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Abstract

A promising approach of combining the best properties of dynamic
random-access memories and flash memories, namely fast write/erase times
and long storage times, is to create memory devices based on self-organized
quantum dots. In 2008, write times in the nanosecond range were already
demonstrated, limited only by the charge carrier relaxation time being in the
picosecond range. For obtaining long storage times, however, material systems
that are able to form quantum dots, but that also have either high hole or
high electron localization energies, are needed.

Recent theoretical studies have shown that a material system consisting of
In0.5Ga0.5Sb in a GaP matrix would yield storage times longer than 10 years
– making it a very promising candidate for memory applications. The results
from a recent atomic force microscopy (AFM) study indicate that such a
material system can successfully form quantum dots, only when an interlayer of
GaAs is deposited prior to the In0.5Ga0.5Sb. Furthermore, the AFM study also
showed that varying amounts of Sb flush deposited prior to the In0.5Ga0.5Sb
had an impact in the resulting dimensions of the quantum dots, but also the
quantum dot density.

In this thesis, cross-sectional scanning tunneling microscopy (XSTM)
experiments are carried out on analogously grown, but capped,
In0.5Ga0.5Sb/GaAs layers in a GaP matrix, to investigate the final
structural parameters of the nanostructures. It is known that at the epitaxial
growth process, the size, shape and stoichiometry of the nanostructures can
change remarkably during capping. Four different nanostructure layers are
investigated, each consisting of nominally 5 monolayers (ML) GaAs, an Sb
flush and 0.42 ML In0.5Ga0.5Sb. The difference between the four layers is the
amount of additional Sb flush – varying from 0 s to 3 s.

From the XSTM data, a non-unifrom contrast is observed at the base of the
nanostructure layers, were a homogeneous two-dimensional, 5 ML thick GaAs
layer is expected, suggesting a lateral material transfer and an intermixing of
GaAs and In0.5Ga0.5Sb during nanostructure formation. The nanostructure
heights observed are also very large compared to the nominal values, while
the base interface of the nanostructure layers appears sharp. This further in-
dicates an intermixing of the nanostructure layers with the capping material.
Furthermore, the structural parameters vary for different amounts of addi-
tional Sb flush, and the same tendency that was observed in the AFM studies
is observed in this XSTM study as well. In the layer with the highest amount
of additional Sb flush (3 s), a special behaviour is observed where the material
distribution clearly differs from the deposited layers with less Sb flush. Finally,
a stoichiometry analysis is performed, in which the atomic chain-to-chain dis-
tances in the highly-resolved XSTM data are used to calculate a local lattice
parameter.
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1 Introduction

Various material systems have been studied during the last years in the search of
candidates for future quantum dot-based memories [1, 2]. The goal of combining the
best properties of dynamic random-access memories (DRAM) and flash memories,
namely fast write/erase times and long storage times, consists partially of finding
a material system with either high hole or high electron localization energies [3] –
which would be necessary to obtain long storage times. Recently, a material system
consisting of InGaAs in a GaP matrix was shown to successfully form quantum
dots [4, 5]. This was made possible by introducing an interlayer of GaAs prior
to the InGaAs, which enabled the Stranski-Krastanov growth mode [4]. Further
investigations of the electronic properties of In0.5Ga0.5As quantum dots proposed
a hole storage time of 230 s at room temperature [6]. This was an improvement
by two orders of magnitude compared to the previous record of 1.6 s, which was
obtained for InAs quantum dots in a GaAs matrix [3].

While the method of deep-level transient spectroscopy (DLTS) is routinely used
to determine the storage time of quantum dots, the kind of material systems that
would be promising for a memory application are often first predicted by 8-band
k ·p theory. Recent calculations showed that quantum dots containing Sb, in a GaP
matrix, could have substantially larger storage times than the previously obtained
records [2]. A particular material system consisting of In0.5Ga0.5Sb in a GaP matrix
is expected to have a storage time higher than 10 years - making it a very promising
candidate for memory applications [7]. Further, a lattice mismatch of less than
0.4 % between GaP and Si makes a matrix material like GaP especially interesting.
It has been shown that GaP can be pseudomorphically grown on Si substrates, which
suggests that an integration of the GaP material systems with Si-based technology
could be possible [8].

Atomic force microscopy (AFM) studies have already demonstrated the Stranski-
Krastanov growth mode for the In0.5Ga0.5Sb material system in GaP, resulting in
quantum dot growth [7]. This was again made possible by introducing an in-
terlayer of GaAs, prior to the In0.5Ga0.5Sb. In the AFM studies, four different
In0.5Ga0.5Sb/GaAs layers were investigated. Each of the layers consisted of nomi-
nally 5 monolayers (ML) GaAs, an Sb flush and 0.42 ML In0.5Ga0.5Sb. The difference
between the four layers was the amount of additional Sb flush – varying from 0 s to
3 s. It was shown that the dimensions of the quantum dots, but also the quantum
dot density, varied for the different amounts of Sb flush. However, the resulting size,
shape and stoichiometry of the grown nanostructures can change during the cap-
ping process [9–14]. This process can further have a great impact on the resulting
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electronic and optical properties of the nanostructures [15–17].
The aim of this thesis is to perform cross-sectional scanning tunneling microscopy

(XSTM) investigations on four analogously grown, but capped, In0.5Ga0.5Sb/GaAs
layers in a GaP matrix. With XSTM studies, it is possible to observe the final
structural parameters of the nanostructures, but also the material composition and
distribution, where it would be interesting to find out the amount of incorporated
Sb and if that amount varies for different additional Sb flush.
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2 Methodological background

2.1 Scanning tunneling microscopy (STM)

Scanning tunneling microscopy (STM) is based on the quantum mechanical tunnel-
ing effect and is used to study sample surfaces on the atomic scale. By applying
a sample bias between a conducting sample and a sharp conducting tip, a small
tunneling current can be measured when the separation between the tip and the
surface is sufficiently small, typically in the order of a few Ångström. The choice of
bias polarity further affects the direction of the tunneling current. When a positive
sample bias is applied, the electrons tunnel from the tip to the surface and vice
versa for a negative sample bias.

