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SHORT COMMUNICATION

An approach to the systematic distortion correction in
aberration-corrected HAADF images
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Summary

Systematic distortion has been analysed in high-angle
annular dark-field (HAADF) images which may be caused
by electrical interference. Strain mapping techniques have
been applied to a strain-free GaAs substrate in order to provide
a broad analysis of the influence of this distortion on the
determination of local strain in the heterostructure. We have
developed a methodology for estimating the systematic
distortion, and we correct the original images by using an
algorithm that removes this systematic distortion.

Introduction

Quantitative measurement of internal strain at an atomic
spatial resolution, based on the analysis of conventional high-
resolution transmission electron microscopy (HRTEM) images,
hasbecome a powerful technique which can be used in a variety
of materials systems (Rosenauer et al., 1997; Hjtch & Plamann,
2001; Kret etal., 2001). The distance between adjacent atom
columns in an HRTEM image can be measured — usually to an
accuracy better than 1% — using methodologies applied in real
(Rosenauer et al., 1997; Bierwolf et al., 1993; Kret et al., 2001) or
Fourier space (Hyitch et al., 1998). However, the interpretation
of HRTEM images is not always straightforward and con-
siderations due to the sample thickness and defocus conditions
should be taken into account. High-angle annular dark-field
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(HAADF) scanning transmission electron microscopy (STEM)
can be applied in a similar way to HRTEM, i.e. to produce high-
resolution images of the atomic columns of a crystalline material.
One of the most important advantages of thisimaging technique
is that it does not show contrast reversal with specimen
thickness and microscope defocus. Furthermore, whereas
HRTEM has to be performed in a very thin area of the sample
(5-10 nm), HAADF images can be obtained from thicker areas.

The spherical aberration of the objective lens, C,, in the
transmission electron microscope is one of the main para-
meters which limits spatial resolution. Recent developments
using a set of quadrupole and octupole lenses (Krivanek et al.,
1999) in dedicated STEM microscopes have allowed the spher-
ical aberration to be corrected, giving electron beams with
sub-Angstrom dimensions. This significantly increases the
range of materials from which high-resolution images can be
obtained in this type of microscope.

An artefact common to all microscopes that use a scanning
electron beam is the presence of small beam deflections due to
external electromagnetic fields, as well as hysteresis effects
during the ‘fly back’ between scan lines. These artefacts can
be disastrous if the precise location of an atom column is to be
determined with subpixel accuracy. Fortunately, the majority
of these image distortions are time-invariant, i.e. they are
essentially the same in all images obtained under the same
conditions. We call these distortions ‘systematic’ (as opposed
to those that vary randomly with time, which are ‘non-
systematic’). Here we describe the measurement of systematic
distortions in high-resolution images obtained from an
aberration-corrected dedicated STEM, using high-resolution
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[110]images of strain-free GaAs. There are anumber of differ-
ent algorithms for strain mapping, any of which could be
appropriate for this task, given that the analysed material
showed no dislocations or defects. We then show that a simple
but effective way to reconstruct the non-distorted image can
be used to allow quantitative analysis of strain in HAADF
images with atomic-scale spatial resolution.

Materials and methods

Cross-section TEM specimens of an InAs/GaAs heterostruc-
ture on a (001) GaAs substrate were prepared as described in
Beanland (2003). The material was backthinned to approxim-
ately 100 wm thickeness and a small piece was cleaved and
mounted on a support grid. This was mechanically thinned
to approximately 20 um and polished using a 1-um diamond
suspension on a soft nap pad. The specimens were ion-
milled to electron transparency using Ar* ions at 6 kV and a
beam incidence angle of 3° (uncooled). A final low-energy ‘clean’
of the sample at 2 kV was employed to minimize amorphous
surface layers. Investigations were carried out using a VG
HB501 UX FEG-STEM equipped with the recently developed
Nion spherical aberration corrector operating at 100 kV.

Two algorithms for strain mapping were used, Geometric
Phase (Hytch & Plamann, 2001) and Peak Pairs (Galindo
et al., 2005). The Geometric Phase algorithm works in Fourier
space, and calculates the displacement field by combining
information from two lattice periodicities, i.e. the phase
images for two different and non-collinear vectors. By con-
trast, Peak Pairs works in real space and has been shown to
give similar results to Geometric Phase in most cases. When
using the Geometric Phase algorithm, problems may arise
when phase images contain [-m, ] boundaries, as the
‘unwrapping’ problem is not yet completely solved. This gives
errors in the determination of displacement and strains,
which propagate to the final image reconstruction (Hjtch &
Plamann, 2001). By contrast, Peak Pairs works in real space,
avoiding the unwrapping problem. Because the HAADF
images of unstrained material that we have used do not have
[-m, ] phase boundaries, we have been able to use the Geo-
metric Phase methodology without problems.

