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Abstract

Faculty of Engineering, Naresuan University,

Partly released, relaxed and wrinkled InGaAs membranes are used as virtual substrates for
overgrowth with InAs. Such samples exhibit different lattice parameters for the unreleased

epitaxial parts, the released flat, back-bond areas and the released wrinkled areas. A large InAs
migration towards the released membrane is observed with a material accumulation on top of the
freestanding wrinkles during overgrowth. A semi-quantitative analysis of the misfit strain shows
that the material migrates to the areas of the sample with the lowest misfit strain, which we
consider as the areas of the lowest chemical potential of the surface. Material migration is also
observed for the edge-supported, freestanding InGaAs membranes found on these samples. Our
results show that the released, wrinkled nanomembranes offer a growth template for InAs
deposition that fundamentally changes the migration behavior of the deposited material on the

growth surface.
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(Some figures may appear in colour only in the online journal)

Introduction

The growth of InAs on GaAs (001) substrates is one of the
oldest, and most explored hetero-epitaxy systems [1—4]. Self-
assembled InAs islands are widely explored in optical and
opto-electronic devices as well as studied as one of the model
systems of hetero-epitaxy [5-8]. Thereby, besides funda-
mental growth studies, the site control of such structures is of
great interest using pattern substrates [5, 9-14]. Recently, a
new class of patterned substrates has been introduced for
controlling the formation of self-assembled nanostructures
during growth [15-18]. The most common approach is the
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use of some kind of lithographical patterning, i.e. defining
holes to modulate the chemical potential of the surface [19].
This alternative approach uses freestanding nanomembranes
[20-24] with a thickness in the range of the lateral and ver-
tical dimensions of the self-assembled nanostructure as
compliant substrates [25, 26] for material deposition. Partly
released membranes were shown to form three-dimensional
(3D) wrinkle networks on top of the flat substrate due to strain
relaxation [27-30]. Experimental results demonstrate that the
growth on top of freestanding nanomembranes results in
strain-mediated effects such as preferred nucleation on the
membrane and ordering of the formed structures
[16, 18, 31, 32]. Until now, the group IV elements [16, 18] or
InAs on Silicon-on-Insulator [15] were explored with this
technique, e.g. to realize high quality SiGe quantum cascade
lasers on top of a relaxed SiGe membranes [33].

© 2014 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic illustration of the sample fabrication: (a) processed sample before membrane release and (b) after partial underetching
with wrinkle formation at the mesa border regions. (c) Light microscopy image of the sample showing the wrinkles that form after the
InGaAs layer is released (The box marks the size of the AFM scan in figure 2(a)). (d) AFM image of the unreleased part of the sample after

hydrogen cleaning.

Here, we extend this approach to partly released InGaAs
membranes on which InAs is deposited using molecular beam
epitaxy (MBE). The partly released membrane used as sub-
strate exhibits a wrinkle network, where the strain in the
InGaAs layer relaxes and freestanding 3D curved structures
have formed [27]. Such samples exhibit three distinguished
parts (see figure 1(b)): (i) unreleased areas, where the epitaxial
layer is still connected to the unetched sacrificial layer; (ii)
released, bond-back parts, where the InGaAs layer relaxes
and bonds to the underlying GaAs (001) substrate; and (iii)
freestanding wrinkles, where the InGaAs layer forms 3D
structures. The formation of self-assembled InAs nanos-
tructures is studied on the substrates that exhibit three dif-
ferent lattice parameters in close lateral proximity [29]. Using
atomic force microscopy (AFM), the material migration of the
InAs is studied. We find that the InAs migrates almost
completely to the released, wrinkled areas of the substrate,
where the InAs accumulates on top of the wrinkles of the
released membrane. The migration occurs over distances as
large as 60 um during growth, leaving a flatted, island-free
surface in the areas behind, where the membrane is not
released. A semi-quantitative analysis of the misfit strain,
which we consider the main contribution to the chemical
potential changes of the surface, reveals that the curvature of