The tunneling current has an exponential dependence on the distance between
the tip and the sample surface, meaning that very small changes in the distance
can affect the tunneling current significantly. By scanning the surface in the xy-
direction, features on the surface can easily be detected through changes in the
tunneling current.

The two modes of STM operation are illustrated in figure 1. In the constant-
current mode (figure 1(a)) a feedback system adjusts the tip height during scanning
to keep the measured tunneling current at a reference value. The measured height,
z(x, y), is recorded at every point on the surface and is used to produce a topographic
image. The second mode of operations is the constant-height mode. In this mode the
position of the tip is fixed in the z-direction, resulting in a varying tunneling current
during scanning. The measured values of the tunneling current are recorded and
converted into a topographic image of the surface (figure 1(b)). The advantage of the
constant-height mode is a faster scan rate, due to uninvolved feedback electronics,
and would be preferable when imaging very flat surfaces. When scanning on rougher

tip position

current

(a) (b)

zx y

y z
x y z

Figure 1: Schematic view of the two STM modes of operation. The constant-current
mode is illustrated in (a) and the constant-height mode in (b), after Ref. [18].
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surfaces, however, the feedback system used in constant-current mode can prevent
the tip from colliding with the surface and is thus preferable, despite its slower scan
rate.

2.2 Cross-sectional scanning tunneling microscopy (XSTM)

Cross-sectional scanning tunneling microscopy (XSTM) is a special modification of
STM, which is used to study capped nanostructures [19, 20]. This is made possible
by cleaving the sample and approaching the tip towards the cleavage surface – as
being illustrated in figure 2. It has been shown that the size, shape and stoichiometry
of nanostructures can change significantly during the growth process [9–13]. With
XSTM investigations one can investigate the final structural properties of the buried
nanostructures, which further allows for a better understanding of their electronic
and optical properties.

The principle of XSTM does not differ from the one of STM. XSTM experiments
are, however, more difficult to perform. The sample that is under investigation has
to be cleaved, and the resulting cleavage surface needs to be sufficiently smooth for
the nanostructures to be observed clearly. Such a cleavage quality is not always easy
to obtain.

~ 150 µm

cleavage plane

~ 1-3 µm

bulk
material

layer of interest

cap layer

cap layer

[001]

[110]

[ 10]1

X
S
TM

 ti
p

S
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T
M

 t
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XSTM
STM

Figure 2: Illustration of the principle of top-view scanning tunneling microscopy and
cross-sectional scanning tunneling microscopy, after Ref. [18].
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Figure 3: A photograph showing the UHV system. An optical microscope is placed at
the STM chamber for closer sample observations and for support during the tip approach
procedure. The preparation chamber seen in the middle is used for tip cleaning by electron
bombardment and for tip storage. The magnetic transfer is used to transfer samples and
tips between the STM chamber and the preparation chamber. Finally, the fast entry allows
to bring samples and tips in or out of the chamber system without breaking the UHV.

Approaching the cleavage surface is also more difficult than approaching the growth
surface due to its significantly smaller size. Finally, the layers of interest are only
located on a small fraction of the total cleavage surface. Finding them can therefore
be a time-consuming process.

To overcome some of these difficulties, there are a few things that can be done.
Before performing a tip-approach, the cleavage surface is routinely observed with
an optical microscope. In this way one can already locate areas where at least no
macroscopic surface steps can be seen, and which therefore would be preferable to
approach. Surface steps can, however, not be avoided completely. To avoid harming
the tip during scanning, the constant-current mode is always used. Further, the
experiments are performed in ultra-high vacuum (UHV), with a base pressure of
1 × 10−8 Pa, to minimize the amount of adsorbates on the cleavage surface and to
enable good scanning conditions that can last for several days.

The strategy used for finding the layers of interest is to first find the sample
edge. This is done by retracting the tip from the tunneling position and moving it
towards the sample edge in large steps. After each step, a tip approach is performed
to verify that a tunneling current is measured. If no tunneling current is measured,
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usually the sample edge has been found and a local search for the layers of interest
can begin.

The UHV system used for the XSTM measurements is presented in figure 3. The
XSTM is operated with an RHK SPM 1000 control system, SPM 100 electronics
and the XPM ProTM software from RHK Technology. Details on the setup can be
found in Ref. [18].

2.3 The GaP(110) surface

The investigated sample was grown on a GaP(001) wafer, which has a cubic
zincblende lattice structure. The cleavage for this lattice structure mainly occurs
along the (110) planes and results in two dangling bonds per surface unit cell.
Initially, these bonds consists of one electron each. This state is, however, not en-
ergetically favourable, and as a result the surface atoms move away from their bulk
positions to new coordinates [21]. This is called the “surface relaxation” and is il-
lustrated in figure 4 [22]. As can be seen in the side view image (figure 4(b)), the
group-V atoms (P) are pulled outwards the surface while the group-III atoms (Ga)
are pulled inwards. After the relaxation of the surface the group-V atoms contain
both electrons while the dangling bonds of the group-III atom are empty.

(b)

(a)

side view [001]

[110]

2 MLGa atom
P atom

top view surface unit cell

[001]

[1 0]1

second layer Ga atom
second P atomlayer

top Ga atom
top P atom

Figure 4: Top view (a) and side view (b) of the relaxed GaP(110) surface, after Ref. [22].
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This surface relaxation phenomenon does not affect the periodicity of the crystal
surface, and the resulting surface still has an equal distribution of group-III and
group-V atoms.

