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a b s t r a c t

The work presented aims at determining the optimum physical resolution of the transmission-electron
backscattered diffraction (t-EBSD) technique. The resolution depends critically on intrinsic factors such as
the density, atomic number and thickness of the specimen but also on the extrinsic experimental set-up
of the electron beam voltage, specimen tilt and detector position. In the present study, the so-called
physical resolution of a typical t-EBSD set-up was determined with the use of Monte Carlo simulations
and confronted to experimental findings. In the case of a thin Au film of 20 nm, the best resolution
obtained was 9 nmwhereas for a 100 nm Au film the best resolution was 66 nm. The precise dependence
of resolution on thickness was found to vary differently depending on the specific elements involved.
This means that the resolution of each specimen should be determined individually. Experimentally the
median probe size of the t-EBSD for a 140 nm thick AuAg specimen was measured to be 87 nm. The first
and third quartiles of the probe size measurements were found to be 60 nm and 118 nm. Simulation of
this specimen resulted in a resolution of 94 nm which fits between these quartiles.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Detailed structural analysis with scanning electron microscopy
(SEM) is possible through the so-called electron backscatter dif-
fraction [1] (EBSD) technique where the crystallography of a ma-
terial is determined according to a diffraction pattern that arises
from Kikuchi scattering [2]. Higher resolution Kikuchi diffraction
patterns are also obtained in the transmission electron microscope
(TEM). In this case the patterns originate from transmitted instead
of backscattered electrons. Transmission electron backscatter dif-
fraction (t-EBSD) combines the detection of Kikuchi bands of for-
ward scattered electrons with the scanning possibilities of the
scanning electron microscope (SEM). This technique was first
suggested by Keller and Geiss [2]. The terms SEM transmission
Kikuchi diffraction (SEM-TKD) [3] and transmission electron for-
ward scattered diffraction (t-EFSD) [4,5] are coined as more ap-
propriate alternatives. Although the acronym t-EBSD may sound
peculiar, it describes the technique very well: transmission mi-
croscopy in an EBSD system.

The t-EBSD set-up is readily available for all set-ups with a
standard EBSD (s-EBSD) system installed. There are only two de-
mands for the s-EBSD system to be able to operate as a t-EBSD
system. The first demand is that the specimen is thin enough for
the transmission of electrons with energies typical in an SEM. The
second demand is that the sample can be tilted in the opposite
direction as would be the case in s-EBSD. In the following this
tilting in the opposite direction is indicated by negative tilt angles.
In t-EBSD the incident electrons are forward scattered through the
specimen to the detector instead of being backscattered as is the
case in s-EBSD. The process of the formation of Kikuchi patterns in
t-EBSD is similar to that of s-EBSD as the electrons are still in-
coherently scattered throughout the specimen. An advantage of
t-EBSD over s-EBSD is that in some circumstances the beam dia-
meter of the scattered electrons on the exit plane is smaller. This
means that t-EBSD can achieve a higher lateral resolution. Another
difference with s-EBSD is the smaller projected incident beam
diameter on the specimen surface as a result of the smaller tilting
angles. Nevertheless the lateral resolution is not ‘isotropic’, i.e. it is
different in two directions because of a change of symmetry of the
electron beam. As it will be shown in the following, the tilting of
the specimen and the location of the detector, i.e. underneath and
to the side of the specimen, introduce a certain asymmetry in the
set-up. This asymmetry is only introduced in the direction parallel
to the incoming electron beam; in the direction perpendicular to
the beam, the set-up remains symmetric. As a consequence the
lateral resolution will be different in these two directions.

The formation of Kikuchi patterns in s-EBSD is initiated by the
incident electron beam which experiences localized coherent, in-
coherent and re-coherent scattering events [6]. Every incoherent
scattering event can become a point source for further elastic
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Fig. 1. Distribution of departure angles of the electrons that leave the specimen at
the exit face with respect to the incident beam; a departure angle of 0° corresponds
to an electron that leaves the specimen parallel to the incident beam. The 160 nm
gold specimen was tilted over �30°. A total of 105 electron paths are simulated for
electrons that are accelerated towards the specimen with energy of 30 keV. The
mean of the distribution is found at an angle of �15°.
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scattering with the possibility of diffraction. In general, after an
incoherent scattering event phase coherency with the initial beam
is lost. The resulting diffraction pattern is characterized by Bragg's
law and is expressed in the form of Kikuchi lines on the detector.

At present the formation of the Kikuchi pattern in s-EBSD has
already been thoroughly researched [7]. Also, the resolution of
s-EBSD has been examined with the use of Monte Carlo simula-
tions [8,9]. It was found that the treatment of energy filtering
could have an effect on the resolution [10]. In t-EBSD, on the other
hand, the possible resolution is not as well documented yet. The
effects of specimen tilt and thickness, working distance (WD) and
acceleration voltage have been investigated experimentally [11].
Other experimental results show the possibility to detect Kikuchi
patterns from nanoparticles with sizes as small as 5.6 nm [12]. In
literature the possibilities of a simultaneous t-EBSD and EDS
measurement have been explored [12,13] as well as simultaneous
t-EBSD and focused ion beam [14]. To be able to improve the re-
solution and the quality of the pattern, a better understanding is
needed about the formation of the Kikuchi pattern under varying
parameters of the experimental set-up.

