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Quantitative  structural  and  chemical  information  can  be obtained  from  high  angle  annular  dark  field
scanning  transmission  electron  microscopy  (HAADF  STEM)  images  when  using  statistical  parameter  esti-
mation  theory.  In this  approach,  we  assume  an  empirical  parameterized  imaging  model  for which  the
total  scattered  intensities  of  the atomic  columns  are  estimated.  These  intensities  can  be  related  to  the
material  structure  or composition.  Since  the  experimental  probe  profile  is  assumed  to  be  known  in  the
vailable online 27 December 2013
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description  of  the  imaging  model,  we  will  explore  how  the  uncertainties  in the  probe  profile  affect  the
estimation  of the  total  scattered  intensities.  Using  multislice  image  simulations,  we  analyze  this  effect
for Cs  corrected  and  non-Cs  corrected  microscopes  as  a function  of inaccuracies  in cylindrically  symmet-
ric  aberrations,  such  as defocus  and spherical  aberration  of  third  and  fifth  order,  and  non-cylindrically
symmetric  aberrations,  such  as 2-fold  and  3-fold  astigmatism  and  coma.

© 2013  Elsevier  Ltd. All  rights  reserved.
. Introduction

The use of a high angle annular dark field detector in a scan-
ing transmission electron microscope (HAADF STEM) allows one
o obtain images whose contrast is sensitive to structural and
hemical information of the material under study. The intensi-
ies of these images scale with the mean atomic number Z of the
tomic columns, hence the name Z-contrast imaging (Pennycook
nd Jesson, 1991). It has also been demonstrated that the intensi-
ies can be related to the number of atoms present in each atomic
olumn (Van Aert et al., 2011, 2013; LeBeau et al., 2010; De Backer
t al., 2013). Therefore, this technique is widely used for chem-
cal and structural analyses of materials at the atomic level. To
nalyze HAADF STEM images as accurately and precisely as pos-
ible, quantitative methods are needed. In order to analyze HAADF
TEM images quantitatively, several approaches have been pro-
osed (Rosenauer et al., 2009; Robb et al., 2012; LeBeau et al.,
008; Kotaka, 2010). Furthermore, statistical parameter estimation
heory has been introduced as an alternative method to extract

uantitative information from HAADF STEM images, such as chem-

cal composition (Van Aert et al., 2009; Martinez et al., 2014) or
umber of atoms (Van Aert et al., 2011, 2013; De Backer et al., 2013),

∗ Corresponding author. Tel.: +32 (0) 32653317.
E-mail address: gerardo.martinez@uantwerpen.be (G.T. Martinez).

968-4328/$ – see front matter © 2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.micron.2013.12.009
with high accuracy and precision. In this framework, HAADF STEM
images are described using a simplified parameterized empirical
imaging model. The unknown parameters of this model are then
estimated in an iterative way by fitting this model to the exper-
imental images using a criterion of goodness of fit, such as least
squares, least absolute squares or maximum likelihood (den Dekker
et al., 2005; Van Aert et al., 2005). In this manner, the total intensity
of scattered electrons can be quantified atomic column-by-atomic
column, which is particularly interesting due to its sensitivity for
the chemical composition. The use of this methodology has been
shown to allow for a chemical quantification of interfaces (Van
Aert et al., 2009), and to study the structure and composition of
nanoparticles (Bals et al., 2011) and nanoclusters (Bals et al., 2012).
The research on nanostructured materials such as nanoparticles
is of great interest because of their wide applications in different
fields, such as catalysts for example (Yu et al., 2012). Model-based
quantification of HAADF STEM images has been presented in Van
Aert et al. (2009, 2012) and an extensive analysis on the inherent
limitations of this methodology as a tool for atom counting has
been explained in De Backer et al. (2013). Furthermore, the model
assumptions and validity for single atomic column chemical quan-
tification have been discussed in Martinez et al. (2014). In this work,

we analyze how inaccuracies in the probe aberrations, which are
usually assumed to be known, affect the estimation of the scat-
tered intensities of the atomic columns. For that purpose, we will
make use of multislice simulations under the absorptive potential

