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Collection of selected area channeling patterns (SACPs) on a high resolution FEG-SEM is essential to carry
out quantitative electron channeling contrast imaging (ECCI) studies, as it facilitates accurate determi-
nation of the crystal plane normal with respect to the incident beam direction and thus allows control
the electron channeling conditions. Unfortunately commercial SACP modes developed in the past were
limited in spatial resolution and are often no longer offered. In this contribution we present a novel
approach for collecting high resolution SACPs (HR-SACPs) developed on a Gemini column. This HR-SACP
technique combines the first demonstrated sub-micron spatial resolution with high angular accuracy of
about 0.1°, at a convenient working distance of 10 mm. This innovative approach integrates the use of
aperture alignment coils to rock the beam with a digitally calibrated beam shift procedure to ensure the
rocking beam is maintained on a point of interest. Moreover a new methodology to accurately measure
SACP spatial resolution is proposed. While column considerations limit the rocking angle to 4°, this range
is adequate to index the HR-SACP in conjunction with the pattern simulated from the approximate or-
ientation deduced by EBSD. This new technique facilitates Accurate ECCI (A-ECCI) studies from very fine
grained and/or highly strained materials. It offers also new insights for developing HR-SACP modes on
new generation high-resolution electron columns.
1. Introduction

Since they were first identified by Coates [1] and subsequently
interpreted by Booker et al. [2] using a block wave formulation,
electron channeling patterns (ECPs) formed from backscattered
electrons have been recognized as an effective tools for de-
termining crystal orientations in a scanning electron microscope.
In their general form, ECPs are collected at low magnification from
single crystals or from very large grains of a polycrystalline ma-
terial, where the scanning motion of the electron beam leads to a
variation in the angle between the incoming electron beam and
the crystal lattice planes as a function of position on the sample.
These ECPs are then simply collected by imaging with the back-
scattered electrons. Depending on the microscope, the angular
range of ECPs is between 3° and 25°. However, the spatial re-
solution is quite poor (�1 mm). Consequently, in this configura-
tion, ECPs cannot be used to determine crystal orientations from
s Microstructures et de Mé-
niversité de Lorraine, 57045 

. Maloufi).
most polycrystalline materials, which would typically have much
finer grain sizes [3].

To overcome this spatial resolution limitation, the selected area
electron channeling pattern (SACP) technique was developed,
which reduces the area from which a pattern is collected by
nominally rocking the electron beam at a point. Different proce-
dures have been proposed to rock the beam in TEM1[4–6] or to
obtain SACPs in SEM [7–9]. The basic approach is to use two coils
that are driven separately to rock the beam on an area of interest
[10]. In the past, to produce SACPs several SEM microscope con-
figurations have been developed, and due to the configuration, the
area from which the pattern is collected can vary significantly in
size. Practical issues encountered include: (1) the rocking point is
not coincident with the surface of the sample and (2) spherical
aberration in the final objective lens deflects the electron beam
from the rocking point. Some microscopes have made corrections
to improve the spatial resolution of the SACP (including the
1 Rocking beam diffraction has been proposed in TEM by Vincent and Midgley
[4] using the dark field scan coils in a circular hollow cone above the sample. This
technique, termed “Double conical beam-rocking system”, allows the measurement
of integrated electron diffraction intensities with reduced dynamical effects and
opens the way to crystal structure and symmetry determination [5,6].
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CamScan 44 and more recently the Tescan Mira instruments [11],
leading to the ability to collect SACPs from relatively small areas,
with claims in the range of 5–10 μm for an angular range of �20°).
However, the spatial resolutions have not been effectively de-
monstrated in the literature.

Since the early 1990s the ECP/SACP technique has been over-
shadowed by the development of electron backscattered diffrac-
tion (EBSD) pattern analysis. This is because EBSD offers a number
of advantages over ECP, primarily good spatial resolution
(�30 nm) and very high data acquisition rates (4500 orienta-
tions per second) [12–16]. Because of the advantages of EBSD, the
use of the electron channeling phenomenon for determining
crystal orientation has become uncommon. Despite this, there is
one application where SACP offers significant advantages over
EBSD, that being in relation to the imaging of dislocations and
stacking faults in the near surface region of bulk samples using
electron channeling contrast imaging (ECCI). In recent years, the
use of ECCI has become more common, with a significant number
of groups carrying out studies on a variety of materials [11,17–27].
The reason SACPs have an advantage over EBSDs for conducting
ECCI studies is that in order to carry out quantitative studies, it is
necessary to control the electron channeling conditions (in the
same manner that specific diffracting “two-beam” conditions are
used in diffraction contrast TEM analysis). The angular accuracy of
EBSD is typically limited to about 1–2° [28–31], and does not
readily give the orientation with respect to the incident beam di-
rection (optic axis). In contrast, SACPs directly display patterns
with respect to the incident beam direction and does so with ac-
curacies in the range of 0.1°, suitable for determining not only the
specific set of planes used for imaging (g-vector), but also for
quantifying the deviation from the Bragg condition (s or ω).

Unfortunately nearly all recently developed microscope con-
figurations, particularly those with the field emission guns ne-
cessary for ECCI, preclude the ability to readily collect SACPs. As a
consequence, many ECCI studies can only be considered semi-
quantitative as they do not consider the specific imaging condi-
tions. As an example, high quality ECC images of dislocations using
the Gemini column have been shown. However, because this col-
umn is not equipped with a dedicated SACP mode, the approx-
imate channeling conditions have been estimated based on EBSD
patterns [26]. Other ECCI studies, using FEI field emission gun
columns, have been limited to single crystals [32–34].

