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Abstract

Position-averaged convergent beam electron diffraction patterns are formed by averaging the transmission diffraction pattern
while scanning an atomically-fine electron probe across a sample. Visual comparison between experimental and simulated patterns
is increasingly being used for sample thickness determination. We explore automating the comparison via a simple sum square
difference metric. The thickness determination is shown to be accurate (i.e. the best-guess deduced thickness generally concurs with
the true thickness), though factors such as noise, mistilt and inelastic scattering reduce the precision (i.e. increase the uncertainty
range). Notably, the precision tends to be higher for smaller probe-forming aperture angles.
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1. Introduction

High resolution scanning transmission electron microscopy
(STEM) has proven very successful for analysis of the struc-
ture of materials down to the atomic scale [1]. Several STEM
imaging modes admit direct interpretation, visualising atomic
columns as peaks and allowing qualitative comparison of their
composition from their intensity [2]. Further information can
be obtained from quantitative analysis of STEM image inten-
sity, including deducing three-dimensional structure from two-
dimensional images [3–5], assessing quantitative composition
[6–10], and localizing dopants in three-dimensions [11, 12]. An
independent determination of specimen thickness is often valu-
able (and sometimes essential) for such work. In atom counting
via absolute-scale intensities, independent thickness measure-
ments offer a useful consistency check on the accuracy of such
experimental parameters as detector outer angle in annular dark
field imaging [13] and detector area and efficiency in energy-
dispersive X-ray spectroscopy [14]. When analysing composi-
tion, knowledge of specimen thickness is a useful constraint in
distinguishing variation in composition from variation in order-
ing [15].

Thickness can be estimated in many ways. Sample rotation
can be revealing [16]: some samples can be turned side-on;
fiducial markers on top and bottom surfaces, if present, can be
used; in two-beam conditions intensity fringes in bright-field or
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dark-field images, or within the diffraction disks in convergent
beam electron diffraction (CBED) patterns, can be analysed;
tomography can be attempted. However, these techniques can
be hard to connect to the local thickness at the specific regions
from which high resolution STEM images are taken. Electron
energy loss methods can be used [17], but require the thickness
be at least comparable to the inelastic mean free path, and that
this and the relative contributions of bulk and surface plasmons
are well known [18]. Thickness can be estimated from incoher-
ent STEM images themselves using absolute-scale comparison
[19, 20], but not independently of the measurements of inter-
est. For more precise and local thickness determination, we
have found position-averaged convergent beam electron diffrac-
tion (PACBED) to be effective [14, 21]. A PACBED pattern
can be produced by continuous recording of the CBED pattern
throughout the probe raster scan, thereby producing an aver-
aged (integrated) pattern [19]. One advantage is that such pat-
terns can be recorded at essentially the same sample region, the
same sample orientation, and the same electron-optical condi-
tions as the high resolution STEM images of primary interest.
Another is that the inherent averaging, and the resultant inde-
pendence from both coherent and incoherent lens aberrations
(for periodic specimens of uniform thickness) [19, 22], makes
the patterns robust.

The PACBED pattern depends on sample structure and thick-
ness. The dependence on structure has been used to probe
sample polarity, symmetry and orientation [23–28], rotation of
oxygen octahedra in ceramic materials [29–31], and even the
presence of point defects [32, 33]. (Lest we appear to be mak-
ing too much of the method, it has been shown to have weak

Preprint submitted to Ultramicroscopy October 4, 2018



E
x
p
e
ri
m
e
n
t

S
im
u
la
ti
o
n

Figure 1: Visual comparison of three experimental PACBED patterns (left) for different thicknesses of SrTiO3 with simulations of systematically varied thickness
(right). Coloured borders indicate the best visual match between experiment and simulation. All data are for a 〈001〉 zone axis orientation and a 305 keV STEM
probe with a probe-forming aperture semiangle of 9.4 mrad.

sensitivity to atomic column displacements [31] and, as He et
al. [34] caution, the number of reference simulations and thus
computation time increases dramatically if one seeks to esti-
mate multiple structural quantities simultaneously.) The depen-
dence on thickness means that, for known structures, compar-
ison against simulations allows the sample thickness to be de-
termined [8, 11, 14, 27, 35–39].1 The essence of this approach
is illustrated in Fig. 1. The left hand side shows three energy-
filtered experimental PACBED patterns taken from different ar-
eas of a SrTiO3 sample viewed along a 〈001〉 zone axis orien-
tation using an aberration-corrected FEI Titan cubed electron
microscope operating at 305 kV with a probe-forming aperture
semiangle of 9.4 mrad. The right hand side shows simulated
PACBED patterns for the same parameters with systematically
varying thickness. The structure of the patterns is seen to vary
significantly with thickness. Coloured borders are used to pair
the experimental patterns with the most visually similar simu-
lations, and the specimen thickness in the area from which each
experimental pattern was recorded is deduced to be close to the
input thickness of the corresponding simulation.