the wrinkled membranes results into a minimal misfit strain
for the deposited material. Therefore, it is the most attractive
position for the lattice mismatched InAs and acts as sink for
InAs migrating over the surface. The large observed migra-
tion length is in agreement with calculations [34] predicting
an enlarged diffusion coefficient for compressively strained
InGaAs surfaces. Finally, we observe InAs accumulation
preferably on top of free-standing InGaAs membranes. Rea-
sons for this can either be an initial surface curvature due to
the strain relaxation of the edge-supported membrane and/or a
strain transfer of the self-assembled nanostructures to the
compliant substrate. The latter scenario is supported by
grazing-incidence x-ray diffraction measurements, which
evidence the existence of regions where the deposited mate-
rial exhibits intermediate lattice parameter, between the InAs
and GaAs values.

Experimental details

The fabrication process for our samples is illustrated in
figures 1(a) and (b). We use a commercially available 20 nm
AlAs/5 nm Ing 33Gag 67As heterostructures (EpiNova) grown
on top of a GaAs (001) substrate for our experiments. The
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Figure 2. (a) An AFM 80x 10 ym overview image illustrating the large migration length of the InAs from the unreleased areas to the
released, wrinkled regions. (b) 10x 10 um AFM image of sample with 0 ML InAs deposited. (c) 10 x 10 um AFM image showing the frontier
region between released and unreleased parts of a 2 ML sample. (d) AFM image of the unreleased area of the membrane surface.

heterostructure is patterned with a photolithography process
defining circular 150 ym wide mesas. Trenches are etched
into the heterostructure and the underlying substrate using a
H3PO4:H,0,:H,0 (1:2:10) solution (figure 1(a)). To remove
the photoresists after trench etching and to obtain an epi-ready
sample surface, the photoresist is striped in a hot dimethyl-
sulfoxide followed by a cascade cleaning in three times
acetone for 30s, 20's, 10s and a finally dip into in isopropyl
alcohol, respectively. For complete resist removal, the sample
is exposed for 10 min to an oxygen plasma inside a barrel
reactor (Barrel Asher Plasma Technology SE80). In the next
chemical-cleaning step, the sample is put into H,SO, and
etched for 10 min in an ultrasonic bath. Afterwards, it is
cleaned in SemiconClean23 (Furuuchi Kagaku K.K., Japan)
for 2min and rinsed for 10 min in a water flow bath. To
obtain the partly released layers, we selectively remove the
parts of the AlAs layer using a diluted HF solution
(figure 1(b)). In figure 1(b), we marked the three distinguished
regimes of the sample (i) unreleased parts; (ii) released, back-
bond areas; and (iii) released, wrinkled areas. Figure 1(c)
depicts a light microscopy image of the defined round mesas
with the released areas visible on the border of the mesa. The
image shows that the released film starts to wrinkle inside
areas of 5 to 10 um wide (depending of the HF concentration
and etching time). The box marks the size of the AFM scan in
figure 2(a) for later comparison.

To overgrow our samples, we use the MBE facility of the
LNNano (CNPEM, Brazil). Inside the MBE system, the
sample was heated to 350 °C and a hydrogen cleaning was
used to remove the native top oxide layer as well as carbon
contaminants without damaging the thin, released membranes
[35]. Figure 1(d) shows an AFM image obtained after the
cleaning process. The image indicates that our surface stays
intact and flat after the cleaning process and can be used for
epitaxial growth afterwards. Furthermore, in siru reflective
high-energy electron diffraction (RHEED) showed a streaky

pattern after the cleaning process demonstrating a complete
removal of the native oxide layer before growth.