In this paper, we present in detail a new approach for collecting
SACPs on the Gemini column without further modifications. This
approach results is the first report of sub-micron spatial resolution
SACP, with demonstrated 500 nm resolution, which we term “High
Resolution SACP”. The resolution is demonstrated by a new, robust
procedure for accurately determining the area that the SACP is
collected from. This new approach to collecting SACP opens a new
path towards improved SACP resolution and quantitative ECCI
[35], not only with the Gemini electron column, but also with
other new generation high-resolution electron columns.
2. Methodology

An innovative procedure has been developed to rock the elec-
tron beam on the high resolution Gemini electron column, which
has no dedicated SACP mode. This procedure creates an SACP pivot
point by combining control of the aperture alignment coils and the
scanning coils, using them in a manner quite different from their
primary functions. The beam is first deflected from and then
brought back parallel to the optic axis by the aperture alignment
coils; after the action of the scanning coils and the objective lens,
the electron beam strikes the specimen surface at an angle. Be-
cause the off-axis beam is deflected in the scanning coils, the beam
does not strike the sample at the optic axis. Thus, beam shift
corrections controlled by the scanning coils are applied to ensure
that the tilted beam strikes the sample at the intersection point of
the sample surface and the optic axis; this point is the pivot point
necessary for SACP. For a comprehensive understanding of this
rocking beam procedure, it is important to review the specific
configuration of the Gemini column and clarify the primary
functions of the coils we used to rock the beam in this study.

2.1. Gemini column in conventional scanning mode

Simplified schemes of this column under different functional-
ities are given in Fig. 1. Unlike many scanning electron micro-
scopes, the beam aperture in the Gemini column is not controlled
by a mechanically selectable and aligned aperture, but instead by a
series of coils that deflect the electron beam to the appropriate
sized aperture hole in a multihole aperture (MA). That is, the beam
is moved (in most cases off-axis) to the desired aperture, rather
than the aperture being moved to and centered around the beam.
This aperture control is accomplished by two sets of deflection
coils. The first (upper) set deviates the beam to a selected hole
(gun alignment coils, GC) and the second set (lower) brings the
beam back to and parallel to the optic axis (aperture alignment
coils, ApC). Both sets of coils have similar construction and ar-
rangement, permitting displacement of the beam parallel to the
optic axis after it passes through the aperture. Specifically, each
assembly of coils consists of two sets of coils lying in different
planes; in each plane, four co-planar Helmholtz coils allow the
beam to be displaced in the X and Y axes of the coils. The currents
applied to these coils are fully user controllable through the
parameters Gun (and Aperture) Align X and Align Y. It should be
noted that above these sets of coils there is a magnetic condenser
lens that is activated only in high probe current mode to boost the
electron density of the beam. The column also includes stigmator
coils for classical corrections of the distortion of the electron beam.
However, both of these components are working in the same
manner in conventional scanning mode and in the HR-SACP
rocking mode presented here, and will be ignored in this
discussion.

Under normal imaging conditions (Fig. 1), the objective lens
assembly (C3) focuses the beam at the desirable working distance.
The objective lens consists of a combined electrostatic/electro-
magnetic lens triplet to minimize achromatic and spherical aber-
rations. A single-stage beam scanning system is integrated in the
lens, just above the electromagnetic lens gap, resulting in mini-
mization of transverse chromatic and other lenses aberrations. If
no beam shift is superimposed on the scanning coils (SC), the
beam is scanned symmetrically about the optic axis (Fig. 1a). Note
that the focusing action of the objective lens inverts the direction
of the beam deflection controlled by the SC. To scan over an area of
interest not centered on the optic axis, without moving the sam-
ple, an additional beam shift can be applied, as illustrated in
Fig. 1b. This beam shift applies an offset to the range of current
variation of the SC. The X and Y beam shifts are also user con-
trollable parameters.

2.2. Detailed principle of the rocking beam mode

Our rocking beam method is illustrated Fig. 2, starting from the
basic concept of ECP collection in conventional scanning mode
(Fig. 2a) and progressively showing the way the SACPs are col-
lected in rocking beam mode (Fig. 2d). The scheme of the column
shows the beam striking a large grain or single crystal in scanning
mode at low magnification in Fig. 2a–c, but striking the sample at
a single point in Fig. 2d. The resulting backscattered electron (BSE)
images and SACP are represented schematically below each figure.
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Fig. 1. Simplified scheme of the Gemini column. (a) Electron beam path in scanning mode with off-axis aperture selected using beam deflections above and below the
aperture and no beam shift applied at the scanning coils. (b) Electron beam path in scanning mode using an off-axis aperture and with beam shift applied at the scanning
coils. GC: gun coils, MA: multihole aperture, ApC: aperture coils, SC: scanning coils, and C3: objective lens. Horizontal dotted lines represent the deflection planes of the
various coils. Distances between elements are not representative.

Fig. 2. Principle of the rocking beam method, starting from the basic concept of ECP collection and progressing to the method for SACP collection. Dotted beams in blue are
at the Bragg condition with respect to the crystallographic planes shown in red. The orange beam is at the center of the scanning range, referred to as the Spot Beam. The
green dot is a surface detail of interest centered on the optic axis. Horizontal dotted lines represent the deflection planes of the coils. (a) ECP acquisition at lowmagnification.
(b) Beam deflection from the ApC resulting in additional deflection from the SC. The beam entering in SC magnetic field is parallel to the optic axis and is deflected by the SC
toward the optic axis. This deflection is schematically represented by the horizontal red line. (c) The beam shift control is used to re-center the scanning area about the detail
of interest. (d) SACP beam rocking mode resulting from scanning with the ApC and applying beam shift corrections to focus all the beams on the same rocking point.
Distances between elements are not representative. Schematic representations of corresponding channeling bands in relation to the detail of interest are shown at the
bottom of each figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



The green dot represents a small detail of interest on the sample.
The Primary Beam is defined as the electron beam prior to en-
tering the SC and is depicted by heavy black lines. The full width of
the scanning area (ECP mode in Fig. 2a–c) is indicated by lighter
black lines. Inside this scanning range specific beams are con-
sidered: (1) beams at the Bragg condition are shown as dotted blue
lines (Bragg Beams) and (2) the beam at the center of the scanning
range is shown in orange (Spot Beam).