dx.doi.org/10.1016/j.micron.2013.12.009
http://www.sciencedirect.com/science/journal/09684328
http://www.elsevier.com/locate/micron
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micron.2013.12.009&domain=pdf
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pproach (Ishizuka, 2002) because of their suitability to describe
lectron-sample interactions for thin samples. In Section 2, we  will
eview the model-based analysis for quantification of HAADF STEM
mages. In Section 3 we will describe the simulation methodol-
gy and settings. We  consider the example of Pt as a test material
ecause of its increasing interest in the catalyst research commu-
ity (Chen and Holt-Hindle, 2010). However, the analysis can be
xtended to all types of materials. In Section 4, the results will
e presented and discussed. Finally, in Section 5, conclusions are
rawn.

. Model-based parameter estimation

Model-based electron microscopy has recently been reviewed
n Van Aert et al. (2012), where a wide scope of applications is
iscussed as well. For the particular case of quantification of Z-
ontrast HAADF STEM images, the methodology is presented in
an Aert et al. (2009). Quantitative information is then obtained by
easuring total scattered atom column intensities using statisti-

al parameter estimation theory. An empirical incoherent imaging
odel is used to measure these quantities. This parametric model

escribes the expectations of the pixel values of the HAADF STEM
mage. If we assume an incoherent model for this purpose, we
an describe the electron-sample interaction as the convolution
etween an object function and the probe intensity (Pennycook
nd Jesson, 1991; Nellist, 2007):

kl(�) = f (rk,l; �) = O(rk,l; �) ∗ P(rk,l) (1)

here O(r  ; �) is the object function depending on the unknown
tructure parameters � and P(r) is the probe function depending on

 set of probe parameters including acceleration voltage, defocus,
perture semi-angle, spherical aberration constant and high order
berration coefficients. The indices (k, l) correspond to the STEM
robe at position rk,l = (xk yl)T.

The information about the sample and the HAADF detector is
ncorporated in the object function, which describes the scattering
nteraction of the probe with the projected potential recorded at the
etector plane. This function is sharply peaked at the atom column
ositions and can be defined as a superposition of Gaussian peaks:

(rk,l; �) = � +
N∑

n=1

�nexp

(
−(xk − ˇxn )2 − (yl − ˇyn )2

2�2

)
(2)

here � is a constant background, N is the total number of atomic
olumns to be analyzed, � is the width of a Gaussian peak, �n is
he height of the nth Gaussian peak, ˇxn and ˇyn are the x- and
-coordinates of the nth atomic column, respectively.

Thus, the unknown parameters are given by the parameter vec-
or:

 = (ˇx1 , . . .,  ˇxN , ˇy1 , . . .,  ˇyN , �, �1, . . .,  �N, �)T (3)

In order to estimate the unknown parameters, use is made of the
niformly weighted least squares estimator. The function parame-
ers are then estimated by minimizing the least squares sum using
n iterative routine. After the estimation of the unknown parame-
ers from the experimental images, the volumes under the Gaussian
eaks above the background are used as a sensitive measure to
xtract quantitative information. It has been shown that this mea-
ure is proportional to the total intensity of electrons scattered by a

pecific atomic column that was integrated at the HAADF detector
Van Aert et al., 2009). These volumes can be computed as follows:

n = 2��n�2 (4)
n 63 (2014) 57–63

The function P(r) in Eq. (1) is the STEM probe that scans over the
sample. It is given by the following expression:

P(r) = |p(r)|2 ∗ S(r) (5)

where |p(r)|2 is the coherent point source contribution and S(r) rep-
resents the incoherent source size effects (Born and Wolf, 1998).
The STEM probe formation takes place at the objective lens, which
strongly focuses the electron beam to form a crossover which is
described by the function p(r). This function is given by the inverse
Fourier transform of the transfer function of the objective lens T(g),
which is defined as:

T(g) = A(g) exp(i�(g)) (6)

with A(g), the so-called aperture function, being a circular top-hat
function with unity height and radius gap. The objective aperture
semi-angle ˛0 is related to this function by the equality ˛0 = gap�,
where � is the electron wavelength. The exponential term in Eq. (6)
describes a phase shift �(g) due to the objective lens aberrations.
The function �(g) incorporates the effect of rotationally symmet-
ric aberrations, such as defocus and spherical aberration of third
and fifth order. Non-symmetric aberrations such as astigmatism
and coma can also be included in this function for a more accu-
rate description of the probe profile (Haider et al., 2000). Extensive
work has been performed in order to measure the objective lens
aberrations (Haider et al., 2000; Wong et al., 1992; Uhlemannm
and Haider, 1998; Batson, 2006; Krivanek et al., 2008). The most
recent aberration corrected instruments incorporate automated
routines to measure the residual aberrations on a daily basis.
Computer assisted routines have been developed to analyze diffrac-
togram tableaus, so-called Zemlin-tableaus (Zemlin et al., 1978),
and to address residual aberrations and their stability during the
experiment (Barthel and Thust, 2010). For STEM, use is made of
far-field shadow images, so-called Ronchigrams, to perform this
task (Lupini et al., 2010). The parametric model proposed in Van
Aert et al. (2009) assumes the probe function to be known. This
probe function is determined by the instrument. The characteris-
tic probe aberrations should be measured experimentally. Residual
aberrations can be measured with different methodologies up to
the unavoidable experimental limitations, including reading noise,
fluctuations of the probe current due to microscope instabilities,
hardware and software computational restrictions (Barthel and
Thust, 2010). Thus, there is an unavoidable uncertainty in the probe
profile. Therefore, we  will study how these inaccuracies affect the
parameter estimates, the scattered intensities given by Eq. (4), in
particular. We  will show our analysis as a function of inaccuracies
in defocus (C1), spherical aberration of third (C3) and fifth order
(C5), 2-fold (A1) and 3-fold (A2) astigmatism and coma (B2).

3. HAADF STEM simulation study

The analysis presented in this work will make use of multi-
slice simulations under the absorptive potential approximation
(Ishizuka, 2002) using the StemSim software (Rosenauer and
Schowalter, 2007). The absorptive potential approximation is com-
putationally less demanding while it still describes the image
intensities properly up to 50 nm thickness of the sample (Rosenauer
et al., 2009). We  simulated a Pt structure in [1 0 0] and [1 1 0]
zone axis up to 75 atoms thickness, that is, ≈30 nm and ≈21 nm,
respectively. The simulated images were convolved with a Gaus-
sian function to account for spatial incoherence. We  consider two
cases: a Cs corrected and a non-Cs corrected microscope under

their corresponding Scherzer conditions. The simulation settings
are summarized in Table 1.

Using the theory described in Section 2, the scattered intensities,
given by Eq. (4), have been estimated from the simulated images
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Fig. 1. Percentage of deviation in total scattered intensity (estimated volume given by Eq. (4)) as a function of probe inaccuracies for Pt in [1 0 0] zone axis. (a and b) Deviations
as  a function of defocus while keeping Cs and C5 constant. (c and d) Deviations as a function of Cs while keeping Scherzer defocus and C5 constant. (e and f) Deviations as a
function of Cs while adapting defocus to meet Scherzer conditions. C5 is kept constant. (g and h) Deviations as a function of C5 while keeping defocus and Cs constant.



60 G.T. Martinez et al. / Micron 63 (2014) 57–63

Fig. 2. Percentage of deviation in total scattered intensity (estimated volume given by Eq. (4)) as a function of probe inaccuracies for Pt in [1 1 0] zone axis. (a and b) Deviations
as  a function of defocus while keeping Cs and C5 constant. (c and d) Deviations as a function of Cs while keeping Scherzer defocus and C5 constant. (e and f) Deviations as a
function of Cs while adapting defocus to meet Scherzer conditions. C5 is kept constant. (g and h) Deviations as a function of C5 while keeping defocus and Cs constant.
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Fig. 3. Simulated images when considering different non-cylindrically symmetric aberrations. Reference image is simulated taking into account simulation settings described
in  Table 1. Reference, A2, B2, A2 + B2 and A1 + A2 + B2 images are shown for 75 atom thickness. Sum of A1, A2 and B2 considered values of 5 nm, 100 nm and 40 nm, respectively.
Images  including A1 for 1 to 5 nm are shown for 1, 10, 25 and 75 atoms thickness. When A1 is present, the distortion of the image is dependent on the amount of aberration
a ed sh
m  B2.
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nd  the sample thickness. The shape of the atomic column deviates from a round
odeled by rounded Gaussians. The effect of A1 is predominant in respect to A2 and