The objective of this paper is to show how the resolution and
quality of the pattern depend on the experimental set-up para-
meters and in particular which optimum resolution can be ac-
quired in practice. This will be done with the use of Monte Carlo
simulations in conjunction with experiments. In the simulations
the position of the detector is of critical importance and therefore
this is given appropriate attention. Often the electrons that reach
the detector have a different angular spread than the angular
spread of all forward scattered electrons at the exit plane of the
specimen; i.e. the electrons are more concentrated in the direction
of the incident beam [15].

The paper is structured as follows: the simulation procedure is
described first, followed by the experimental set-up. Next, the
results of the simulations are shown after which the results of
these simulations will be confronted to the experimental work so
as to validate the model. The paper will be concluded with a dis-
cussion about the influence of the detector position on the re-
solution and wraps up with a section on conclusions.
2. Simulation procedure

The simulation of the t-EBSD process consists of two steps. The
first step is the simulation of the scattering of the incident elec-
trons through the material and the determination of the direction
of these electrons at the exit face of the specimen. The second step
is to find the resulting position of the electrons where they finally
hit the detector. The position of the detector will determine which
electrons contribute to the intensity and resolution. As already
shown in Ref. [15], selection of detected electrons is important as
the spread of the detected electrons can be different compared to
the spread of all the forward scattered electrons.

2.1. Electron scattering process

The simulation of the electrons through the material is done
with the Casino v3.2 software [16]. In this computer code it is
possible to simulate a variety of three dimensional materials. For
simplicity only thin films are considered here; other 3D objects
would show different results from the ones obtained here. In the
Casino software only elastic scattering events are taken into ac-
count when calculating scattering angles as these scattering
events are associated with the largest scattering angles. In be-
tween elastic collisions the electrons travel along a straight ray
path. Energy loss due to inelastic scattering is still applied in the
model. The locations and directions of all electrons on the exit face
of the specimen are recorded. The angles of the electrons that
scatter from a �30° tilted specimen of a 160 nm thick gold foil are
displayed in Fig. 1. Only the angular distribution from the sample
in the direction perpendicular to the tilt axis is considered. In this
direction the set-up is asymmetrical as opposed to the symme-
trical set-up in the direction parallel to the tilt-axis. It can be seen
that the �30° tilt causes the electrons to preferentially leave the
specimen at a particular angle. The mean exit angle here is �15°
and a minimum occurs at 60°. In case of a �30° tilt this 60° angle
corresponds to the direction of the edge of the specimen.

The simulations were performed on a thin layer of 1000 by
1000 nm and various thicknesses. The standard accelerating vol-
tage was set to 30 kV, but was also altered in specific cases. The
maximum accelerating voltage is chosen, because this voltage will
result in the best lateral spatial resolution in t-EBSD, due to de-
creasing number of scattering events through the whole sample
thickness and then reducing “beam size” at the exit face of the
sample [2]. The specimen was tilted to angles between 0° and
�60° and positioned at a working distance of 5 mm. During the
simulation 105 electron paths are simulated and recorded. The
beam size was set to 5 nm as this is typical for a field emission gun
(FEG) SEM.

As aforementioned the elastic scattering angles are determined
according to the Elsepa estimation [17] that assumes scattering
from free atoms. The thermal diffuse scattering (TDS) event forms
the base of the formation of Kikuchi patterns [7,18–20]. The
question is if the different cross-section and scattering angle of
phonon assisted scattering events introduce a significant deviation
from the Elsepa estimations for t-EBSD.

The phonon assisted scattering events introduce larger scat-
tering angles than the scattering angles taken into account by Mott
according to [21]. The last incoherent scattering event of a Kikuchi
diffracted electron is of this type. Because of these larger scattering
angles of the scattering event before Kikuchi diffraction, the angles
of the prior scattering events inside the specimen are of less sig-
nificance for the final departure angle. The effect in the estimated
spatial resolution is not so obvious. The Kikuchi diffracted elec-
trons will originate from a larger area of the specimen as their
position has a lower influence in the final departure angle. This
would presumably result in a larger exit electron probe that
reaches the phosphor screen, as has been found for backscattered
Kikuchi patterns: the energy and angular distribution of electrons



Fig. 2. A schematic representation of the location of the detector with respect to a
specimen tilted ϕ°. The position of the specimen with respect to the pole piece is
determined by the working distance (WD). The position of the detector with re-
spect to the specimen is determined by the detector distance (DD) and the position
(x,y) of the pattern center projection (PC') on the screen. In the left part of the
image a side view of the set-up is presented. The specimen coordinate system is
defined by A1 (perpendicular to tilting axis), A2 (parallel to tilting axis) and the
normal to the sample surface A3. The origin is located along the straight ray path of
the incident electron beam at the exit face. y0 indicates the distance to the bottom
of the screen while h gives the distance to the specimen. y0 and h intersect making
an angle θ. The schematic on the right shows the front view of the circular detector
phosphor screen. Here the pattern center projection is indicated at the coordinate
(x,y).

