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We determine the compositional distribution with atomic column resolution in a horizontal nanowire
from the analysis of aberration-corrected high resolution Z-contrast images. The strain field in a
layer capping the analysed nanowire is determined by anisotropic elastic theory from the resulting
compositional map. The reported method allows preferential nucleation sites for epitaxial nanowires
to be predicted with high spatial resolution, as required for accurate tuning of desired optical proper-
ties. The application of this method has been exemplified in this work for stacked InAs(P) horizontal
nanowires grown on InP separated by 3 nm thick InP layers, but we propose it as a general method
to be applied to other stacked nano-objects.

Keywords: Nanowire, Nano-Object, Semiconductor Nanostructure, Strain, High Resolution
Z-Contrast Imaging.

1. INTRODUCTION

The growth of self-assembled semiconductor quantum dots
was published for the first time in 1985.1 These nano-
objects are formed when several monolayers were epitax-
ially deposited on a lattice-mismatched substrate, through
a transition 2D to 3D growth via a Stranski-Krastanov
process. This transition is induced by the elastic strain
accumulated in the 2D epitaxial layer. Following similar
approaches, other semiconductor nano-objects have been
produced, such as quantum wires and nano-rings. Since
then, a huge effort has been dedicated to investigate the
mechanisms of formation of these nano-objects. This is
justified because since their discovery the confinement
of charge carriers in 0D (nanodots) or 1D (nanowires)
has opened the doors to achieving new optoelectronic
properties.

Strain-driven processes at the nanoscale have been
demonstrated to be a critical factor in the formation of self-
assembled semiconductor nano-objects. In fact, the driv-
ing force for their formation has been proven to be the
strain in most cases studied.2 Strain associated with these

∗Author to whom correspondence should be addressed.

nanostructures has been measured or modelled by several
approaches,3–7 although finite element (FE) method has
been proven to be one of the most efficient procedures.8–11

The application of FE analysis to solve isotropic and
anisotropic elastic theory equations to determine the strain
in and around semiconductor nano-objects has been done
in many cases assuming a certain simplified model that
represent the studied nano-object.

The growth temperature for layers capping stacked
nanowires is a critical parameter that permits the control
of the heterogeneous strain field associated to the buried
nanowires and hence the location of the preferential sites
for the nucleation of the subsequent stacked nanowires.
This is due to the influence of this temperature on the
size12 and probably in the compositional distribution of
the grown wires. For low capping temperature (380 �C),
nanowires are randomly distributed for 20 nm thick cap-
ping layers. On the other hand, for 5 nm thick capping lay-
ers, they are well ordered, and arranged along a direction
that forms 9� with the [001] vertical direction. This ordered
distribution of stacked nanowires was explained in a pre-
vious work13 by determining the strain field at the surface
of the capping layer from compositional maps obtained by
electron energy loss spectrum images. A thinner capping
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layer thickness is needed to orderly arrange the stacked
wires if the growth temperature of the capping layer is
higher. This is due to the reduced size of the nanowires
grown with high temperature capping layers that generate
weaker strain fields.

In this work, we present a method to measure by FE
analysis the strain in a capped nano-object. The method
consists of determining the composition in the nano-object
with atomic column spatial resolution from aberration-
corrected high resolution Z-contrast images. Once the
compositional distribution in the nano-object is deter-
mined, we calculate the strain by solving the anisotropic
elastic theory equations. We exemplify here the applica-
tion of this method to InAs(P) horizontal nanowires grown
on InP separated by 3 nm thick InP layers. The applica-
tion of the method to this case quantitatively explains the
experimentally observed distribution of the grown stacked
nanowires.

2. EXPERIMENTAL DETAILS

For this work, two samples (A and B) of InAs(P) nano-
wires were grown by solid-source molecular beam epitaxy
(MBE) on an InP (001) substrate by depositing InAs at 0.1
monolayers per second (ML/s) at a substrate temperature
TS = 515 �C and As4 beam equivalent pressure of 2�3×
10−6 mbar. The amount of InAs deposited corresponded
to the critical thickness for wire formation.14 The grown
wires are oriented along �11̄0� and periodically arranged
along [110]. In the first sample (A), after wire formation,
a cap layer of 20 nm of InP was grown at 515 �C by
MBE at 1 ML/s. Sample B consists of seven stacked layers
of nanowires separated by 3 nm thick InP spacer layers
grown under the same conditions as sample A. The last
layer of nanowires is uncapped.