The XSTM tip can only “reach” the topmost group-III and group-V atoms of the
surface. This means that only every second monolayer (ML) can be imaged [20].

2.4 Contrast mechanisms

The two main contrast mechanisms that one needs to take into account when inter-
preting XSTM images are the topographic and the electronic contrast [22].

Surface features like terraces, steps and adsorbates produce a direct contrast in
STM images due to a varying surface height, as was discussed in section 2.1. In
XSTM imaging however, there is often another important structural contrast mech-
anism that is due to the strain-induced relaxation of nanostructures after the cleav-
age [22]. Buried nanostructures composed of material with larger lattice constants
than the matrix material are typically highly compressively strained. A cleavage of
the sample allows for the strained nanostructures to relax outwards of the cleavage
surface, as shown in figure 5(a). As being shown in table 1, materials like GaAs,
GaSb and InAs have a substantially larger lattice constant than GaP [23]. Hence,
one would expect the nanostructures within the In0.5Ga0.5Sb/GaAs layers in the
investigated sample to relax outwards and to appear brighter than the surrounding
matrix material in the XSTM images. This results in a bright structural contrast
that is directly related to the material composition.

Figure 5: Schematic illustration of the strain-induced outward relaxation of a InGaSbAs
nanostructure in a GaP matrix (a) and a simplified band diagram illustrating how different
band structures result in different tunneling currents (b).
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Material GaP GaAs InP GaSb InAs InSb
Lattice constant [Å] 5.451 5.653 5.86 6.096 6.058 6.479
Band gap [eV] 2.26 1.43 1.35 0.72 0.36 0.17

Table 1: The lattice constants and band gaps for different III-V semiconductors [23].

The electronic contrast in XSTM images is due to the different band structures
of the semiconductors within the material system [23]. Figure 5(b) illustrates how
the tunneling probability for a given bias voltage differs for different band gaps.
Semiconductors with a smaller band gap posses a higher amount of empty states in
the conduction band that the tunneling electrons can occupy, which yields a larger
tunneling probability. Hence, the tip retracts in constant-current mode due to an
increase in tunneling probability, resulting in a brighter contrast. For a clear elec-
tronic contrast, however, the measurements should be performed with sufficiently
low bias voltages.

Group III-V semiconductors with larger band gaps usually have a smaller lattice
constant (see table 1). Thus, the electronic contrast due to varying band structure
and the structural contrast due to strain-relaxation work in the same direction.

The structure of the cleavage surface, which was discussed in section 2.3, is giving
rise to yet another contrast mechanism referred to as atom-selective contrast. This
contrast mechanism is dependent on the bias polarity and is due to the imbalance
in electron occupation between the dangling bonds of the group-III and group-V
atoms. When imaging with positive sample bias, the electrons tunneling from the
conducting tip to the sample can occupy the empty states of the group-III atoms
[20]. Thus, the atoms imaged are the group-III atoms – which in the case of this
material system are Ga and In. When imaging with negative sample bias, however,
electrons from the filled dangling bonds of the group-V atoms are tunneling to the
conducting tip. And the atoms imaged are therefore the group-V atoms – P, As and
Sb. Images taken with positive sample bias will hereinafter also, but not exclusively,
be referred to as empty-state images, while images taken with negative sample bias
will be referred to as filled-state images.

In section 2.3, the relaxed GaP(110) surface was discussed and illustrated. A
more complicated situation, where more materials are present, is illustrated in fig-
ure 6 to point out an effect that also has an influence on the contrast in the XSTM
images. It is shown that a P atom having a different underlying group-III neighbour
– in this case an In atom – will obtain a different lattice position than the other P
atoms due to a different bond length, and furthermore the local density of states
is changed. Thus, when imaging this surface with negative sample bias, where the
P atoms would be observed due to the atom-selective contrast, that P atom would
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appear with a different contrast than the other P atoms. This contrast mechanism
is often referred to as uncharged impurity contrast [24].

Figure 6: Side view of a relaxed GaP surface containing an In atom on a Ga surface lattice
site, after Ref. [22].
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3 Investigated sample

3.1 Sample structure

Figure 7: The structure of the investigated InGaSb/GaAs/GaP(001) sample.

The sample under study was grown by metalorganic vapor-phase epitaxy
(MOVPE) and provided by the research group of Prof. Bimberg at the Technis-
che Universität Berlin. A schematic image of the layered structure is shown in
figure 7. Above the Si-doped GaP wafer and the 530 nm thick GaP buffer layers
follow the four nanostructure layers, which are to be studied. Each of the layers is
grown at 500 ◦C and consist of a 5 ML GaAs interlayer, a flush of Sb and 0.42 ML
In0.5Ga0.5Sb – deposited in that order and with a growth interruption (GRI) of 1 s
after the Sb flush. The difference between the four layers is the amount of additional
Sb flush - varying from 0 s in layer 1 to 3 s in layer 4.
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The three GaAs layers above the nanostructure layers were mainly deposited
for simplifying the XSTM search for the InGaSb layers – acting as marker layers.
These marker layers consist of notably small amounts of GaAs (2 ML). A detailed
investigation of the growth behaviour of such small amounts of GaAs buried in GaP
has not been made up to now and could also yield interesting results.

Moreover, a 200 nm thick GaP layer containing 23% Al was deposited on the
top of the sample. This layer was included because of the ability of Aluminium to
attract adatoms – something that would yield a cleaner surface around the layers
of interest and simplify the XSTM measurements.

3.2 Growth parameters

The nominal growth parameters for the nanostructure layers were chosen care-
fully with the purpose of inducing the Stranski-Krastanov growth mode – one of
the primary growth modes in which zero-dimensional nanostructures form by self-
organization on crystal surfaces [25]. This mode is also referred to as ’layer-plus-
island’ growth.