Fig. 2a shows the microscope configuration in conventional
imaging mode, which is also used to collect an ECP from a single
crystal or from a large grain (i.e. very low magnification imaging).
The beam shift is set to zero, so the Spot Beam is coincident with
the optic axis. The beam is scanned over a region centered on the
detail of interest, set by stage movement coincident with the optic
axis. Thus, C3 focuses the Spot Beam on the detail of interest.
Assuming the crystal is oriented such that the Spot Beam is par-
allel to the crystallographic planes in red, the channeling band will
be centered about the detail of interest in the BSE image (illu-
strated at the bottom of Fig. 2a).

In Fig. 2b, the Primary Beam is deflected (to the left) by the
ApC. In practice, this process is the result of two coordinated de-
flections controlled by the ApC through one command. Now the
Primary Beam is parallel with the optic axis, but as the Primary
Beam is not passing through the center of the SC, it will be de-
flected toward the optic axis by the magnetic field of the SC (the
SC cannot be conveniently deactivated in this procedure, so a re-
sidual deflection occurs for off-axis beams). This additional de-
flection is denoted by the horizontal red line in Fig. 2b. In practice,
this deflection and the action of the SC occur at the same location
in the microscope, which in the Gemini column is also very close
to the location where the objective lens action occurs. However,
for illustrative purposes, the schematic representations shown
here in Fig. 2b and c illustrate these three actions occurring at
different planes. At this point (Fig. 2b), there is no beam shift
applied, so the Primary Beam and Spot Beam are still coincident
(as shown in blue circular inset in Fig. 2b). The scanned area is
shifted (to the right) and is no longer centered about the optic axis
of the column. Thus, the objective lens no longer focuses the Spot
Beam on the detail of interest and the Bragg Beams are no longer
centered about the Spot Beam, but are instead shifted (to the
right). This has two consequences on the ECP: the channeling band
moves to the right while the detail of interest moves to the left.

So as to rock the beam on the detail of interest, the Spot Beam
must be repositioned on the detail, as illustrated in Fig. 2c. In the
SACP approach presented here, this is achieved by applying a
beam shift that adds an additional deflection to the Spot Beam so
that the focusing action of C3 deflects the Spot Beam back to the
detail of interest. This deflection is highlighted in Fig. 2c at the
deflection plane of the SC (black dotted line). It is also shown in
the blue circular inset in Fig. 2c that the Spot Beam is no longer
coincident with the Primary Beam. The Spot Beam now follows the
path required for beam rocking: it strikes the detail of interest at
an angle. Nevertheless, although the scanned area is again cen-
tered on this detail, the Bragg Beams are shifted to the right of the
scanning range, and the resulting channeling band is shifted to the
right.

Finally, Fig. 2d shows the rocking beam mode for SACP collec-
tion. The beam is first deflected from the optic axis by the ApC. The
Primary Beam entering the magnetic field of the SC is then de-
flected toward the optic axis. This deflection is compensated for by
beam shift corrections to ensure that, after the focusing action of
C3, the Spot Beamwill be centered on the pivot point (the detail of
interest). It is worth noting that the SC are no longer used for
scanning but instead only used to control the beam shift, while the
beam rocking is controlled by the ApC. The collected SACP appears
the same as the ECP collected from a single crystal, shown in
Fig. 2a, but the entire SACP is collected only from the detail of
interest.

In order for the SACP to be collected from a small, defined area,
this rocking beam procedure requires the beam shift correction to
be calibrated as a function of the X and Y deflections of the ApC.
This calibration file must be generated and stored by the user for a
given set of SEM working conditions (accelerating voltage, work-
ing distance, and aperture size and position). As demonstrated
later, this user-calibrated beam shift correction is the key to the
improved spatial resolution of this method.

2.3. SACP collection as a function of rocking angle

In this study, the BSE signal to form the SACPs is collected using
a standard 4-quadrant pole piece mounted Si-diode detector, as
illustrated in Fig. 3. Based on the microscope configuration and
functionality described above, the SACPs are collected as outlined
in the three steps below:
(a)
 The beam is first deflected off the optic axis using the X and Y
deflection commands of the ApC. These (X,Y) deflections are
carried out in a systematic manner, shown by the snake path
on the X–Y grid in Fig. 3, in order to minimize the command
variations for moving the beam from one position to the next
and to minimize latency between command and response. The
number of (X and Y) steps in the deflection range are user
controllable, and will influence the acquisition time and the
angular resolution of the SACP.
(b)
 The beam is then deflected by the X and Y beam shift controls
of the SC to correct the beam trajectory. As mentioned pre-
viously, the beam shift calibration must be available for the
selected SEM working conditions.
(c)
 The SACP signal is collected on the BSE detector. For each (X,Y)
deflection of the ApC (starting from the minimum X and Y
position), the entire BSE intensity is recorded. This BSE in-
tensity function is progressively displayed to build the SACP
with X ApC deflection as the abscissa axis and Y ApC deflection
as the ordinate axis.
3. Application results

3.1. Experimental procedure

The SACP development was conducted on a Crossbeam FEG
SEM Zeiss Auriga 40 equipped with the GEMINI-type electron
column, the Orsay Physics COBRA ion column, and a gas injection
system allowing deposition of platinum. The BSE signal was col-
lected using a 4 quadrant Si diode detector with 11 mm2 surface
area. Automation was done through the Zeiss API version
2.9 communication tool. All of the experiments were carried out
with a working distance of 10 mm, a high tension of 20 kV, and an
aperture size of 30 mm (the center aperture).