ssuming variation in the probe aberrations around the true aber-
ations. As presented in Martinez et al. (2014), fitting a constant
ackground to simulations is not needed, since this background
onsiders the signals that do not originate from the sample under
tudy, such as the sample support or the grid. Consequently, a back-

round with value 0 was considered for this analysis. Furthermore,
e will study the effect on the scattered intensities for 1, 5, 10, 15,

0, 30, 45, 60 and 75 atoms thickness. The analysis of simulated

able 1
ettings used for multislice simulations.

Microscope Cs corrected/non-Cs corrected
Acceleration voltage HT 300 kV
Defocus C1 −8.8741 nm/−48.606 nm
Spherical aberration C3 0.04 mm/1.2 mm
Spherical aberration C5 10 mm
Objective aperture angle  ̨ 21.1 mrad/9 mrad
Spatial incoherence of source FWHM 0.7 Å/1.23 Å
Number of unit cells per supercell 9 × 9
HAADF inner collection angle 60 mrad
HAADF outer collection angle 190 mrad
Maximum specimen thickness [1 0 0] 29.4 nm
Maximum specimen thickness [1 1 0] 20.8 nm
Debye–Waller factor B 0.384 Å2

Pixel size [1 0 0] 0.1569 Å
Pixel size [1 1 0] 0.1121 Å
Non-cylindrically symmetric aberrations:
2-Fold astigmatism (A1) 1–5 nm at �/4
3-Fold astigmatism (A2) 100 nm at �/4
Coma (B2) 40 nm at �/4
ape. When A2 and B2 are considered, the shape of the atomic column can still be

images for two different zone axes is intended to consider different
atomic column spacings, having a different effect on the cross-talk
of the electron beam through the sample. Typical values for the
non-cylindrically symmetric aberrations have been considered in
the image simulations resulting from computer assisted alignment
of the probe corrector in a FEI Titan cubed 80–300 kV. Regularly,
values of 2-fold astigmatism (A1) below 5 nm are obtained. For 3-
fold (A2) astigmatism and coma (B2), the amount of aberration used
is 100 nm and 40 nm,  respectively. These aberrations considered a
rotation angle of �/4.

4. Results and discussion

4.1. Analysis of cylindrically symmetric aberrations

The analysis for cylindrically symmetric aberrations is pre-
sented in Figs. 1 and 2, where the effect of variations around the
true aberration coefficients on the total scattered column intensi-
ties is shown. Figs. 1 and 2(a and b) show the deviations of total
scattered intensity in percentage with respect to variation of defo-
cus from Scherzer defocus conditions for a Cs corrected and non-Cs
corrected microscope, respectively. Negative and positive devia-
tions are considered corresponding to underfocus and overfocus,
respectively. All other microscope settings are given in Table 1. For

the Cs corrected instrument, it follows that a variation in defocus of
±20% results in a deviation of ≈1% regardless the number of atoms
present in the sample or zone axis. For larger variations, the devi-
ation increases significantly and depends on the number of atoms,
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Fig. 4. Percentage of deviation in total scattered intensity (estimated volume given
by  Eq. (4)) as a function of number of atoms. (a) Deviation from correct volume
when 2-fold A1 astigmatism is included for 1–5 nm.  Sum of A1, A2 and B2 for 5 nm,
100  nm and 40 nm,  respectively, is also shown. There is a predominant effect of
2 G.T. Martinez et al. /

esulting in a higher deviation when few atoms are present. In the
on-Cs corrected example, the effect of the variation in defocus is
ore pronounced and highly dependent on atomic column spacing,