Top-view microscopy studies performed with atomic force microscopy (AFM) on
the uncapped In0.5Ga0.5Sb layers with different growth parameters showed that a
GaAs interlayer with a thickness of 5 ML was necessary to enable the Stranski-
Krastanov growth mode for the In0.5Ga0.5Sb system. Furthermore, the critical
In0.5Ga0.5Sb layer thickness for island growth was shown to be above 0.21 ML,
resulting in quantum dot formation. A layer thickness larger than 1.0 ML, however,
resulted in defect formation. The value of 0.42 ML was finally chosen for providing
a high quantum dot density [7].

The additional Sb flush that is deposited prior to the In0.5Ga0.5Sb layers is ex-
pected to improve the Sb incorporation [7]. AFM results also showed that the differ-
ent amounts of additional Sb flush had an inpact on the dimensions of the quantum
dots and on the quantum dot density – which varied among the four different layers.
However, the amount of Sb that is incorporated within the nanostructures in the
different layers, and also their final structural properties, were open questions that
should be answered by the present XSTM experiments.

3.3 Sample and tip preparation for XSTM experiments

The first step in the sample preparation consists of mechanically polishing the wafer
to a thickness of around 150 µm, which has shown to be preferable for achieving a
good cleavage quality. Furthermore, the wafer has to be devided into smaller pieces
that can be mounted on the sample holders. A small scratch is also made on the
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samples to simplify the cleavage (see figure 8).
The initial thickness of the wafer used in this study was 380 µm. After the

thinning, part A had a thickness of 130 − 170 µm and part B a thickness of 130 −
160 µm. These two parts were further devided into four equally sized samples with
an area of 4.5 × 5.0 mm2. The scratches made on the samples were approximately
1/3 of the total sample length. The samples were finally mounted on copper based
sample holders and contacted electrically with a two-component, 100% solids silver-
filled epoxy system (figure 9(a)).

The tips used in the XSTM experiments were prepared from electro-chemically
etched tungsten wires [26]. For reproducibility reasons, tips of similar resulting di-
mensions were used. The tips were further mounted on tip holders and brought
to the UHV system, via the fast entry, where they were cleaned by electron bom-
bardment within the preparation chamber. The desirable resulting shape of the
tunneling tips can be seen in figure 9(b).

Part A Part B

4.5 mm

5
 m

m

1

3 4

1 2

3 4

4.5 mm

5
 m

m

2

9 mm1
0
 m

m

[110]

[1 0]1

9 mm

A B

Figure 8: The GaP wafer and a schematic presentation of the the samples that were
prepared for the measurements.

Figure 9: Photographs of the copper based sample holder (a) and a tip approached to a
cleavage surface (b), after Ref. [18].
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4 Results

The XSTM measurements where performed on two of the samples from the wafer
shown in Figure 8. The first experiment was performed on sample A4, yielding
high-resolved images on layer 1 (with negative sample bias) and on layer 4 (with
positive sample bias). In the second measurement, which was made on sample B2,
the cleavage surface could only be imaged with high resolution using a positive
sample bias. However, all four layers were in this case found and imaged with high
resolution.

An overview image (300 nm × 300 nm) of the four layers can be seen in
figure 10(a). Layer 1 is followed by layer 2, layer 3 and layer 4 in the growth
direction, and the distances between the layers are in nice agreement with the growth
parameters presented in figure 7. The nanostructure layers appear brighter than the
surrounding material, as expected from the discussion about contrast mechanisms
in section 2.4. In this overview image the four layers appear homogeneous and no
clear island formation can be observed. As can be clearly seen in figure 10(a), which
represents a very typical view, the cleavage surface contained a large amount of
surface steps. Therefore, it was not always easy to find areas at which the layers
could be imaged more locally. Furthermore, the smaller white dots that can be seen
across the entire surface are adsorbates on the surface. This kind of features are
unavoidable due to the long measurement times and will be present in all XSTM
images presented here.

Figure 10(b) shows an overview image of the three marker layers – each consisting
of a nominally 2.0 ML GaAs. The distances between the three marker layers are
again in nice agreement with the growth parameters. However, the three GaAs layers
were in this experiments only used as marker layers, and no further investigation of
them will be presented in this thesis. Furthermore, this image demonstrates again
the typical surface conditions throughout the measurements. While the surface for
this XSTM image is rather smooth on the area of the GaAs layers, many steps are
present at the right of the image.
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Figure 10: (a) A highpass filtered XSTM overview image showing the four nanostructure
layers taken with a sample bias of VT = + 6.0 V and a tunneling current of IT = 30 pA.
(b) XSTM overview image showing the three marker layers taken with a sample bias of
VT = + 4.6 V and a tunneling current of IT = 30 pA.
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4.1 Visual impression of the XSTM images

In this section, highly-resolved XSTM images of the four nanostructure layers will
be shown and a discussion about the appearance of each layer will be presented.

Layer 1

Figure 11(a) shows a highly-resolved filled-state XSTM image of layer 1, in which
the atomic chains within the nanostructure layer are clearly observed. The image
is taken at VT = - 3.5 V and IT = 25 pA. The first nanostructure layer consists
of nominally 5.0 ML GaAs and 0.42 ML In0.5Ga0.5Sb, but no additional Sb flush.
Besides the nanostructure layer in the figure is the GaP matrix.