R. van Bremen et al. / Ultramicroscopy 160 (2016) 256–264258
simulated using CASINO gave deeper and narrower interaction
volumes than those observed experimentally [7].

In t-EBSD the electrons experience multiple scattering events
before they exit the specimen and ultimately hit the phosphor
screen. This means that all scattering events are of importance in
the estimation of the resolution as has been shown. These initial
scattering events do not have to be thermally assisted and are well
described by Elsepa. For the s-EBSD case the observed scattering
angle (0–100°) agrees well with the expected electron's scattering
angle and mean free path for TDS, hinting to the importance of this
mechanism to explain the Kikuchi electrons’ angular distribution
[7]. It has also been argued that TDS would be fundamental for the
formation of Kikuchi patterns in general, as it would require lo-
calized large-angle incoherent processes, as opposed to e.g. plas-
mon creation [20].

In the macroscopic picture presented in [20] the events as
sources for the Kikuchi pattern are called ‘quasi-elastic’ or ‘thermal
diffuse’. The atoms are seen by the electron as more or less sta-
tionary and thus the scattering is basically quasi-elastically. As a
consequence thermal diffuse scattering as cause of TKD is rather a
statistically averaged electron scattering process by slightly dif-
ferent atomic configurations. This so-called frozen lattice model
[22] can be easily worked out under kinematic but is becoming
cumbersome under dynamical scattering conditions.

Concluding this point: the thermal diffuse assisted scattering is
neglected in this study although it is of great importance to Ki-
kuchi diffraction. Thermal diffuse scattering events will most likely
have a positive effect on the estimation of spatial resolution.
However, it should be emphasized that the final phonon assisted
scattering event is one of many scattering events inside the spe-
cimen and thus not the sole contributor to the spatial resolution. It
is of greater relevance for thinner and lighter materials where the
amount of scattering is lower.

2.2. Simulation set-up

The position of the specimen with respect to the pole piece of
electron microscope is determined by the working distance (WD)
as shown in Fig. 2. Here the normal of the specimen is tilted to ϕ°.
The tilting angles are negative to indicate that the normal of the
specimen is tilted in the opposite direction as it would be the case
in s-EBSD. The location of the detector differs in various set-ups.
The location of the detector with respect to the specimen can be
determined with the use of the pattern center (PC). The PC is the
point of origin of the pattern i.e. the position of the electron beam
on the sample, measured in detector coordinates. The PC projec-
tion into detector plane is a point (PC') that is closest to the exit
point where the incident beam leaves the specimen. The position
of the pattern center is defined by the x and y values in the plane
of the screen and the detector distance (DD) from the phosphor
screen to the specimen as it is shown in Fig. 2. The x coordinate
attains the values �50 and 50 at the edges of the screen. The y
coordinate ranges from 0 to 100 from the bottom to the top of the
screen. The EBSD analysis software is able to estimate the position
of this point by using the calibration procedure.

In the reference frame of the pole piece, the pattern center only
depends on the location of the phosphor screen and the WD of the
specimen. The WD is the only variable left in case the detector
location is fixed. The relation between pattern center and working
distance is displayed schematically in Fig. 2. The line segments of
H¼WDþh and y0 in Fig. 2 end at their intercept. Here y0 is the
line section to the bottom of the screen. The line section h is an
extension of the incident electron beam and starts at the exit point
of the specimen. The segments of H and y0 are thus fixed when the
position of the phosphor screen is fixed. The lengths of H and y0
can then be estimated by the calibration parameters of the pattern
center [23]. It should be mentioned that the schematic re-
presentation in Fig. 2 is shown in a way that intersection of h and
y0 lies in the picture. This results in a rather unusual EBSD de-
tector position.
3. Experimental set-up

In the experiments we used the Philips-FEI XL30 FEG en-
vironmental SEM (ESEM). This microscope is able to accelerate
electrons up to 30 keV. The microscope is equipped with an EDAX
DigiView II CCD camera which is specialized in recording Kikuchi
patterns from the phosphor screen. The Kikuchi patterns obtained
were analyzed with TSL OIM data collection software. The detector
phosphor screen was circularly shaped with an effective diameter
of 38 mm. The specimens that are studied were deposited on TEM
grids. These grids were then mounted in the in-house developed
t-EBSD holder as depicted in Fig. 3. This holder is able to position
the TEM grid at the desired angles up to a position perpendicular
to the incident electron beam.