The beam shift corrections have been calibrated manually for
more than 200 (X,Y) ApC deflections. Before starting the calibra-
tion, lens hysteresis corrections, column alignments, and astig-
matism corrections were performed with the ApC and SC set to
zero. The beam shift calibrations were carried out in imaging
mode by centering a detail of interest at the center of the screen.
For each (X,Y) beam deflection command by the ApC, the (X,Y)
beam shift correction necessary to bring the detail of interest back
to the screen center was recorded. It should be noted that the X–Y
axes of the aperture coils are not parallel to the respective X–Y
axes of the scanning coils. Therefore, an X ApC deflection com-
mand must be compensated by both X and Y beam shifts. All the



Fig. 3. GEMINI column cut scheme showing all the deflections that result in the beam rocking necessary for SACP collection. (a) Double deflection in the ApC results in beams
parallel to the optic axis. (b) Deflection of the off-axis beam by the magnetic field of the SC and correction using the beam shift control to center the beam on sample pivot
point. (c) Backscattered information collection and construction of the BSE map intensity according to the position on the ApC scanning grid. Distances between elements are
not representative.

Fig. 4. X beam shift calibration as a function of X and Y ApC deflections.
200 points were recorded during the same session without
switching off the high voltage. From these data, a calibration sur-
face mesh was fitted to predict all of the (X,Y) beam shift correc-
tions for each (X,Y) ApC deflection. Fig. 4 shows an example X
beam shift calibration curve as a function of (X,Y) ApC deflection
(the corresponding Y beam shift calibration is not shown).

In this paper, the collection of High Resolution SACPs is illu-
strated on a [001] single crystal of silicon. The default sampling
size for the high resolution SACPs (HR-SACPs) is 100�100 pixels,
which takes about four and a half minutes to collect. To facilitate
SACP recognition, the patterns were compared with diffraction
patterns simulated from orientation data determined by EBSD.
These EBSD experiments were carried out by tilting the sample
stage 70° and collecting EBSD patterns using a Bruker Quantax
CrystAlign system.
3.2. Characteristic features of HR-SACPs

3.2.1. Typical HR-SACP collected on the Gemini type column
Fig. 5 shows a typical HR-SACP (Fig. 5b) obtained with the

procedure outline above and compares it with a conventional ECP
(Fig. 5a). The SACP image quality is comparable to that of the ECP
despite the difference in image resolution: the ECP was collected
with conventional SEM resolution (1024�768 pixels) with an
angular range of �7° while the HR-SACP contains 100�100 pixels
covering an angular range of �4° (gray levels in both raw images
are identical and no post acquisition treatment was done).

Because the ECP is collected in conventional imaging mode, the
linear scale shown in the image is accurate, reflecting that the ECP
was collected from an area approximately 3.8�2.8 mm2 in size.
Black points in the ECP result from surface defects in this area of
the Si single crystal. These defects observed in the ECP are absent
on the HR-SACP, as shown in the correlation image (Fig. 5c) the



Fig. 5. (a) ECP pattern and (b) SACP pattern of a silicon single crystal collected on the Zeiss Auriga 40 equipped with the GEMINI-type electron column. (c) Correlation
between the ECP image in (a) and the SACP in (b). Black pixels indicate very good correlation; white spots indicate poor matching resulting from the surface debris on the
ECP, as seen in (a).
HR-SACP pattern was collected from a significantly smaller area,
free of defects.

The HR-SACP has been rotated to overlap the ECP in Fig. 5. The
need for this rotation correction stems from two factors. It should
be recalled that the bands observed in an ECP are parallel to the
planes responsible for their formation i.e. there is no rotation of an
ECP relative to the scanned image. But there is an inherent 180°
rotation (inversion) between the ECP and the HR-SACP. The reason
for this is seen in Fig. 2, which shows that the beam incidence
angle is reversed between the ECP formation (Fig. 2a) and the HR-
SACP formation (Fig. 2d) i.e. beams scanned to the left strike the
sample with a positive angle in the ECP, but with a negative angle
in the HR-SACP. An additional rotation occurs for the HR-SACP
because the deflection axis of the ApC and the SC are misaligned
(i.e. the X deflection of the ApC is not parallel with the X-shift of
the SC). On the particular microscope used in this study, this
misalignment has been measured as �20.5°. Combining these two
rotations results in a 180°�20.5°¼159.5° rotation between the
HR-SACP and the true crystallographic orientation of the speci-
men. Validation of this rotation angle has been carried out on
various orientations where results are not ambiguous as a result of
pattern symmetry (i.e. using zone axes that do not have rotational
symmetry).
Fig. 6. Total angular range calculation of the HR-SACP technique. (a) ECP collected w
corrections to center the scanning on the optic axis. Band intersections are indicated by
beam shift corrections. The same band intersections are indicated by red crosses. The
distances are proportional to beam angles, based on 2θ110 silicon¼2.6°. (For interpretatio
version of this article.)
3.2.2. HR-SACP angular range
Fig. 5 also reveals that the collected HR-SACPs exhibit an an-

gular range of more than 4°, slightly smaller than that obtained
from the ECPs. The calculation was performed from the known
angular width of the observed (220) bands, assuming angles vary
linearly with distance on the images (which is true for small an-
gles). While this range is rather small, it is still large enough to
distinguish a few bands that can easily be indexed from a simu-
lated EBSD pattern, as demonstrated in Section 4 and in [35].