Our initial approach was to apply the Geometric Phase algo-
rithm to HAADF images of unstrained GaAs viewed along
[110]. The displacement field was calculated by the combina-
tion of information from two lattice periodicities from the phase
images for two different and non-collinear g,,, vectors (g, and
g5, respectively),

P{h =21 Y« g]y u,
sz 9ox gZyy l,ly
where P, is the phase image, g, and g, the k, and k, components

of the vector g and u, and u, are the x and y components of the
displacement field at position r = (x, y).

Next, the systematic lattice distortion tensor 3; was calcu-
lated as the numerical derivative of the displacement field
(Hytch & Plamann, 2001; Kret et al., 2001),
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The resulting maps of the different strain components [3; were
then used to determine the nature of the systematic distor-
tions. It was found that only the component 3, showed strong
systematic variations, and even in this case there was essenti-
ally no variation along the y-axis. We thus took the average
pi% of all values of B, in each column in the image, as follows:

N

pi;ljxs - Z [31[\ 1 ]) (la)
j=1
where M and N are the number of pixels. The systematic dis-
tortion ( 3{%’) along the x-axis is thus

Y
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From this systematic distortion, the corresponding displace-
ment for each pixel was calculated, in both x and y, as follows.
By definition,
ou”
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Given that one pixel is the smallest spatial unit in the image,
we may approximate

s‘ys‘
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Hence,
(i, ) = Bye (i j) + (1 = 1, j) (4)
and
wy* (i, j) =" (0, j) + k: =k j). (5)

Similarly, given that there is no systematic distortion along x,

m

1 (0,0) +2[3““ 0,j—k)=u®(0,0).  (6)
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Imposing the restriction u;”(0,0) =0, we obtain the system-
atic displacements from the systematic distortions

s‘u\‘(l ]) YL[? 0 ] +2 Bl?;/\s i— k ] EBW[Y k ] (7)
This restriction does not affect the final result. In fact, we may
assign any constant value to u;*(0, 0), and the only difference

in the resulting image will be a Vertical shift.
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These displacements allow us to produce an image in which
pixels have intensities I*(i, j) corresponding to the intensity in
the original image I'if there was no systematic distortion, i.e.

"0, j) =10 j —uy” (0, ). (8)
However, the calculated displacements (u;%') are non-integers,
and some interpolation is necessary in order to evaluate the
intensity of the image at non-integer positions. In our experi-
ments, we used linear interpolation between adjacent values
in the y-direction of the image (I(i, floor(j —u;”*(i, j))) and
1(i, ceil(j — u; (i, j)))) ( floor and ceil functions round their argu-
ment down and up to the next integer, respectively), but other
approaches such as cubic interpolation could be applied.

Results and discussion

An exhaustive analysis of the systematic distortion in relaxed
areas of GaAs has been carried out. The precision in the
scanning process has been analysed using strain mapping
methodologies applied to non-distorted GaAs, as an internal
reference. In this way, the distortions in the x and y scanning
directions can be determined. All the STEM images were
recorded under the same conditions, with 50-Hzline synchro-
nization. The ‘fly back’ time was also adjusted so that it would
not affect the images. Using scan rotation, the crystal and
microscope coordinate systems were aligned, with the growth
direction close to parallel to the y-axis. Sets of HAADF images
were recorded from several areas corresponding to the GaAs
substrate at different magnifications and scan times. Figure 1
shows HAADF images of the non-distorted GaAs substrate
with the beam parallel to the [110] axis, with an image size
of 1024 x 1024 and magnification of 0.04170 nm pixel™
(Fig. 1a) and 0.02087 nm pixel ™ (Fig. 1b), indicated magnifi-
cation 500 000 and 1 000 000x, respectively. A bending
of the lattice planesis present in both images. In order to deter-
mine the precision in the scanning process, a set of images at
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Fig. 1. High-angle annular dark-field images of
unstrained GaAs viewed along [110], recorded at (a)
1 000 000x and (b) 500 000x. Two white lines were
drawn to highlight the lattice plane bending.
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1 000 000 and 500 000x, recorded at different times, has
been analysed using the strain mapping technique.

