boundary to infer details of statistical deviations in structure and composition in the
dislocation core. The fourth and final example, describes a mathematical method
to quantify the size of nanostructures to an accuracy of ~ 10 pm. The use of these
methods either individually or in combination can provide unprecedented insights
into the structural properties of nanoscale materials.

3.1 The Structure of Clathrates

As discussed above, zone axis Z-contrast images reveal the atomic structure of
the sample with a resolution that is defined by the probe size of the microscope.
In the aberration corrected microscopes that are now standard, this resolution
can be on the subangstrom level and is typically accompanied by an increase
in signal to noise—resulting in higher contrast images. However, in some cases
the increase in beam current (that gives rise to the increase in signal to noise)
results in beam damage to the sample. For each material being studied, there is
therefore an optimum electron dose that does not modify the structure. For systems
where this is a low number, the aberration-corrected images do not “look better”
than conventional STEM images (and may even be worse) meaning that many of
the benefits of the aberration corrector are lost. As there are many expectations
among microscopists for aberration-corrected images, sometimes experimentalists
push the beam current further than the damage limit to obtain the best looking
images. While many of the published images may be truly “representative” of the
structure, it is impossible to say for sure without an attempt to quantify the resolution
under different beam conditions. Fortunately, in most experimental cases this is
relatively straightforward to do, as the full images contain many subimages of the
crystal unit cell and/or interface structure. The repetitive nature of these images
allows standard image processing techniques that have been developed for electron
crystallography of biological macromolecules (i.e., developed to extract the highest
resolution information from the noisiest images) to be applied. These methods can
be used to enhance the signal-to-noise present in the original images, to remove
distortions in the images that arise from either the instrumentation or the specimen
itself, and to quantify properties of the material in ways that are difficult without
such data processing, i.e., the improved data from aberration-corrected microscopes
can be recovered even from poorer quality low-dose conditions. Here this concept
is demonstrated through the analysis of Sis clathrate samples [65, 66].

The test images of the KgSise clathrate have been obtained from a 100kV Nion-
corrected VG HB501 with nominal 0.1 nm probe size (Fig.4a). Figure 4b shows
the Fourier transform obtained after the image in (a) had been floated into a larger
area that was filled with a constant gray level based on the average density value
of the original image. The red and blue arrows marked in this panel indicate the
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Fig. 4 (a) Z-Contrast image of KgSiyg, (b) Fourier transform of the image and (c) the definition
of the reciprocal lattice points used to construct the lattice. The scale bar in (a) represents 1.0 nm
and the white arrow in (b) marks a reflection at 0.164 nm—! resolution

TN
Ly 83,

Fig. 5 (a) Unit cell locations, (b) distortion field, (c) reciprocal lattice from Fig. 4a

reciprocal space lattice vectors that describe the unit cell. Figure 4c is identical to
(b), with the reciprocal space lattice points being marked using green circles. The
red and blue circles nearest the origin of the Fourier transform respectively mark the
positions of the (10) and (01) reflections that were used to build this lattice and that
define the unit cell. Note that this lattice marks both the clearly visible diffraction
spots and also extends the regions of the Fourier transform that appear featureless
in this representation. The total number of possible lattice points in this Fourier
transform is >2,600 while the number that fall within the default resolution limits
of the microscope is only ~ 1,000.

Having defined the image and Fourier transform of the image, standard process-
ing techniques can then be applied. In Fig.5, the unit cell locations and vector
distortion field found during unbending and IQ plot of structure factors is shown.
Figure 5a shows the location of unit cells found in the image created after floating
Fig.4a into a larger array for image processing. The size of the point marking each
unit cell is related to the quality (IQ, or strength of the signal in the cross-correlation
map) of the unit cell, with the largest points indicating the best locations. The best
unit cell locations are limited to the region of the image that contains the image
shown in Fig. 4a. Figure 5b shows the distortion field mapping the deviation between



