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Summary
In the context of the methodological studies aimed to give a quantitative evaluation of composition basing on High Angle Annular
Dark Field (HAADF) STEM imaging, I propose to afford quantitatively the effect of a strain field varying along the electron propa-
gation direction. I propose, as a case study, the well known surface strain relaxation in a STEM specimen comprising an InGaAs-
GaAs Quantum Well. I will demonstrate, by means of experiments and simulation that, surface strain relaxation produce charac-
teristic intensity dips at the sides of the QW not ascribable to chemical effects. The origin of this contrast will be correlated with
the characteristic phenomenon of channelling in zone axis conditions.
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Introduction

The methodological research aimed to produce
quantitative analysis based on high-resolution
transmission electron microscopy (HRTEM) has
reached, under many aspects, a good degree of
maturity as many effects concurring to the image
formation have been clarified (Coene et al., 1992;
Van Dyck and Op de Beeck, 1996; Kret et al.,
2001). On the contrary, in many cases, the use
Scanning Transmission Electron Microscopy
(STEM) technique with High Angle Annular Dark
Field (HAADF) detector mainly remains qualita-
tive as new methods to give a quantitative inter-
pretation of HAADF images are still being devel-
oped (Anderson et al., 1997; Liu et al., 1999;
Carlino and Grillo, 2005; Grillo and Carlino,  2008;
LeBeau et al., 2008). One of the main advantages
of the technique is indeed its capacity to make
evident a compositional variation through a
change of the intensity. This is particularly
appealing in the case of imaging in low index zone
axis conditions for which the chemical informa-
tion on a single atomic column can be readily
obtained.

The strong compositional sensitivity is also
related to the use of a large collection angle.
Indeed for a sufficiently large scattering angle the
scattering contribution is dominated, at room
temperature, by the thermal diffuse scattering
(TDS). One of the peculiarities of this scattering
mechanism (but also of the elastic contribution at
high angle (Rafferty et al., 2001)) is that the scat-
tering contributions of atoms sum incoherently
with each other (Pennycook and Jesson, 2001).
This is quite different from what happens with
HRTEM images where the interference of the
coherent scattering from each atom needs to be
considered. This highly coherent nature of the
HRTEM image formation makes it intrinsically
more sensible to any non-periodic effect of the
crystalline structure and in particular to the strain
fields. Such effects superimpose and often domi-
nate on compositional effects (Ruvinov et al.,
1995; De Caro et al., 1997). It results therefore evi-
dent the advantage of an incoherent technique as
HAADF for its possibility to reduce strain related
effects. Experimentally it is indeed observed a
drastic reduction of such effects when the detec-
tor inner aperture is increased (Hillyard and
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Silcox, 1995; Yu et al., 2004).
For sufficiently high inner angle of the detector

the simplest approach for interpreting HAADF
imaging assumes the intensity to be the convolu-
tion of a function representing the probe at the
entrance of the specimen and a function account-
ing for the scattering by the atomic columns
(Anderson et al., 1997). In practice this is equiva-
lent to assume that a TDS wave is produced at
each atomic position with intensity proportional
to the intensity of the impinging beam at that
position. The success of this assumption is, in
most cases, relatively good. This makes the
HAADF imaging in zone axis conditions a valid
instrument for the analysis of the atomic posi-
tions in complex structures (interfaces defects
and so on) (Xin et al., 1998; Lopatin et al., 2002;
Klenov et al., 2005). In spite of this success this
simplified scheme may be inadequate for the pre-
diction of finer effects in the HAADF contrast,
starting from the intensity dependence on thick-
ness, the effect of static displacement (this has
been already considered in a previous article
(Grillo and Carlino., 2008)) or of strain that will
be the object of this work. In particular these
effects show up most importantly right in the low
order zone axis conditions where the technique
shows most of its advantages. It is worth men-
tioning that these fine effects cannot be com-
pletely eliminated even with the use of a large
angle. Their evaluation becomes therefore neces-
sary whenever accurate quantitative chemical
information need to be extracted from the
HAADF images. In these cases the use of simula-
tions becomes mandatory for a correct image
interpretation and quantification. 
It is, at this point, interesting to briefly discuss