For the overgrowth, the samples are introduced to the
main chamber of the MBE. Different amounts of InAs (in
monolayers (ML) of InAs) from 0 ML to 3 ML were depos-
ited with a growth rate of 0.022 ML sec™" a substrate tem-
perature of 490 °C+ 10 °C. For the first sample series, a post-
growth annealing step of 5 min followed by a rapid quenching
of the substrate temperature was carried out. For a second
growth series, the sample was quenched immediately after
material deposition by turning off the heater power supply.
Due to the construction of the MBE system, we achieve
cooling rates of ca. 20 °C min™" with this method. The growth
was continuously monitored by RHEEED through the whole
growth process.

A reference sample was prepared in which the final
etching step to release the membrane was omitted. This
resulted in a surface that exhibits the mesa structures depicted
in figure I(a), but no wrinkle network is formed. The sample
has undergone the same growth procedure outlined above
with 2 ML of InAs deposited.

Two AFM systems (NX10 Park System and Digital
Instruments Nanoscope IITa) were used to study the sample
topography before and after the growth. Images were post-
processed using the SPM software Gwyddion.

Gracing incidence x-ray diffraction (GIXRD) was carried
out using the XRD2 beamline (LNLS, Brazil) using a fixed
energy of 9.5keV. The beam size (defined by slits) on the
sample position was of 0.7 mm x 0.5 mm. The incident angle
was fixed to 0.2° and a Pilatus 100 K detector was used,
integrating an exit angle of 2°. Using such an incident angle
below the critical angle of total external reflection, a pene-
tration depth is of the order of 5 nm is expected. In the con-
ditions above, the footprint of the beam spreads over the
whole sample along the incident beam path. The central part
of such footprint is then selected for diffraction in the vertical
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plane by scattering slits and detector slits, both closed to
2mm. Scans near the in-plane GaAs (220) reflection were
investigated, in order to deduce the lattice parameters of the
partly released, wrinkled sample with 2 ML InAs deposited
onto it.

Results and discussion

Figure 2(a) shows an overview AFM image of 80x 10 um
corresponding to the area marked in figure 1(c) of the released
and unreleased areas of a patterned mesa for a sample with an
InAs deposition of 3 ML. The released area can be identified
by its typical wrinkled structure, as seen on the right side of
the image. The unreleased part—major flat area depicted in
figure 2(a)—shows one growth defect in the middle, resulting
from an etching pinhole. This pinhole leads to a small free-
standing etch-supported InGaAs membrane attracting mate-
rial—an effect discussed in more detail later. The released,
back-bond parts show a clear material accumulation along the
wrinkled areas and some material accumulation on the flat
parts of the membrane. Such observations in the overview
AFM image indicate a strong material migration during
growth, from the unreleased, flat areas of our sample, towards
the released, wrinkled regions.

To demonstrate the InAs migration better, figure 2(b)
shows a sample with 0 ML deposition of InAs—hence the
sample had undergone the growth process without opening
the In shutter. In figure 2(b), the wrinkles, as well as the
unreleased parts of the sample, can clearly be distinguished
by the height step in the middle of the image. The AFM
shows that the wrinkled surface stays intact. Furthermore, no
indium accumulation is visible neither on the frontier between
the unreleased and released parts, nor on top of the wrinkles.
This demonstrates that the indium does not segregate out of
the membrane (or the unreleased parts of the InGaAs epilayer)
and the observed InAs accumulations in figure 2(a) are arising
from the deposited material.

For comparison, the released wrinkled area of a sample
with 2 ML of InAs deposited is depicted in figure 2(c). Again,
the released area can be identified by the wrinkled membrane
structures in the AFM topography image. Furthermore, the
InAs accumulation on top of the wrinkles and on the frontier
between the released and unreleased areas is visible, The
deposited material forms chains of island-like structures on
top of the wrinkles as well as on the flat areas, indicating that
the Stranski—Krastanov growth mode for InAs remains intact.

Our interpretation that most of the deposited material
migrates to the released, wrinkled sample regions is further
supported by the AFM scan depicted in figure 2(d) showing
the topography of the unreleased parts of the sample. The
topographic image of the surface exhibits an overall height
scale of 4 nm, which is comparable with the height scale of
3nm of the initial growth surface seen in figure 1(d). Com-
paring the two surface topographies of figures 2(d) and 1(d)
suggests some flattening of the initial growth surface but no
major changes in the morphology.