Visual matching being both time consuming and subjective,
it is desirable to automate the process. Klinger et al. [42]
present an automated procedure for the case of non-overlapping
Bragg disks based on fairly sophisticated disk-by-disk pattern
matching. However, Stemmer and co-workers [29, 30] (for
measuring octahedral tilts) and Chen et al. [14] (for measur-
ing thickness) used a simpler metric based on the sum square
difference between the experimental and simulated PACBED
patterns, which the former authors call χ2 and the square root
of which the latter authors call an ℓ2-norm. Whereas visual
matching can make use of the shape and contrast of many de-
tailed features in the PACBED patterns, the ℓ2-norm approach

1CBED pattern matching for thickness estimation in the case that the Bragg
disks do not overlap substantially predates PACBED, e.g. Ref. [40]. However,
atomic-resolution STEM imaging requires some overlap of disks [41], and in
that regime the scan averaging of PACBED yields a more robust pattern than
that from a single probe position for the purpose of comparison against simula-
tions.

reduces all the information in a PACBED pattern down to a
single-parameter metric. The validity and useful range of this
metric have not yet been determined. This paper presents the
validation of the ℓ2-norm metric, assessing its accuracy, i.e. the
agreement between true and deduced thickness, and its preci-
sion, i.e. the size of the uncertainties, in the presence of the
many confounding factors present in real experiments. Sec-
tion 2 briefly outlines the experiment providing the case study
data. Section 3 describes how we use the metric to determine
a thickness and assign error bars to that determination. Section
4 discusses practical aspects of its implementation, including
sampling and alignment between experimental and simulated
patterns. Section 5 examines the accuracy and precision of the
metric under the experimental limitations of noise, sample mist-
ilt, thickness variation and inelastic scattering. Section 6 ex-
plores how the precision of thickness determination depends on
the probe-forming aperture size.

2. Experimental case study

The three experimental PACBED patterns on the left hand
side of Fig. 1 are part of a larger set taken from seven areas
of different thickness from a SrTiO3 sample viewed along a
〈001〉 zone axis orientation. The data were recorded using a
dual aberration-corrected (probe and image) FEI Titan cubed
electron microscope operating at 305 kV. The instrument was
aligned and operated with a condenser aperture defining a 15
mrad convergence semiangle. For recording of PACBED pat-
terns a smaller C2 aperture was introduced, defining a conver-
gence semiangle of 9.4 mrad, that still gave appreciable overlap
of Bragg disks in SrTiO3. The position of the aperture was
then manually adjusted to the centre of symmetry. During ac-
quisition the beam was scanned continuously over an area of
∼ 10 × 10 unit cells, sufficient to average over many identi-
cal lattice positions but small enough to avoid gross changes
in thickness. The PACBED patterns were recorded on a Gatan
Ultrascan camera (2048 × 2048 pixels), mounted on a post col-
umn Gatan Energy Filter (GIF). This allowed two PACBED
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patterns to be recorded at each region: unfiltered, with no slit;
and zero-loss filtered, by centering a 10eV energy selecting slit
on the zero-loss peak. The recording time for each pattern was
5 seconds at a beam current of 200 pA, meaning that the dose
in each pattern is 6 × 109 electrons. The three experimental
PACBED patterns on the left hand side of Fig. 1 are part of a
larger set taken from seven areas of different thickness from a
SrTiO3 sample viewed along a 〈001〉 zone axis orientation. The
data were recorded using a dual aberration-corrected (probe
and image) FEI Titan cubed electron microscope operating at
305 kV. The instrument was aligned and operated with a con-
denser aperture defining a 15 mrad convergence semiangle. For
recording of PACBED patterns a smaller C2 aperture was intro-
duced, defining a convergence semiangle of 9.4 mrad, that still
gave appreciable overlap of Bragg disks in SrTiO3. The posi-
tion of the aperture was then manually adjusted to the centre
of symmetry. During acquisition the beam was scanned con-
tinuously over an area of ∼ 10 × 10 unit cells, sufficient to av-
erage over many identical lattice positions but small enough to
avoid gross changes in thickness. The PACBED patterns were
recorded on a Gatan Ultrascan camera (2048 × 2048 pixels),
mounted on a post column Gatan Energy Filter (GIF). This al-
lowed two PACBED patterns to be recorded at each region:
unfiltered, with no slit; and zero-loss filtered, by centering a
10eV energy selecting slit on the zero-loss peak. The record-
ing time for each pattern was 5 seconds at a beam current of
200 pA, meaning that the dose in each pattern is 6 × 109 elec-
trons. The three experimental PACBED patterns on the left
hand side of Fig. 1 are part of a larger set taken from seven
areas of different thickness from a SrTiO3 sample viewed along
a 〈001〉 zone axis orientation. The data were recorded using a
dual aberration-corrected (probe and image) FEI Titan cubed
electron microscope operating at 305 kV. The instrument was
aligned and operated with a condenser aperture defining a 15
mrad convergence semiangle. For recording of PACBED pat-
terns a smaller C2 aperture was introduced, defining a conver-
gence semiangle of 9.4 mrad, that still gave appreciable overlap
of Bragg disks in SrTiO3. The position of the aperture was
then manually adjusted to the centre of symmetry. During ac-
quisition the beam was scanned continuously over an area of
∼ 10 × 10 unit cells, sufficient to average over many identi-
cal lattice positions but small enough to avoid gross changes in
thickness. The PACBED patterns were recorded on a Gatan Ul-
trascan camera (2048×2048 pixels), mounted on a post column
Gatan Energy Filter (GIF). This allowed two PACBED patterns
to be recorded at each region: unfiltered, with no slit; and zero-
loss filtered, by centering a 10eV energy selecting slit on the
zero-loss peak. The recording time for each pattern was 5 sec-
onds at a beam current of 200 pA, meaning that the dose in each
pattern is 6 × 109 electrons.