the origin of the deviations from the simple image
interpretation. Interestingly the incoherent nature
of the TDS waves remains valid to a very good
degree of approximation. Conversely the most
important pitfall of the simple convolution model
is that it does not take into account the interac-
tion of the electron beam with the sample.
Specifically in the case of zone axis conditions a
narrow probe excites predominantly the colum-
nar Bloch states (also named 1s) and several less
localized stated (Anderson et al., 1997). The large
excitation of the 1s states is also referred to as
channelling. The actual wavefunction inside the
sample is the result of the interference of all these
Bloch states. The first evidence of this phenome-

non is visible for example in the oscillation of the
derivative of the intensity with specimen thick-
ness (Voyles et al., 2003).
A more indirect evidence of this arises from the

calculation and observation of the dependence on
mistilt of the HAADF intensity. Small tilts off the
zone axis condition have the effect to reduce the
average HAADF intensity in a unit cell while leav-
ing the atomic fringe pattern almost unchanged
(Maccagnano-Zacher et al., 2008). This reduction
becomes even more evident when passing from
crystalline to amorphous materials (Yu et al.,
2008). These evidences have convincingly demon-
strated that the preferential propagation of elec-
trons along highly symmetric directions strongly
affects the HAADF average intensity. As a conse-
quence of these observations it can be predicted
that any perturbation of the columnar order and
in particular strain effects can produce contrast
in HAADF images. While these effects are often
neglected in literature, in a few significant cases
evidences for strain related contrast in HAADF
have been shown (Treacy et al., 1985; Cowley and
Huang, 1992; Perovic et al., 1993; Amali et al.,
1997; Liu et al., 2001; Fitting et al., 2006).  
Two kinds of mechanisms have been claimed to

be involved in the formation of the HAADF strain
contrast. The first, sometimes referred to as
Huang scattering, is related to the increase of the
diffuse scattering at high angles as an effect of the
increased static disorder. This mechanism has
been claimed to be at the origin of the intensity
increase of both high angle transmission electron
microscopy and, to less extent, HAADF in prox-
imity of dislocations (Wang 1994). The second
mechanism is related to dechannelling, namely
the reduction of the 1s contribution to the elec-
tron  wavefunction due to interband scattering
between Bloch waves, induced by local strain.
Strain indeed produces a faster depletion of the
states localized to the atomic columns in favour
of less localised states (Cowley and Huang, 1992;
Perovic et al., 1993). Both mechanisms are cer-
tainly active in the case of a HAADF image of an
extended defect with the interband scattering
effects being dominant. 
It must be stressed that also the static disorder

is known to produce an interband scattering in
the states excited by the probe. This has been
used to explain the HAADF intensity reduction in
presence of a random strain field on atomic scale
(Yu et al., 2004; Grillo and Carlino, 2008).
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However, when extended defects are dealt with,
the typical scale length of the strain field is larger
and the mechanism of interband scattering is not
merely the effect of local disorder: while slowly
varying strain fields induce a shift of the electron
wave-function with the atomic column the ran-
dom displacement with its rapid oscillation along
the propagation direction produces mainly a
reduction of the 1s excitation (Plamann and
Hytch, 1999).
In spite of this general wisdom about strain

effects even tiny difference in the intensities are
often interpreted directly as due to compositional
effects. The main reason for this could possibly
lie in the lack of a quantitative evaluation of the
size of strain effects.
For this reason I will analyse the case study of

strained InGaAs/GaAs quantum wells (QWs) for
which the chemical variation between the well
and the barrier is generally considered to be the
sole active contrast mechanism. A more accurate
interpretation should otherwise consider that the
operation of sample thinning to achieve electron
transparency has induced surface relaxation at
the upper and lower specimen surface. This phe-
nomenon is known to influence the TEM contrast
and the produced strain field can be predicted
with very good accuracy (Wang 1994; De Caro et
al., 1997). For this reason it represent an ideal
benchmark to test strain effects in HAADF. It is
the aim of this work to evaluate quantitatively by
both simulations and experiments such effects. In
a first part of this work the phenomenology of the
HAADF contrast as a function of different experi-
mental parameters is described and discussed to
exclude other possible contrast mechanisms. In a
second part the experimental contrast is com-
pared with multislice simulations in order to ver-
ify the quantitative match of the contrast profiles. 