The angular range of the HR-SACP is directly linked to the range
of the X and Y deflections controlled by the ApC. This angular
range was measured with a precision of 0.1° on ECPs with
1024�768 pixel resolution. Two high resolution ECPs were col-
lected respectively with the ApC X deflection set to its minimum
and maximum values (with the required beam shift corrections to
center the scan on the optic axis and with the Y deflection set to
0). The same was done for the two extreme Y deflections. The
electron path in the Gemini-column for such ECP collection is il-
lustrated in Fig. 2c. The shift of the diffraction band induced by the
deflections of the ApC can be seen in Fig. 2c in comparison to a
conventional ECP configuration in Fig. 2a. The shift induced by the
two extreme X deflections was used to precisely measure the
corresponding angular range possible with the ApC.
ith the minimum X ApC deflection setting and its associated X and Y beam shift
blue crosses. (b) ECP with the maximum X ApC setting and its associated X and Y
angular distances between the two positions are measured by assuming linear
n of the references to colour in this figure legend, the reader is referred to the web



Fig. 6 shows the resulting ECPs, with 1024�768 pixel resolu-
tion, for the two extremes in the X deflection. The blue crosses
indicate the band intersections in the ECP collected for the mini-
mum X deflection of the ApC, while the red crosses indicate the
same band intersections in the ECP collected with the maximum X
deflection of the ApC. The shift between the two ECPs is shown by
the green lines in Fig. 6b (note that the defects in the Si single
crystal have not moved on the images, but the channeling bands
have moved). This shift corresponds to the total X-width possible
for our HR-SACPs. The X and Y extreme deflections provide for an
angular range of 4.2° for our HR-SACPs. It is also useful to note that
the lines connecting the red and blue crosses inn Fig. 6b lie at
20.5°, indicative of the misalignment of the X-ApC deflection and
X-SC deflection that results in the rotational part of the mis-
alignment between ECP and SACP discussed above.

3.2.3. HR-SACP spatial resolution
The spatial resolution of SACP is defined as the smallest area

from which the backscattered information is collected. While it is
readily accepted that SACPs offer spatial resolution improvements
over ECP, the actual spatial resolutions that can be achieved with
different approaches for collecting SACP have typically not been
demonstrated.

In this paper, a methodology to accurately measure the spatial
resolution has been developed. Using the FIB in conjunction with
gas injection, polycrystalline platinum squares of different sizes
were deposited on the single crystal silicon. Due to the difference
in the atomic number Z between Pt and Si, a large variation in BSE
signal intensity is expected when the beam strikes the Pt or Si. To
increase this Z-contrast, the BSE image contrast was maximized so
that the intensity was maximum when the beam strikes Pt (gray
scale of 255) and minimum (gray scale of 0) when the beam
strikes Si. Thus when the beam is centered on a Pt square and
rocking mode is applied, the pixels in the resulting output will
have maximum intensity when the beam falls on the platinum,
but minimum intensity when the beam falls outside the Pt square.
This makes it very easy to quantify the percentage of information
coming from the square versus the amount of information that
comes from outside the square. It is worth mentioning that no
SACP pattern is expected when the beam is rocking over the Pt
squares as they are not single crystal.

Fig. 7a illustrates the series of platinum squares used to de-
monstrate the spatial resolution of our rocking beam approach.
Fig. 7b and c shows the contrasted BSE images collected in rocking
Fig. 7. Illustration of the spatial resolution of the HR-SACP technique. (a) BSE image
of deposited platinum squares on silicon. (b) HR-SACP rocking beam mode output
from the 1.1 mm Pt square. (c) HR-SACP rocking beam output from the 500 nm Pt
square. (d) Illustration of the degradation of the spatial resolution resulting from
poor beam alignment, focus, and without hysteresis corrections, for an HR-SACP
collected from the 500 nm Pt square. Black contouring on (b) and (c) is added after
acquisition to distinguish the edges of the output.
mode with the beam centered on the 1.1 mm and 500 nm platinum
squares respectively. In Fig. 7b, 100% of the pixels display max-
imum intensity (level of 255), indicative that all of the rocked
beams fell upon the 1.1 mm Pt square. In Fig. 7c, the pixels with
maximum intensity drop to 82%, indicative that some rocked beam
fell outside the 500nm square. However, if pixels in the upper half
of the contrast spectrum (i.e. 128–255) are considered, all the
pixels can be attributed to the 500 nm square. This demonstrates
that the spatial resolution of our approach is below 500 nm at the
working distance of 10 mm. However, to achieve this spatial re-
solution, careful beam alignment is required. Fig. 7d shows a
rocking beam image from the same 500 nm square prior to careful
beam alignment, focus, and lens hysteresis correction. The per-
centage of pixels intensities at 255 and in the range 128–255 drops
to 3.4% and 6.2% respectively.

3.2.4. Angular accuracy and precision of the HR-SACP to set the
channeling conditions

The critical aspect of the precision and accuracy of the HR-
SACPs developed here is that they allow unambiguously the set-
ting up of channeling conditions for ECCI, including the ability to
accurately determine not only the specific g, but also the deviation
from the Bragg condition.