3. The ℓ2-norm metric for PACBED pattern comparison

We define an ℓ2-norm metric for the difference between an
experimental and simulated PACBED pattern via:

ℓ2(t) =

√∑

pixels

[
Ĩexp − Ĩsim(t)

]2
(1)

where Ĩexp and Ĩsim denote experimental and simulated
PACBED patterns, and t denotes the sample thickness input to
the simulation. The tildes on the PACBED pattern intensities
denote pre-processing involving scaling, rotational and transla-
tional alignment, and intensity normalization.

EXP

SimExp Exp Sim
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b
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c

ℓ

Figure 2: (a) Plot of the ℓ2-norm curve defined by Eq. (1) for one of the experi-
mental PACBED patterns. The global minimum at thickness 102 Å and a local
minimum at thickness 402 Å are indicated. The magnified inset emphasises
that the ℓ2-norm is only evaluated at a discrete set of thicknesses. (b) Experi-
mental (left half) and simulated 102 Å thickness (right half) PACBED patterns,
showing good visual agreement. (c) Experimental (left half) and simulated 402
Å thickness (right half) PACBED patterns, showing some common features but
overall poorer visual agreement than that at thickness 102 Å.

Figure 2(a) shows a plot of the ℓ2-norm curve for one of the
experimental PACBED patterns from SrTiO3. Smaller ℓ2-norm
values indicate greater similarity between the experimental and
simulated patterns. As per the magnified inset, the PACBED
simulations and ℓ2-norm evaluations are performed at discrete
thickness values, specifically integer multiples of the unit cell
thickness. The plot in Fig. 2(a) has a clear global minimum
at 102 Å. Though the match is not perfect – i.e. the ℓ2-norm
is not identically zero – we nevertheless deduce the thickness
of the sample in the experiment to be that at which the global
minimum of the ℓ2-norm curve occurs. Factors contributing to
the imperfect match include possible short-comings of the pre-
processing and experimental factors such as noise, mistilt and
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inelastic scattering. The influence of these factors on the accu-
racy and precision of this thickness determination are explored
in sections 4 and 5.

We see the advantages of the ℓ2-norm approach being ra-
pidity through automation and objectivity through the unique-
ness of the global minimum. That said, a visual comparison
between the experimental and simulated PACBED patterns at
major minima is prudent in the presence of multiple minima.
Figure 2(a) has several such minima, including the pronounced
minimum at thickness 402 Å. Here the visual agreement is ex-
cellent at the global minimum, Fig. 2(b). At the local minimum
at thickness 402 Å, Fig. 2(c), there is some broad similarity in
features (cf. other patterns in Fig. 1) but overall clearly less
visual agreement than that at thickness 102 Å. We have yet to
encounter a case where an ℓ2-norm plot has multiple clear min-
ima for which the best visual match does not occur at the global
minimum.

That the thickness at which the global minimum in the ℓ2-
norm plot occurs is unambiguously a single value does not
mean there is no uncertainty associated with this thickness de-
termination: that the value of the ℓ2-norm at the global min-
imum is not identically zero shows that the experiment and
simulation do not match perfectly. We define the precision of
our thickness determination to be the range of thicknesses for
which the simulated PACBED patterns are more similar to the
best match simulation than is the experimental data, as mea-
sured by the ℓ2-norm metric. This is obtained as follows. First,
generate the ℓ2-norm curve for the experimental PACBED pat-
tern of interest and determine the thickness from the location
of the global minimum. The plot labelled “Experiment” in Fig.
3(a) shows an example, with the domain and range of the plot
restricted to focus on the global minimum at thickness 496 Å.
Second, use the thickness determination for the first step to gen-
erate another ℓ2-norm curve in which the experimental pattern
– Ĩexp in Eq. (1) – is taken to be the simulated PACBED pattern
at the thickness value determined in the first step (at the same
sampling as the experimental image so that the ℓ2-norm values
can be directly compared). The plot labelled “Simulation” in
Fig. 3(a) shows an ℓ2-norm curve in which the experimental
pattern is taken to be the simulated PACBED pattern for thick-
ness 496 Å. The range of thicknesses for which the ℓ2-norm
values in the second curve are lower than the minimum value
of the first curve, rounded out to an integer number of unit cells,
thus constitutes our uncertainty range or precision measure. For
the example in Fig. 3(a) this is seen to be the range 468–527 Å.