The Application of Scanning Transmission Electron Microscopy (STEM)... 23

Fig. 6 (a) Z-Contrast image of the KgSiys clathrate, (b) reconstructed image using parameters
from Figs. 1 and 2, (¢) reconstructed image after shifting phases, (d) reconstructed image after
imposing the correct p4mm symmetry and (e) reconstruction with incorrect phase offset

found locations and expected locations for individual unit cells. For clarity, the
vectors have been magnified by a factor of 10 as within the region of the crystal
the vectors are very small and point in similar directions. The vectors associated
with noise (the unit cell locations marked by very small points in Fig. 5a) are much
larger and random compared to their neighbors. Figure 5S¢ shows the full reciprocal
space lattice shown only partially in Fig. 4c and maps structure factor IQ (a measure
of local S/N) to location on the lattice. Larger boxes mark higher local S/N and
reflections with the highest S/N (lowest IQ) cluster near the origin of the FFT.

The analysis described above essentially allows us to identify and “correct” some
of the artifacts in the image and to quantify the details in the image. In Fig. 6a, which
again shows a [001] zone axis view of the structure, the outline of the central unit
cell is marked using red lines. A second repeating motif is marked with black lines.
Both the red and black lines delineate motifs that use identical unit cell vectors but
differ with regard to the central atom of the unit cell (phase origins in Fourier space).
Figure 6b shows a 2 x 2 array of unit cells generated by crystallographic methods
using the structure factors extracted from the image in Fig. 6a after two cycles of
unbending (following the method in Figs. 4 and 5). Figure 6¢ shows the same 2 x 2
array of unit cells after phase shifting the unit cell origin so that the expected p4mm
symmetry is best obeyed. Figure 6d shows a 2 x 2 array of unit cells generated by
crystallographic methods after enforcing p4mm symmetry. This involves forcing all
the phases to be either 0 or 180° and averaging symmetry-related reflections. Fig-
ure 6e shows the incorrect result of enforcing p4mm symmetry without phase shift-
ing the structure factor data to the correct phase origin—i.e., we can clearly identify
and impose the correct symmetry on the image. The summation of all these steps
is that the effects of low signal to noise on images can be accounted for and high
quality images can be obtained where the contributions to contrast can be quantified.
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These methods have been successfully used to quantify site occupancy in
clathrates through direct comparison to Z-contrast image simulations [65]—this
involves simulating the image and comparing the results to the processed images.
Through such methods, high-resolution images can be obtained under a variety of
conditions so that the effect of the beam on the sample can be easily identified.
Furthermore, the structure that is determined under the varying conditions can
be statistically defined—the number of images needed to obtain a given structure
converged to a particular resolution under a given set of beam conditions. With data
in this form, any statistical variability in the structure/composition can focus on
understanding the synthesis rather than the experimental measurement.

3.2 Nitrogen Doping in GaAs

Another area where aberration correctors can make a large impact is the analysis of a
distribution of diffuse point defects across an extended sample. To demonstrate this,
a systematic study of nitrogen-doped GaAs samples was undertaken [67]. Figure 7
shows a series of Z-contrast images from four groups of three GaAsN quantum
wells grown between GaAs barriers by molecular beam epitaxy (MBE), each group
with different N compositions (0.1%, 0.4%, 1%, and 2.5%). The N composition
was controlled by monitoring the optical intensity of the atomic N plasma emission
during growth. As with the results on the clathrates, the high-resolution HAADF—-
STEM study was performed using a Nion aberration-corrected VGHB501-dedicated
STEM operated at 100 kV with a nominal probe size of 0.1 nm.