Materials and Methods

A sample consisting of three pseudomorphic
QWs of InxGa1-xAs, with In content x=0.05, 0.12
and 0.24 was grown by molecular beam epitaxy
on GaAs (001) (Rubini et al., 2006). The In con-
tent in the QWs was larger for the QW closer to
the surface. The specimens for STEM experi-
ments have been prepared in <110> cross section
geometry by mechanical grinding and ion milling,
following a well established procedure (Grillo
and Carlino, 2008). The relevant experiments

have been performed with a JEOL 2010F
equipped by field emission gun and objective lens
with a measured spherical aberration coefficient
Cs = (0.47±0.01) mm, capable of a resolution, in
HAADF, of 0.126 nm. All HAADF images were
acquired by using an illumination convergence
angle of 14 mrad and a detector collection angle
of 84<2ϑ<224mrad. HAADF images in <110>
zone axis were acquired for different STEM spec-
imen thicknesses. The specimen thickness was
measured by the projections methods and, where
necessary, confirmed by convergent beam elec-
tron diffraction (Williams and Carter, 1996).
Moreover the specimen tilt was also measured by
stopping the beam on a selected position and
acquiring by the CCD the relevant diffraction pat-
tern. The calibration of the camera length of such
pattern permits to directly extract the tilt angle
from the distance between the centre of the
transmitted beam circle and the centre of Laue
zone.

Results

Figure 1 shows a typical low magnification
HAADF image of the sample along with the rele-
vant line profile. All line profiles in this work
have been obtained by a lateral averaging in the
direction orthogonal to the growth direction to
reduce the statistical noise and the influence of
surface artefacts. The vacuum on the side of the
specimen is clearly visible and it can be used for
an evaluation of the effective dark counts. The
intensity levels have been here expanded in
order to give evidence to the features inside the
sample. The most prominent feature is the pres-
ence of the three QWs with decreasing In con-
centrations at increasing distances from the sur-
face. The difference in the In composition in the
different QWs is visible as a different contrast to
the GaAs barriers. In particular the inner QW has
the lower intensity since it contains less In. A lin-
ear interpolation for the GaAs level has been
also indicated with a dashed line as guide for the
eyes.
In these conditions Figure 1 reveals a reduc-

tion of the HAADF intensity at one side of the
outermost QW (with x=0.24) and to a lower
extent in the others. The size of the contrast due
to these intensity dips is of the order of 20-30% of
the QW contrast and is typically visible in the
greyscale dynamic conditions used to appreciate
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the QWs contrast. 
The intensity drops below the average GaAs

just at the side of the QW and then rises slowly
until it reaches a flat value at more than 10 nm
from the QW interface. This feature is particular-
ly interesting because in a sample comprising
only In,Ga and As (with no significant concentra-
tion of vacancies) no intensity level is expected
below the GaAs level. It is also worth noting that
the QW itself shows a relatively smooth profile
at the interfaces.
I will concentrate on the origin of the intensity

minimum in proximity of the interfaces of the
QWs. To further characterize this effect a sys-
tematic variation of the imaging parameters has
been performed. In particular we defined the
contrast as:

C= I
I0

I0 is an intensity reference level obtained by
linearly interpolating in the well region and its
proximity the intensity profiles in the GaAs bar-
riers. This procedure has been performed to
eliminate the effects on the intensities given by
the thickness increase moving toward the inner
part of the sample.
A first series of experiments were performed

by changing the specimen orientation by few
mrad in order to evaluate whether these effects
may be related to any miss-orientation of the
specimen. 
The intensity minimum at the interfaces varies

in depth and position depending on the experi-
mental conditions. By varying the angle of tilt
the intensity minimum move from the left (refer-
eed to Figure 1a) to the right interface of the QW.
For the intermediate value at the exact zone axis
conditions, less pronounced minima are found at
both interfaces. 
This behaviour is well shown by Figure 2 in

which the contrast profiles obtained for different
specimen tilt conditions are shown. The figure
refers to the In rich QW and the measured speci-
men thickness is in this case 42±3 nm. For large
tilt the intensity minimum on the right toward
the specimen edge increases while on the other
interface the minimum is substituted by an inten-
sity peak. Moreover for 9 mrad tilt the intensity
in the QW region is roughly 30% higher than in
the zone axis conditions.