]

Figure 3. (a) Overview 2020 ym AFM image of a reterence
sample with 2 ML InAs deposited. Due to the 5 min post-annealing,
large well faceted (see inset) InAs clusters developed. (b) 1 x 1 gm
AFM image of the reference sample surface. A clear formation of
high density InAs islands is observed.

As a reference, we show in figures 3(a) and (b) AFM
images of patterned samples without carrying out the final
release of the membranes. The 20 %20 ym overview image
(figure 3(a)) indicates the formation of large InAs clusters on
the flat parts of the surface. The inset in figure 3(a) shows the
surface slope of such a large InAs structure. In the surface
slope plot, clear facets of the formed cluster can be identified
as (137), (101) and (111) assigned by comparison with Ref.
[36]. The height of our structures of 120 nm indicates that
these islands are not longer coherent to the substrate but
should be dislocated.




Nanotechnology 25 (2014) 455603

S F C da Silva et al

Figure 4. (a) AFM topography of the border between a relaxed, back-bond part and the unreleased areas of a quenched sample with 2 ML
InAs deposited. (b) Slope plot to identify the island structures in image (a). (c) Flat area next to a released part of a quenched InAs sample.
Only a small number of small InAs islands can be observed. (d) Flat area 12 ym away from the released areas [height scale adapted to fit
figure (c)]. A larger amount of InAs islands indicate that part of the diffusion process occurs during the post-annealing, but the major material

migration already takes place during InAs growth.

A 1x 1 ym AFM image (figure 3(b)) of the area between
these large structures reveals the existence of a high density of
small InAs islands on the surface. These small islands are
expected for this kind of sample, as the critical thickness for
dot formation on GaAs (001) for InAs is ca. 1.8 ML. As the
unreleased top InGaAs of the overgrown heterostructure still
exhibits the lattice parameter of GaAs, the critical thickness
for our samples should be below this value. Therefore, we
were surprised to observe no formation of InAs islands on our
patterned samples that had released areas (see e.g.
figure 2(d)). This observation was consistent for all deposited
InAs amounts ranging from 0.5 ML to 3 ML and supports our
interpretation that all the material migrates to the released
parts of the samples.

To investigate whether the material migration happens
during growth as assumed for the depletion regions observed
in patterned substrates [9] or mainly in our 5 min post-growth
annealing, a second series of samples was grown. For this
series, the heater was switched off immediately after InAs

deposition to quench the sample and suppress any post-
growth annealing and material migration.

Figure 4(a) depicts the topographic AFM image of a
sample with 2 ML InAs deposited and quenched after growth
at the border between the unreleased and the released, wrin-
kled areas. The etching frontier is clearly identifiable by the
height step in the middle of the image. Furthermore, we again
observe a great material accumulation on top of the wrinkled
structure as well as at the border between the released and the
unreleased areas of the sample. The island formation hap-
pened nearly exclusively either on top of the border or on top
of the wrinkles. To illustrate this behavior more clearly,
figure 4(b) shows the slope plot of the surface. As the back-
bonded parts as well as the unreleased parts are basically flat,
they appear black in this presentation of the surface. The InAs
islands are clearly identifiable by their shape in the slope plot.
Furthermore, the slope plot clearly shows that island forma-
tion exclusively occurs on sample position with a high slope
—either at the height step between the released and
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unreleased parts or on top of the wrinkles inside the released
areas. Very few structures are observed on top of the flat
relaxed, back-bond areas of the sample. This observation, in
conjunction the larger volume (estimated) of InAs on top of
the wrinkled area, supports our conclusion that the material
migrates from the unreleased areas to the released areas of the
samples. Furthermore, then the material migrates preferable to
the compliant, high curvature areas of the wrinkles.