Figure 3(b) shows simulated PACBED patterns across this
uncertainty range in comparison with the experimental pattern,
at which the determined thickness is 496 Å. Fine shape features
in the full patterns near the outer edge of the uncertainty range
differ perceptibly from the experimental PACBED pattern, sug-
gesting that thickness determination may be possible to a pre-
cision better than our uncertainty range definition if more cre-
dence is given to assessment of fine feature shape than to the
ℓ2-norm metric.

Figure 3(c) shows another uncertainty range construction,
this time for a pattern from a much thinner area of the sam-
ple. Unlike the previous example, the uncertainty range here is

527Å468Å

a

484Å 508Å

b
468Å Sim 484Å Sim 496Å Exp 508Å Sim 527Å Sim

117Å74Å

74Å Sim 102Å Exp 117Å Sim

c

d

496Å

102Å

ℓ
ℓ

Figure 3: Examples of our construction of the uncertainty range for the thick-
ness determination. (a) Horizontal lines are extended from the lowest point
on the experiment ℓ2-norm curve until they intersect the simulation ℓ2-norm
curve, giving an uncertainty range. (b) Four simulated PACBED patterns at
select thicknesses, indicated by red shaded symbols in (a), across the uncer-
tainty range. The experimental pattern is shown in the centre. (c) The same
uncertainty construction for experimental data from a much thinner sample,
showing an asymmetric uncertainty range. (d) Two simulated PACBED pat-
terns at thicknesses, indicated by red shaded symbols in (c), from the edges of
the uncertainty range. The experimental pattern is shown in the centre.

decidedly asymmetric about the thickness determination value,
a result supported by visual comparison of the full patterns in
Fig. 3(d). This variability in the shape of the global minimum
of the ℓ2-norm curves dissuaded us from seeking to define the
precision to be that of polynomial fitting about the minimum in
the ℓ2-norm curve [29].

Table 1 summarises the thickness determination and uncer-
tainty ranges, expressed as asymmetric error margins above
and below the determined thickness, for the (energy filtered)
PACBED patterns from all seven areas on the specimen. For the
thinner samples at least, the error margin is consistent with the
1 or 2 nm error margin often quoted for thickness determination
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Table 1: Thickness determinations and error margins for all energy filtered
PACBED patterns in the experimental data set.

Area Thickness (Å) Error margin (Å)

1 102
(
+12
−20

)

2 129
(
+8
−8

)

3 223
(
+27
−27

)

4 355
(
+27
−39

)

5 496
(
+31
−27

)

6 590
(
+39
−39

)

7 629
(
+39
−47

)

by visual matching of PACBED patterns [8, 37, 43]. The table
further shows that the error margins tend to grow with increas-
ing specimen thickness, consistent with the visual impression
from Fig. 1 that the rate of change in PACBED pattern struc-
ture with thickness lessens for thicker samples. That PACBED
is most reliable for thin specimens makes it complementary to
other techniques (such as energy loss methods) which are less
suited to thin samples [38].

These constructions for determining the thickness and mar-
gin of error can be applied for any experimental PACBED pat-
tern for which corresponding simulations can be performed.
However, as the ℓ2-norm curves in Figs. 2(a), 3(a) and 3(c)
show by having minimum values greater than zero, the exper-
imental PACBED patterns are not in exact agreement with the
simulations. The thickness determination therefore needs some
validation, evidence that the factors producing the discrepancies
that remain even at the best match conditions do not lead to an
appreciable difference between the true and deduced thickness
values, at least within error bars. The following two sections ex-
plore several factors which affect the comparison between ex-
perimental and simulated PACBED patterns, both in terms of
their influence on the thickness determination accuracy (i.e. the
agreement between true and deduced thickness) and precision
(i.e. the uncertainty range).

4. Considerations for implementation

The pixel sampling, the intensity scaling, and both the lat-
eral and orientational alignment of experimentally obtained
PACBED patterns rarely match those of the reference simu-
lations. This is of little matter for visual comparisons as per
Fig. 1, but evaluation of the ℓ2-norm metric involves pixel-wise
differences and thus requires reasonably good correspondence
between experiment and simulation, both in the location of pix-
els and in the intensity scale. We arrange this by pre-processing
the PACBED patterns.

As the experimental patterns tend to have finer sampling than
can be achieved in simulations for modest investments of com-
puter memory, the experimental pattern is first binned down to
a sampling more comparable to that of the simulations. The
remaining discrepancy is eliminated by interpolation based on
the ratio of the pixel diameter of the bright field disk between
experiment and simulation. In the presence of significant noise
it is arguably more reliable to interpolate the simulations, but
from the perspective of efficiency it is worth remembering that
comparisons typically involve simulations from many thick-
nesses but only one experimental pattern [42].

44
.5
°

45°45.9°
45
°

a

b

590Å

ℓ

Exp Sim

Figure 4: (a) Experimental (left) and simulated (right) PACBED patterns, with
manually identified symmetry axes indicated by red lines. The difference in
orientation between the raw experimental pattern and the simulation is identi-
fied through the relative orientation of these reference lines between experiment
and simulation. The angles between the reference lines are also given, showing
a slight geometric distortion of the experimental pattern. (b) ℓ2-norm curves
showing the effect of rotational misalignment of 1◦ and 2◦ away from our best
manual estimate alignment (labelled “Aligned”).