Electron-transparent specimens for scanning transmis-
sion electron microscopy (STEM) were produced by
mechanical thinning and ion milling. Milling conditions
were carefully controlled to minimize the material degra-
dation and contamination. Aberration-corrected Z-contrast
images were taken at 100 kV using a dedicated VG Micro-
scopes HB501UX STEM with a Nion aberration corrector.
The third and fifth order spherical aberration coefficients
are −50 �m and 63 mm, respectively, the inner detec-
tor angle is 64 mrad and the objective aperture angle is
27 mrad.

3. RESULTS AND DISCUSSION

Figure 1(a) shows a high resolution Z-contrast image of
a nanowire of sample A. A low magnification Z-contrast
image of stacked nanowires in sample B is presented in
Figure 1(b). This image shows that the stacked nanowires
of the second and upper layers are ordered with respect to
the nanowires of the first layer. The ordered distribution of

(a)

(b)

Fig. 1. (a) High-resolution cross-sectional aberration-corrected
Z-contrast image of a nanowire in sample A. (b) Low magnification
Z-contrast image of stacked nanowires in sample B. Angle � is shown
on this image. Brighter regions of both images correspond to InAsxP1−x .

the nanowires of the second layer is due to the influence of
the heterogeneous strain field generated by the nanowires
of the first layer. The strain field generated by the buried
nanowires in the respective InP capping layers favours the
nucleation of stacked wires along a direction close to [001].

The nanowire is formed by a disordered InAsxP1−x

alloy. This material has the sphalerite crystalline structure.
The [110] projection of this structure consists of atomic
dumbbells arranged in centred rectangles (see Fig. 2(a)).
Each dumbbell comprises two atomic columns, one con-
taining only In atoms throughout the whole material while
each neighbouring atomic column is either pure As or con-
tains a distribution of As and P atoms, which we assume is
random in thickness based on the one dimensional nature
of the wire.

The intensity of Z-contrast images is strongly depen-
dent on the atomic number of the elements that consti-
tute each probed atomic column.15 We have quantified, in
the Z-contrast image of Figure 1(a), the integrated inten-
sities around each dumbbell as illustrated in Figure 2(a).
By integrating the intensity we avoid the need to exactly
match the dumbbell contrast, which depends sensitively
on microscope parameters such as defocus and specimen
parameters such as orientation. Figure 2(b) shows the dis-
tribution of integrated intensities superimposed over the
original Z contrast image. Higher values of these inte-
grated intensities correspond to higher average Z numbers
associated with the atomic columns of the dumbbells. In
our case, higher intensities mean higher As content. All
the intensities have been integrated from the black level
subtracted raw Z contrast image without any noise reduc-
tion. Low pass filtered Z contrast images were used only to
locate the position of intensity maxima associated with the
In atomic columns. Figure 2(c) shows a map of the mea-
sured integrated intensities after normalization (by assign-
ing 0 to the minimum and 1 to the maximum intensity) and
interpolation. Maximum intensity of this map is clearly
located on the right inner part of the nanowire.

The study of similar nanowires by grazing-incidence
diffraction anomalous fine structure (GIDAFS) concluded
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(a)

(b)

(c)

Fig. 2. (a) The rectangular area where intensities of Z-contrast images
have been integrated is represented on the �110� projection of the spha-
lerite structure. In our case, the red colour atoms correspond to In and the
green colour atoms to P and/or As atomic columns. (b) Areal integrated
intensities for each atomic dumbbell are shown overlapped on the orig-
inal Z-contrast image of Figure 1(a). (c) Interpolated normalized inten-
sities from integrated intensities shown in (b). Intensities are normalized
assigning 0 to the minimum and 1 to the maximum intensity.

that part of the core of these wires is made essentially of
InAs.16 This result is in good agreement with the com-
positional analysis of spatially resolved electron energy
loss spectra from the inner regions of the core with the
maximum Z-contrast image intensity. Taking into account
these facts, we assign a composition of 100% InAs to
the maximum intensity of the Z-contrast STEM images of
the analyzed wires. On the other hand, substrate and cap-
ping layers are comprised of pure InP. Therefore, there are
two integrated intensity values for which the As composi-
tion has been assigned, one corresponds to pure InAs and
another to pure InP.

There are two issues that complicate a direct mapping of
composition assuming a linear variation of intensity with
composition between these two limiting values. Increasing