The hypothesis that material migration already mainly
takes place during the initial growth process is supported by
the AFM topography images shown in figures 4(c) and (d).
Figure 4(c) depicts the surface of the unreleased regime next
to the frontier of a released area. The surface is comparable to
the surface morphology seen after annealing (see figure 2(d))
and very close to the surface morphology of the initial pro-
cessed surface (figure 1(d)). The height scale of 2.5nm
indicates that the surface is flat, but a small number of InAs
island pre-cursors are visible in the AFM picture. Compared
to the reference surface shown in figures 3(a) and (b), no
major InAs island formation or accumulation can be
observed. The AFM topography image depicted in figure 4(d)
was obtained 12um away from the frontier between the
released and unreleased areas. Even so, the surface mor-
phology is still flat compared to the surface morphology
observed for a reference sample [figure 3(b)], we can see a
formation of small InAs island precursors. The overall height
of 4.5nm (the scale was deliberately reduced to 2.5nm to
allow comparison to image figure 4(c)) indicates that the
small pre-islands are slightly larger. This result points to an
island’s formation tendency inside this sample region away
from the released parts. As we do not detect full island for-
mation at any position after post annealing, we conclude that
this material migrates towards the wrinkled areas during our
post-growth annealing. Furthermore, the low overall density
of the islands proves that already during the growth process
the InAs migrates to the released and wrinkled areas of the
sample. Once reaching this area, the InAs stays there trapped
and does not diffuse back to the unreleased parts of the
sample resulting in the large material accumulation observed
in the AFM images of figures 2(a), (b), and 4(a).

Material migration was also observed during the over-
growth of patterned samples [19]. This includes the formation
of depletion regions around patterned area for island forma-
tion during InAs or Ge growth as well as preferred material
accumulation at certain sample positions [9, 37]. These
migration phenomena have been connected with diffusion-
driven processes [9], but find their origin in a lateral mod-
ulation of the chemical potential. Thereby, material will
migrate to the regions of a low chemical potential. Theoretical
analysis of the chemical potential y of the surface suggests a
proportional connection between the surface potential and the
misfit strain €. The exact relation is still discussed [19, 38],
but for our propose, we can assume y e [38] (instead of
uxe® [19]).

To estimate € in a semi-quantitative way and obtain an
idea of the change of y, we analyze the misfit strain of our
samples. XRD results on released, wrinkled membranes show
[29] that we observe three regions of different local lattice

parameter: (i) unreleased areas; (ii) released, bond-back and
therefore flat areas; and (iii) the wrinkles. As € is related to the
local lattice parameter of each of the regions, we will first
estimate the local lattice parameter. This is straightforward for
the regions (i) and (ii), where we can assume either the lattice
parameter of the GaAs substrate ag,, [regime (i)] or a bulk
lattice parameter of a fully relaxed Ing 33Gag ¢7As layer
AinGaas tegime (ii)]. For the wrinkled area [regime (iii)], we
have to take into account the change of the surface lattice
parameter due to the curvature « of the surface, which strains
the lattice. In the first approximation, we can assume that the
surface strain €,z is given by €surfuce =K X Z, Where 7 is the
distance to the neutral plane assumed in the middle of the
membrane (2.5 nm) [39]. From this, the local (in-plane) lattice
parameter is given b)’ aA‘lll_'/%lce:alnGﬂAx + AnGaas X e.YIlIﬁlCt"