hat is, the chosen zone axis. For the [1 0 0] zone axis, the deviation
eaches ≈5% for a variation of ±20%. For [1 1 0] zone axis, the same
mount of variation in defocus leads to a deviation up to ≈30% for
arge number of atoms. Figs. 1 and 2(c and d) show the deviation of
he total scattered intensity as a function of variations in Cs while
eeping the defocus value constant. In this case, a ±20% variation
round the true Cs value leads to a deviation of ≈2% in [1 0 0] zone
xis and ≈5% in [1 1 0] for the Cs corrected microscope. Higher devi-
tions are found for the non-Cs corrected example when a larger
umber of atoms is present. In comparison with Figs. 1 and 2(e
nd f), where the defocus is adapted to meet Scherzer conditions
ith varying Cs,  the deviation in total scattered intensities is signif-

cantly smaller. The deviation is less than ≈4% in the ±20% defocus
ariation range regardless of number of atoms, zone axis or Cs cor-
ection. Finally, Figs. 1 and 2(g and h) show the effect of varying
5. These results indicate very small deviations in total scattered

ntensities for a range of ±10 mm around the true C5. However,
eviations are larger for the Cs corrected microscope as compared
o the non-Cs corrected microscope. Modification of the probe pro-
le due to this aberration is indeed more prominent in case of Cs
orrection. For the case of the non-Cs corrected microscope, the
ffect is practically none regardless of zone axis, due to the pre-
ominant effect of Cs aberration on the probe profile. An overall
bservation of this study is that Cs correction is more sensitive
o inaccuracies in the probe settings for a few number of atoms.
stimated scattered intensities obtained from images of a non-
s corrected microscope are clearly affected with respect to the
umber of atoms present in the crystal and atomic column spac-

ng. However, deviations in estimated scattered intensities ≈ 1 to
% are observed when the experimental uncertainties in the true
robe settings are in the ±20% range for most cases. The quan-
ification of scattered intensities is less affected when the probe
rofile is significantly peaked. This demonstrates a robust behavior
f this model-based method with respect to probe inaccuracies for
ylindrically symmetric aberrations.

.2. Analysis of non-cylindrically symmetric aberrations

As explained in Section 2, the proposed model considers only
ylindrically symmetric aberrations, such as defocus and spheri-
al aberrations of third (Cs)  and fifth (C5) order. However, in Cs
orrected microscopes, the remaining non-cylindrically symmetric
berrations, such as 2-fold (A1), 3-fold (A2) astigmatism and coma
B2), can have an important effect on the image, which is seldomly
bserved in non-Cs corrected instruments, because of the predomi-
ant effect of Cs.  Therefore, we analyze how these aberrations affect
stimated scattered intensities when taking images with a Cs cor-
ected microscope. We  compare the scattered intensities obtained
t Scherzer conditions using the simulations settings from Table 1
or the [1 0 0] zone axis. Maximum values of 2-fold, 3-fold astig-

atism and coma corresponding to typical values obtained when
sing computer assisted software to align the probe corrector in a
itan cubed 80–300 kV are considered for the simulations. Usually,
alues of A1 should be below 5 nm when the corrector is properly
ligned. This aberration is corrected at the moment of recording the
mage and it may  even slightly vary during the acquisition. Conse-
uently, we simulated a series of images including this aberration

n 1 nm steps, ranging from 1 to 5 nm.  The simulated images are
hown in Fig. 3. Deviations from a rounded shape of the atomic col-

mn  are observed depending on the amount of 2-fold astigmatism,
ut also depending on the number of atoms present. Fig. 4(a) shows
he deviation from the estimated scattered intensity with respect
o number of atoms for the different values of A1. When comparing
A1. (b) Deviation from correct volume when 3-fold A2 astigmatism and coma B2, is
considered for 100 nm and 40 nm, respectively.