10 nm [001]

[110]

(a) (b)

Figure 11: Filled-state XSTM image of layer 1 (a) with the nanostructures highlighted
by solid yellow lines and agglomerations highlighted by dotted blue lines (b). The image
was taken at VT = - 3.5 V and IT = 25 pA.
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While the nanostructure layer appears very homogeneous in the overview image
(figure 10), a closer look in figure 11 shows inhomogeneities along the [110] direction.
Areas with brighter contrast indicate the presence of nanostructures, which are
separated by gaps with darker contrast. The nanostructures are highlighted with
solid yellow lines (figure 11(b)), proposing a truncated pyramidal-like shape, which
has found to be typical for buried quantum dots [27, 28]. However, the purpose
of marking the nanostructures was mainly to define their dimensions, which are
later used for a structural analysis (see section 4.2). Smaller agglomerations, i.e
areas with brighter contrast, are also observed within the nanostructures and are
highlighted by blue dotted lines in figure 11(b). Furthermore, while the start of the
layer appears sharp at the base interface between the underlying GaP layer and the
nanostructure layer, the top appears rather different, with a varying height. The
nanostructures are therefore always highlighted in such a way that their topmost
part is included. The average height of the observed nanostructures is 16.8± 3.6 ML,
where the error bars are given by the standard deviation. The average lateral size
is 24 ± 4 nm. The large nanostructure heights, compared to the nominal value of
5 ML GaAs and 0.42 ML In0.5Ga0.5Sb, and the sharp appearance of the base interface
of the nanostructure layer indicate an intermixing of the nanostructure layer with
the capping GaP material. Further, the expected brighter contrast from the 5 ML
thick GaAs layer, which corresponds to 2.5 atomic chains in the growth direction
of the XSTM image, is not homogeneous at the base of the nanostructure layer.
This indicates a lateral material transfer and an intermixing of the GaAs with the
In0.5Ga0.5Sb during nanostructure formation. The agglomorations observed could
be due to higher amounts of GaAs, but also due to an enrichment by In or/and Sb.

Layer 2

Figure 12 shows an empty-state XSTM image taken with a tunneling current of
IT = 30 pA. As can be seen in this image, the tip conditions were not ideal. The
tip changes were frequent and in an attempt to stabilize the tip, the sample bias
was changed from VT = + 2.3 V to VT = + 2.5 V during scanning. The position at
which the sample bias was increased is marked with a red line in figure 12(a). The
nanostructure layer in the middle of the image consists of nominally 5.0 ML GaAs,
1 s of additional Sb flush and 0.42 ML of In0.5Ga0.5Sb.

The quality of this image of the second nanostructure layer is not constant.
However, at some parts, e.g. at its bottom, the atomic chains can clearly be distin-
guished. Just as for the first nanostructure layer, the contrast along the [11̄0] direc-
tion is inhomogeneous. Smaller gaps where the contrast is significantly lower can be
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Figure 12: Empty-state XSTM image of layer 2 (a) with nanostructures highlighted by
yellow solid lines (b). The scan parameters of this XSTM image were initially IT = 30 pA
and VT = + 2.3 V, but the bias voltage was changed to VT = + 2.5 V during scanning at
the red bar.

observed, separating the nanostructures with brighter contrast. The nanostructures
are again highlighted with solid yellow lines in figure 12(b). The average height
of the nanostructures is 16.0 ± 2.0 ML and the average lateral size is 12 ± 7 nm.
Compared to the structural parameters observed in layer 1, the average lateral size
is smaller by a factor of two, while the average height is within the same range. The
blue dotted lines in the middle of figure 12(b) are highlighting areas with brighter
contrast within a nanostructure. In this case, however, the quality of the image in
that area is not sufficient to determine if these parts are agglomerations, like the
ones observed in layer 1, or adsorbates on the cleavage surface.
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Layer 3

5 nm

(a) (b)

[001]

[110]

Figure 13: Empty-state XSTM image of layer 3, taken with VT = + 2.4 V and IT = 30 pA
(a) with nanostructures highlighted by solid yellow lines and agglomerations highlighted
with blue dotted lines (b).

The empty-state XSTM image shown in figure 13 is taken with a sample bias of
VT = + 2.4 V and a tunneling current of IT = 30 pA. The nanostructure layer seen
in the middle of the figure consists of nominally 5.0 ML GaAs, an additional Sb
flush of 2 s and 0.42 ML In0.5Ga0.5Sb. The interface between the underlying GaP
layer and the nanostructure layer can again be seen to be very distinct and does
not have the same appearance as the interface between the layer and the capping
material, where the height of the nanostructure layer is varying. Like in the previous
cases, the contrast along the layer is inhomogeneous in the [11̄0] direction and the
nanostructures observed are highlighted with solid yellow lines in figure 13(b). The
agglomorations are again highlighted by blue dotted lines in figure 13(b), and have
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a clearly different appearance as compared with the adsorbates that can be see
throughout the image. The average height of the nanostructures is 13.0 ± 1.0 ML
and the average lateral size is 22 ± 6 nm. An increase in the average lateral size
is observed here compared to layer 2, and it is is now in the same range of what
was observed in layer 1. The average height is slightly smaller than for the previous
layers.

Layer 4

An empty-state image of layer 4 is shown in figure 14, taken at VT = + 2.4 V and
IT = 30 pA. The fourth nanostructure layer is the one in which the highest amount
of additional Sb flush was deposited. It consists of nominally 5.0 ML GaAs, 3 s of
additional Sb flush and 0.42 ML In0.5Ga0.5Sb. While the base interface appears sharp
like in the images of the other nanostructure layers, the nanostructures themselves
appear different. The layer is even more inhomogeneous along the [11̄0] direction
and consists of many areas where the contrast is significantly brighter.