To determine &, we have to extract a representative height
profile of the wrinkled membrane from our AFM images. An
exemplary profile obtained from a wrinkle in figure 4(a) is
depicted in figure 5(a), where all three regimes can be iden-
tified. On the right side of the scan the flat, unreleased layer is
observed. Due to the removal of the underlying AlAs layer, a
step marks the frontier between the relaxed and released
regions, which finally exhibits a ca. 23 nm high wrinkle with
a base of ca. 300 nm. We find a best fit of the wrinkle by an
Gaussian function of the form A exp{—(x)z/(ZW)z} (A being
the height and w being the half-width of the fitted curve seen
in the inset of figure 4(a); x denotes the position). Our best fit
is partly in contrast to different works, which suggest a
sinusoidal function for the wrinkles [39-41]. Using the fitted
curve, we can estimate the lattice parameter for all regimes.
The calculated lattice parameter is plotted in figure 5(b), with
the aguas=5.6535A for the flat regime, a jump to
QnGans=5.784 A and finally with the local Qsupfuce fOr the
wrinkled structure, which depends on the local k. The abrupt
change from aguas t0 @juGeas results from our inability to
estimate the lattice parameter for the step. But the AFM
images clearly show that the membrane is continuous over the
etching step. This was also seen in cross-section TEM images
of released membrane structures [42]. Due to the curvature of
the wrinkle, the lattice is locally compressed at the bottom of
the wrinkle and strained at the top. A similar curvature has
been calculated for bend-up membranes strained by InAs
islands [15].

Finally, we can calculate e using our lattice parameter
plot. Unlike what is commonly done for MBE growth, we
calculate the strain not relative to the substrate as this lattice
parameter changes over the surface, but relative to the InAs
bulk lattice parameter (6.05 A). The lateral e profile is plotted
in figure 5(c) as the function of the position in the AFM
height profile seen in figure S(a). For the areas of the unre-
leased membrane, we obtain a compressive ¢ of 6.8% (typi-
cally for InAs to GaAs), whereas the compressive ¢ reduces
for the released, bond-back flat areas to ca. 4.5%. Finally, the
wrinkle exhibits a change in compressive e with ca. 5% for
the bottom of the wrinkle and e=1.7% (compressive) for
the top.

Our analysis reveals that we have a high ¢ and therefore a
high 4 on top of the unreleased membrane. In fact, we observe
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Figure 5. (a) Line scan obtained by AFM measures through the
released and unreleased part. The three regimes with different lattice
parameters are marked: (i) unreleased; (ii) released, back-bond (iii);
released, wrinkled. (b) Calculated in-plane lattice parameter for the
three sample regimes. (c) Calculated misfit strain in relation to the
bulk InAs for the three regimes of the sample.

the formation of small InAs islands and bigger clusters during
growth on our reference samples due to the large lattice
mismatch. As soon as the material is offered a more attractive
area on the sample, it diffuses already during growth to the
released, wrinkled membrane as observed in figures 2(c) and
4(a). Finally, the curvature of the wrinkle explains why the
material starts first to accumulate on the top of the wrinkle.
Even if we assume an overestimation of the lattice parameter
change due to «, the analysis clearly reveals that the top of the
wrinkles are areas with the lowest e and therefore the lowest
chemical potential .

Our analysis above addresses the thermodynamic aspects
of the observed growth phenomena by analyzing the chemical
surface potential. Besides the thermodynamic aspect, the
kinetic aspect of the observed InAs migration has to be dis-
cussed. The InAs accumulation at the released, wrinkled areas
indicates a directional diffusion for InAs deposited on unre-
leased parts of the samples. From our AFM image shown in
figure 2(a), we concluded that the InAs migrates over dis-
tances as large as 60 um completely to the released areas of
the sample. Our observation of the formation of small pre-
islands in figure 4(d) indicates that the indium migration
occurs already during material deposition. Comparing our
observed large migration length (of >60 um) with reported
indium migration length for patterned GaAs substrates (8 um)
or flat GaAs surfaces (25 ym) [9, 43], we conclude that dif-
fusivity must be higher on the unreleased parts of the sample
compared to a GaAs surface. For a basic understanding, we
have to take into account that the InAs is not deposited on a
bare GaAs surface, but on an InGaAs surface compressively
strained by 2.26%. In a simple model [44], the energy barrier