In the TSL coordinate system, the calibration parameters x-star,
y-star and z-star define the position of the pattern center. These
values were equal to: 50%, 99.3% and 68.3% for a working distance
of 5 mm and a detector tilt angle θ of 10°. These software cali-
bration parameters are given in percentages of detector screen
length. In this case the screen diameter is known to be 38 mm and
the units of the calibration parameters can thus be related to SI
units. These calibration values correspond to a detector distance of
26.0 mm and a pattern center location with coordinates: x¼0 mm,
y¼37.7 mm. The value of H is 154.4 mm and y0 here is 111.9 mm.
4. Simulation results

4.1. Intensity and gradient

The thickness of the specimens observed in the t-EBSD set-up
is of the order of 100 nm. The incident electrons travel through the



Fig. 3. The experimental t-EBSD set-up in the Philips-FEI FEG XL30 ESEM. The
t-EBSD holder (2) just underneath the pole piece (4) contains a TEM grid (1). The
phosphor screen (3) is located on the left side of the image.
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specimen in a relatively straight ray path as compared to s-EBSD,
because of the limited interaction with the specimen. This creates
a problem as the detector is typically located underneath and to
the side of the specimen. This means that only a small fraction of
the total number of electrons will reach the detector. For that
reason the background intensity, which defines the number of
electrons that hit the detector screen, is a critical parameter in
t-EBSD. A lower intensity can hamper the software in correctly
indexing the pattern. A higher intensity is generally desirable as
this will allow a reduction in the exposure time and thus increase
the speed of indexing.

The intensity of the electrons on the phosphor screen can be
estimated in the simulation by the fraction of the total number of
simulated electrons that hit the screen. The intensity as a result of
varying thickness of a thin film of gold is displayed in Fig. 4. Here
the intensity is expressed as a percentage of the incoming electron
dose. The gold film normal was tilted to �30° which is typical for
t-EBSD measurements [11]. The working distance was 5 mm and
the accelerating voltage was set to 30 kV. As can be seen, the in-
tensity is higher for thicker specimens up to a thickness of 160 nm.
This higher intensity is caused by the amount of collisions that the
Fig. 4. The background intensity and the intensity gradient in the x- and y-direc-
tions on the detector screen as a function of sample thickness. The specimen is a
gold film that is tilted to �30° and the gun voltage is set to 30 kV. Here the in-
tensity is displayed as the percentage of electrons that hit the detector screen per
incident electron.
electrons experience. For thicker specimens these electrons have a
higher chance to have their paths reflected towards the detector.
The highest intensity is achieved for a film of 160 nm. A thicker
film has lower detection intensity, because fewer electrons are
transmitted through the specimen. In this case more electrons
undergo backscattering and absorption.

The intensity gradient is a measure of the distribution of the
detected electron intensity over the phosphor screen. If the gra-
dient is too large, only part of the pattern can be captured on the
screen at once. In the case of t-EBSD with thin specimens it is often
the case that the lower part of the screen is better illuminated than
the top part of the screen [11]. A smaller pattern equals more
difficulties with indexing. A better (lower) gradient can be ob-
tained by placing the phosphor screen further away from the
specimen, but this could also reduce the number of observed
bands and poles in the recorded pattern, resulting in more difficult
indexing. Usually, there is an optimal range of distances between
sample and EBSD detector, that allows fair indexing and suitable
signal gradient. The intensity gradient in the simulations is ob-
tained by collecting the detected electrons in four equally sized
bins. This is done for a small horizontal and vertical band for the x-
and y-directions on the screen, respectively. After binning, the
gradient is defined as the standard deviation of these bins nor-
malized by the number of detected electrons. The obtained in-
tensity gradients for varying thicknesses of a gold layer are dis-
played in Fig. 4. The intensity gradient in the x-direction is ap-
proximately constant over varying thicknesses. The intensity gra-
dient in the y-direction is smaller for thicker samples. This is be-
cause for this set-up and thin specimens the intensity peak is
positioned below the bottom of the screen. By increasing the
thickness of the specimen, this intensity peak will move towards
the middle which optimizes the intensity gradient.

4.2. Lateral resolution

The lateral resolution is important in practice, because this
resolution determines the ability to distinguish neighboring
grains. It is important to note that the distinction should be made
between physical and effective resolution [24]. Here the physical
resolution we define as the area of the beam on the exit plane of
the specimen from which the detected electrons originate. The
effective resolving power is the smallest distance between in-
cident beam locations such that the stronger pattern from two
grains at a grain boundary is still resolvable [7]. Hence effective
resolution is generally much better than the physical resolution.

The position of the detector to the side of the specimen and the
nonzero tilting angle of the specimen bring about distinct re-
solutions for the directions parallel and perpendicular to the in-
cident beam. Here the direction at the specimen surface that is
perpendicular to the tilting axis is called the reference direction A1
and the direction that is parallel to the tilting axis is called the
transversal direction A2. The locations of the departing electrons
in A1 are displayed in Fig. 5. The fitted curve is a two-term
Gaussian. A two-term Gaussian as opposed to the simpler one-
term Gaussian is used to account for the asymmetry in the peak.
The value for the coefficient of determination of the one-term
Gaussian is 0.9698. For the two-term Gaussian this value is 0.9961,
indicating a better fit.