In this section, we evaluate the angular accuracy of our HR-
SACPs with respect to this function. The purpose is not to define
how accurate the full orientation matrix can be determined with
respect to a reference frame (as in case of the EBSD technique), but
instead how accurate the crystal zone axis relative to the beam can
be determined. This accuracy of SACPs has generally been accepted
to be about 0.1° [10]. Here we show that this limit is easily reached
by the HR-SACP approach developed in this work.

In practice, the accuracy is derived from how closely the un-
rocked beam and a specific band edge can be located in the SACP.
With a properly aligned microscope, the un-rocked beam is at the
center of the SACP. We determined that repeating beam align-
ments always resulted in the same un-rocked beam position re-
lative to the channeling bands in the SACP, at least at the pixel
resolution of the 100�100 SACP (the angular range of each pixel is
0.042°, based on the 4.2° angular range of the patterns). This
confirms that the beam is aligned with an accuracy and a precision
better than 0.04°.

Typically the edge of a channeling band cannot be detected
within the pixel resolution of our reference SACP. Each band edge
has a specific width inherent to the channeling phenomenon itself.
Moreover, additional instrumental and material limitations, in-
cluding energy spread in the incident electron beam and crystal
defects, will also result in channeling band broadening. We esti-
mate that band edge covers an average of 4 pixels of an SACP of
100�100 pixels (that means an angular range of 0.17°). Thus the
middle of an edge relative to the beam can be defined with an
accuracy better than 0.1°.

The un-rocked beam position determined from the HR-SACP is
finally compared to the incident beam position deduced from
EBSD orientation measurements. Fig. 8a shows an HR-SACP col-
lected at 0° tilt on the Si sample, which shows a 〈001〉 zone axis
less than 0.2° from the optic axis (represented by blue cross). An
EBSD pattern of the same sample area was also collected, but at
the typical 70° stage tilt, and the resulting orientation (with re-
spect to the sample coordinate system through the stage reference
frame) was used to predict the corresponding 0° tilt EBSD/chan-
neling pattern. This simulated EBSD pattern at 0° tilt (Fig. 8b) in-
dicates that the 〈001〉 zone axis is shifted by �2° from the optic
axis (represented by red cross). This EBSD experiment was re-
peated a total of eight times, resulting in an average difference of
1.8° between the EBSD predicted incident beam position and that
determined from the HR-SACP. This error is most likely a result of



Fig. 8. Si single crystal orientation at 0° tilt: (a) as measured from the HR-SACP and (b) as predicted from the EBSD orientation. The incident electron beam direction is
represented respectively by the blue and red cross. The significant differences in the orientations are due to inaccuracies in the stage motion between 70° (EBSD) and 0° (HR-
SACP) and statistical errors associated with the uncertainty in the EBSD solutions. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
both systematic errors, such as those associated with stage tilt
calibrations, and statistical errors associated with the uncertainty
of the EBSD solutions [27].

Because the SACP directly reveals the orientation of the crystal
with respect of the optic axis, it is advantageous over EBSD for
accurately setting up channeling conditions for A-ECCI. The si-
mulated pattern from the approximate EBSD orientation is
nevertheless useful for indexing the HR-SACP, which has limited
angular range.
4. Discussion

The results presented here demonstrate two critical highlights.
First, the SACP beam rocking procedure has been developed on a
FEG Gemini column, the first demonstration of SACP collection on
this column. Secondly, an efficient method to collect SACPs from
500 nm areas at WD¼10 mm has been developed, justifying the
term “High Resolution SACP”.

4.1. Innovative procedure to collect SACP on the Gemini column

In order to effectively rock the electron beam on the sample
surface at a reasonable working distance, the electron beam
should be deflected at two locations in the column. Different ap-
proaches have been proposed to carry out these coordinated beam
deflections in an SEM. The first approach, developed by Van Essen
and Schulson [7] and known as the double deflection method, is
achieved by controlling the deflection of the second set of coils
involved in the scanning stage so as to deflect all the beams on the
same point. Consequently, the beam does not pass through the
intersection of the objective lens plane with the optic axis. The
objective lens is then deactivated to avoid a further deflection. The
focusing of the beam on the sample is instead carried out by the
final condenser lens (last lens before the objective lens). The main
drawback of this approach is the poor spatial resolution. Indeed,
the two scanning coils used in this approach are typically elec-
tronically synced. Reducing the deflection of the second scanning
stage requires the second coil assembly to be modified with a
variable resistor, which is adjusted to move tilted beams to es-
tablish the rocking point. However, this variation in resistance,
which is fixed for a given SACP condition, is not expected to be the
same for all tilted beams, and consequently the approach results in
a significant area of confusion. Moreover, as the focusing of the
beam in this approach is carried out by a condenser lens that is not
designed for imaging, large aberrations of the beam, which occur
when it is tilted off axis, contribute to a decrease in the spatial
resolution. With these two effects, resulting spatial resolution of
this double deflection approach was approximately 50 μm [7].

To overcome these problems, a second technique, called the
deflection focusing method, was then developed by Van Essen
et al. [8]. In this technique the second scanning coil assembly is
shut off and the second beam deflection is accomplished by the
objective lens. Both of the limitations of the double deflection
approach were reduced, and the improved spatial resolution was
evaluated to be 10 μm. This deflection focusing technique was
adapted for the SACP mode most commonly used in commercial
SEMs. Hall et al. [36] further improved the spatial resolution of
SACPs by developing a spiral scanning approach, which resulted in
reduced latency and hysteresis in the response of the objective
lens. The major problem of the deflection focusing technique re-
sides in the difficulty in switching between imaging mode and
rocking beam mode. It requires both the objective and final con-
denser lenses to be manually varied between imaging and beam
rocking, which involves having to overcome significant hysteresis
in both lenses [10].