for diffusion depends linearly on the strain of the underlying
crystal. For Ge diffusing on compressive strain Ge (001), an
increase of 100-1000 times has been reported [45]. Also,
calculations for indium atoms on an InGaAs surface have
been carried out [34], where the top InGaAs layer was a
wetting layer for InAs island formation on GaAs (001). From
these calculations [34], an increase of the indium diffusion
coefficient from ca. Se-6cm?sec™ on GaAs to le
-3cm?sec™ on an InGaAs wetting layer on top of GaAs is
predicated. Finally, an indium diffusion coefficient on an
InAs wetting layer on top of GaAs (001) is calculated to 2e
—4cm?sec™" (all values are for 750K, close to our growth
temperature). Hence, the indium diffusion is expected to
largely enhance (100-1000 times), since it takes place on an
InGaAs layer and indium adatoms on a compressively
strained InGaAs surface are extremely mobile. Our results
indicate that this predicated increased indium diffusivity is
responsible for the material transport from the unreleased to
the released areas of the samples over large distances. Indeed,
if the more exact diffusion length value is desired, the pat-
terned mesa size must be ~10 times enlarged (from 150 ym to
1.5mm) in order to observe a clear gradient on the island
density/volume.

Besides relaxed, back-bond areas, our samples exhibited
sometimes small, freestanding areas (as pointed out during the
discussion of figure 2(a)). The origin of such freestanding
parts is ascribed to a similar mechanism observed in patterned
Si-on-insulator samples [15]. Small pinholes allow the etchant
to penetrate the top layer and give rise to—in our case due to
the anisotropy of the HF etching to AlAs—rectangular free-
standing, edge supported InGaAs membranes (a schematic
cross-section is shown in figure G(a)). Such freestanding
membranes have demonstrated a great influence on the
growth of self-assembled nanostructures, as they act as a
compliant substrate accommodating some of the mismatch
strain between the nanostructure and the substrate [15—
17, 25, 26].

In figure 6(b), an AFM topographic image of such a
freestanding area close to the edge of a sample with 0.5 ML of
InAs deposition is shown. The freestanding area can be
identified by its height contrast and the typical sharp edges
arising from the anisotropic etching of the underlying AlAs
sacrificial layer. The areas between the edge of the wrinkles
and the freestanding parts are flat, exhibiting no island for-
mation or material accumulation. Again, material accumulates
not only on the wrinkles, but also on the freestanding parts
competing with the wrinkled areas for the deposited InAs.

Figure 6(c) shows a detailed AFM image of the free-
standing edge-supported membrane. In this image, a clear
bending of the freestanding membrane is visible, either due to
the strain relaxation after etching or due to the strain transfer
of the deposited material [15, 17]. Furthermore, the topo-
graphy already allows identifying the InAs islands formed on
top of the membrane. A surface slope shown in figure 6(d)
allows a clear identification of InAs islands or deposits. This
plot reveals that the material tends to accumulate in the center
of the freestanding membranes, whereas no material accu-
mulation is observed on the frontier with the substrate. This is
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InGaAs
freestanding
membrane

Figure 6. (a) Schematic illustration of the freestanding, edge-supported membrane. (b) Overview 5 x 5 p#m AFM image of the freestanding
regime close to the edge between released and unreleased parts of the sample. (c) Topographic AFM image of freestanding membrane (d)
surface slope image of the region calculated from image (a). The change in slope allows the identification of the islands,

in contrast to the observations for the back-bonded, relaxed
membranes, where the frontiers between the relaxed and fixed
parts were a good seeding area for InAs self-assembled
nanostructures (see figure 4(a)). Similarly to the InAs islands
formed on freestanding Si membranes [15], the islands tend to
form in the middle of the membrane. Finite element analysis
of such structures have shown [15] that this allows a better
strain transfer from the island to the compliant substrate.
Besides the better strain transfer, any pre-curvature of the
membrane will drive the material to the middle of the mem-
brane as the analysis of the local misfit for the wrinkled layer
profiles reveals.

Finally, the question arises, if the large InAs accumula-
tion on top of the membrane results in a breakdown of the
pseudomorphic growth. To shed some light on this question, a
sample with 2ML InAs deposited was investigated with
GIXRD.

