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Abstract

Cross-sectional scanning tunneling microscopy (X-STM) was used to analyze Stranski-
Krastanov quantum dots (SKQDs) for novel nonvolatile memory applications (QD-Flash).
The shape, size, and composition of these (In,Ga)(As,Sb) SKQDs are important param-
eters, but difficult to access. Therefore X-STM was used to determine these parameters,
because it is an ideal tool to analyze buried nanostructures at the atomic scale. Also,
the material surrounding the QDs was investigated to examine the constituent elements
(In,Sb). All of this was done to characterize the QDs and to provide feedback for further
growth optimization. In the second part X-STM was employed to characterize InAs/-
GaAs submonolayer quantum dots (SMLQDs) used for infrared photodetector applica-
tions (QDIPs). Five layers of SMLQDs created with different growth parameters were
analyzed to obtain a better understanding of their growth procedure. A strong influence
of the arsenic flux on the indium incorporation and formation of SMLQDs was observed.
The fluctuations in the width of the surrounding well was also investigated. Here, it
was found that the effects on the confinement of these well-width fluctuations are small
compared to the compositional fluctuations. The QD behaviour thus stems from these
compositional variations which form indium rich clusters which confine charge carriers in
three dimensions.
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Chapter 1

Introduction

Semiconductor materials play a crucial role in the day-to-day activities of the modern
world with applications in electronics, communications, light sources, and photo-voltaics
to name a few [1]. As the name states, a semiconductor is a material with a conductivity
which lies between that of a conductor (e.g. most metals) and an insulator (e.g. glass,
plastics, ceramics). Semiconductors have a wide range of applications due to their unique
properties. For example, electrons in semiconductors can be depleted and the current can
be easily switched, creating devices such as transistors. Furthermore, radiative recombi-
nation of electron-hole pairs is only possible in semiconductors, which is the basic working
principle of light emitting diodes (LEDs). Moreover, the band gap in semiconductors can
be tuned by altering its composition to obtain desirable electrical and optical properties.
Additionally, doping of semiconductors with selected impurities significantly changes the
electrical, optical, and bandstructural properties of the semiconductors.

The most widely used semiconductor in our information society is silicon, which is an
elementary semiconductor from group IV of the periodic table. Silicon is an ideal mate-
rial for information processing (transistors). However, seeking for more advanced devices
has led the semiconductor world to III/V semiconductor materials. Elements with semi-
conducting properties from groups III, IV, and V can be seen in Figure 1.1a. III/V
semiconductors have many advantages compared to group IV semiconductors. Most II-
I/V semiconductors have a direct band gap, which is crucial for the efficiency of optical
devices. Furthermore, the very low effective masses of electrons in direct band gap ma-
terials enhances the speed of electronic devices significantly [2]. Moreover, most III/V
semiconductors have outstanding thermal properties which allows for quick dissipation of
heat within the material [2]. The relation of bandgap energy and lattice constant of III/V
semiconductors can be seen in Figure 1.1b. The material properties can be tuned by care-
fully adjusting the composition of the alloys in certain ratios (indicated in Figure 1.1b).
Changing from group IV to group III/V is not the only way to improve semiconductors,
in addition advances are made by decreasing the feature size of semiconducting devices
into the nanometer range. When the size of nanostructures becomes comparable to the
de Broglie wavelength (i.e. size of electrons and holes), a quantum mechanical treat-
ment of the properties is needed [3, 4]. The quantization of the electronic states provides
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(a) (b)

Figure 1.1: (a) Elements from groups III, IV, and V. (b) The map of the II-
I/V semiconductor world with band gap as a function of lattice constant. The lines
between the alloys indicate how the properties change with composition of III-V ma-
terials, taken from [5].

interesting electronic and optical properties with many practical applications. Exam-
ples of such low-dimensional systems are, quantum wells (QW) which confine the charge
carriers (electrons and holes) in one dimension, quantum wires with confinement in two
directions, and quantum dots (QDs) which confines charge carriers in all three dimensions.