[001]

5 nm

[110]

(a) (b)

Figure 14: Empty-state XSTM image of layer 4, taken at VT =+ 2.4 V and IT = 30 pA (a).
The nanostructures observed are highlighted by solid yellow lines and the agglomerations
within the nanostructures are highlighted by red dotted circles (b).
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As can be seen in the lower part of the image, the layer also has a non-uniform
contrast along the growth direction, where parts at the bottom part and the top
part of the layer, highlighted by red dotted lines, have a brighter contrast than the
area in between. Such a behaviour was not observed in the previous layers. In the
present case, it appears as if the way in which the material is distributed within this
nanostructure layer is different. In figure 14(b) the nanostructures are highlighted
by yellow solid lines. The average height of the nanostructures is 18.0 ± 6.3 ML and
the average lateral size is 17 ± 7 nm. The average lateral size is again decreasing
compared to layer 3, now being close to the value observed for layer 2.

General Observations

From the visual investigation, the inhomogeneity in contrast observed along the
cleavage surface already at the base of the nanostructure layers, where a homoge-
nious two-dimensional 5 ML thick GaAs layer is expected, suggests a lateral material
transfer and an intermixing of GaAs with In0.5Ga0.5Sb during nanostructure forma-
tion. The observed nanostructure heights are within the same range in the four
nanostructure layers. The values are, however, very large compared to the nominal
values. Besides an intermixing during nanostructure formation, this observation is
also most likely due to an intermixing of the nanostructure layers with the capping
material.
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4.2 Structural analysis

XSTM results

The observed average heights and average lateral sizes of the nanostructures within
the four In0.5Ga0.5Sb/GaAs layers are listed in table 2. From the obtained values,
a decrease in the average nanostructure height from 16.8 ML to 13.0 ML is found
from layer 1 to layer 3, while the value of the average nanostructure height increases
again for layer 4 to 18.0 ML, which is also the largest average height observed.
It should be noted that the way the nanostructures were highlighted in section
4.1 was to include the topmost part of the nanostructure, while their local height
was varying. The different appearance of layer 4, with non-uniform contrast both
in the cleavage direction but also in the growth direction, correlates with higher
nanostructures. Furthermore, the lateral sizes observed in layer 1 (24 ± 4 nm) and
layer 3 (22 ± 6 nm) were larger than the ones in layer 2 (12 ± 7 nm) and layer 4
(17 ± 7 nm). The error bars here are given by the standard deviation.

The values obtained for the lateral sizes are used for a calculation of the areal
nanostructure density within each layer. Two additional parameters that are needed
for the density calculation are the length L along the cleavage surface in which the
nanostructures have been observed and the number of nanostructures NN found
within that length. It is known that a nanostructure can still be observed in XSTM
images even when it is buried with 25 % of its lateral dimension beneath the cleavage
surface [18]. This is an effect caused by the high strain of the system. Thus the
probing depth for nanostructure detection amounts to T = 5/4 ·DN , where DN is
the average lateral size of the observed nanostructures. By further assuming that
the nanostructures are distributed equally in the growth surface and that they are
equally sized, the equation for the determination of the areal nanostructure density
is:

ρN =
NN

T · L
=

4

5

NN

L ·DN

(4.2.1)

As can be seen from table 2, layer 1 was observed for a length of 143 nm in
which five nanostructures could be found, and hence the calculated density was
1.3 (± 0.7) · 1011 cm−2. For layer 2, six nanostructures were observed on a length of
88 nm and the calculated density was 8.5 (± 6.7)·1011 cm−2. The areal nanostructure
density for layer 3 was was found to be 1.8 (± 1.5) · 1011 cm−2, where only a
length of 50 nm could be observed due to insufficient scanning conditions in which
2 nanostructures were seen. Finally, layer 4 was observed for a length of 77 nm
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in which four nanostructures were seen and the calculated density was found to
be 3.7 (± 2.8) · 1011 cm−2. The error bars of the calculated densities are due to
uncertainties from the standard deviation of DN , but also from the statistical error,√
NN , of the number of nanostructures observed. All the mentioned values in this

section are listed in table 2.
These data strongly indicate that the amount of additional Sb flush has an im-

pact on the structural parameters. A clear difference was observed for all parameters
between the four nanostructure layers, where the amount of additional Sb flush was
the only growth parameter that was varied. However, additional XSTM studies in
which the nanostructure layers are followed for larger distances along the cleavage
surface and in which more nanostructures are observed should improve the obtained
statistics.

HN [ML] HN [nm] DN [nm] L [nm] NN ρN [cm−2]
Layer 1 16.8± 3.6 5.2± 1.1 24± 4 143 5 (1.3 ± 0.7) · 1011

Layer 2 16.0± 2.0 5.0± 0.6 12± 7 88 6 (8.5 ± 6.7) · 1011

Layer 3 13.0± 1.0 4.1± 0.3 22± 6 50 2 (1.8 ± 1.5) · 1011

Layer 4 18.0± 6.3 5.6± 2.0 17± 7 77 4 (3.7 ± 2.8) · 1011

Table 2: Table of the characteristic parameters used in the calculations of the nanos-
tructure densities and the observed nanostructure dimensions – where the error bars
are given by the standard deviation. Furthermore, an approximate conversion, from
[ML] to [nm], with the local lattice constant of GaAs in GaP is presented on the
average nanostructure heights for a direct comparison to the AFM data.

Comparison with atomic force microscopy (AFM) results

HQD [nm] DQD [nm] ρQD [cm−2]
Layer 1 2.6± 0.5 45± 7 6.0 · 1010

Layer 2 1.6± 0.5 30± 5 1.5 · 1011

Layer 3 1.1± 0.5 42± 4 3.0 · 1011

Layer 4 1.2± 0.5 32± 5 1.0 · 1011

Table 3: AFM statistics on the uncapped quantum dots.

