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Abstract: A systematic distortion in high-angle annular dark-field scanning transmission electron microscope
(HAADF-STEM) images, which may be caused by residual electrical interference, has been evaluated. Strain
mapping, using the geometric phase methodology, has been applied to images acquired in an aberration-
corrected STEM. This allows this distortion to be removed and so quantitative analysis of HAADF-STEM
images was enabled. The distortion is quantified by applying this technique to structurally perfect and
strain-free material. As an example, the correction is used to analyse an InAs/GaAs dot-in-quantum well
heterostructure grown by molecular beam epitaxy. The result is a quantitative measure of internal strain on an
atomic scale. The measured internal strain field of the heterostructure can be interpreted as being due to

variations of indium concentration in the quantum dot.
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INTRODUCTION

Materials science depends on relating microscopic structure
to macroscopic behavior. As fabrication methods approach
the atomic scale, new techniques must be developed capable
of characterizing a sample of only a few thousand atoms.
One of the main engines of this drive to smaller length
scales is the microelectronics industry, which already em-
ploys devices that are a few tens of nanometers in size in
production processes. Developing analysis techniques that
are capable of matching this technology is one of the major
challenges in materials science.

The development of high-resolution transmission elec-
tron microscopy (HRTEM), such as quantitative HRTEM
(Bierwolf et al., 1993; Kret et al., 2001), scanning TEM
(STEM), and similar techniques allows imaging of most
crystalline materials, supplying information on the struc-
ture of defects at the atomic level and also chemical com-
position at subnanometer levels. In the past few years,
considerable advances have been achieved in quantitative
analysis at a very high spatial resolution, based on conven-
tional HRTEM images (Rosenauer et al.,, 1997; Hjtch &

Received August 18, 2005; accepted March 29, 2006.
*Corresponding author. E-mail: ana.fuentes@uca.es

Plamann, 2001; Kret et al., 2001). Data related to displace-
ment and strain fields may be analyzed using different
techniques for strain mapping, such as geometric phase
(Hytch et al., 1998) or peak pairs (Galindo et al., 2006).
Nevertheless, any technique based on HRTEM is sensitive to
variations in sample thickness and changes in focus condi-
tions, which can make quantitative analysis a complex task.
HRTEM images are much more sensitive to local variations
in sample thickness and changes in focus conditions in
comparison with high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images.
Thus it may be possible to apply strain mapping techniques
using HAADF-STEM to samples that could not be tackled
by HRTEM. For both techniques, specimen drift can cause
problems. For HRTEM, drift produces a degradation of the
whole image, whereas for STEM images, it appears as an
image distortion. Thus caution is required in analyzing
strains in HAADF-STEM images, particularly because acqui-
sition times are usually much longer.

The spherical aberration coefficient, C;, of the objective
lens is one of the main parameters that limits TEM resolu-
tion. For dedicated STEM microscopes, correction of the
spherical aberration of the objective lens using a set of
quadrupole and octupole lenses has recently become avail-
able (Krivanek et al., 1999). This allows the formation of a
sub-Angstrom probe for ultra-high-resolution high-angle
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annular dark-field (HAADF) imaging. Conventional HR-
TEM images of sufficient quality for quantitative analysis
can only be obtained from very thin samples (5-20 nm
thickness). On the other hand, STEM-HAADF gives high-
resolution images from somewhat thicker areas of the sam-
ple, which can be a great advantage. The HAADF signal is
strongly related to the atomic number Z of the scattering
atoms; therefore its combination with strain measurement
is a powerful tool for analysis in crystalline semiconductor
materials, because it gives a two-pronged approach.

In this article we present an application of geometric
phase methodology to the aberration-corrected HAADEF-
STEM images of an InAs/GaAs dot-in-well heterostructure
using strain mapping techniques. Strain mapping of un-
strained GaAs using geometric phase was also used to
measure systematic distortions in HAADF images. In this
article we apply the algorithm developed in Sanchez et al.
(2006). We can correct the HAADF images using the system-
atic distortion measurement in undistorted parts of the
sample. Subsequently, geometric phase and analysis is ap-
plied to the corrected HAADF-STEM images of an InAs/
GaAs dot-in-well structure. Strain measurements, which are
related to the compositional changes in the heterostructure,
have been obtained in different areas containing quantum
dots. We are therefore able to show that a quantitative
HRTEM methodology can be applied to HAADF images
from an aberration-corrected dedicated STEM.