The main result of the strain mapping analysis is that the
y-component of the displacement changes with the x-
coordinate, which produces ‘waves’ in the lines of atomic
columns. By contrast, the x-component of the displacement
was not strongly affected by the systematic distortion. This
phenomenon is well illustrated in Fig. 2(a,b), showing the dis-
placement fields u, and u,. The displacement component in the
y direction, u,, is responsible for the light and dark vertical
bands. This banded pattern originates in the slight movement
of the beam during each scanned line, possibly (but not neces-
sarily) due to 50-Hz noise. The band patterns observed in u,
are equally visible on the map of the derivative of the displace-
ment (B,,) (Fig. 2c) but they do not appear in the B,, map
(Fig. 2d). This allows us to conclude even when there is a shift
of the columns of pixelsin the y direction, the periodicity of the
GaAs crystal is preserved in the y direction. This means that
the GaAs substrate can be taken as a reference image, which
allows tetragonal distortion to be calculated, even for un-
corrected images. The wider applicability of this approach is
not known at present, as it is likely that each microscope has
its own unique distortion field.

It is also interesting to analyse how artificial distortion
changes with time and magnification. Figure 3 shows f,, in
four 1 000 000x HAADF images (Fig. 3a—d) and two 500 000x
images (Fig. 3e,f). In Fig. 3(a)—(d) vertical stripes of almost
constant vertical displacement can be observed. The systematic
distortion at 1 000 000x magnification is relatively constant
with time, as the same pattern of stripes appears in each image.
The same distortion pattern appears again in the images
recorded at 500 000x. The comparison between Fig. 3(c,e)
shows that B,, fluctuates less at this magnification than at
1 000 000x.

Figure 4 shows a plot of B, averaged along the y-axis for six
different images, four of them recorded at 1 000 000x and two
others at 500 000x. The two uppermost profiles, corresponding

2 nm
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Fig. 2. (a)u,and (b) u, displacement components. u, shows a banded pattern. (c) The 8, component of the distortion tensor. The banded pattern is clear.
(d) The B,, component, with no banded pattern. Note that the scale is for B, and §,,, and not for displacement.

to images recorded at 500 000x, have been multiplied by a
factor of 2. The same pattern is present in all the profiles, so we
may conclude that the banded pattern is essentially constant
in shape, while its amplitude changes in proportion to the
magnification. This has been used to correct the images and
remove the systematic deformation following the method-
ology described in the Materials and methods section.

Figure 5(a,b) shows the corrected images, at 1 000 000x and
500 000x, respectively. The bending of the lattice planes, obvi-
ousin Fig. 1, hasbeen removed. The geometric phase method-
ology has also been applied to the corrected images. Figure 5(c,d)
correspond to the ,, component of the corrected images. The
vertical stripes in the distorted images are no longer present
after correction of the images using this algorithm. The narrow

© 2006 The Royal Microscopical Society, Journal of Microscopy, 221, 1-7
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Fig. 3. Maps of B, from [110] GaAsrecorded at (a—d) 1 000 000x and (e,f) 500 000x at different times.
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B,. averaged over columns
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Fig. 4. Plots of B, using the average value of each column. The
magnification is indicated as 1 000 (1 000 000x) and 500 (500 000x)
in the key. Each curve has been displaced vertically by 0.1 for clarity.

horizontal lines visible in Fig. 1 do not introduce distortions
and are still present in the corrected images.

Conclusions

In summary, we have shown that strain mapping can be used
to measure systematic distortions in HAADF images, and the
resulting strain values can be used to correct the images.
Because the distortion was essentially the same for every

image at a given magnification (i.e. ‘systematic’), using a simple
procedure we can quantify and remove the distortion. This
result is very useful because it makes it possible to compare
experimental and simulated HAADF images in order to deter-
mine the crystallography and defect structure.
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Fig. 5. Corrected High-angle annular dark-field image at (a) 1 000 000x and (b) 500 000x. The B, component of the distortion tensor corresponding to
(a) and (b) is shown in (c) and (d), respectively. Two white lines were drawn in (a) to highlight the straight lattice planes after the correction of systematic
distortion.
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