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Editor’s Note: This article describes a method that received the
Microscopy Today Innovation Award in 2011.

Introduction

The limitation of spatial resolution in orientation imaging
via electron backscattered diffraction analysis in the scanning
electron microscope (SEM) makes it difficult to investigate the
microstructure of nanocrystalline materials. The use of the
recently developed transmission electron microscope (TEM)
based product, known as ASTAR, offers the possibility of
reliable orientation/phase mapping with a spatial resolution
below 3 nm. In ASTAR, a nanoprobe electron beam is scanned
over the specimen, and spot diffraction patterns are collected.
The electron beam is precessed to reduce dynamical effects
and improve pattern quality. Using template matching, the
diffraction patterns are indexed automatically.

The most widely used approach to quantify microstructure
and microtexture is through the determination of crystal
orientation by the analysis of electron back-scattered diffraction
(EBSD) patterns in a SEM [1]. The analysis of EBSD patterns in
SEM has reached a high degree of automation, and it is now
possible to determine the crystal orientation from each point of
the scanned area. This is commonly referred to as orientation
microscopy (OM). However, the use of SEM-EBSD analysis
for OM has certain limitations. The most important of which
being that its spatial resolution is limited to approximately
50 nm [2]. Furthermore it is difficult to obtain clear EBSD
patterns from heavily deformed materials, and a pristine
specimen surface is a pre-requisite for obtaining reliable maps
using EBSD in the SEM.

Given the ever-increasing application of nanocrystalline
(average grain size < 100 nm) materials in modern technology,
there is a need for microstructure characterization tools with
high spatial resolution. This has motivated the development of
OM in the TEM, which can, in principle, provide an order
of magnitude improvement in the spatial resolution compared
to SEM-EBSD analysis. Several approaches toward OM
using diffraction methods in the TEM have been explored.
These include the automated analysis of convergent beam
diffraction patterns, transmission Kikuchi patterns, and
diffraction patterns reconstructed using dark field images.
The interested reader is referred to an in-depth review of all
the OM techniques [3]. Even though these methods offer, in
principle, high-spatial resolution, there are limitations that
make these approaches unsuitable in many cases. The presence
of strong dynamical effects in electron diffraction is a serious
limitation in many situations as the kinematical theory is no
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longer applicable, leading to unreliable orientation solutions.
Inadequate sampling of higher-order reflections is another
limitation, especially with reconstructed diffraction patterns.

In a more recent advancement, automated indexing of
spot diffraction patterns acquired by scanning a quasi-parallel
nanobeam has been employed for OM in the TEM [4]. Several
reports show the success of this approach toward acquiring
reliable orientation maps. Further improvement in this
approach has been achieved by precessing the beam as it is
scanned to reduce the strong dynamical effects and by better
sampling of spots in a higher-order Laue zone (HOLZ).
This is the basis of the ASTAR system, manufactured by
NanoMEGAS, for automated orientation imaging and
phase mapping in the TEM [5]. In the following sections of
this article, we discuss the ASTAR system in more detail.
The principle of precession microscopy and its importance
in electron diffraction analysis is described. Examples are
presented to show the applications of ASTAR-generated
orientation and phase maps from materials of technological
and scientific interest.

Precession Microscopy

The presence of strong dynamical interactions and the
difficulty of recording sufficient higher-order reflections is a
severe limitation for quantitative investigation using electron
diffraction. This problem has been tackled in X-ray diffraction
by rocking the crystal, thereby integrating intensities over a
range of crystal orientations. However, a similar approach in
a TEM would limit the spatial resolution to a few micrometers
because of machining tolerances in the mechanical drives used
to rock the specimen. An alternative approach is to precess
the electron beam, which is formally equivalent to rocking the
specimen.

The use of precession in electron diffraction was intro-
duced by Vincent and Midgley [6]. In precession electron
diffraction (PED), the incident beam is double-deflected in a
conical scan and the diffraction intensities are integrated over
the entire scan (Figure 1a). As the incident beam undergoes
precession, the diffraction pattern moves on the screen. To
compensate for the movement of the diffraction pattern, after
the specimen the beam is tilted in a complementary way so
that the diffraction pattern remains stationary on the screen.
Precession diffraction is used to achieve quasi-kinematical
conditions. Dynamical effects are reduced as the incident
beam is not exactly on axis and fewer beams are excited
simultaneously. The use of precession also enables the collec-
tion of a higher number of reflections, including reflections
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Figure 1: (a) Precessed illumination of the sample. Examples of a diffraction pattern (b) without precession and (c) with

2.5° precession taken on a cubic mayenite crystal.

while an area on the sample is
being scanning by a nano-sized
quasi parallel probe. At the
same time the incident beam
is precessed about the optic
axis. Precession and beam
scanning are controlled by an
electronics unit that allows
control of beam pivot points
and descan pivot points. The
camera, with an 8-bit dynamic
range, is mounted in front of
the TEM fluorescent screen
and captures the diffraction

from HOLZs, which is useful in eliminating the ambiguities
in indexing the spot diffraction patterns. Additionally, it is
possible to obtain quite symmetric patterns even when the
crystal is off the zone axis when precession is employed. The
improvement in the quality of spot patterns with precession
can be seen by comparing the two diffraction patterns shown
in Figures 1b and lc. The use of PED patterns is, therefore,
a significant improvement over using conventional spot
patterns for orientation and phase identification. In addition,
precession-assisted spot patterns are less sensitive than EBSD
patterns to the crystal deformation state, grain size, and foil
thickness. In many cases, PED patterns reduce the risk of
incorrect interpretation.