MATERIALS AND METHODS

The sample was an InAs quantum dots-in-well (DWELL)
structure grown in a VG V100 MBE system. Initially a
200-nm GaAs buffer was grown, followed by a 100 nm
AlGaAs PL cladding layer and then 150 nm of GaAs, all at
600°C. For dot growth, the temperature was reduced to
510°C and a 2-nm Ing ;5Ga, gsAs layer was grown, followed
by 0.8 nm of InAs, deposited at 0.025 ml/s. The dots were
capped with 6 nm of Iny;5GaggsAs followed by a 15-nm
GaAs layer. The substrate temperature was then increased
back to 600°C and a further 35 nm of GaAs deposited. This
process was repeated three times and the whole structure
was capped with 100 nm GaAs followed by a 100-nm
AlGaAs cladding layer, capped with 10 nm GaAs.
Cross-sectional TEM specimens were prepared in the
usual manner (Beanland, 2003), that is, by mechanical grind-
ing to below 20 um and mechanical polishing using 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 cleansing of the sample at 2 kV was employed to
minimize amorphous surface layers. Conventional TEM
was carried out on a JEOL 100CX microscope operating at
120 kV, close to the [110]g,as zone axis. Further investiga-

tions were carried out using a VG HB501 UX FEG-STEM
equipped with the recently developed Nion spherical aber-
ration corrector operating at 100 kV (SuperSTEM).

All STEM images were recorded under the same condi-
tions, with 50-Hz line synchronization, with the x-axis
parallel to the scan lines. A large fly back time was chosen to
reduce the influence of small beam deflections and hyster-
esis effects on the HAADF images. HAADF images were
recorded from several areas corresponding to the GaAs
substrate at different magnifications and scan times to de-
termine and remove the systematic distortion in the images.
Additionally, HAADF images in areas containing InAs quan-
tum dots were obtained to analyze the strain distribution in
the InAs dot-in-well heterostructure.

Our processing started with a noise reduction proce-
dure with the use of a combination of the Wiener filter in
Fourier space. The noise estimator necessary for the Wiener
filter was obtained by interpolation of the background on
the power spectrum image. To avoid the contribution of the
strong Bragg peaks, an interpolation procedure similar to
that proposed by Rosenauer was applied (Rosenauer et al.,
1997). For 1024 X 1024 pixel images, the estimation of the
noise distribution in the Fourier space was made with
blocks of 16 X 16 pixels. Additionally the Bragg filter
generated with circular “holes” having a diameter of 50
pixels, smoothed to gradually decrease from 99% to 1% in 6
pixels, centered at the positions of the Bragg spots of the
periodic part of the image, which in this case is three
symmetric spots corresponding to the cubic structure of
InAs. Due to the big size of the mask as well during the
Wiener filtering procedure, the information about distor-
tion that is usually located near the Bragg peak was con-
served. This noise reduction was successfully applied for
measurement of strain from HRTEM images and reduced
mainly a random shift of the fringes fluctuation coming
from the amorphous layer.

The geometric phase algorithm calculates the displace-
ment field from the phase images for two different and
noncollinear vectors. Gaussian masks were placed around
two different (111) peaks in the power spectrum in this
case. The phase image is approximately zero in the reference
area, as this corresponds to the area of the crystal chosen as
the reference lattice. To further refine the vector g, a small
area in the uniform unwrapped phase image was chosen,
typically far away from the stressed area, and its averaged
lattice spacing was calculated. The displacement field is
given by solving these simultaneous equations:

= =27
sz &ax gZyy uy
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 tensors (3;;, defined as



Figure 1. Dark field 002 TEM image, showing the InAs/GaAs
quantum dot heterostructure. The InAs dots appear with a bright
contrast inside an InGaAs quantum well (dark contrast). GaAs
barriers between each DWELL structure show a mid-gray contrast.

the variation of the displacements in the i direction with
respect to j (i.e., B,, = du,/dx) were calculated (Hjtch &
Plamann, 2001; Kret et al., 2001).

Once these measures have been obtained, these can be
used to produce an image in which pixels have intensities
corresponding to the intensity in the original image after
the systematic distortion is removed (Sanchez et al., 2006).
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RESULTS AND DiIScusSION

A dark-field 002 TEM image of the structure is shown in
Figure 1. Because this reflection is sensitive to material
composition (Bithell & Stobbs, 1989, 1991), bright regions
correspond to the InAs quantum dots inside dark layers
of In,Ga,_,As, surrounded by mid-gray GaAs material.
The dot size is quite large, 15-25 nm wide and 7-10 nm
high.

