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Abstract

The compositional distribution in a self-assembled InAs(P) quantum wire
grown by molecular beam epitaxy on an InP(001) substrate has been
determined by electron energy loss spectrum imaging. We have determined
the strain and stress fields generated in and around this wire capped with a

5 nm InP layer by finite element calculations using as input the compositional
map experimentally obtained. Preferential sites for nucleation of wires grown
on the surface of this InP capping layer are predicted, based on chemical
potential minimization, from the determined strain and stress fields on this
surface. The determined preferential sites for wire nucleation agree with their
experimentally measured locations. The method used in this paper, which
combines electron energy loss spectroscopy, high-resolution Z contrast
imaging, and elastic theory finite element calculations, is believed to be a
valuable technique of wide applicability for predicting the preferential

nucleation sites of epitaxial self-assembled nano-objects.

1. Introduction

The growth of self-assembled InAs nanostructures on InP(001)
substrates leads to the formation of InAs(P) quantum dots or
wires. The growth of quantum dots has been an approach
widely investigated, both for the InAs/InP system [1-4] and
for other heteroepitaxial material systems [5]. However, some
groups [6-9] have demonstrated that the controlled epitaxial
growth of InAs quantum wires on InP substrates is another
valuable approach to fabricate materials emitting in infrared
wavelengths of interest for telecommunications. It is worth
mentioning that these wires are grown epitaxially on the
substrate surface, in contrast to other wires investigated for
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many authors [10, 11], which are vertically grown upward
from the substrate. As a consequence of the intensive research
carried out on this type of wire during the last few years, a
good understanding of the growth mechanism responsible for
their formation and the dependence on their structural and
photoluminescence properties on the growth parameters has
been achieved [12-15]. In fact, the control of the growth
process of these nanowires allows us to produce materials with
emitting wavelengths in the range 1.2-1.9 um [13].

These wires can be stacked to increase their density and
organization degree. Their optical quality can also be improved
if the sizes of the stacked wires are similar. The knowledge of
the effect of stress field associated to each grown wire on the
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size of upper stacked wires allows us to improve the uniformity
of the wire sizes and therefore to improve the optical quality of
the quantum wire stacked layers. Two critical parameters that
help to change the size of the stacked wires are the thickness
and the growth temperature of the InP spacing layer between
a couple of adjacent stacks. Recently we have reported the
effect of the inhomogeneous stress fields associated to the
grown wires on the stacking of InAs/InP(001) quantum wires
based on a combined study by in sifu stress measurements
and transmission electron microscopy [14]. We explained the
formation of wires in correlated stacked layers by considering
stress driven mass transport and P/As exchange.

In this work, we have determined the strain in an InP cap
layer grown on an InAs(P) wire layer deposited by molecular
beam epitaxy (MBE) on an InP(001) substrate, from the
analysis of high-resolution Z contrast and electron energy
loss spectrum imaging results together with finite element
calculations. The determined strain values and our previous
knowledge on the stacking of the wires capped by an InP layer
allowed us to predict the nucleation sites of stacked wires.

2. Experimental details

A layer of InAs wires was grown by solid-source MBE on
an InP(001) substrate by deposition of 2.5 monolayers (ML)
of InAs at 0.1 ML s™!, growth temperature of 515°C and
Asy beam equivalent pressure of 2.3 x 107° mbar. After the
formation of the wires, a cap layer of 20 nm of InP was grown
at 380 °C by atomic layer MBE at 1 ML s~!. The grown wires
are oriented along [110] and periodically arranged along [110].
We will call this epitaxial material sample A.

The composition in one of these wires was determined by
spatially resolved electron energy loss spectroscopy (EELS)
with a dedicated aberration corrected VG HB501 scanning
transmission electron microscope. The analysed wire was
also imaged by high-resolution scanning transmission electron
microscopy (STEM) using a high-angle annular dark field
(HAADF) detector in the dedicated aberration corrected VG
HBS501 microscope, with probe size of 0.13 nm.

Specimens were prepared for STEM studies by following
standard procedures (mechanical and ion milling thinning)
to minimize the damage to the InP during the preparation
process. Electron transparency was obtained with a precision
ion polishing system (PIPS) at up to 3 kV and 4° of beam tilt.