these results with the images shown in Fig. 3, it can be concluded
that the deviation with respect to the reference case remains very
small as long as the column shape is visually round. For values of
A1 up to 3 nm,  the fitting procedure is able to retrieve most of the
atomic column intensity even when considering a Gaussian shape
to model the column images. In contrast, for 5 nm 2-fold astigma-
tism, deviations are large indicating the need to correct for this
aberration manually after using computer assisted software. Spe-
cial attention is drawn to the case of 10 atoms thickness showing a
minimum in the deviation. In Fig. 3, the nearly rounded shape of the
atomic column is observable at this thickness, corresponding to the
turning point of the asymmetry of the column. For values below 10
atoms, the asymmetry direction is observed indeed from lower left
to upper right of the image, whereas for larger number of atoms, the
asymmetry direction changes from lower right to upper left of the
image. This observation is expected due to the asymmetry of the
probe profile while propagating inside the crystal. Fig. 3 also shows
simulated images when A2 and B2 are included for 75 atoms thick-
ness. For these aberrations, the deviation of a rounded shape is less
prominent at the maximum values usually obtained after software
correction, that is at 100 nm and 40 nm, respectively. Fig. 4(b) shows
that the deviation from the reference scattered intensity when con-
sidering these aberrations separately or combined is less than 1%.
Finally, a simulated image considering the maximum values (5 nm
– 100 nm – 40 nm)  for the three aberrations A1, A2 and B2 together

is shown in Fig. 3 for 75 atoms thickness. The combined aberra-
tions result in a clearly distorted image. It is found that the effect
of A1 predominates and that the deviation with respect to the scat-
tered intensity reference is very similar to the curve for 5 nm 2-fold
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stigmatism in Fig. 4. In conclusion, the parametric model shows a
obust behavior for non-cylindrically symmetric aberrations even
f they are not taken into account in the probe profile.

. Conclusions

Statistical parameter estimation theory has been shown to be
 reliable technique to extract quantitative structural and chemi-
al information from HAADF STEM images. This approach relies on
stimating unknown structure parameters of an empirical param-
terized imaging model. From these estimated parameters, the
otal scattered intensity of the atomic columns can be deter-

ined. The total scattered intensity is then related to structure
r composition of the atomic column. In this approach, it is gen-
rally assumed that the scanning probe profile is known. In this
ork, we have explored how experimental uncertainties of the
robe affect the estimated total scattered intensity. Using mul-
islice simulations under Scherzer conditions, we have analyzed
his effect for a Cs and non-Cs corrected microscope as a func-
ion of uncertainties in cylindrically symmetric aberrations, such
s defocus and spherical aberration of third and fifth order for
wo different atomic column spacings. In general, it can be con-
luded that deviations in scattered intensities are between ≈1 and
% when the experimental uncertainties are in the ±20% range for
ost cases. Reduced atomic column spacing and increasing num-

er of atoms may  have an important effect for non-Cs corrected
nstruments, whereas the scattered intensities for a Cs corrected
nstrument are more affected for few atoms present in the sam-
le. Moreover, when adapting defocus for a varying Cs in order
o keep Scherzer conditions, the deviations are clearly reduced.
he effect of C5 can practically be neglected for a non-Cs corrected
icroscope and has very little influence for the Cs corrected case.

ince the model only considers cylindrically symmetric aberra-
ions while estimating the model parameters, we analyzed how
on-cylindrically symmetric aberrations, such as 2-fold and 3-

old astigmatism and coma, affect the estimation of the scattered
ntensities for a Cs corrected instrument, since for a non-Cs cor-
ected microscope, the effect of these aberrations is overruled by
he rounded distortion caused by Cs.  It can be concluded that for
ypical aberration values for 3-fold astigmatism and coma after
oftware correction, the shape of the atomic columns can still be
odeled by a rounded Gaussian function and therefore, the devi-

tion from the correct scattered intensity is less than ≈1%. The
ffect of 2-fold astigmatism depends on specimen thickness and
he magnitude of the aberration. Up to values of 3 nm for A1, devi-
tions from the correct volume are below ≈10% for large number
f atoms (75 atoms) and less than ≈5% for fewer atoms (less than
5 atoms).

In conclusion, the model-based analysis of HAADF STEM
mages is shown to be robust for inaccuracies in both
ylindrically symmetric and non-cylindrically symmetric
berrations.
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