We rotationally align the PACBED pattern by manual identi-
fication of high symmetry axes. By way of example, Fig. 4(a)
shows an experimental pattern (left; from area 6 in Table 1) and
a simulated pattern (right). Red lines indicate the high symme-
try axes. Identifying the rotation based on the relative orienta-
tions of the manually-placed reference lines reintroduces a sub-
jective element. To explore the consequences of this approach,
Fig. 4(b) compares ℓ2-norm curves using our best manual es-
timate for the alignment (labelled “Aligned”) and using rota-
tional alignments differing from this by 1◦ and 2◦. Reassuringly,
the “Aligned” pattern yields better agreement with simulation
(lower ℓ2-norm values) than the other patterns. One could au-
tomate a search for the rotation which minimises the ℓ2-norm.
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Note, however, that Fig. 4(b) shows that the effect of modest
rotational misalignment does not appreciably alter the accuracy
of the thickness determination, though it does reduce its preci-
sion. We thus conclude that manual orientation alignment does
not compromise the accuracy of the thickness determination.

Figure 4(a) also shows that the angles between the symme-
try axes identified in the experimental pattern differ slightly
from that expected for the structure. This is a consequence
of geometric distortions in the electron optics used to form the
PACBED pattern, including a non-aligned image corrector [44].
Such distortions become more pronounced at higher scattering
angles, and in quantitative CBED work it can be important to
identify and correct these distortions [45]. As most features of
interest in PACBED patterns tend to be in the vicinity of the
bright field disk, i.e. at low scattering angles, the distortions
are more modest here. The geometric distortions we have en-
countered do not significantly impact on the accuracy of this
thickness determination method.

Lateral alignment between experimental and simulated
PACBED patterns is accomplished by automated cross-
correlation. Each pattern is then normalised by its mean inten-
sity. (Note: the experimental pattern must thus have the black
level correctly set, or else have subtracted a dark image for a
blanked beam.) Testing similar to that presented in Fig. 4 sug-
gests that these procedures likewise have minimal impact on the
accuracy of the thickness determination.

5. Experimental factors

Scaling and alignment are not the only causes of discrepancy
between simulations and real experimental data. Shot noise,
crystal mistilt, thickness variation and amorphous surface lay-
ers all have an impact on the contrast and structure within the
PACBED pattern [29, 39] and are rarely incorporated into the
simulation. In this section we examine the effect of some ex-
perimental factors on the accuracy and precision of thickness
determination via the ℓ2-norm metric.

5.1. Shot noise

A fundamental limit on the agreement between experimental
and simulated PACBED patterns is shot noise. To explore the
consequences of this, we model shot noise in simulation. For
an assumed total dose, a realistic shot-noise-limited PACBED
pattern can be formed by replacing each expectation number
with a random deviate drawn from a Poisson distribution with
that mean value. Figure 5(a) shows the experimental pattern
from area 5. With the experimental dose of 6 × 109 electrons,
the speckled appearance characteristic of substantial shot noise
is not visible. Figure 5(a) further shows simulated PACBED
patterns at thickness 496 Å for total doses of 108, 107 and 106

electrons. With decreasing dose, the percentage noise level in-
creases, and a speckled texture in the PACBED patterns be-
comes more evident.

The impact of shot noise on the accuracy and precision of the
ℓ2-norm thickness determination can be gauged in Fig. 5(b),

Exp: 6×109e- Sim: 108e-

Sim: 107e- Sim: 106e-

a

b

496Å

ℓ

Figure 5: (a) Experimental (Exp) and shot-noise-including simulated (Sim)
PACBED patterns for area 5 (thickness 496 Å). The dose is shown on each
image. (b) ℓ2-norm curves taking as input experimental pattern the shot-noise-
including simulated patterns from (a). The legend is labelled by the total elec-
tron dose. Low dose simulations produce larger ℓ2-norm values and reduced
precision, but the lowest point on the ℓ2-norm curves occur at the same thick-
ness value, i.e. accuracy is unaffected.

which plots the ℓ2-norm curves taking the three different noise-
level simulated patterns as the experimental pattern in evaluat-
ing Eq. (1). The accuracy is unaffected: the global minimum
occurs at thickness 496 Å, the known input. However, the preci-
sion reduces with increasing noise (decreasing dose), as evident
in the increasing minimum value of the ℓ2-norm curves.

Figure 5 shows that the dose used in our present experiment
was unnecessarily conservative: equally good results could
have been obtained for two orders of magnitude lower dose. It
should be stressed that this conclusion applies to the PACBED
pattern, a signal averaged over many probe points. Were CBED
patterns to be recorded separately for each point in the probe
scan, as is becoming possible with recent developments in pixel
detectors [46–49], those individual CBED patterns would be
proportionally much noisier.