The initial HAADF-STEM analysis of the GaAsN QWs at low magnification led
to an interesting result. As can be observed in the inset in Fig. 7a, the GaAsNy o253
quantum wells appear brighter than the GaAs barriers when imaged in HAADF-
STEM despite the reduced average atomic number. As pointed by early studies by
Perovic et al. [68] and Treacy et al. [69] and more recently by Grillo et al. [70],
the local distortion of the lattice plays a major role in HAADF-STEM imaging of
nonperfect crystals. Thus, the origin of the observed contrast may rely on the local
distortion of the lattice due to the introduction of N, as pointed by Wu et al [71].
As we can see from Fig. 7a, the evolution of contrast with the N content does not
follow a linear behavior; the slope of the curve for low N concentration is relatively
large and for the higher N content the curve levels off. The origin of this change
in contrast with %N is not immediately clear for what is supposed to be a random
substitutional alloy (note that the contrast behavior is similar for a wide range of
detector angles, suggesting that it is an intrinsic function of the material rather than
a unique experimental condition that causes this contrast).

To investigate the origin of the observed evolution of contrast with %N, higher
resolution images were obtained (Fig.7b). For each high resolution image, the
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Fig. 7 (a) Z-Contrast image intensity increases as a function of N concentration, (b) high
resolution Z-contrast image for the 2.5% doping case, (¢) image contrast on the columns,
(d) image contrast between the columns, (e) average dumbbell spacing

contrast from the valley between the atomic columns and from the atomic columns
is plotted vs. %N in Fig.7c and d, respectively. The intensity valley/peak has
been measured individually for each dumbbell in each image for up to 6 images
per concentration; the error bars correspond to the standard error over all these
measurements (this measurement makes use of the fact that there are hundreds
of dumbbells in each high resolution image). As can be clearly seen, the contrast
from the valleys between columns shows a strong increase and then flattens off for
higher N concentration, similar to the behavior obtained from the low magnification
images, whereas the increase in contrast from the atomic columns is negligible.
This reveals that the increased intensity found in GaAsN originates specifically from
the valleys between the atomic columns rather than from the columns themselves.
Additionally, the average dumbbell spacing was measured from the images, finding
a nonlinear reduction with increasing N content (Fig. 7e). This behavior is likely
caused by the incorporation of N introducing an additional strain component in the
lattice.
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Fig. 8 (a) Plot of the contrast vs. N content from the simulated images of the different complexes,
where open symbols correspond to the valley between the columns and solid symbols to the atomic
columns; a schematic picture of each complex is included where the dark atoms represent N,
the dark grey Ga and the light grey As; (b) averaged dumbbell spacing ratio measured from the
simulated images

In order to interpret the experimental results [67], a series of possible defect
structures was simulated by density functional theory and then image calculations
were performed using a multislice code [72]. Figure 8 shows a summary of the
results for the possible defect configurations in GaAsN. As can be seen from
Fig.8, the 2N substitutional complex is the only one for which the simulations
agree with the experimental results. These results clearly point to the absence of
interstitials in the alloy and to the onset of N clustering. Substitutional N pairing
with up to four neighbor positions in GaAs;_4xNy alloys with x <0.025 has been
reported previously, in good agreement with these experimental observations [73].
The important aspect of these results is that by using the small variations that occur
across the image (again, there are hundreds of GaAs dumbbells per image) highly
quantitative analyses of images can deduce the effect of diffuse point defects on
the overall structure. This type of defect analysis can of course be coupled with the
image processing techniques demonstrated for the clathrates in the previous section.
The key aspect of such an analysis is that the processing techniques can remove
image to image variability caused by the experimental parameters, and allow us
to define a structure with confidence limits and compare directly many different
measurements.
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3.3 Structure/Composition Fluctuations
at Dislocations in SrTiO;