Quantum dots are implemented in many devices including lasers, single-photon sources
and detectors, LEDs, and single-electron transistors [6–8]. The optoelectronic properties
of QDs to make the aforementioned devices work are extremely sensitive to multiple pa-
rameters such as: size, shape, material composition, and their areal density [9]. Smaller
quantum dots will increase the band gap, and are therefore used for devices that emit at
shorter wavelengths [10]. The shape (lens, truncated pyramid, pyramid) also influences
the bound energy levels within the QDs [11]. The QD material is the most important
parameter, as it will affect both the band gap and the lattice mismatch needed to create
self-assembled QDs. The areal density (number of QDs per area) is highly important to
increase the generation and recombination processes in devices such as solar cells [12].
For these (and more) reasons, different experimental techniques are employed to extract
the above mentioned parameters usch as AFM, PL, X-STM, TEM, etc.

Characterization of nanostructures is an essential part in the advancement of semiconduc-
tor knowledge. Optical spectroscopy and microscopy were excellent techniques that have
been extensively used in the past, but when structures become smaller than the diffrac-
tion limit of visible light (around 250 nm) the spatial resolution is not high enough. The
invention of scanning tunneling microscopy (STM) at the end of twentieth century made
it possible to probe the surface of semiconductor devices at the atomic level [13]. In
this thesis, the cross-sectional variant of the scanning tunneling microscope (X-STM) has
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been employed to probe embedded nanostructures with atomic resolution. STM makes
it possible to measure the shape, size, composition, and density of semiconductor nanos-
tructures at exceptional resolutions (0.1 nm) [14]. Unlike other techniques with similar
resolutions – such as X-ray diffraction, electron diffraction, and transmission electron mi-
croscopy – X-STM provides direct visualization of structures on a cleaved surface without
the use of averaging over multiple layers [15].

STM is a member of the scanning probe microscope (SPM) family, like its arguably
more famous brother the Atomic Force Microscope (AFM) [16]. SPM is a branch of mi-
croscopy which uses a nanoscale probe to produce images by scanning over a surface. In
STM a metallic tip is brought close to the semiconductor surface under (preferrably) an
ultra high vacuum (UHV) [17]. When close enough, a voltage difference (bias) is applied
between the tip and sample. The bias allows electrons to tunnel through the vacuum
between the tip and surface, which creates a measurable tunneling current. The resulting
current depends on the distance from the surface of the tip, the applied bias, and the
local density of states (LDOS) of the measured material. The tip is then precisely moved
over the surface using piezoelectric crystals. STM can be operated in two different modes,
a constant height mode where the height of the tip is kept constant and the variations
in tunnel current are measured, or constant current mode where the tunneling current
is kept constant and height differences on the surface are measured [18]. The difference
between STM and X-STM is that the former measures the surface of the sample, and the
latter measures the cross sectional surface of a sample [19]. Researching the cross-section
is a useful course of action, because it allows for direct observation of capped nanoscale
structures. In X-STM, the sample is cleaved to reveal one of the naturally cleaving planes
of the semiconductor material (family of {110} planes for III-V semiconductors). The
cleaving is performed under UHV to limit contamination and preserve the surface for the
measurement [20, 21].