5.2. Sample mistilt

The reference simulations used in evaluating Eq. (1) assume
an exact [001] zone axis condition. While PACBED patterns
from samples with a priori known symmetry have been touted
as a good way to effect alignment to within a milliradian or so
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[19] – cf. standard STEM images in which several milliradian
mistilt may not lead to evident asymmetry [50] – it is unlikely
the zone axis orientation will be exactly realised in the exper-
iment. The consequences this can have are explored in Fig.
6. Assuming a 601 Å thick sample, Fig. 6(a) shows simulated
PACBED patterns for a series of tilts about the [11̄0] axis. Eval-
uating Eq. (1) using the simulations for sample mistilt as Ĩexp

and perfectly on-axis simulations for Ĩsim(t), the corresponding
ℓ2-norm curves are shown in Fig. 6(b). Increasing tilt is seen to
affect both the accuracy and precision of the thickness determi-
nation, with the location of the global minimum here shifting
to increased thickness for increased tilt. However, the larger of
the tilts considered here lead to very noticeable asymmetry in
the PACBED patterns. If spotted in real time during the exper-
iment then the crystal could be better aligned. If only spotted
after the fact then one could seek to include misorientation in
the parameters to be determined. More subtle mistilts, like the
1.95 mrad case in Fig. 6, might pass unnoticed. The modest re-
duction in accuracy evident for the 1.95 mrad case in Fig. 6(b)
is nevertheless such that the true thickness value is well within
the uncertainty range.

Sim: 0mrad Sim: 1.95mrad

Sim: 3.90mrad Sim: 7.80mrad

a

b

601Å

605Å

616Å

ℓ

Figure 6: (a) Simulated PACBED patterns assuming thickness 601 Å with sam-
ple mistilt about the [11̄0] axis by the angle given on each pattern. (b) The
ℓ2-norm curves formed by taking the four patterns in (a) as experimental pat-
tern inputs.

5.3. Surface effects

Thus far the sample thickness has been assumed to be uni-
form across the scan region over which the position average
used to form the PACBED pattern is taken. To explore the con-
sequences of this not being the case, Figs. 7(a) and (b) show
two non-flat sample surfaces in profile view, with the electron
beam assumed to be directed down the page. In both cases the
average sample thickness is taken to be 500 Å. With each black
square representing one unit cell, the structure in Fig. 7(a) has
a modest ∼10 Å thickness variation while the structure in Fig.
7(b) has a more pronounced ∼40 Å thickness variation. Nev-
ertheless, the corresponding ℓ2-norm curves in Fig. 7(c) show
that both cases would lead to a thickness determination of 500
Å, the accurate average thickness. Some reduction in accuracy
is expected at very low thicknesses where the ℓ2-norm curves
are less symmetric about their minima, e.g. Fig. 3(c), consistent
with previous observations that in very thin crystals with some
thickness variation the PACBED pattern features are dominated
by the thicker regions [11].

The simulations discussed above assume the surface struc-
tures to be of the same crystalline structure as the bulk. How-
ever, innate surface chemistry and/or specimen preparation of-
ten mean amorphous material is present on the specimen sur-
faces. It has been suggested that, whereas scattering power
measures give the total sample thickness (i.e. including the
amorphous surface contribution), PACBED thickness determi-
nation will give the thickness of just the crystalline region [8].
This is supported by the ℓ2-norm curve in Fig. 7(d) in which the
experimental pattern input is a simulated pattern for a sample of
total thickness 430 Å, but with 20 Å of amorphous material2 on
both the top and bottom surfaces. The thickness determined is
seen to be that of the crystalline portion and not that of the total
sample.

5.4. Inelastic scattering: phonons

The reference simulations used thus far have been cal-
culated using the quantum excitation of phonons model
[51] (or the operationally-equivalent-but-conceptually-semi-
classical frozen phonon model [40]) assuming uncorrelated vi-
brational motion between atoms (i.e. the Einstein model).
To get some sense of the limitations this may imply, rather
than comparing with simulations that include correlated phonon
modes we instead compare with the more severe approximation
of discarding the contribution from thermally scattered elec-
trons (which would require a perfect energy filter to achieve ex-
perimentally), i.e. an absorptive model. The difference between
absorptive and quantum excitation of phonons simulations is
that the former excludes the intensity contribution from ther-
mally scattered electrons whereas the latter includes it. The dis-
tribution of thermally scattered electrons contains some struc-
ture [51], but, more significantly, it extends to larger scattering

2Amorphous structure was simulated by setting the vibrational amplitudes
of the atoms in the surface layer to be comparable to the crystal unit cell size.
This is not a true amorphous structure – the density is correct but the pair dis-
tribution function will not be. It is nevertheless anticipated to be adequate for
our purposes.
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Figure 7: Model surface configurations with (a) modest (∼10 Å) and (b) appre-
ciable (∼40 Å) surface height variation, shown in profile view with the electron
beam direction down the page. (c) ℓ2-norm curves for samples with mean thick-
ness 500 Å and surfaces as shown in (a) and (b). The thickness determination
is seen to accurately give the average sample thickness. (d) ℓ2-norm curve for a
(simulated) sample 430 Å thick including 20 Å of amorphous material on both
the top and bottom surfaces. The minimum of the ℓ2-norm curve occurs at 391
Å, the thickness of the crystalline component.

angles than does elastic scattering. Visual comparisons are, if
conducted on a linear contrast scale, based on the bright fea-
tures which are largely limited to the bright field region. How-
ever, more quantitative approaches can make use of an assess-
ment of the relative intensities in the bright and dark field re-
gions [14].