the average Z of a column will increase the tendency of
the probe to be channelled along the column. This has the
effect of increasing the amount of high angle scattering
due to interaction of the probe intensity with the thermal
diffuse scattering (TDS) potential. While initially leading
to an increase in the detected Z-contrast signal, there is
also significant attenuation of the elastic wave function of
the probe due to absorption. The intensity of the probe
is hence reduced leading to a reduction in the Z-contrast
signal as the probe propagates through the sample. We
therefore performed dynamical simulations for the whole
range of As compositions, from 0 to 1, using the specimen
thickness (33 nm) of the analysed region. This thickness
has been measured from the ratio of the plasmon peak
to the zero-loss peak of an electron energy loss spectra
image of that region, as described in Ref. [17]. These sim-
ulations are performed by calculating the intensity from
the absorptive potential corresponding to high-angle TDS
and the wave function equivalent to the propagating probe
within the sample18 for the Z-contrast imaging condi-
tions used. Integrated simulated intensities, as defined in
Figure 2(a), are shown in Figure 3. It is seen that the
intensities deviate only slightly from a linear dependence
on composition, and for simplicity we take a linear fit as
an initial model. We will find this is sufficient to predict
the experimental growth behavior. The second issue con-
cerns the well-known problem that simulated images pre-
dict higher contrast than experimental images, i.e., there is
a background on experimental images whose origin at this
time has not been established.19 We therefore assume for
now that this factor is also linear with composition, and
we directly interpolate experimental integrated intensities
for intermediate InAsxP1−x compositions between InP and
InAs from the measured intensities of the two pure mate-
rials. Figure 2(c) can therefore be directly interpreted as
an As compositional map obtained for each dumbbell of
the analysed nanowire.

Fig. 3. Simulated intensities (integrated as defined in Fig. 2(a)) versus
the As composition. The represented straight line is fitted by the least
squares method.
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The strain field is then obtained from the compositional
map by solving the equations of the anisotropic elastic
theory by finite element methods.13 Figure 4 shows the
[110] component of the strain, that is, along the direction
perpendicular to the analysed nanowire, on the surface of
a 3 nm InP capping layer. As we discussed in a previ-
ous article,13 the maximum value of this strain component
corresponds to the surface location where InAs will grow
with minimum strain, and therefore it will decide the loca-
tion of the preferential sites for nucleation of nanowires in
the subsequent stacked layer. The nanowires of sample B
(see Fig. 1(b)) are stacked along a direction that forms a
small angle with the vertical [001]. The value of � angle,
as shown in Figure 1(b), quantifies the displacement of the
nucleation sites of the nanowires of the second layer with
respect to the lower nanowires of the first layer. The exper-
imental value of this angle is 16± 8� for the nanowires

(a)

(b)

Fig. 4. (a) 3D representation of the [110] strain component along [110]
(�xx) determined by finite element analysis from the compositional map
of Figure 3(b). (b) Profile of �xx along [110] across the nanowire at the
growth surface of a 3 nm thick InP capping layer assigning different
compositions to the maximum integrated intensity (InAsxP1−x 10% <

x < 100%). Note that the maximum strain is displaced 0.9 nm from the
nanowire centre for all the cases. x = �110�; y = �11̄0�; z= �001�.

of sample B. The � angle determined by finite element
calculations from the obtained compositional map is 16.7�.
Therefore there is a good agreement between the experi-
mental � angle and the angle determined from the analysis
of high resolution aberration-corrected Z-contrast images.

The main error of the obtained compositional map is
likely to be the composition assigned to the maximum
integrated intensity. We have repeated the whole pro-
cess assigning other compositions (with an As content
below 100%) to the maximum integrated intensity in the
Z-contrast image of Figure 2(b). Strain fields have been
calculated assigning As percentages of 10, 20, 40, 60, 80
and 100% to the maximum integrated intensity and the
corresponding results are represented in Figure 4(b). The
key point is that the maximum strain for each composi-
tion below 100% has a smaller value, but its location does
not change. Therefore, the prediction of the alpha angle is
valid even if the composition that corresponds to the max-
imum areal integrated intensity were smaller. Other possi-
ble sources of error are (i) the procedure that we have used
to correct the effect of the background signal in the experi-
mental images, that has been assumed to be linear with the
As composition, and (ii) the existence of small local spec-
imen thickness fluctuations and surface damage due to the
ion milling process, and (iii) neglecting the non-linearity
in the dependence of intensity on composition. Further
work is under development to increase the accuracy of the
approach proposed in this letter to determine the compo-
sitional mapping from high resolution aberration-corrected
Z-contrast images with atomic column spatial resolution.
However, the approach presented in this work has allowed
us to estimate the compositional distribution column by
column in a nanowire with sufficient accuracy to quantify
the stacking angle of stacked nanowires.

4. CONCLUSION

In conclusion, a method has been developed to determine
with atomic column spatial resolution the compositional
distribution of nanomaterials from aberration-corrected
Z-contrast images. The obtained compositional distribution
has been applied to determine the strain field generated
by a buried nanowire. This field has been calculated by
solving the equations of the anisotropic elastic theory by
finite element analysis. As a demonstration of the useful-
ness of this approach, the location of the preferential sites
for the epitaxial growth of stacked nanowires has success-
fully been explained from the determined strain field.
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