In the following, the XSTM results are compared with AFM studies of analo-
gously grown uncapped nanostructure layers [7]. These data also shows that the
quantum dot density clearly varies for different amounts of additional Sb flush, as
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Figure 15: AFM images showing a varying quantum dot density for different amounts of
additional Sb flush [7].

seen in figure 15. The values of the heights, lateral sizes and quantum dot densi-
ties obtained from the AFM studies are listed in table 3. In comparison with the
values obtained from the XSTM experiments, the same tendency is observed for
the heights and the lateral dimensions of the nanostructures. For the nanostruc-
ture densities, however, the AFM studies show a different behaviour than the one
observed with XSTM. The densities observed in the AFM studies show an increase
from 6.0 · 1010 cm−2 to 3.0 · 1011 cm−2 from layer 1 to layer 3, and then a decrease
to 1.0 · 1011 cm−2 for layer 4. The XSTM data also suggest an increase in density
from layer 1 to layer 2, but then the density behaviour is different, where a decrease
is again observed for layer 3 and finally an increase for layer 4. Due to large error
margings in the densities from XSTM, however, it is more difficult to compare the
trends between the two studies. It is to be noted here, that in both studies, the
lowest density was observed for the layer with no additional Sb flush.

Furthermore, the height values from the XSTM results are much larger than
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Figure 16: Illustration showing the nanostructure heights and lateral sizes that can be
observed with AFM and XSTM.

the ones from the AFM studies. An approximate conversion of the nanostructure
heights from the XSTM data to nm, with the local lattice constant of GaAs in GaP,
given in table 2. This comparison shows a factor of two difference to the AFM results
in layer 1, a factor of three difference in layer 2, and a factor of four difference in
layer 3 and layer 4. This again indicates an intermixing with the capping material
[14]. Further, the AFM tip can only detect structures above the wetting layer, while
in XSTM images the whole nanostructure layer can be observed, starting from the
interface to the GaP matrix material (see figure 16) [29, 30].

The values of the lateral sizes of the nanostructures found by AFM amount
to about twice the values obtained by XSTM. A plausible explanation for this is
that the size of the tips used in AFM experiments typically are too big to obtain
the same resolution as the STM (see figure 16). Because of that, nanostructures
typically appear wider in AFM studies. What figure 16 also illustrates, is that
nanostructures separated by a small distance might not be detected by the AFM
tip.

4.3 Stoichiometry determination

For a full understanding of the material distribution within nanostructure layers, a
stoichiometry determination can be obtained from highly-resolved XSTM images.
Due to the different lattice parameters of group III-V semiconductors, it is possible
to relate the varying atomic chain-to-chain distances within a nanostructure layer
directly to the material distribution. In the present case of the four nanostructure
layers, it would be interesting to see if the amount of Sb that is incorporated varies
for different amounts of additional Sb flush.

For the stoichiometry determination one first needs to find an area within an
XSTM image with high resolution, where the atomic chains are clearly visible.
Furthermore, the height profile is taken along the growth direction, i.e across the
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nanostructure layer. Typically, the height profile contains an overall bump due to
the strain induced relaxation, with smaller undulations within the bump due to
the atomic chains. By subtracting the averaged bump from the height profile and
performing a Gaussian fit on every undulation, the distances between the centers of
the Gaussian peaks can be calculated to obtain the local lattice parameter. These
calculations of the local lattice parameters were determined using a Mathematica
software provided by Dr. Ernst Lenz at TU Berlin [31]. For a more detailed descrip-
tion of the stoichiometry determination procedure, see e.g. Ref. [18].

As seen in section 4.1, highly resolved XSTM images were obtained for all four
nanostructure layers. However, for the stoichiometry determination the atomic
chains have to be clearly visible not only within the nanostructure layer, but also
within the surrounding matrix material. At least 10-15 chains on each side of the
nanostructure layer should be included to allow for a clear characterization of the
stoichiometry profile, where a difference between the local lattice parameters of the
GaP matrix material and the nanostructure layers can be seen [14]. To find such
areas in the obtained XSTM data was not an easy task. In this section, three stoi-
chiometry profiles are presented – for layer 2, layer 3 and layer 4. The data quality
for layer 1 was not sufficient for a stoichiometry analysis.

Stoichiometry profile of layer 2

Figure 17(a) shows the area, highlighted by a blue box, that was used for the
stoichiometry determination of layer 2. Figure 17(b) is showing this area in detail.
The area chosen is taken from a relatively bright part of the layer. The resulting
stoichiometry profile is shown in figure 17(c). The two horizontal lines seen in the
graph mark the lattice parameter of the matrix material GaP (5.45 Å) and the
local lattice parameter of GaAs (6.24 nm). It should be noted, that the value of the
lattice parameter of GaAs differs from the one of bulk GaAs listed in table 1 because
here the local lattice parameter of a tetragonally strained GaAs layer within GaP is
used. The value of 6.24 nm was obtained from calculations of continuum-mechanical
strain-relaxation on a biaxially strained system [5].

In the graph in figure 17(c), 5-6 data points appear to form a peak. This is
in agreement with the visual appearance of the highlighted stripe, where about 6
atomic chains have a brighter contrast than the surrounding material. This is a
further proof that the difference in contrast within the discussed XSTM images is
due to a material difference. It is clear that the noise level is quite high. The data
points in areas to the left and right in the graph should be much closer to the red line
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Figure 17: The XSTM image used for the stoichiometry determination of layer 2 (a) was
taken at VT = + 2.3 V and IT = 30 pA. The area highlighted by a blue box is shown in
more detail in (b) and the final stoichiometry profile is shown in (c).

which marks the lattice constant of GaP. Further, the typical undershoot prior to the
peak, due to a compression of the underlying layer by the strained nanostructure
layer, is very strong. However, the noise range is too high to be able to provide
definite values for the material distribution within the nanostructure layer.