Currently, only Tescan provides a commercially available SEM
rocking mode, which uses an approach that is significantly dif-
ferent from those outlined above [11]. Two scanning stages are
used to shift the scanned beam parallel to, but off the optic axis of
the objective lens. This beam is then focused to a rocking point on
the sample surface by the objective lens. Spherical aberration
correction is provided to improve the SACP spatial resolution.
However, this approach is not entirely detailed in [11].

The approach illustrated in Fig. 2c and d is distinct from the
methods mentioned above in two ways. First, it consists of a more
complex series of deflections. Two defections are performed at the
ApC plane to shift the beam off the optic axis (although only one
command is sent to this coil system). An additional deflection is
carried out by the SC to correct the deflection occurring when off-
axis beams enter the SC. The focusing action of the objective lens
results in the final deflection to the rocking point (Fig. 2d). Sec-
ondly, the key aspect that enables the improved spatial resolution
is the user-developed calibration, used to superimpose an addi-
tional beam shift on the scanning coils to optimize the rocking
pivot point on the sample surface. This new approach results in
superior spatial resolution and is not limited by hysteresis pro-
blems in switching from imaging to rocking beam mode, as the
lens excitation remains the same for both conditions.



The need for multiple deflections is more a consequence of the
Gemini column configuration, detailed in Section 2.1, than an
advantage to the beam rocking method. Indeed, only one set of
scanning coils is available on the Gemini column, but because the
microscope uses a fixed, electronically adjustable aperture, rather
than a traditional mechanically adjusted aperture, additional coils
(ApC), designed for large beam deflections to the various aper-
tures, can be used to deflect the beam. Nevertheless, the applica-
tion programming interface (API) of the instrument limits the ApC
deflections such that the resulting SACP angular range is limited to
4.2°, as demonstrated in Section 3.2. Larger beam deflections are
possible with the available coils, but our experience shows the
SACP begins to be limited by the column bore or other fixed
apertures or detectors in the column.

Digital calibrations have never been developed for instruments
with commercially integrated rocking beam modes. In the early
development of SACP such precise digital control was clearly not
available on the analog instrument at hand. Some instruments
integrated corrections, such as dynamic focusing of the objective
lens to overcome spherical aberration (CamScan microscopes).
However, such an approach was carried out using electronic gain
controls (γ curves), which are not as precise as digital calibrations.
Such corrections also suffer from significant latency and hysteresis
limitations in the objective lens.

In the approach presented here, the objective lens excitation is
not modified, so latency and hysteresis are not a problem. Fur-
thermore, the digital calibration is carried out for specific micro-
scope operating conditions, leading to high accuracy corrections in
comparison to electronic gain. These corrections account for all
microscope effects that may shift the beam, rather than depending
on predictive models for specific effects such as spherical aberra-
tion. Also, because the calibration can be carried out for essentially
any operating condition, including working distance and accel-
erating voltage, this technique offers flexibility to collect SACPs
under any conditions that allow a variety of stages and/or detector
configurations. This approach to improving resolution is not lim-
ited to the Gemini column, but can be implemented on any mi-
croscope once a beam rocking procedure is implemented.

While this new method has a significant spatial resolution
advantage, it is limited in the need to perform the calibration,
which takes about 5 min. Furthermore, the collection of a given
SACP takes approximately four and a half minutes, during which
time contamination of the area of interest may occur. This rela-
tively slow collection time results in part from the communication
system of the API control interface. It may be possible to improve
this acquisition time by a commercial hardware control approach.

Alternative methods to carry out SACP were also tested on the
Gemini column. For example, once the ApC were used to deflect
the beam, the scanning coils were switched off and any beam
parallel to the optic axis should be focused at the pivot point
(following the approach of Dluhoš et al. [11]). In this case the beam
rocking should occur directly without any action of the scanning
coils. However, the ApC deflection does not necessarily bring all
deflected beams parallel to the optic axis, which would result in
beams being shifted from the rocking point. Furthermore, the API
interface does not provide a command to allow the scanning coils
to be turned off, to do so would require a hardware modification.
Another possible approach to carrying out SACP on the Gemini
column would be to use an existing beam cross-over to act as a
rocking point. Fig. 1a shows that the beam path on the Gemini
column for normal imaging mode scanning results in a scanning
cross-over that might be used as a pivot point. However, it was
determined that this cross-over is located well inside the objective
lens and cannot serve as an effective rocking point.
4.2. Robust method to demonstrate the HR-SACP spatial resolution

It should be noted that while many papers that deal with SACP
have indicated and/or speculated about spatial resolution, in most
cases these resolutions have not been clearly demonstrated. In
most studies, this resolution has been evaluated by collecting
patterns from grains of a given size. If during rocking, the beam
leaves the grain of interest, additional noise or distorted bands
from grains outside the pattern are observed. However, it is not
always easy to clearly identify this additional noise from regions
outside the area of interest. Consequently, it is difficult to directly
quantify the spatial resolution with this approach.