With the distribution of the exit location of the electrons
known, it is possible to determine the probe size at the exit plane
of the specimen. A simple and commonly used measure for the
probe size is the Full Width at Half Maximum (FWHM). This and
related methods assume a constant beam shape [25]. In t-EBSD
this is not the case. The beam on the exit surface of the specimen is
asymmetric and changes shape under varying conditions such as
tilting. This makes the FWHM and related methods unsuitable. A



Fig. 5. The normalized number of detected electrons as a function of the reference
direction A1. The data is obtained from a 160 nm thick gold specimen which was
tilted �30°. The energy of the incident electrons is 30 keV. The fitted line is a two-
term Gaussian curve. The middle section between the two vertical lines indicates
the width of the beam that contains 80% of the intensity of the beam. The sections
to the left and to the right each contain 10% of the intensity.

Fig. 7. The resolution as a function of tilt angle for a 20 nm gold specimen. The
specimen is tilted from 0° to 60° in the negative direction such that transmission is
possible. The resolution calculated at the specimen is indicated with the dashed
lines, while the resolution calculated from the detected electrons is indicated with
the solid lines.
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better method is to define the beam size as the smallest width of
the beam that contains a fraction of the total intensity. Then the
fraction of the intensity that is chosen is still arbitrary, but it will
be constant under changes of the beam shape. The fraction to
define the beam size is chosen to be 80% as it was proposed in
[26,27]. The beam diameter that corresponds to 80% of the beam
intensity is displayed in Fig. 5. This beam diameter is from now on
assumed to be equal to the physical resolution.

The physical resolution of different set-ups can now be eval-
uated. In Fig. 6 the resolution calculated for a 100 nm thin gold
film is shown as a function of tilt angle. A distinction is made
between the resolution of all the electrons leaving the specimen
surface (resolution at the specimen) and the resolution calculated
from the detected electrons (resolution at the detector). For the
resolution at the detector a selection is made to include only those
electrons that ultimately reach the phosphor screen. In Fig. 6 it can
be seen that the resolution at the specimen worsens as the spe-
cimen is tilted. The interesting result occurs for the resolution at
the detector. This resolution is actually better than the resolution
Fig. 6. The resolution as a function of tilt angle for a 100 nm thick gold specimen.
The specimen is tilted from 0° to 60° in the negative direction such that trans-
mission is possible. The resolution calculated at the specimen is indicated with the
dashed lines, while the resolution calculated from the detected electrons is in-
dicated with the solid lines. Schematic inset defines geometry between sample and
detector.
at the specimen for all tilting angles. Also, the resolution at the
detector improves under small tilt angles. The best resolution is
65.9 nm for a tilt of �20°. It can also be seen that the resolution
differs in the A1 and the A2 directions. The resolution in the A2 is
better than the resolution in the A1. The ratio is between 1.2 and
1.5.

The observation is different in the case for thinner specimens.
In Fig. 7 the resolution calculated for a 20 nm gold layer is dis-
played as a function of tilt. The major difference is the much better
resolution overall. This is expected as the electrons experience
fewer collisions and are thus much less scattered throughout the
specimen. Unlike the 100 nm thick specimen, the resolution at the
detector is actually worse than the resolution at the specimen. The
better resolution for tilt angles larger than 0° is still observed. Here
the best resolution is 10.3 nm for a tilt of �20°. The ratio between
resolutions in the A1 and A2 directions is 1.6–2.7.

4.3. Resolution as function of thickness

The resolution of t-EBSD is greatly affected by the thickness of
the specimen. In the thicker specimens the incident electrons
experience more scattering events than will occur in thinner
specimens. This is due to the longer path through the thicker
specimen and thereby increasing the total elastic and inelastic
scattering probabilities. For heavier elements and denser speci-
mens, on the other hand, the chance per unit length for an elec-
tron to interact with an atom is increased.

The total amount of scattering of the electrons through the
specimen determines the resolution. In Fig. 8 the resolution cal-
culated from detected electrons in the A1 direction is displayed for
varying specimens as a function of their thickness. The resolution
in the A1 direction is displayed, because the resolution in this di-
rection is always the limiting factor. The resolution based on de-
tected electrons is displayed, because this resolution is sig-
nificantly different from the resolution calculated at the specimen
exit surface. It should be noted that the resolution based on
detected electrons is unique for this set-up. This means that
deviations from the plotted resolutions are expected for different
set-ups.

As can be seen in Fig. 8, the resolution of all the different ele-
ments worsens for thicker samples. The interesting result is that
the amount of resolution degradation is not the same for the



Fig. 8. The resolution in the A1 direction calculated from the detected electrons as
function of the thickness of the specimens with different composition.