Stoichiometry profile of layer 3

The XSTM image chosen for the stoichiometry analysis of layer 3 is shown in figure
18(a), where the analyzed area highlighted by a blue box is shown in more detail
in figure 18(b). The resulting stoichiometry profile obtained for layer 3 is shown
in figure 18(c). As can be seen, the noise level is still high and there are only two
data points clearly above the noise range – both at least in the range of 100 %

GaAs. The peak of the stoichiometry profile consists of three data points. This is
again in agreement with the visual appearance of the nanostructure layer at this
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Figure 18: The XSTM image used for the stoichiometry determination of layer 3 (a) was
taken at VT = + 3.2 V and IT = 30 pA. The area highlighted by a blue box is shown in
more detail in (b) and the final stoichiometry profile is shown in (c).

position, where at least 3-4 atomic chains have brighter contrast than the surround-
ing material. Furthermore, the typical undershoot that one expects to see in the
stoichiometry profile prior to the peak is missing. This can be explained from the
visual inspection of the chosen stripe in figure 18(a), where the contrast within the
layer is gradually increasing along the growth direction, so that the strain at the
base is smaller than the region analyzed in Fig.17.

Due to a small drift while scanning and the amount of adsorbates present on
the surface it was not possible to obtain a stoichiometry profile by making the blue
box bigger than shown in figure 17(a) - something that would have yielded better
statistics, with less noise, but also more general information on the behaviour of the
layer.
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Figure 19: The XSTM image used for the stoichiometry determination of layer 4 (a) was
taken at VT = + 2.7 V and IT = 30 pA. The area highlighted by a blue box is shown in
more detail in (b) and the final stoichiometry profile is shown in (c).

Stoichiometry profile of layer 4

The stoichiometry profile obtained from layer 4 is shown in figure 19(c). The noise
level is in this case slightly lower compared with the previous cases, and the stoi-
chiometry profile looks more like what one would expect. There is a clear undershoot
prior to the layer, followed by a peak up to values corresponding to 100 % GaAs.
The peak also appears to decrease exponentially along the growth direction [14].

A similar behaviour could be seen for the stoichiometry profile of layer 2 as
well. The peak in the present case consists of 5 data points, being again in nice
agreement with the visual appearance of the highlighted stripe, where 4-5 atomic
chains appear brighter than the surrounding material. Furthermore, a second peak
can be observed in the stoichiometry profile, which could be related to a bright chain
seen above the brightest layer in figure 19(b). This could be a further indication
that the material is distributed in a different way in layer 4.
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General Observations

In a conclusion from this section, the three obtained stoichiometry profiles provide
further proof that the brighter contrast observed in the XSTM images is due to a
material difference. In the stoichiometry profile of layer 4, where the noise range was
significantly smaller, the location of the data points around the line for 100 % GaAs
could even indicate an incorporation of material with higher local lattice parameters
than GaAs within the nanostructure layer, which in this case should contain Sb
and/or In. However, due to the noise levels, specially in the cases of layer 2 and
layer 3, it is not presently possible to draw any conclusions regarding the material
distribution within the layers. Furthermore, the three stoichiometry profiles are not
directly comparable since the height profiles were not taken on similar parts of the
layers, i.e. on or between the observed nanostructures. For a more comprehensive
study of the Sb and In incorporation within the nanostructure layers, more XSTM
data with a considerably lower noise level will be needed.

29



5 Conclusion

In this thesis, buried nanostructure layers consisting of In0.5Ga0.5Sb/GaAs in GaP
were studied by XSTM for the first time. A study of this kind has not been made
until now, and the presented observations are the first on this material system.

The four nanostructure layers were found and could be imaged locally, yielding
highly-resolved images. Further, nanostructures could be observed within the four
nanostructure layers due to a non-uniform contrast along the cleavage surface. The
nanostructures appeared brighter and were separated by gaps with darker contrast.
The heights of the nanostructures observed were significantly larger than the nom-
inal values, while the base interfaces of the nanostructure layers appeared sharp.
This strongly suggests an intermixing during nanostructure growth as well as dur-
ing capping. In layer 4, a non-uniform contrast could also be observed along the
growth direction. Such a behaviour was not observed within the other nanostruc-
ture layers. Smaller agglomerations, i.e. areas with brighter contrast, could also be
observed within the nanostructures, which could be due to a higher concentration
of GaAs and enrichments of In or/and Sb. The observed nanostructure dimensions
varied among the four nanostructure layers, where the only growth parameter that
varied between them was the amount of additional Sb flush. The largest average
nanostructure lateral sizes were observed in layer 1 and layer 3, which were a factor
of two larger than the lateral sizes observed in layer 2 and layer 4. Further, the av-
erage nanostructure height was shown to decrease from layer 1 to 3, and increased
again for layer 4. Similar tendencies were observed in AFM studies of analogously
grown nanostructure layers, which strongly indicates that the amount of Sb flush
has an impact on the structural parameters.

The stoichiometry analysis provided further proof that the brighter contrast
observed in the XSTM images is related to the material composition. The stoi-
chiometry profile obtained for layer 4, in which the noise range was rather smaller
compared to the other stoichiometry profiles, could even indicate that material with
higher local lattice constant than GaAs is incorporated within the nanostructure
layer, i.e. In and/or Sb. Furthermore, a second peak observed in the stoichiometry
profile of layer 4 could also be related to a bright chain seen above the brightest
chains within the layer, which could be further proof that the material distribution
is different in layer 4 compared to the other layers.

For a even better understanding of the investigated nanostructures and the
growth process, further XSTM studies will be needed. By observing the nanostruc-
ture layers for larger lengths, the statistics of the structural parameters would be
improved. Specially for the case of layer 3 in this study, where only two nanostruc-
tures could be observed. Furthermore, more highly-resolved images with negative
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sample bias, in which group-V atoms are imaged, would help for a better under-
standing of the Sb incorporation within the four nanostructure layers, both from a
visual investigation but also from a more general and precise stoichiometry analysis.
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