Grain boundaries have long been known to have far-reaching effects on the bulk
properties of perovskite materials. Notable examples include the critical currents
in high-T. superconductors (YBa,Cu307) [74,75], enhancement of the magnetore-
sistance effect in the manganates (La;—xCaxMnOs, StCaMnOs, etc.) [76,77], and
increases in the dielectric constant in BaTiO3; and SrTiO; [78]. For perovskites,
the deviation of the grain boundary atomic structure with respect to the bulk
typically induces a grain boundary potential, through which the bulk properties
are influenced. Accurate determination of what causes the boundary potentials is
extremely advantageous to current materials, and thus a clear understanding of the
atomic arrangements at dislocation cores—one of the key building blocks of grain
boundaries—is essential. A complete knowledge of the dislocation core structure
is a necessary component for understanding the mechanics of grain boundary
doping—a powerful method to alter or control the influence of the grain boundary
on the bulk properties. The importance of the grain boundary plane in controlling
the properties of perovskites (and in particular SrTiO3) has led to many studies by
TEM and STEM over the last 20 years [79-85].

The basis for understanding the structure of [001] tilt grain boundaries in SrTiO3
is the structural unit model proposed by Sutton [86] and expanded further by
STEM studies in the mid-1990s [87-90]. The basic principle of the structural
unit model is that the atoms in a dislocation core will arrange themselves into a
repeating “structural unit.” Any grain boundary that forms will then be composed
of a sequence of these structural units with a distribution that correlates directly
with the expected dislocation core spacing from Frank’s rule [91] along the grain
boundary plane (Fig.9). The structural unit model provides an identical description
of the grain boundary plane as is obtained from dislocation core models that
use the burgers vector of the dislocation to define the spacing and energy of the
boundary. The difference is that the structural unit model focuses on the atomic
structure of the cores rather than the strain fields associated with them. As such, the
structural unit model allows the presence of a sublattice to be incorporated into any
model that interprets properties and there is a seamless transition from low-angle
grain boundaries to high-angle grain boundaries. The initial analysis of structural
units obtained from nonaberration-corrected microscopes allowed models for grain
boundaries that incorporated partially occupied columns [87-90], and later oxygen
vacancies [92-94] and the presence of dopant atoms on sites determined by the local
strain at the grain boundary rather than the bulk defect chemistry [50]. However,
while the structural units that were observed at [001] tilt grain boundaries always
appeared to have the same structure, there was a large variability in the bond lengths
and the apparent composition of the cores. Unfortunately, given the resolution and
lack of stability of the nonaberration-corrected instruments it was difficult to see
all of the atoms in the cores and impossible to quantify the contrast variations
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Fig. 9 (a) Schematic of an asymmetric [001] tilt grain boundary In SrTiO3 showing the structural
units as dislocation cores and (b) the structural units necessary to make up all [001] tilt grain
boundaries from 0-90° on both sub-lattices

(i.e., composition changes) on the required atomic scale. Nevertheless, the model
structures allowed the effects of grain boundary chemistry to be predicted.

The success of the structural unit model in describing grain boundaries in SrTiO3
led to a 6° low-angle [001] tilt grain boundary being used as one of the first test
specimens for the FEI 80-300kV double corrected and monochromated Titan at
LLNL [95]. Here the main aim of the test was not resolution (the important spacing
for images is ~0.27nm and probe size in the Titan is ~ 0.1 nm), but rather to
see the level of contrast and sensitivity that could be achieved with an aberration-
corrected instrument. With the advances in specimen preparation technology, the
increased signal to noise in the images and the improved stability of the microscope,
many images were obtained from the grain boundary plane that highlighted the core
structure. From a single day’s analysis, images containing 167 dislocation cores
were obtained. These cores showed a high degree of variability from the simple
structural unit model described above (which may be due only to the ability to see
the structure more clearly with the aberration-corrected microscope or may also be
due to the method of grain boundary synthesis).
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Fig. 10 Z-Contrast images of (a) the elongated core, (b) the composite core and (c) the
transformed core (spacing between the brightest spots in the image is the Sr sub-lattice ~ 0.4 nm).
(d) Probability density map of the sum of 167 cores showing the potential for variability in the core
region