DigiSTAR, part of the ASTAR hardware, is a digital
precession instrument developed by NanoMEGAS. DigiSTAR
is connected to the TEM beam and image deflector coils and
can be retrofitted into old TEMs or mounted onto new ones.
Using DigiSTAR, it is possible to drive the beam and image
deflector coils simultaneously to achieve different precession
frequencies and angles. Furthermore, because the alignment
values to drive the deflector coils are stored digitally, the same
DigiSTAR hardware can be used for precession on more than
one TEM.

ASTAR Setup and Operation

A schematic diagram of the setup for the ASTAR system
is shown in Figure 2. In ASTAR, spot diffraction patterns are
acquired sequentially using a high-speed optical CCD camera

patterns projected on the
fluorescent screen. The camera can capture images up to 180
frames per second, which is crucial for a high acquisition
speed. The ASTAR hardware unit can be retrofitted into
modern TEMs and does not require the TEM to have its own
beam-scanning unit.
As the beam is scanned over a pre-selected specimen area,
a spot diffraction pattern from each step in the scan is recorded
and stored in a dedicated computer. Using the kinematical
theory of diffraction, spot diffraction patterns corresponding
to all possible orientations for all are calculated. If more than
one phase is present, then diffraction patterns corresponding
to all possible orientations for each of the phases present is
calculated. A stack of all possible diffraction patterns generated
is known as a template bank. It should be noted that the crystal-
lographic structure of all the phases present should already
be known to generate the template bank. Every experimental
diffraction pattern is then compared using cross-correlation
with each of the pre-calculated patterns in the template
bank. The degree to which a pre-calculated pattern matches
the experimental pattern is given by the correlation index. A
higher correlation index implies a better matching solution.
The pattern with the highest correlation index, therefore, gives
both the orientation and phase solution. Figure 2c shows the
essence of the matching process using cross-correlation. The
pattern (in red) overlaid on top of the experimental pattern has
the highest correlation index compared to all other patterns
in the template bank. Figure 2d shows the correlation index,
on a gray scale intensity plot, corresponding to all possible
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Figure 2: Precession-assisted orientation mapping: (a—b) beam-scanning over a user-defined sample area coupled with precession, (c), superposition of the best
matching template (red dot pattern) with the experimental pattern (gray dot pattern), and (d) correlation index values on a gray scale intensity plot corresponding
to each of the orientations possible where the crystal orientations are represented on a stereographic projection. Darker regions correspond to a higher correlation
index.
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orientations for the given crystal symmetry represented on a
stereographic projection. The orientation corresponding to the
red dot in Figure 2d has the highest correlation index.

A typical acquisition time for a scan area of 500 x 500
pixels is approximately 20 minutes (200 points per second).
The analysis of the acquired diffraction patterns can be done
offline and takes about 5 minutes for highly symmetrical cubic
materials. Typically, around 2000 templates are generated,
which provides approximately 1° angular resolution.

The ASTAR system allows the user to generate a virtual
bright-field image, a correlation index, and a reliability map,
corresponding to a given orientation map [4]. These maps
serve as a useful reference and provide a means to evaluate
the “goodness” of the orientation maps. A virtual bright-
field image is generated by plotting the intensity variation of
the transmitted beam in the stack of diffraction patterns as a
function of the pixel coordinates in the scan area. A correla-
tion index map is generated by plotting the value of the
correlation index for the best matching template to each
diffraction pattern. An example of a correlation index
map is shown in Figure 3b, where the region in black has a
low correlation index. The correlation index is very useful
in identifying the crystalline region of interest from the
surrounding amorphous regions. For non-crystalline regions,
the diffraction pattern contains only the transmitted beam
but does not show any Bragg diffraction spots. Therefore, the
correlation index value is much lower than it is for crystalline
regions. The reliability index, analogous to the SEM-EBSD
confidence index, is given by the ratio of correlation index for
the best matching and the second-best matching templates. It
is defined in a way such that the reliability index is zero when
more than one solution is possible for the diffraction pattern. A
reliability map is a gray scale intensity plot of reliability index
values for each pixel in the scan area. The reliability map is
particularly useful in identifying grain boundaries as the grain
boundaries have low reliability values. At grain boundaries, the
diffraction pattern is an overlap of patterns arising from the
overlapping crystals meeting at the grain boundary. Therefore,
there is more than one solution possible and, consequently, low
reliability at grain boundaries.