EELS spectrum images were acquired with energies
between the zero-loss peak and 404 eV. The As M (41 eV),
In N (41 eV), P L (132 eV) and C K (284 eV) edges were
registered simultaneously. The C signal was relatively low,
showing very little contamination. The P L edge was used for
quantification purposes. Elemental maps of P were obtained
by first performing a background subtraction (power-law fit)
using a window between 107 and 127 eV, then integrating
the P signal between 131 and 141 eV and dividing it by the
integrated background between 117 and 127 eV. In some sense,
this is equivalent to the three-window technique widely used
in energy-filtered transmission electron microscopy (EFTEM).
Thickness maps (#/X) showed that the specimen thickness in
the area was very homogeneous and around 0.9 inelastic mean
free paths.

3. Measurement of the composition in a quantum
wire

Self-assembled quantum wires formed by deposition of InAs
on InP and capped by an InP layer are actually constituted
by the alloy InAs,P;_,. The compositional distribution in
the wire was determined from EELS spectrum imaging (SI).
The P composition in the wire was imaged by analysing
the P signal contained in the corresponding spectra. The
original P map obtained from the EELS spectra consists of
intensity (greyscale) values ranging from 0 to 255 which
represent the P composition. The obtained P map is shown
in figure 1(a). Darker intensities of this image correspond
to As-rich regions. The high-resolution Z contrast image of
figure 1(b) corresponds to the same wire analysed by EELS
SI. In good agreement with the compositional map determined
by EELS SI, an enrichment of As towards the inner part of
the wire is evidenced from the Z contrast image. This fact is
clearly seen in the intensity profile of the HAADF image of
the wire represented in figure 2. An increase of the electrons
collected by the high-angle aperture is measured in the inner
part of the wire. This increase corresponds to an increase of
the Z number, and therefore of the As content, as Z(As) = 33
is larger than Z(P) = 15.

A low-pass filter was applied to the image of figure 1(a)
to reduce the noise associated to higher spatial frequencies.
Assuming that the phosphorous composition outside the wire
(in the InP material below and over the wire) is 100%, the
value of each pixel in the P map is taken as a reference value
corresponding to 0% As in these pure InP regions. To find
the As composition of each pixel, the value of each pixel
is linearly recalculated taking into account the InP reference
values. Slight variations of the reference values exist for
different regions of the pure InP regions, mostly associated to
local specimen thickness changes. To minimize this effect, a
plane was fitted using data from the pure InP regions of the
P map. The resulting As map is shown in figure 3(a). For
visualization purposes, figure 3(b) shows a magnified picture
of the wire compositional distribution after applying a strong
Gaussian filter. This image shows the existence of an As
compositional asymmetry in the wire. As we will show in
the following, this compositional asymmetry in the wires has a
strong influence on the position of the subsequent wires in the
stacked wire layers.

4. Determination of the stress and strain in an InP
layer capping an InAs(P) quantum wire

4.1. Distribution of stacked quantum wires

In previous works [14, 15], the mechanism of wire formation
and the arrangement of stacked wires (grown in similar
conditions to the single wire layer studied in this paper) were
studied as a function of the InP spacing layer thickness that
separates each stack from the next one. It was concluded that
the dependence of the degree of alignment in the arrangement
of the stacked wires on the InP spacing layer thickness is
due to the strain field generated around each nanowire. This
dependence was qualitatively demonstrated in those articles.
In particular, in samples consisting of six stacked wire
layers, the majority of the stacked wires distribute almost
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Figure 1. (a) P compositional map obtained from the analysis of the EELS spectra obtained in the wire imaged by high-resolution Z contrast

(in a VG HB501) in part (b).
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Figure 2. Intensity profile along [001] of the central part of the Z
contrast image of 1(b). The locations of the capping InP, wire and
InP substrate are labelled.

vertically when the InP spacing layer thickness is 5 nm. For
samples with larger spacing layer thicknesses the ordering
of the stacked wires is reduced and a completely random
distribution of stacked wires is obtained for InP spacing layers
of 20 nm.

Figure 4 shows the typical arrangement of wires in a
sample consisting of six stacked wire layers (only three are
represented in the drawing) with 5 nm of InP spacing layer
thickness. This arrangement was determined from a detailed
study of TEM and HRTEM images that have been reported in
previous publications. In this figure we can observe how the
stacked wires are distributed along the stacking sequence. We
define o as the angle formed between [001] and the straight
line which passes through the centre of the base of a wire in
the first layer of wires and the centre of the base of the closest
wire in the second stacked layer of wires. The mean value of «
is 9° and its standard deviation is 5°.
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Figure 3. (a) Arsenic compositional map of the wire determined
from the EELS spectra. (b) Magnified image of the As compositional
distribution in the wire. The width of the wire is 12.8 nm and its
height is 3.2 nm.