In this paper, a robust method for demonstrating the spatial
resolution of SACPs is presented, which uses calibrated squares of
platinum deposited on silicon to determine if the beams forming
the SACP fall within or outside of the area of interest. Due to the
difference in the atomic numbers of Pt and Si, the strong differ-
ences in backscattered yield result in the ability to unambiguously
quantify the number of beams that fall within the rocking beam
area (as illustrated in Fig. 7). It should be noted that Pt squares
were used for this calibration rather than circles due to the diffi-
culty in accurately depositing circular shapes with ion beam as-
sisted deposition. For the same reason, squares smaller than
500 nm were not studied. As currently demonstrated, nearly all of
the rocking beams fall within the defined 500 nm Pt square. It is
possible that by using finer features to carry out the calibration or
if a more time consuming calibration were carried out, the spatial
resolution could be improved significantly. As the calibration is
only limited by the ability to return deflected beams to the area of
interest, the calibration is only limited to the microscope beam
positioning precision, which is in the range of a few nanometers.
Given this, it is quite reasonable to expect SACP spatial resolutions
well below 100 nm to be possible, approaching the limitations
imposed by the BSE/channeling interaction volume. There is one
potential additional issue that might limit the ability to reach such
high spatial resolutions. This is the beam astigmatism that will
result from the beam being rocked to large angles. That is, the
beam convergence angle, which is symmetric about the optic axis
when the beam is not tilted, will result in the two extremes of the
beam convergence being subject to different degrees of spherical
aberration in the final lens. This will effectively cause the probe to
be stretched (stigmatic) at high deflections. It is not clear if this
beam spreading will be as large as the spatial resolution limited by
other microscope factors. However, high quality objective lenses,
such as the achromatic lens in the Gemini column, may reduce this
effect. The low beam divergence offered by the Gemini column
and many other field emission sources and columns will also serve
to minimize this effect.

4.3. Key features of HR-SACPs for ECCI applications

The HR-SACP approach presented here is ideal for carrying out
quantitative ECCI, because this imaging technique requires the
crystal to be accurately oriented to specific Bragg channeling
conditions with respect to the incident electron beam. Proper
alignment of the imaging system and beam shift control results in
the un-tilted electron beam, coincident with the optic axis, to fall
at the center of the image. As a result, in HR-SACP mode the
pattern center lies at the actual center of the HR-SACP and
corresponds to the orientation of the beam relative to the crystal
under normal imaging mode. Consequently, the ECC imaging
conditions can be directly deduced from the HR-SACP. Without an
SACP, it is much more difficult to accurately set up imaging con-
ditions solely from EBSD based orientation information as illu-
strated in Fig. 8. Thus, this development of HR-SACP greatly fa-
cilitates ECCI studies.



The improved spatial resolution obtained on the Gemini col-
umn results from 4 main factors: the rocking angle has a limited
range of �4°, the user-controlled calibration, the recently devel-
oped high resolution lenses and the very small beam convergence
offered by many field emission gun columns. While a number of
early studies showed that SACP spatial resolutions close to 1 μm
could be obtained, in most commercial SACP modes the resolution
was typically much worse than this, often one or two orders of
magnitude larger. Furthermore, the optimum spatial resolution
was often obtained at impractically small or large working dis-
tances that limited the ability to carry out reasonable stage ma-
nipulations or led to difficulties with other microscope parameters
necessary for ECCI studies [14]. For example, Joy et al. [37] ob-
tained SACPs from an area of 1 mmwith a total rocking angle of 9°,
but at working distance of 1mm. At such short working distances
tilts necessary for setting up ECCI condition often cannot be car-
ried out as they jeopardize the objective lens and/or BSE detector.

In the intervening years, improvements in microscope column
design has lead to vast improvement in secondary and back-
scattered electron imaging resolution. These changes make com-
parison of SACP capabilities difficult. Furthermore, it is quite un-
common now for microscopes to offer the ability to carry out SACP.
As noted earlier, as far as the authors are aware, the only com-
mercially available SACP system is on the Tescan Mira instrument,
which has a demonstrated SACP resolution on grains of 20 μm
with an angular range of �20° [11]. This large angular range is
consistent with the objective to include a significant number of
channeling bands in the pattern to make orientation determina-
tion straightforward. However, large SACP angular range comes at
a cost of spatial resolution. We have illustrated that such large
ranges are not required to solve patterns if simulated patterns,
typically available from EBSD system, are available [35].

The enhanced spatial resolution of HR-SACP offers significant
advantages for the application of ECCI. Clearly, in order to study
crystal defects in small grains, it is necessary to be able to collect
the SACP from within the grain. In addition, in many deformation
studies of even large grained materials, the crystal distortions re-
sulting from the accumulation of geometrically necessary dis-
locations makes it impossible to collect SACPs over large areas, as
the channeling bands become distorted and blurred. Being able to
reduce the area of collection minimizes these effects. Overall, the
development of the HR-SACP presented here has important im-
plications on the application of ECCI to broader materials studies.
5. Conclusion

For the first time the collection of selected area electron
channeling patters (SACPs) from sub-micron sized areas has been
demonstrated, with a spatial resolution of 500 nm at a practical
working distance of 10 mm. The key to collecting these high re-
solution SACPs (HR-SACPs) is to accurately adjust the rocking
electron beam position using a digitally calibrated beam shift. The
high resolution of these patterns has been demonstrated with a
robust method that unambiguously determines the percentage of
rocked beams that fall in the area of interest. It is also demon-
strated that with an SACP rocking angle of 4.2° and with accuracies
better than 0.1°, these patterns contain sufficient channeling
bands to allow accurate indexing in conjunction with simulated
patterns. These characteristics make the technique suitable for
setting up imaging conditions for Accurate ECCI (A-ECCI) on very
fine-grained samples or materials that have significant crystal
distortions associated with large amounts of plastic strain. The
reasonable 10 mm working distance allows flexibility for stage
movements, allowing a large variety of channeling conditions to
be reached for contrast analysis, as well as for the ability to carry
out SACP analysis in conjunction with complicated in-situ testing
stages. Moreover, this innovative approach offers insights for de-
veloping HR-SACP modes on new generation electron columns.
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