Figure 2 shows a HAADF image of the GaAs substrate
with the beam parallel to the [110] axis, with an image size
of 1024 X 1024 pixels and magnification of 0.04170 nm/
pixel (indicated magnification 500,000X). A bending of the
(002) and (111) lattice planes is readily observed in these
images, even though the material is the unstrained GaAs
substrate. A band pattern was observed in the u, displace-
ment component (Sanchez et al., 2006), which is due to the
slight movement of the beam during each scanned line,
possibly (but not necessarily) due to 50-Hz electrical noise.
The vertical band patterns observed in u, (not shown in this
article) are also visible in the maps of the derivative of the
displacement S, (Fig. 3d) and with a much lower ampli-
tude in B, (Fig. 2a), but they are not apparent in the other
strain maps (f3,,,8,,) (Fig. 3b,c). In Figure 4, the mean
profiles obtained by column averaging and the mean plus/
minus one standard deviation profiles on each column
across the different strain maps are plotted. The standard
deviation of the pixel values in B, was equal to 0.0186,
whereas other strain maps (8, 3,,, Bx,) have pixel standard
deviations equal to 0.0094, 0.0115, and 0.0105, respectively.
An exhaustive analysis of the systematic distortion with

Figure 2. a: HAADF image of strain-free GaAs recorded at 500,000X. b: Distortion-corrected image of the same image,
after applying the correction procedure. A magnified image is inset in the left top corner of each image, demonstrating

the correction of bending planes.
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4 nm

Figure 3. B, (a), B,, (b), By, (c), and B, (d) components of the distortion tensor before applying the correction

procedure. Note the banded pattern in the 8, component.

time and magnification, considering all its components, can
be found in Sanchez et al. (2006). The systematic distortion
was found to be essentially the same for different images
obtained at the same magnification, although the 8, distor-
tion component varied in proportion with the magnifica-
tion. This fact clearly confirms that distortion in the GaAs
unstrained region is due to the scanning process and not
the result of low-frequency sample vibration or drift.

The main result of the strain mapping analysis was that
the y component of the displacement changes with the x
coordinate produces considerable “waves” in the image. On
the other hand, the x component of the displacement was

not strongly affected by the systematic distortion. This
allows us to conclude that the main distortion is a shift of
the columns of pixels in the y direction. The HAADF
images were corrected following the methodology and algo-
rithm developed by Sanchez et al. (2006). Figure 2b shows
the recalculated image, correcting for these distortions. The
bending of the lattice planes is not observed. A clearer
demonstration of the systematic deformation removal is
shown in Figures 5 and 6, where the 8, distortion tensor
component does not show the vertical stripes seen in the
original image, and the amplitude of the B, distortion
component after the correction was reduced considerably.
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Figure 4. B, (a), B,, (b), B, (c), and B,, (d) mean profiles before applying the correction procedure. Mean and mean

plus and minus standard deviations are plotted.

The unit cells of the strained material in epitaxial layers
are tetragonally distorted; that is, the lattice parameter paral-
lel to the interface plane adopts the parameter of the sub-
strate, and the parameter perpendicular to the interface varies
following the Poisson effect. The systematic distortion in the
HAADEF images is not critical in tetragonal distortion mea-
surements, because the periodicity is correct in 8, as can be
observed in Figures 3b and 5b. The amplitude of the mean
distortion was very small and the pixel standard deviation
was reduced to 0.0095, 0.0116, 0.0105, and 0.0101 for B,
B,y» Bxy» and B, respectively. The columns of pixels are
slightly shifted in the y direction, but the periodicity of crys-
tal is preserved. However, any other measurement will be
affected by the distortion, and so we have used this approach
to produce distortion-corrected images.

We now present an example of strain determination in
a DWELL structure. The HAADF images were recorded
with the growth direction parallel to the y scan. The mea-
sured distortions in areas corresponding to relaxed GaAs
substrate were used to correct the original images and
remove the systematic distortion. Figure 7 shows the com-
parison between the strain analysis carried out in the HAADF
image containing the quantum dot before and after the
correction procedure. Figure 7a is a typical HAADF image
that has been used for the evaluation of the strain. An InAs

quantum dot can be observed in the center of this image.
The strain distribution in the HAADF image (Fig. 7a) is
shown in Figure 7b. Applying the algorithm allowed us to
produce an image without systematic deformation (Fig. 7¢).
Following the same methodology as described above, the
strain distribution was obtained in this new calculated
image (Fig. 7d). Because the y periodicity is correct, as
noted above, no significant differences are present between
Figures 7b and 7d. The main limitation of the strain mea-
surement applied to the STEM image is the random hori-
zontal strips, which cannot be corrected with our procedure.
These can be strongly reduced by averaging strained maps
from different exposures. If the observed sample does not
change significantly under the electron beam, the error of
the strain mapping of HAADF images can be similar to that
obtained from HRTEM images (i.e., 0.2% with 1 nm spatial
averaging; Kret et al., 2001).