A second kind of experiment was performed
by changing the specimen thickness: in this case
the relative importance of the dip in the intensi-
ty increases for decreasing thickness while it dis-
appears almost completely for very thick sam-
ples (100 nm). Figure 3 shows the intensity con-
trast at the intensity minimum at exact zone axis
conditions as a function of the specimen thick-

Figure 1. Low magnification HAADF cross sectional
image of the sample in the InGaAs QWs region. 

Figure 2. HAADF Intensity profiles of the sample for
three different specimen tilt conditions in the QW with
24% In. 
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ness. A clear trend is visible confirming the
reduction of the dip for increasing thickness. A
fit with a ratonal function has been also added as
a guide for the eyes. Summarizing, the experi-
ments have produced the following evidences
about the nature of the dip at the side of the QW.
1) The contrast of the intensity minima at the

two interfaces can be varied by varying the
tilt. In the cases of larger tilt one of the two
minima can disappear while the other is
strongly enhanced. 

2) The contrast depth at the minimum decreases
as the specimen thickness increases.

Discussion

I have considered different contrast mechanism
to explain the aforementioned evidences. The first
is the presence of a large amount of point defects
and composition anomalies at the interfaces of the
QW. Yu at al (Yu et al., 2004) have already shown
that Si implanted by ion bombardment can show a
drastic reduction of its HAADF intensity.
According to their work this reduction is mainly
ascribable to a reduction of the channelling condi-
tions. More in general this mechanism should be
the dominant contrast mechanism at any point
defect (Perovic et al., 1993; Hillyard and Silcox,
1995).
The experimental results indicate however that

the intensity variations at the InGaAs/GaAs inter-
faces cannot be ascribed to point defects. As a
matter of facts, as the specimen undergoes a small
misstilt outside the zone axis conditions the exci-
tation of the columnar states and consequently the
total HAADF intensity is reduced: however a point
defect will not have any preferential direction and
the effect of the tilt should be similar at both inter-
faces of the QW and for any tilt. It is then impossi-
ble to introduce any asymmetry in the intensity at
the two interfaces of the QW, as actually observed,
as a sole effect of tilting.
The strain relaxation induced by the thinning of

the specimen is the simplest explanation of the
experimental features. 
An atomistic model for the relaxed structure is

sketched in Figure 4. A section of the atomic
structure comprising the QW and part of the barri-
er is represented. The x direction has been chosen
in the growth direction of the structure and z
along the electron propagation direction. The
structure should be ideally continued along the
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Figure 3. Plot of the Intensity at dip at the side of the
QW normalized to GaAs level as a function of the speci-
men thickness. A plot with a rational function is also
indicated. 

Figure 4. Atomistic model of the QW region with sur-
face relaxation (Electron propagation direction is along
z). The strain field has been enhanced by a factor 10 to
provide a better visualization. A schematic of the Qw
structure is also shown. The region of the atomistic
model is indicated by a rectangle.
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positive and negative x direction, while the upper
and lower free surfaces in the z direction are clear-
ly visible with their deformed contour: the defor-
mation have been enhanced by a factor 10 to pro-
vide a better visualization.
In order to understand this structure it is worth

reminding that in pseudomorphic InGaAs/GaAs
QWs grown on GaAs substrates, the difference
between the lattice parameters of the two materi-
als is accommodated by tetragonal deformation of
the InGaAs lattice. In a thinned (S)TEM specimen,
the free surfaces orthogonal to the electron prop-
agation direction permit a relaxation of the strain
at the InGaAs/GaAs interfaces. As a consequence
of this relaxation both GaAs and InGaAs are large-
ly bent in the zone of the interface closer to the
free surfaces. 
Since the HAADF intensity in zone axis condi-