As shown before (see figure 3), the composition
distribution of As (and P) in a wire (sample A) is slightly
asymmetrical. If the As compositional distribution in the wires
were perfectly symmetrical, the strain field generated on the
InP capping layer would have a maximum value just on top
of the centre of this wire, because the composition profile has
a maximum in its central part. An increase of As means a
larger percentage of InAs in the alloy and therefore the capping
InP will grow more strained on the InAs-rich places. If this
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InAs(P) wires

Figure 4. Arrangement of stacked wires in a sample with 5 nm of InP
spacing layer thickness. The definition of the angle «, that quantifies
the tilting of the stacking of the wires, is given in this figure.

(This figure is in colour only in the electronic version)

were exactly our case, the strain and surface shape, as we
will explain in more detail later, would favour the nucleation
of stacked wires just in the centre of the top of the wire
underneath.

The real situation is that a slight asymmetry exists in the
As composition of the wire. We can predict that this fact
will motivate a displacement of the &,, maximum and the ¢,
minimum to another zone slightly shifted from the top of the
centre of the wire underneath, and hence the nucleation of the
upper stacked wire will be somewhat displaced with respect to
the symmetrical case.

4.2. Determination of stress and strain fields by the finite
element method

In the following we will quantify this displacement by
finite element calculation of the three-dimensional (3D) strain
distribution using a compositional model for the InAs,P;_,
wire grown on InP substrate extracted from the experimental
asymmetrical compositional map. The 3D model was defined
taking into account the elastic parameters, composition and
boundary conditions of the materials obtained from the EELS
and high-resolution Z contrast results.

Composition. The composition values corresponding to the
wire and wetting layer were directly taken from the As map
obtained from the spatially resolved EELS spectra. Note
that the As composition will be different depending on x
(coordinate along [110], this is, transversal direction to the
wire) and z (coordinate along [001]) coordinates. The capping
layer and substrate were assumed to be pure InP.

Boundary conditions. A 3D wire was modelled and the
symmetries were then incorporated into the calculations to
represent the entire sample. The periodicity of the structure
was chosen to be 26 nm and it was taken into account
by applying the appropriate boundary condition: all the
nodes of symmetry planes were fixed against displacement
in the directions normal to these planes. This periodicity
corresponds to the average value measured by transmission
electron microscopy.

P

Figure 5. Illustration of the mesh used in the 3D finite element
calculation. Four regions are defined in the model: (A) InP capping
layer, (B) rectangular prism where InAs,P;_, wire is included, (C)
wetting layer and (D) InP substrate. Dimensions of each region:
(A)26 nm x 5nm x 2 nm; (B) 16 nm x 4 nm x 2 nm;

(C)26 nm x 0.5 nm x 2 nm; (D) 26 nm x 15 nm x 2 nm.

Elastic parameters. Anisotropic linear elastic behaviour was
considered. Elastic properties were taken from [16].

We built up the basic mesh represented in figure 5 for
3D finite element calculation. Four regions constitute the
model represented in this figure: region A corresponds to
InP capping layer, B is a rectangular prism that includes
the InAs,P;_, wire region, C is the wetting layer and D
corresponds to the InP substrate. These regions constituting
the mesh are superimposed on the experimentally obtained
As map in figure 3(a). The wetting layer thickness is two
monolayers. The substrate thickness was chosen large enough
(15 nm) so that a further increase does not influence the results.
The unstructured mesh generator is based on the Delaunay
algorithm and can be used for all geometry objects.

Vegard’s law was assumed for the determination of
InAs,P,_, elastic constants and lattice parameters. To
introduce the misfit at the interface between layer and
substrate, initial strain was assumed to be &y = (amas,p, , —
amp)/amp, being therefore dependent on the As concentration.