From the full set of analyses we can conclude that the
strain map clearly shows maxima in areas corresponding to
the InAs, which can be attributed to the highest concentra-
tion of In in those areas. The misfit between GaAs and InAs
is 7.2%. However, the measured strain (in relation to GaAs)
in the InAs has a maximum value around 10%—this larger
value is to be expected, due to the Poisson effect. We can
clearly differentiate the areas corresponding to the quantum
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4 nm

Figure 5. B, (a), B,, (b), B, (c), and B,, (d) components of the distortion tensor after applying the correction
procedure. No banded pattern is present in the 8, component, thus preserving the periodicity of the crystal in the y

direction.

dot, which seems to be nonhomogeneous in In composi-
tion. This procedure has been repeated in different areas
around the quantum dot as shown in Figure 8. In Figure 8a
part of a quantum dot is to the right center of the image,
and in Figure 8¢, the quantum dot can be observed in the
upper part of the image. The strain distribution obtained
for these images is shown in Figures 8b and 8d, respectively.
From this set of analysis we can conclude that the strain
distribution in the InAs/GaAs heterostructure can be ob-
tained as shown in Figures 7 and 8. The relatively large areas
of highest strain correspond to the areas containing the

quantum dot. The quantum well region is less visible; this
may be because the strain in the well is relatively low in
comparison with that in the dot; also the field of view is not
sufficiently large to be able to assign a well-defined region
of the image to the well. Some small regions are also present
with very high strain values (>10%). As these are repro-
duced in the different images, they are clearly a real effect in
the sample. However as there are no longer-range strain
fields associated with them, they are unlikely to be crystal
defects; they are most likely artifacts associated with sample
preparation (e.g., an amorphous surface layer).
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Figure 6. B, (a), B,, (b), By, (c), and B, (d) mean profiles after applying the correction procedure. Mean and mean
plus and minus standard deviation are plotted. The 8, mean component has been reduced to the same level as others.

At this point we should consider the relaxation of the
tetragonally distorted lattice due to the presence of the free
surfaces of the TEM specimen. The relationship between
lattice spacings perpendicular and parallel to the growth
direction is (Rosenauer, 2003)

=A ; 1)

where a; is the substrate parameter (GaAs), a is the dot
lattice parameter (InAs), and a, the lattice parameter per-
pendicular to the interface. The value of A depends on the
elastic constant of the strained layer. For a cubic crystal with
the electron beam along a (110) direction A is given by

C12
Apicc = |1 +2 — (2a)

11
CyuC
A = <1 n 44 12

43 o L))
Cu + 2C11 C44 + C11 C12 - 2C12

where Ay and Ay, refer to a very thick (essentially bulk)
and a very thin (essentially relaxed) specimen. Using equa-
tions (2), for an experimental strain of 10%, the concentra-
tion of In lies between 90% and 66%, depending whether
we consider the sample as a thin foil or as bulk material.
This is a large range, and it illustrates the difficulty of
obtaining accurate results based on strain analysis of thin
TEM sections by any technique. In similar HRTEM studies
of an InGaN/GaN quantum well heterostructure, the uncer-
tainty in composition was reduced by modeling the real
sample geometry (Ruterana et al., 2002). The use of finite
element simulations could provide a better determination
of the In concentration.

CONCLUSIONS

We have demonstrated that strain mapping is a powerful
tool for analyzing HAADF images. The systematic distor-
tion in the HAADF images was found to be essentially
constant with time. This makes it possible to produce
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Figure 7. a: HAADF image of InAs/GaAs quantum dots along the (110) zone axis. A quantum dot is in the center of the
image; growth direction isvertically upward. b: B, strain field distribution, where the maxima strain can be attributed to
the presence of indium in the quantum dot. ¢: Calculated HAADF images of the InAs/GaAs quantum dot where the
systematic distortion has been removed. d: Strain field distribution corresponding to image c. The white square in a and
c indicates the chosen reference area in the uniform unwrapped phase images.

distortion-free images of material that contains internal
strain fields and, using the same tools that are used to
characterize the systematic distortion, a quantitative analy-
sis of internal strain can be performed. Thus STEM micros-
copy has the potential to perform quantitative analyses
with HAADF images in the same way as can be done with

conventional HRTEM images, with the potential to use
thicker regions of the sample. More work is needed to link
the internal strain and the compositional variations within
the sample. Finite element analysis is one route; it may also
be possible to use the atomic number contrast also present
in HAADF images.
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Figure 8. a: HAADF image of InAs/GaAs quantum dots along the (110) zone axis. A quantum dot is in the center right
of the image; growth direction is vertically upward. b: Strain field distribution corresponding to a. ¢: An image similar to
a with a quantum dot to the top of the image. d: Strain field distribution corresponding to c. The white square in a and

293

c indicates the chosen reference area in the uniform unwrapped phase images.
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