In this thesis, all measurments were performed in a conventional Omicron low-temperature
STM at liquid nitrogen temperatures. The first part of this thesis deals with character-
ization of highly strained (In,Ga)(As,Sb)/GaP(001) QDs, where (In,Ga)(As,Sb) is the
QD material and GaP the matrix material. These quantum dots have a novel application
in the semiconductor memory business, called QD-flash [22, 23]. QD-flash is a promising
candidate for future memory technology with an expected storage capability of 1 mil-
lion years [24]. They are based on conventional Flash-EEPROM (Electrically Erasable
and Programmable Read-Only Memory) – or Flash for short – which are used in mobile
phones, digital cameras, and USB flash drives (obviously) [25]. The flash memory cell
consists of a floating gate structure in a metal-oxide-semiconductor field-effect-transistor
(MOSFET). These memory systems are non-volatile, which means they can trap charge
carriers for a minimum of 10 years. They do, however, have slow write times (in the mi-
croseconds) and poor endurance (106 read and write cycles). The QD-flash is proposed to
be non-volatile, fast (in the picoseconds range), and with good endurance (1015 read and
write cycles). Because this technology is still in its infancy, it is interesting to investigate
the shape, size, and density of the quantum dots and how the constituting elements are
distributed to provide feedback for improving the quality of the QDs. X-STM was there-
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fore used to probe the QD features concerning shape, size, and material distribution. The
QDs were grown in Stranski-Krastanov mode (SK-mode) by metal-organic vapour phase
epitaxy (MOVPE) on a GaP(001) substrate facilitated by a GaAs interlayer.

The second part of this thesis focuses on the characterization of InAs/GaAs(001) sub-
mononolayer quantum dots (SMLQDs) with X-STM. SMLQDs and conventional Stranski-
Krastanov quantum dots (SKQDs) both exhibit three dimensional confinement, but differ
from each other in a few ways. SMLQDs do not have a wetting layer – unlike SKQDs –
and generally have higher dot densities and smaller aspect ratios (base length vs height)
[26]. For the analysis, five layers of InAs/GaAs SMLQDs with different growth condi-
tions were grown with molecular beam epitaxy (MBE) on a GaAs(001) substrate. These
samples were then analyzed with X-STM to compare the differences between the differ-
ent layers which depend on their growth conditions. Next to finding the optimal growth
conditions, it was also found that the 3D confinement of charge carriers is mostly due
to the fluctuations in In concentrations, instead of the structural well-width fluctuations
within the surrounding InGaAs QW.

The chapters in this thesis are organized as follows. In Chapter 2 some background
knowledge on semiconductors, X-STM, QD-Flash, and SMLQDs is explained. In Chap-
ter 3 the experimental setup of the X-STM, the necessary sample and tip preparation
steps, and the procedure for creating a finite element model on X-STM are discussed. In
Chapter 4 the (In,Ga)(As,Sb)/GaAs/GaP(001) QDs are reported by X-STM investiga-
tion, with the focus on the QD’s composition, size, shape, and density. In Chapter 5 the
InAs/GaAs sub-monolayer quantum dots are explored by X-STM. Finally the conclusions
and outlook are given in Chapter 6.
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Chapter 2

Theory

The current chapter will begin with a brief introduction of semiconductor heterostruc-
tures. Next, the underlying principles of cross-sectional scanning tunneling microscopy
(X-STM) is presented, where the theoretical background of tunneling, and the physics
of the imaged (110) plane is discussed in more detail. The history on the two different
quantum dot systems measured and analyzed in this thesis is discussed last.

2.1 Semiconductor Heterostructures

Semiconductor materials mentioned in the last chapter (Figure 1.1b) have been exten-
sively investigated in the last century. Nowadays, virtually all properties are known of the
bulk structures, with the band gap and lattice constant being the most important ones.
The band gap is a property unique to semiconductors defined as the energy difference
between the occupied valence and the unoccupied conduction band in the ground state.
Semiconductors can become conducting by adding charge carriers in the valence or con-
duction band by doping (adding other atoms with extra or less electrons) or by external
effects such as light, temperature, or electric potentials. For example, some devices are
based on injecting electrons in the conduction band and allowing them recombine with
holes in the valence band, which results in light with a wavelength corresponding to the
band gap energy. The lattice constant is the distance over which the crystal structure
iterates. When two materials with different lattice constants are grown epitaxially on top
of each other a strain will be created in the system due to the lattice mismatch, which can
result in (un)intended defects. The effective utilization of strain in the semiconductors
can lead to low-dimensional semiconductors like quantum dots.