tion is strongly enhanced by channeling, the
bending at the first few nm of the sample surface
with a consequent lower excitation of the 1s will
produce an intensity dip in the zone of the inter-
face. It is worth noting here that for sample thick-
ness larger than 20-30 nm the bending of the exit
(the lower one in Figure 4) free surface will not
influence too much the overall intensity because
the 1s state is typically largely absorbed within
this distance.
A small tilt off the z.a. conditions can have the

effect of partially compensating the effect at one
interface of the QW while decreasing the excita-
tion of columnar states on the other one, thus
explaining evidence 1). Conversely when the sam-
ple thickness is increased, the relative weight of
surface effects is reduced in agreement with evi-
dence 2). 
In order to give a quantitative account for this

model by simulations, multislice calculations in
the frozen phonon approximation (Kirkland, 1998)
have been performed. 
As a first step, the realistic strain model for the

QW structure in presence of free surfaces has
been calculated by means of the finite elements
calculation [FEMLAB software (www.femlab.
com)]. The strain has been taken into account to
calculate the atomic positions in an InxGa1-

xAs/GaAs QW with x=0.24. Simulations have been
performed for the case of specimen thickness of
40 nm. The multislice calculations have been per-
formed by means of STEM_CELL (Carlino and
Grillo, 2007), a simulation package based on
Kirkland routines (Kirkland, 1998) that permits to
speed up the simulations by means of parallel

computing. In order to facilitate the simulation the
atomistic model (like the one sketched in Figure
4) has been divided in sections used as input for
the multislice. For each section of the atomistic
model, the intensity has been calculated over a
single unit cell in proximity of the centre of the
selected section in order to reduce the effect of
incorrect boundary conditions (see also (Grillo
and Carlino, 2008).
In order to ensure a correct sampling of the min-

imum spatial frequency, the samples has been
taken about 3 x 3 nm (depending on the local lat-
tice parameter). 
Figure 5 shows a direct comparison of simula-

tion and experiment for a specimen thickness of
42±3 nm for the experiment and 40 nm for the
simulation. Both images regard exact zone axis
conditions.
The intensity shows a pronounced dip in prox-

imity of the QW interfaces, while it slowly recov-
ers the intensity of the unstrained case at larger
distances. This behaviour is in excellent agree-
ment with the experiments and is a demonstration
that strain causes the observed variation of the
HAADF intensity. Finally, it is worth noting that
according to simulations inside the InGaAs QW
the intensity is not flat but decreases at increasing
distances from the centre. Unfortunately in exper-
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Figure 5. Simulated (solid line) and experimental (cir-
cles) intensity profiles for the 0.24% In QW. The speci-
men thickness is 40 nm for the simulation and 42±3 nm
in the experiment. The simulation in dashed lines has
been obtained scaling the intensity in the InGaAs layer
for the Static Displacement correction as calculated in
Grillo and Carlino (2008). 
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imental profiles this effect is completely superim-
posed to In segregation effects (Muraki et al.,
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fringes distortion, performed on HRTEM images
of the same sample, confirms that the In segrega-
tion accounts for the lineshape of the HAADF pro-
file even without strain effects (Kret et al., 2001).
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Conclusions

In this article the contrast in STEM -HAADF
imaging produced by of a strain field varying along
the electron propagation direction has been stud-
ied. The case study was the surface strain relax-

ation in a thinned specimen comprising InGaAs/
GaAs QWs. The advantage of this structure is that
the phenomenon has been widely studied by TEM
analysis and the strain field can be predicted with
good accuracy. It has been demonstrated by the
relatively good agreement of experiments and
accurate frozen phonon simulations that the main
contribution of surface relaxation is to add one or
two intensity dips, depending on the specimen tilt,
in the barrier region at the sides of the QWs and an
artificial smoothing of the QW intensity profile.
Both effects should be accounted for when per-
forming quantitative compositional analysis.
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