The effect of our assumptions about thermal scattering is ex-
plored in Fig. 8. For two different thicknesses, area 2 in Fig.
8(a) and area 7 in Fig. 8(b), we plot four ℓ2-norm curves. Those
labelled “Abs” use the absorptive model, while those labelled
“QEP” use the quantum excitation of phonons model. Those
with the additional label “trunc.” have the field of view re-
stricted to scattering angles smaller than around 1.5α (where α
denotes the semiangle of the bright field disk), whereas the field
of view of the untruncated data extends out to around 2.5α.

For the thinner sample, Fig. 8(a), all the ℓ2-norm curves are

129Å

625Å 

(Abs)

629Å 

(QEP)

b

a

ℓ
ℓ

Figure 8: ℓ2-norm curves using experimental data from (a) area 2, estimated
to be 129 Å thick, and (b) area 7, estimated to be 629 Å thick. “Abs” denotes
absorptive simulations, while “QEP” denotes quantum excitation of phonons
simulations (or, equivalently, frozen phonon simulations). The suffix “trunc.”
further indicates that the field of view used in calculating the ℓ2-norm values
was restricted to scattering angles smaller than around 1.5α (where α denotes
the semiangle of the bright field disk), whereas the field of view of the untrun-
cated data extends out to around 2.5α.

virtually identical in the vicinity of the local minimum. This is
expected: the proportion of electrons thermally scattered from
thin specimens is small, especially in the PACBED pattern since
the probe is only atop heavy columns for a small portion of
the total scan region. Differences are more apparent for the
thicker sample, Fig. 8(b). Reassuringly, the ℓ2-norm values are
generally lower for the quantum excitation of phonons model
than for the absorptive model: the more realistic inclusion of
thermally scattered electrons does indeed give patterns in bet-
ter agreement with the experimental data. That said, the dif-
ference in location of the global minimum is at most a couple
of unit cells, well within the uncertainty range. Thus the ef-
fect of neglecting thermal scattering on the accuracy of thick-
ness determination is minimal. The much faster absorptive cal-
culations are quite sufficient for thickness determination, and
we would thus recommend them for preliminary explorations
seeking to vary parameters additional to thickness, for instance
mistilt or modest structure variation. It is also evident in Fig.
8(b) that, if the absorptive model is to be used, truncating the
PACBED field of view to close to the bright field region is likely
to give more reliable results for thickness determination via the
ℓ2-norm method.
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5.5. Inelastic scattering: filterable energy losses

All forms of inelastic scattering become increasingly signif-
icant for thicker specimens, not just thermal scattering. We
have sought to handle thermal scattering through simulation
because thermally scattered electrons cannot readily be distin-
guished from elastically scattered electrons in experiments as
their change in energy is typically smaller than the spread of
the electron energy of the source. However, other inelastic pro-
cesses, most notably plasmon scattering, involve energy losses
appreciably larger than the source energy width and can there-
fore be distinguished from the zero-loss peak with conventional
in-column and post-column filters. The ℓ2-norm comparisons
with experimental data presented thus far all use energy-filtered
data. The justification comes from Fig. 9, which compares ℓ2-
norm curves for energy filtered and unfiltered data. The differ-
ences are modest, the thickness variation in the global minima
being a unit cell or so and thus certainly smaller than the un-
certainty range. As expected, the differences are largest for the
thicker sample. There the filtered data clearly gives the bet-
ter agreement with the simulations. This can be understood as
follows. Plasmon scattering, a spatially-delocalized and low-
energy-loss process, typically involves small scattering angles.
Visually, the plasmon scattered component of the PACBED pat-
tern is expected to look like a more blurred version of the elas-
tic and thermally scattered pattern. This blurring reduces, al-
beit not dramatically, the agreement between the experimen-
tal PACBED pattern and simulated patterns which only include
elastically and thermally scattered electrons.

219Å(Unfilt.) 223Å (Filt.)

632Å 

(Unfilt.)

629Å 

(Filt.)

b

a

�

�

Figure 9: ℓ2-norm curves comparing energy filtered and unfiltered experimental
data from (a) area 3 and (b) area 7.

6. Choice of probe-forming aperture

Being based around our SrTiO3 case study experiment, all
results thus far have been based on the 9.4 mrad probe-forming
aperture semiangle. This aperture is smaller than that typi-
cally used for atomic-resolution STEM imaging in aberration-
corrected instruments. Fig. 10(a) shows simulated PACBED
patterns for 500 Å thick SrTiO3 for five different probe-forming
aperture semiangles. It is seen that when the probe-forming
aperture is large there is a high degree of Bragg disk overlap and
the resulting patterns tend to have finer and more complex struc-
ture which hinders visual-pattern-matching PACBED thickness
determination.