The three types of dislocation cores shown in Fig. 10 (which occur in addition
to the standard structural unit cores) are referred to as elongated, composite,
and transformed. The elongated core appears in both a Sr- and Ti-rich variety
and is marked by the splitting of the column closest to the usual reconstructed
columns seen in the structural units—elongating the core. The composite core
has the termination of (100) planes in different places on the two sublattices
making it a composite structural unit of both sublattices. This core structure is
reminiscent of partial dislocations but there is no stacking fault separating them.
The transformed core is the most surprising, containing closely packed Ti columns
(confirmed by EELS) closer to a TiO, arrangement than a SrTiO3 arrangement of
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atoms. A clear reason for the differences in structure is the composition variation
between the cores. The effect of the composition on the structure is represented
by the probability density map which shows the probability of finding an atom in
the “average” core structure. As can be seen from the core region, the density map
is fairly flat indicating that there is a high degree of variability in the core that can
potentially be manipulated through doping/processing to form either one of the three
observed structures or a new structure.

The variability in the core structures observed here has potential implications for
many aspects of the properties of grain boundaries. Typically for electroceramics,
the electronic and ionic properties of grain boundaries are controlled by the
composition of the grain boundary core. The results here show that variability exists
in the pristine structure even before you try and dope the grain boundary to modify
the properties. Future work in this area will move toward quantifying the numbers
of each type of core that are present, and defining their locations along the grain
boundary plane—by a detailed statistical analysis of thousands of cores it may be
possible to tailor a processing step that addresses the worst/best core for a given
materials property.

3.4 Size Distribution in Catalytic Nanoparticles

Catalysis is the key to controlling chemical change. It is the enabling technology of
chemical manufacture, energy conversion, and much of green chemistry via pollu-
tion avoidance and pollution abatement. More than 60% of the industrial products
and 90% of the processes involving chemical change are based on catalysis, and
innovations are increasingly reliant on catalysis [96-98]. Many important catalysts
are metals, and the most useful of them are dispersed on high-area supports. As
supported metal particles are made smaller and smaller into the nanoscale regime,
their properties deviate more and more from those of the bulk, and they offer new
opportunities attributed to both size and support effects. To understand the properties
of nanoscale catalysts the most important factor that must be characterized by STEM
is therefore the size of the nanoclusters. Quantifying the size of nanoclusters seems
like a trivial proposition for a microscope with ~0.05nm resolution, particularly
when the typical heterogeneous catalyst system consists of heavy metal nanoclusters
on a light support (very good for Z-contrast imaging). However, the issue with the
nanoclusters is that they tend to move across the surface of the support under the
influence of the beam. The more intense the beam gets through the use of aberration
correctors, the more likely it is that the metal clusters will move [99]. Hence, as
with the previous examples, we would like to have the resolution of the aberration
corrector but with significantly lower beam current—Ieading to poorer signal to
noise in the images and increased error bars in particle size measurements.

To generate an accurate measurement, Omeas, Of nanocluster sizes, a general
mathematical formalism involving a convolution-blurring/curve-fitting algorithm
has been developed [100,101]. For this method, we assume that we have a Z-contrast



The Application of Scanning Transmission Electron Microscopy (STEM)... 31

STEM image with identifiable bright spots representing isolated small atomic
clusters on a relatively slowly varying background (support), and that the clusters
are drawn from a statistical distribution of perhaps a few different sizes and shapes.
What we need to be able to generate is a precise measurement of the size of each
kind of cluster, as well as an ability to distinguish various clusters on the basis of
their size in order to produce population statistics of the various species present. To
do this, we curve fit each particle image with a Gaussian peak plus a polynomial
background to extract an estimate of its root-mean-square radius rryms (as well as
its total “mass,” which can also be used to help classify particles into species).
This initial estimate may be subject to bias arising from the background signal,
from random noise peaks, from the fact that the particle itself is not a Gaussian
distribution of mass density, and from various point spread functions that blur
the image. In order to try to average out the effects of some of these biases, we
deliberately blur the image—digitally—using a Gaussian kernel with width ogp.
Small values of oy, may be more prone to random noise spikes and limited quality
of the curve fit, whereas larger values may be more influenced by effects from the
background and, eventually, from the fact that the measured size will be dominated
by the blur. A curve fit of the extracted ry,q versus ngb results in an estimate of what
would have been measured in a noise-free measurement with zero artificial blurring.
This measurement is further corrected for systematic effects arising from the known
point spread function including contributions from the probe size, vibrations, and
focus errors [101]. Focus errors in particular are minimized by taking a through-
focus series and analyzing, for each particle, its image at the focus value for which
it appeared smallest.