Fig. 10. The information depth as a function of gun voltage for specimens with
different composition. All specimens were tilted to �20°.
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different elements. For the thin specimens of 20 nm, the resolution
spread is: 3–10 nm. For the thicker 150 nm specimens this re-
solution spread is: 67–150 nm. It can also be seen that a simple
relation between resolution and the product of density and
thickness as proposed by Rice et al. [15] does not hold. This means
that the resolution needs to be recalculated for a particular
specimen.

4.4. Depth resolution

The depth resolution is the depth from which the Kikuchi
patterns originate. We define here that the depth resolution is
related to the depth of the last incoherent scattering event of an
electron, because every such incoherent scattering event acts as a
point source for Kikuchi diffraction [6]. The depth of such an in-
coherent scattering event is taken as the projection from the lo-
cation of this event to the specimen surface. This depth is not
expected to vary significantly with specimen thickness but rather
with parameters that influence the chance of a scattering event
like accelerating voltage and the density and atomic number of the
specimen. In Fig. 9 the depths of the last incoherent scattering
events of electrons transmitted through a gold specimen at �20°
tilt are displayed in a histogram. The distribution is an exponential
Fig. 9. The number of electrons that had their final incoherent scattering event at
particular depth. The results that are shown are taken from a 20 nm gold specimen
that was tilted to �20° and exposed to 30 keV electrons. The fitted line is an ex-
ponential. The vertical line corresponds to the depth from which 80% of the in-
tensity originates.
one. This is logical because the mean free path between scattering
events is also described by an exponential dependence [28]. The
curve is an exponential fit of the data. The vertical line indicates
the fraction of 80% of the electrons. This depth is from now on
defined as the depth resolution. It should be noted that this is, in
analogy with the case of the lateral resolution, associated with the
physical resolution and not with the effective resolution.

The depth resolution for gold is significantly better than its
lateral resolution. The depth resolution as a function of accel-
erating voltage is shown in Fig. 10. A lower voltage results in a
better resolution. Also the lighter elements, which have a lower
scattering probability, have a worse resolution than the heavier
elements. The best depth resolution was obtained for the gold
specimen with an accelerating voltage of 5 kV. This resolution was
found to be 1.8 nm. The largest information depth is found for the
aluminum specimen and an accelerating voltage of 30 kV; 21.5 nm.
The volume fromwhich the diffracting electrons coherently scatter
can be estimated by the product of the depth and lateral
resolutions.
5. Comparison to experiment

To validate the simulations, experimental measurements have
been performed. The experimental measurements have been
performed on an AuAg specimen of 140 nm thick. The specimen
consists of 54 at% Au and 46 at% Ag. To measure the physical re-
solution of the specimen, the electron beam is scanned over a
grain boundary in a similar way as it was already done for s-EBSD
[29,30]. By scanning over a grain boundary, the detected diffrac-
tion pattern will gradually change from the crystal orientation in
the first grain to the crystal orientation in the second grain. The
change is not sudden because the electron beam probe size is
larger than the step size between measurement points on the line
scan. This means that the two diffraction patterns will be collected
simultaneously for several steps. To measure the overlap of the
two patterns, the image quality (IQ) parameter is used. This IQ
parameter is an indication of the intensity of the detected Kikuchi
lines [31].

The advantages of this method, when compared to alternatives
based on Digital Image Correlation [7,29] are the ease and speed
with which line scans can be performed, without the need for the
storage of the individual Kikuchi patterns. The latter requires ad-
ditional available storage space and increases the collection time;
also the processing is done on text files instead of images. In this
way less computing power is needed as well as computer time.



Fig. 11. The experimental determination of the resolution. A line scan is performed over a grain boundary as in the left part. The image quality parameter (IQ) as a function of
distance (x) to the grain boundary is displayed on the right side. The distance between the two peak values is 152 nm.
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Even if the IQ parameter is also influenced by other factors like
phase, strain, topography, and video processing etc. it is the most
direct measurement of the “perfection” of the local diffraction-
generating volume. The conventional IQ metric that we used has
been stated as providing the superior grain boundary and strain
contrast compared to other IQ metrics [31].