This impression can be made more quantitative using the ℓ2-
norm comparison. Figure 10(b) shows ℓ2-norm curves for the
five simulated patterns in Fig. 10(a). All have a unique global
minimum at the input thickness, but the variation with thickness
differs markedly, with those for smaller probe-forming aper-
tures having larger variations and deeper minima while those
for larger probe-forming apertures have smaller variations and
shallower minima. The consequences of this are clearer in Figs.
10(c)-(e) which show, for a narrow, intermediate and wide aper-
ture respectively, the effect of shot noise based on total electron
doses of 108, 107 and 106 electrons. As per section 5.1, shot
noise reduces the precision of thickness determination. For nar-
row apertures where the ℓ2-norm variation is large, Fig. 10(c),
the noise levels considered lead to only a modest reduction in
precision. However, for the wide apertures where the ℓ2-norm
variation is small, Fig. 10(e), the shot noise levels considered
dramatically reduce the precision, to the extent that thickness
determination for a dose below around 107 electrons could not
be considered reliable.

That narrow apertures make thickness determination via
PACBED, and especially the ℓ2-norm metric, more reliable puts
it at odds with the conditions that favour high resolution STEM
imaging, i.e. wider apertures. If both PACBED thickness deter-
mination and atomic resolution STEM imaging are desired, one
compromise is to choose an intermediate aperture angle, wide
enough to allow atomic resolution imaging but narrow enough
to allow PACBED thickness determination to satisfactory preci-
sion. Another is to change the convergence semiangle between
STEM imaging and PACBED recording, provided this can be
done with relatively little impact on sample location and optical
condition. We accomplish this by changing the condenser aper-
ture, the Monash Titan cubed microscope having a 10-aperture
strip which allows great flexibility.

To demonstrate that the generality of this conclusion is not
limited to our SrTiO3 test case, Fig. 11 shows ℓ2-norm curves
and the corresponding simulated PACBED patterns across dif-
ferent aperture angles for specimens of gold along the [001]
zone axis, Fig. 11(a) and (b), wurtzite-type AlN along the [001]
zone axis, Fig. 11(c) and (d), and GaAs along the [110] zone
axis, Fig. 11(e) and (f). In each case, the variability (and thus
precision) is greatest for the narrowest aperture and worst for
the widest aperture. The GaAs case in Fig. 11(e) is also inter-
esting in that it shows a second, sharp local minimum in close
proximity to the global minimum for the 3.13 mrad case, and
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Figure 10: (a) Simulated PACBED patterns for 500 Å thick SrTiO3 for different probe-forming aperture semiangles. (b) ℓ2-norm curves for the PACBED patterns
in (a). The effects of shot noise on the ℓ2-norm curves are also shown for probe-forming aperture semiangles of (c) 3.13 mrad, (d) 9.40 mrad and (e) 18.8 mrad.

the global minimum to be particularly broad for the 9.4 mrad
case. Thus the precision of thickness determination via the ℓ2-
norm approach can vary from sample to sample. That said, we
emphasize that the precision possible for a given sample can
be explored in advance of the experiment via simulation. In-
deed, such explorations could be used to guide the microscope
settings chosen for the experiments.

7. Conclusion

For thickness determination via comparison of experimental
and simulated PACBED patterns, the ℓ2-norm approach offers
the advantages of rapidity through automation and objectivity
through the uniqueness of the global minimum. Having ex-
plored the reliability of this method in terms of accuracy and
precision, we draw the following conclusions:

• Manual rotational alignment suffices.

• Shot noise does not appreciably reduce accuracy but does
reduce precision somewhat.

• Specimen mistilt large enough to impact on accuracy is
also large enough to produce clear asymmetries in the
PACBED pattern. Mistilt values small enough not to be
thus evident reduce precision but do not significantly re-
duce accuracy.

• In the presence of modest thickness variation, the thick-
ness determined is the average thickness. In the presence
of amorphous surface layers, the thickness determined is

that of the crystalline portion of the sample only, albeit at
lower precision.

• Quantum excitation of phonons (or frozen phonon) simu-
lation agree better with experimental data than absorptive
simulations, but often not enough to warrant the increase
in computing time. If using absorptive calculations, re-
strict the field of view of the PACBED pattern to the close
vicinity of the bright field.

• Energy-filtered PACBED patterns are preferred, but the
difference is small, especially for thin samples.

• The precision of thickness determination is highest for nar-
rower probe-forming aperture angles, and is greatly re-
duced for wider apertures. In instruments which allow for
ready change of convergence semiangle while preserving
other imaging conditions including location on specimen,
such alternation may offer the best of both worlds. Other-
wise, a compromise between the thickness determination
precision and the resolution for STEM imaging must be
made.

More elaborate automated comparisons, such as those in-
volving machine vision techniques [42], could be brought to
bear on the problem and are likely to improve the precision (re-
duce the thickness determination uncertainty range) from that
presented here. Nevertheless, we consider that the ℓ2-norm ap-
proach represents a good compromise between simplicity and
reliability.
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Figure 11: (a) ℓ2-norm curves and (b) the input (simulated) PACBED patterns
for three different probe-forming aperture semiangles and a 502 Å thick sample
of gold viewed along the [001] zone axis. (c), (d) The same quantities for a
501 Å thick sample of (wurtzite-type) AlN viewed along the [001] zone axis.
(e), (f) The same quantities for a 100 Å thick sample of GaAs viewed along the
[110] zone axis.
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