We used the method described above to analyze images of MgO-supported
decaosmium carbido carbonyl clusters, [0s;9C(CO),,]*~, formed by the reaction
of triosmium carbonyl precursors, Os3(CO),, in the presence of CO. Osmium
in various forms is a catalyst for various conversions of hydrocarbons, including
alkene hydrogenation [102]. MgO-supported osmium carbonyl clusters were chosen
because; (1) osmium clusters of various nuclearities (such as 3, 5, and 10 atoms)
can be synthesized uniformly and selectively on MgO support surfaces [103-105].
(2) the structures of [0s;oC(CO)24])>~ and Os3(CO);, are well characterized (in the
solid state by X-ray diffraction crystallography [106, 107] and on MgO surfaces by
EXAFS spectroscopy and infrared spectroscopy [103—105]); and (3) the heavy Os
atoms show high contrast relative to the light MgO supportin HAADF imaging. The
core structural models of the [0s1oC(CO),4]>~ and Os3(CO),, clusters determined
from the crystallographic data are illustrated in Fig. 11.

The RMS radii of Os3(CO);, and [Os;oC(CO),4]>~ were calculated from the
crystal structures in Fig. 11 and the electron elastic scattering cross-section database
distributed by the National Institute of Standards and Technology (NIST) [109].
The resultant theoretical RMS radii of Os3(CO)1» and [Os19C(CO)4]>~ are 0.202
and 0.295 nm, respectively. Note that the CO ligands (not shown in the figure) are
significant contributors to the overall RMS radii. Figure 12a shows a raw HAADF-
STEM image of the MgO-supported clusters obtained from an uncorrected JEOL
2500SE 200kV TEM/STEM. It is very difficult to measure the cluster size from the
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Fig. 11 Structures of (a)
OS3 (CO)12 and (b)
0s,9C(CO)%; clusters from
crystallographic data
characterizing the compounds
in the solid state combined
with EXAFS and infrared
data characterizing these
clusters supported on MgO.
The CO ligands are omitted
for clarity

G : Gg=0nm
ii. ‘ | 0.015 nm
" (d] 0.03 nm

Fig. 12 (a) HAADF-STEM image of osmium carbony] clusters on a MgO support. (b) Raw image
of the cluster indicated by the arrow in (a) and intensity profile along the line X-Y. (c-g) Gaussian
blurred images of (b) and intensity profiles. The oy, values are indicated on the top right of each
profile

raw image because of the noisy intensity profile, as shown in Fig. 12b. Figure 12c—g
show Gaussian blurred images and intensity profiles of the cluster indicated by the
arrow in Fig. 12a. Although the noise is not completely smoothed out with small oy,
values (Fig. 12c and d), it is smoothed out with larger o, values (Fig. 12e—g).
Square regions, each including an individual cluster, were cut from the STEM
images that were blurred with different og, values. The largest clusters visible in
the image were clearly too large to be single Os3(CO);, or [Os;0C(CO)24]?>~ units
and were not included in the analysis. The presence of such clusters is unsurprising;
these materials tend to agglomerate at the high treatment temperatures that were
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Fig. 13 The values of 02, 0.12
characterizing 30 clusters 0.11
plotted as a function of O'2b. '