During the measurement the specimen was positioned at a WD
of 7.8 mm and was tilted �20°. This optimum tilt is different from
the one suggested by Suzuki's work [11] because we are only
concerned with optimum resolution, whereas their suggested
value (around �40°) is a compromise between resolution and the
software decreasing indexing capabilities at lower angles due to
less contrast in the detector upper part. In our measurements, the
indexing was found to be very satisfactory. The gun voltage was
set to 30 kV. As can be seen in the left part of Fig. 11, a line scan is
performed over a grain boundary with a step size of 3 nm in the A2
direction. In the right part of Fig. 11 the IQ as measured during this
line scan is plotted. The IQ attains a local maximum when the
entire electron probe is in one of the two grains. Closer to the grain
boundary the value of the IQ parameter drops. The distance be-
tween the two local maxima in the IQ is equal to the probe size.
The probe size was determined for a total number of 26 different
grain boundaries. Here the probe size in the A2 direction is de-
termined as the line scans were performed in this direction. The
distribution of the measured probe sizes are ordered in a box plot.
The median of this box plot is 87 nm, with the first and third
quartile bounds of the box plot being 60 nm and 118 nm. These
values, again, must not be confused with reported effective re-
solutions which are in the order of the incident beam size [11]. By
the present method that would mean the smallest distance at
which the occurrence of the IQ drop could be distinguished

The experimental results show a very large deviation between
measurements. This is because the grain boundaries character-
istics such as inclination angle to the surface and angle to the
scanning line, both of which would be expected to affect the
measured IQ valley, were not controlled. The simulated resolution
for this specimen and these experimental conditions is calculated
to be 94 nm in the A2 direction. The measurements are in agree-
ment with the simulation as the simulated result lies within the
first and third quartile.
6. Discussion

The physical resolution of s-EBSD for a bulk gold specimen was
found to be 99 nm in the A1 and 57 nm in the A2 as presented by
Ren et al. [8]. This result was obtained with an incident beam of
20 kV and a specimen tilt of 70°. It should be noted that in [8] the
physical resolution was defined as the smallest width of 90% of the
beam intensity of scattered electrons. For the 100 nm thick gold
specimen and an accelerating voltage of 30 kV this resolution in
t-EBSD was 72 nm in the A1 and 61 nm in the A2. For s-EBSD, the
resolution is better for heavier elements and denser specimens. In
contrast, for t-EBSD the resolution is better for lighter elements
and less dense specimens and also depends on the thickness of the
specimen. For thinner specimens or lighter elements, the resolu-
tion of t-EBSD will improve while the resolution of s-EBSD will
degrade. For the former specimens t-EBSD is thus advantageous.

In s-EBSD a ratio of A1 and A2 resolutions between 1.5 and
3.8 is observed for the most frequent tilting angle of 70°, where
the resolution in the A1 direction is always worse than the re-
solution in the A2 direction [32]. For t-EBSD the resolution in the
A2 direction is also better than the resolution in the A1 direction.
However, the ratio is smaller: between 1.2 and 1.5 for a 100 nm
thick gold specimen. For a 20 nm thin gold specimen the ratio
between resolutions in the A1 direction and A2 direction is 1.6–2.7.
This is significantly different from the ratio for the thicker speci-
men and closer to the results for s-EBSD.

The simulation results presented in Figs. 6 and 7 have shown
that there is typically a difference between the resolution of all the
transmitted electrons and the resolution of the detected electrons
as it was already noted by Rice et al. [15]. In Figs. 12 and 13 the
beam shapes of the detected and specimen electrons are plotted
for the 100 nm and 20 nm thick specimens, respectively. The beam
shapes are the two-term Gaussian distributions that are fitted on
the simulated data as in Fig. 5. The curves are normalized with
respect to the total incident electron dose. To show the influence
of the detector position, a detection probability is introduced. The
detection probability is defined as the chance of an electron to
reach the detector as a function of the departing site. The Detec-
tion probability is calculated as the fraction of electrons that hit
the detector as a function of the exit location; the Detected curve
divided by the Specimen curve in Figs. 12 and 13. These prob-
abilities are plotted in Figs. 12 and 13 for a 100 nm and 20 nm thick
Au specimens, respectively.

For the 100 nm specimen the distribution of the detected
electrons has a better resolution than the distribution of the
electrons of the specimen. For the 20 nm specimen, on the con-
trary, the resolution of the detected electrons was actually worse.
This can be explained with the preferred location of departure for
the detected electrons. This preferred departure location is not the
same for the thinner specimen even though the location of the
detector with respect to the specimen is unchanged. This is be-
cause the electron paths through the specimen in this case are



Fig. 12. The fitted two-term Gaussian functions of the departure location of the
electrons of a 100 nm gold layer which was tilted to �20° are displayed with the
solid and dashed lines. A total of 1 million electrons are simulated. One of the
functions displays the normalized counts of all the transmitted electrons of the
specimen while the other displays the normalized counts of only the detected
electrons (magnified 5 times). The location dependent detection probability as a
function of the A1 direction is displayed with the dotted line. The peak of the
detection probability is found at �50 nm in the A1 direction.

Fig. 13. The fitted two-term Gaussian functions of the departure location of the
electrons of a 20 nm gold layer which was tilted to �20° are displayed with the
solid and dashed lines. A total of 1 million electrons are simulated. One of the
functions displays the normalized counts of all the transmitted electrons of the
specimen while the other displays the normalized counts of only the detected
electrons (magnified 100 times). The location dependent detection probability as a
function of the A1 direction is displayed with the dotted line. The peak of the
detection probability is found at �10 nm in the A1 direction.