Application Examples
This section demonstrates
some applications of PED for
microstructural analysis in
materials science. The first
example shows an orientation
map from Pt nanocrystals
along with the correlation
index map (Figure 3). 1 nm
spatial resolution for orienta-
tion maps of nanocrystals
can be obtained with a FEG-
TEM microscope [7]. The sur-
rounding amorphous regions
can be distinguished from
the Pt crystals using the corre-
lation index map (Figure 3b).
Figure 4 shows the appli-
cation of PED orientation

Figure 3: Platinum nanocrystal. (a) Orientation map of nanocrystals. The
orientation map shows the orientation of the sample normal in the crystal
reference frame according to the color code shown in the inset. The same
color-coding is used for all of the orientation maps in this article. (b) Correlation
index map. The dark regions in the orientation and correlation index map are the
amorphous regions. A precession angle of 0.5° was used, and the microscopy
was performed on a JEOL 2010 FEG TEM. Courtesy of Prof. P. Ferreira and
Dr. K. J.Ganesh, Univ of Texas at Austin.

mapping to the study of a heavily deformed Fe [8]. The aim
of this study was to investigate the microstructural evolution
of high-purity Fe samples with severe plastic deformation.
It was found that the deformation leads to a continuous
misorientation gradient within the grains, with no sub-grain
formation detected [8]. In Figure 4, the reliability map is over-
laid on the orientation map so that the intensity variation in the
orientation map corresponds to the variation in the reliability
index. The dark regions in the orientation map correspond to
grain boundaries, which have low reliability index.

Figure 5 shows an example of phase identification using
ASTAR software in a heavily deformed Fe-14Cr-16Ni steel
specimen. The phase map (Figure 5b) shows the presence of a
small fraction of martensite at the triple junctions. The bright-
field image (Figure 5a) from the same specimen area shows the
difficulty in accurately identifying phases using conventional
imaging techniques.

Nanotechnology is another possible field where PED
can obtain interesting results. Figure 6 shows the phase and

Ty

Figure 4: Orientation mapping of severely deformed iron. Image at the (upper left) shows the region of the thin foil
examined. Orientation map is combined with the reliability map to highlight grain boundaries (lower left) so that the dark
regions correspond to regions with low reliability index values. Note that grains are hardly noticed on the bright-field
image of the same area (upper left). The exact scanned area can be identified with the help of the virtual bright-field image
(upper right) that is constructed with the same set of data as orientation, reliability, and matching index (lower right). See
reference [8] for details. Microscopy was performed on a JEOL 3010 LaBg TEM.
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Figure 5: (a) Representative TEM bright-field image and (b) the phase map
from an austenitic steel sample. Small fraction of martensite (green) was
observed at the triple junctions. Sample courtesy of Prof. Yong, Univ. of Central
Florida. Microscopy was performed on a JEOL 2010 FEG TEM operating at
200 kV.

orientation mapping of a InAs/InAs,Sb;_/InAs heterostruc-
tured nanowire (NW) [9]. The InAs NWs have a hexagonal
wurzite structure. However, by addition of Sb to form a ternary
alloy, the wire changes to a cubic zinc blende structure. The
PED orientation maps identify the InAs,Sby_ cubic sector of
the InAs NW and further reveal that the cubic structure of the
alloy transforms back into the hexagonal InAs with a twinned
layer of approximately 30 nm in thickness.

Conclusion

The ASTAR system is an orientation and phase mapping
tool for the TEM combining the acquisition of electron
diffraction spot patterns, pattern matching techniques, and
precession microscopy. The use of a high-frame-rate camera
ensures rapid acquisition, thereby making it possible to
obtain large orientation data sets. The use of precession to
improve diffraction pattern quality is another significant
advantage. The spatial resolution offered by this technique is
a significant improvement over SEM-EBSD analysis because
orientation/phase mapping can be obtained with a spatial
resolution of 1-5 nm with FEG-TEMs. Samples from metals
to mineral and from semiconductors to nanoparticles can be
studied with any TEM using standard specimen preparation
techniques.

Orientation

Figure 6: (Top) Sketch of a InAs/InAs,Sby_/InAs heterostructured nanowire
(NW) and TEM bright-field image of one NW. (Bottom) Corresponding phase
(green: hexagonal wurzite; red: cubic zinc blend) and orientation mapping.
In the bottom image, the magnified image of the InAs.Sb1_ sector (inset), it
is possible to identify a 30 nm twinned layer of cubic zinc blende (blue part)
structure at the boundary with the top InAs wire. A stereographic projection
of the [111] directions along the yellow line is displayed at the right. The data
were collected on a Zeiss Libra 120. Courtesy of Lucia Sorba CNR-Istituto
Nanoscenze and Daniele Ercolani NEST Scuola Normale Superiore, Pisa, Italy.
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