A longitudinal scan around the GaAs (220) reflection of
the sample is depicted in figure 7. We observe a peak at a
scattering vector ¢gqas=3.142 A~', which arises from the
GaAs substrate indicating that our structures are still well

g ilnGaAs
10°F layer
@
z InAs
= H .
o 10°F deposits
= |
= !
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£
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2.9 3.0 3.1 3.2
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Figure 7. GIXRD longitudinal scan near the GaAs (220) reflection.
The scan exhibits a peak of the GaAs substrate, an intensity gradient
arising from the epitaxial, related to strain status originated from
unreleased and partially released parts of the membrane and a broad
peak ascribed to the deposited InAs material.
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aligned to the substrate host lattice. Furthermore, an intensity
gradient and broad peak spanning up to 2.90A7" are
observed. Deposits with a lattice parameter close to InAs bulk
(Gmas=2.933 A”‘) can be the origin of the broad peak in the
scan. We assign the shoulder near the GaAs peak to the
unreleased pseudomorphically strained membrane, whereas
the intensity gradient observed up to ca. 3.05A~' can be
ascribed to different strain status at (partially) released posi-
tions of the InGaAs layer (qgaas=3.073A" for fully
relaxed Ing33Gag ¢7AS). Comparing this result to GIXRD of a
released, wrinkled membrane [29], such distribution of lattice
parameters with a long tail towards the GaAs bulk lattice
parameter is expected. The existence of intermediate relaxa-
tion states in figure 7 indicate that parts of the deposited InAs
are coherent to the substrate, while other regions undergo a
plastic relaxation [46]. As our AFM results depicted in
figures 2(a), (c) and 4(a) indicate that nearly all material
migrates to the released areas of the sample, we assume that
we overcome the critical thickness for relaxation on top of the
membranes resulting in a formation of dislocations. A
detailed structural investigation would be needed to identify
the new critical thickness and growth behavior on the new
virtual substrate presented by fully released membranes.

Conclusion

We investigated the overgrowth behavior of partly released,
wrinkled InGaAs membrane structures for MBE deposited
InAs. Round mesa structures are defined using lithography
inside an AlAs/Ing33Gaye7As heterostructure. The top
InGaAs layer is selectively under-etched to form a ca. 10 ym
wide wrinkled, back-bonded area. Samples are chemically
cleaned and introduced into an MBE, where an atomic
hydrogen cleaning is carried out to remove the native oxide.
Finally, different amounts of InAs are deposited on top of the
samples and the material migration is studied using AFM. We
find that the deposited InAs migrates over more than 60 Hm
and preferably accumulates on top of the released membrane,
especially on top of the wrinkled structure. Quenching
experiments carried out on samples immediately after growth
indicate that most of the material migration takes place during
the deposition process.

To obtain a semi-quantitative explanation for the origin
of the migration process, we calculate the misfit strain relative
to the deposited material for our structures. We obtain a low
misfit strain due to the local curvature of the wrinkled
membrane on top of the wrinkled. We concluded from these
results that the material accumulates on these areas as the
reduced misfit lowers locally the chemical potential. Similar
material accumulations have been observed for patterned
substrates [5, 19] and freestanding membranes [17, 18],
which we also observe for the freestanding regimes of our
samples. XRD results indicate a breakdown of the coherent
growth, which we can ascribe to the large material migration
and accumulation on top of the membrane.

Our first investigations show that the presence of dif-
ferent lattice parameters fundamentally changes the growth

behavior of the well-investigated InAs/GaAs hetero-epitaxial
system. Further detailed studies are needed to fully under-
stand the growth dynamics on such samples, as well as to
show how to obtain fully coherent structures. As the relaxa-
tion of the membrane lattice and the compliance of the thin
freestanding membrane will change the critical thickness for
deposition of lattice mismatched material and the strain inside
the deposited heterostructure, such structures can act as vir-
tual substrates allowing the tuning of optical and electrical
properties of the deposited heterostructures.
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