Figure 6 presents the resulting strain components
determined by introducing the realistic (asymmetrical)
compositional model of the wire represented in figure 3. From
the analysis of the strain results represented in figure 6 we
can confirm the existence of the predicted displacement of the
&xx maximum and the e,; minimum to another zone slightly
farther away from the top of the centre of the wire underneath.
The absolute value of the determined displacement is 0.86 nm,
which corresponds to an angle of 9.8° between [001] and the
straight line joining the position of the critical strains point
at the growth surface of the 5 nm InP capping layer with the
centre of the base of the studied wire in the first layer, in good
agreement with the values of « experimentally observed (the
average experimental value of « is 9°).

In figure 7 we show the corresponding stress profiles.
We observe the existence of a maximum of the x [110]
component of the stress (o,,) of 0.7 GPa in the same location
as the above-mentioned critical strains. This value is close
to the one calculated assuming a compositionally symmetrical
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Figure 6. (a) 3D representation of the x [110] component of the strain (&, ) obtained by finite element calculations. Profiles of the ¢,, and ¢,
([001] component of the strain) values versus x obtained at the surface of the 5 nm thick InP capping layer are shown in (b) and (c)
respectively. The 0 nm point in the abscissa axis corresponds to the centre of the wire underneath. x = [110]; y = [110]; z = [001].

wire, though the location of this maximum in this case is
not displaced from the centre of the wire underneath. This
is, the asymmetry of the composition in the wire does not
affect the stress magnitude much but it significantly affects its
distribution on the surface of the InP layer capping the wire.

5. Location of preferential nucleation sites for
quantum wires

In order to find the location at the surface of the 5 nm InP
capping layer where the nucleation of wires of the second
stacked layer will take place, we have to determine those
surface zones where the chemical potential is minimized. The
chemical potential i can be evaluated as © = puo + ug +
s + M, where o is the chemical potential of a flat and
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unstressed surface, ;g counts the effect of the elastic energy on
the chemical potential, ug evaluates the influence of the surface
energy and therefore it depends on the surface curvature [17],
and py; is the chemical potential component associated to
the entropy of mixing of the formed alloy [18], that is, it
depends on the composition of the formed alloy. In our case,
/v can be considered to be independent on the surface site
because the whole surface consists of the binary compound
InP. Therefore the two terms of the chemical potential that will
contribute to create preferential sites to nucleate wires on the
InP surface are pug and ps. The term pg will be minimized
for those surface zones where the elastic energy is minimum
for the initial growth of InAs, this is, where ¢, and o, have
maximum values for InP at the growth surface. On the other
hand, the term ug will be minimized for the concave surface
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Figure 7. (a) 3D representation of the x [110] component of the stress (o, units: Pa) obtained by finite element calculations. Profiles of the
oy, values versus x obtained at the surface of the 5 nm thick InP capping layer are shown in (b). The O nm point in the abscissa axis
corresponds to the centre of the wire underneath. x = [110]; y = [110]; z = [001].

zones that will favour nucleation of wires on the InP surface
valleys [19]. However, the influence of the term g can be
considered negligible because local bending at the surface was
not detected in our previous experimental AFM results (not
shown) at the surface of a 5 nm thick InP cap layer. In this
way the relevant term for surface chemical potential variations
is ME.

These considerations let us propose, taking into account
the position of the strain and stress critical values shown in
figures 6 and 7, that preferential nucleation of wires on the InP
capping layer surface will occur at x positions displaced some
few lattice interplanar distances, around four (220) interplanar
spacings in our case, with respect to the position located just
on the centre of the wire underneath. The output of the finite
element calculation using the asymmetrical compositional
map to represent the wire therefore determines the existence
of preferential nucleation on the capping layer surface at a
distance (along [110]) of 0.86 nm from the central position of
the wire underneath. In terms of «, the 5 nm capping layer
surface has a preferential nucleation line located at an predicted
angle of 9.8°, in good agreement with the experimental angle
o =9°+£5°

6. Conclusions

In conclusion, the determination of the strain and stress fields
generated on an InAs(P) self-assembled wire capped with
a 5 nm InP layer has been performed by means of finite

element methods considering anisotropic elastic theory. We
use as input parameter the As composition map experimentally
obtained by electron energy loss spectroscopy spectra and
high-resolution Z contrast imaging corrected for spherical
aberration. Preferential sites of nucleation of stacked wires
have successfully been located from the determined strain and
stress fields by finding the growth surface zones where the
chemical potential is minimized. Good agreement is found
between the predicted and the experimental locations of the
preferential sites for wire nucleation.
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