Lines are best fit straight lines 0.1
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used in the preparations. The threshold maximum size for accepting a cluster for
analysis was deliberately set fairly high in order to ensure that all of the clearly
visible, isolated Os3(CO);, and [Os;oC(CO)24])*~ units were included. A two-
dimensional Gaussian function with a planar background was fitted to the intensity
profiles of the square regions to obtain standard deviations of the fitted function.
The window size for the fit was about four times as large as the resultant opeas
values, because neighboring clusters interfered when the window size was too large,
and the background fit was not accurate when the window size was too small.
The resultant o2, for each cluster is plotted in Fig. 13 as a function of ogzb. By
extrapolating the line back to zero in Fig. 13, we end up with a measurement of the
cluster size that is independent of the blurring function (and essentially with the
noise removed).

Figure 14 shows a histogram and a series of kernel density estimators (KDE)
of the measured RMS radii with all known systematic effects removed for 30
clusters indicated in the STEM images. As shown by the results of Fig. 14, the
clusters can be divided into three groups, designated I, II, and III, in order of
size. Group I contains 6 clusters drawn from a distribution with a mean radius
of 0.201 nm and a standard deviation of 0.021 nm; group II contains 14 clusters
with a mean radius of 0.311 £ 0.031 nm; and group III contains 10 clusters with a
mean radius of 0.416 + 0.014 nm. These groups correspond to the Os3(CO);, and
[0s190C(CO)24]?>~ units and to positions where clusters overlap (causing the largest
sizes to be observed). From these values, we may estimate sample standard errors of
the means by dividing each peak’s standard deviation width by (N — 1)"/2, with N
being the number of clusters contributing to the peak. These values, equal to 0.009,
0.0085, and 0.0046 nm for groups I, II, and III, respectively, indicate the statistical
precision to which the mean has been determined. For this sample, the mean particle
sizes have therefore been determined with an accuracy better than 10 pm from a
very small set of observations. The algorithm was validated and fine-tuned through
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Fig. 14 Distributions of
measured particle RMS radii
with all known systematic
effects removed. (a)
Histogram with 0.04 nm bins
and 0.01 nm offsets.
Although three peaks are
clearly determined for this
choice, they are less clearly
defined when equally valid
choices are used. (b)
Gaussian-kernel probability
density estimators with
varying RMS kernel width
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computer simulation, which showed that this level of precision is what one would
expect given the sample size, signal-to-noise, and signal-to-background ratios, and
biases inherent in the algorithm [100]. Clearly accuracy can be increased for more
observations, which will also be necessary for samples where the catalysts are not
as uniform in size and shape (as is common in commercial catalysts).

4 Conclusions

The incoherent nature of Z-contrast imaging in the STEM makes it an ideal
method to investigate the structure and composition of nanoscale materials, inter-
faces, and defects with atomic scale resolution and precision. Aberration-corrected
microscopes can extend the spatial resolution into the deep subangstrom regime
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for materials capable of withstanding the high-beam doses that accompany such
small probe sizes. However, by controlling the beam dose and establishing the
experimental parameters that allow the “optimum” dose for a particular experiment,
beam-sensitive samples can also be studied with this high spatial resolution. In
cases where the beam dose must be reduced, the sensitivity of the experiment
may be recovered by using image processing methods. These methods are in their
infancy for the study of inorganic materials, but promise to provide insights into
materials properties in the future. In addition to helping the interpretation of an
individual experiment, these methods allow the experimental parameters to be
quantified so that comparisons can be made between experiments performed on
different samples at different times using different microscopes. By making each
individual experiment part of a larger set of experimental analyses, the averaging
methods described in this chapter take on even more significance (as there will be
more images to include in the average). Such levels of quantification should make
it possible to distinguish the parameters from any experiment that are related to
the experiment itself (microscope, specimen history, etc) from the parameters that
are intrinsic to the materials system. Through this type of analysis, an atomic level
understanding of materials properties may be possible.
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