Fig. 14. The normalized intensity in the y direction over the phosphor screen of a
140 nm specimen of 54 at% Au and 46 at% Ag. Here the experimental result is
collected from a CCD camera image of the phosphor screen. The simulated result
with Lambertian Correction with A¼2.38 fits the experimental data much better
than the results without this correction.
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significantly different. The preferred departure location can be
indicated by the peak of the detection probability distribution and
it is �10 nm for the 20 nm thick specimen and �50 nm for the
100 nm thick specimen. For the 20 nm thick specimen this loca-
tion corresponds to the 8th percentile of the specimen electron
distribution, while for the 100 nm specimen this corresponds to
the 28th percentile. The preferred departure location of the 20 nm
specimen is thus located relatively farther away in the tail of the
specimen distribution. This means that this detected electron
distribution is more spread out as a result of the underlying spe-
cimen electron distribution.

In Fig. 14 the intensity gradient in the y direction is displayed
for a 140 nm thick specimen with a 54 at% Au content and a 46 at%
Ag content. The specimen was positioned at a WD of 7.8 mm and
was tilted �20°. The gun voltage used was 30 kV. The intensity
gradients of both simulation and experiment are compared. It can
be seen that the two intensity gradients do not match. An ex-
planation for this discrepancy is that also the phosphor screen
plays a role in the experimental resolution. The screen, placed
between the specimen and the CCD camera, converts incident
electrons into photons which are then detectable by the CCD
camera. Per incident electron, multiple photons are generated in
the phosphor and only a smaller fraction reaches the camera. The
number of photons that are generated and that ultimately hit the
CCD camera depends on the energy and the angle of incidence of
the electron. The number of photons generated as a function of
incidence angle is assumed to follow the Lambert's cosine law
[33]. Also, photons that are generated in the phosphor screen have
a possibility to be absorbed before they are able to escape the
phosphor. Electrons that hit the detector at an angle generate
photons at a lower depth in the phosphor screen than electrons
with perpendicular incidence. The longer escape distance for
photons generated at a lower depth results in a higher probability
of absorption. Taking into account the angular dependency of
photon absorption results in a modified version of Lambert's law
[34]:
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Taking this into account, the intensity gradient can be simu-
lated with the Lambertian correction. This corrected intensity
gradient with a value of A¼2.38 is also shown in Fig. 14. The fit
between experimental data is much better with this correction.
From this result it can be concluded that not all detected electrons
are equally important. For future simulations this weighting
should be considered when determining the resolution.
7. Conclusion

This paper presents a thorough investigation on the resolution
of the t-EBSD imaging in practice with the use of Monte Carlo si-
mulations. The simulations aided to identify the best possible re-
solution and the best set-up parameters for different specimens.
The atomic number, density, thickness and tilt of the specimen and
the energy of the incident electrons determine how these elec-
trons are scattered throughout the specimen. The amount of
scattering influences the direction of the transmitted electrons and
the size of their beam at the exit plane.
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In practice, specimens that are too thin are problematic for
t-EBSD since there is less scattering and electrons have smaller
chance to reach the detector located to the side of the specimen.
It has been shown that the detection intensity increases with
thickness of the specimen. The maximum is obtained when the
specimen is thick enough to scatter the electrons towards the
detector, but still thin enough not to significantly backscatter and
absorb the incident electron beam. The parameter that is of even
more importance is the intensity gradient. In case of a high in-
tensity gradient only a part of the screen is successfully used for
indexing. For thinner samples this gradient is particularly large in
the vertical direction. In this case only the bottom part of the
screen is illuminated. To improve the intensity gradient and re-
solution, the detector should be moved in such a way that the
normal of the screen makes a smaller angle with the incident
electron beam.

The lateral resolution has been shown to change as a function
of tilting angle and specimen thickness. The thinner specimen had
a better resolution than the thicker specimen. The resolution as a
function of tilting did show that there was an ideal tilt angle to
optimize the resolution which was larger than 0°. This ideal angle
was found to be �20°. The depth from which the diffracted
electrons originate was found to be much smaller than the lateral
area from which they leave the specimen at the exit face. The
shallowest diffracted electrons were found for low accelerating
voltage and heavy elements whereas the deeper diffracted elec-
trons originated from high gun voltage and lighter elements.

Experimental measurements have been performed on a
140 nm thick AuAg film in the A2 direction and 30 kV acceleration
voltage. This specimen was prepared by hammering and rolling to
attain the correct thickness. The first and third quartiles of the box
plot of the experimentally measured electron probe size were
60 nm and 118 nm. The simulation result of this specimen predicts
a resolution of 94 nm in the A2. It has to be emphasized that the
grain boundaries we used in the probe size measurements were
not ideal for checking the resolution as such since the boundaries
were not edge-on. But importantly, these structures are more
realistic in practice and even so the simulated prediction lies
within the first and third quartiles, which is indeed very
encouraging.
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