2.1.1 Quantum Wells

A quantum well (QW) is a structure composed of a low bandgap material sandwiched
between two layers of a large bandgap material. Probably, the most well known structure
is the AlxGa1-xAs/GaAs system, which allows to form defect free structures, because of
the similar lattice constants of AlAs and GaAs. Here, the ’x’ represents the ratio of
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Figure 2.1: The density of states as a function of energy for the bulk and different
low-dimensional semiconductor systems: quantum well, quantum wire, and quantum
dot. These systems have confinement in one, two, and three dimensions respectively.
The quantum dot has discrete energy levels. Modified from [5].

Aluminum compared to Gallium in the quantum well. The electrons in the quantum
well are confined in the lowest band gap material in one direction (which is GaAs in this
structure). The properties of the quantum well are sensitive to the changes in the com-
position (x) and the size of the quantum well. Because of the confinement in a quantum
well, the energy states will show quantization, where only certain energies are permitted,
as shown in Figure 2.1.

2.1.2 Quantum Dots

A quantum dot (QD) is a structure where the charge carriers (electrons/holes) are con-
fined in all three dimensions. They can be created in a multitude of ways. One outdated
way is by taking a top-down approach using lithography where the structure is created
from a quantum well by etching [10]. Stranski-Krastanov growth mode (SK-mode) is
a more efficient way of obtaining a high areal density of quantum dots. This is a self-
assembled growth technique which uses molecular beam epitaxy (MBE) or metal-organic
vapour phase epitaxy (MOVPE) to create the QDs [27]. In Sk-mode strain induced for-
mation of quantum dots makes use of a lattice mismatch between two epitaxially grown
layers. The lattice mismatch will increase the strain in the system until it is energetically
favourable to form small three-dimensional islands called quantum dots [3]. QDs are
often referred as artificial atoms, due to the fact that they have discrete energy levels
(due to full 3D confinement) similar to the electron shell structure of atoms, as seen in
Figure 2.1. Numerous measuring techniques can be employed to study QDs. Photolumi-
nescence spectroscopy is often used to measure the emission energy of QDs. Techniques
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such as atomic force microscopy (AFM), transmission electron microscopy (TEM), and
scanning tunneling microscopy (STM) are used to characterize optical and structural
properties of QDs.

2.2 Cross-Sectional Scanning Tunneling Microscopy

The scanning tunneling microscope (STM) is an interesting measuring technique in both
fundamental and industrial research to obtain atomic scale images on III-V (semi) con-
ducting surfaces. It is an extremely useful tool for characterizing nanoscale defects,
roughness, composition, and size of embedded nanostructures [14]. The inventors of the
technique, Gerd Binning and Heinrich Rohrer, obtained the 1986 Nobel Prize in physics
for this groundbreaking invention [13, 28]. In this thesis, a modified version of the STM
called a cross-sectional scanning tunneling microscope (X-STM) was used, which makes it
possible to observe a cross-sectional plane through embedded semiconductor nanostruc-
tures. The methods and working principles of both techniques beyond this important
detail are more or less the same.

A STM uses an atomically sharp metallic tip that is brought extremely close to the sur-
face under a ultra high vacuum (UHV) [14, 19]. A bias is then applied between the
tip and the surface, making it possible for electrons to pass through the vacuum due
to the quantum mechanical tunneling effect. The movement of electrons will result in
a measurable current which depends on the applied voltage, the material, and the local
density of states (LDOS). The probe is connected to a piezoelectric drive which consists
of three perpendicular piezoelectric transducers. These are used to scan over a surface in
the x and y-direction [14]. The movement in the z-direction can be measured in constant
current mode where a feedback loop keeps the current constant by moving the z-piezo.
In constant height mode, the z-piezo of tip is kept at a constant height and the changes
in tunneling current are measured. A brief explanation quantum tunneling in the STM
is given in the following subsection.

2.2.1 Quantum Tunneling in the STM

The following theory on tunneling in the STM roughly follows the description form the
2007 book: “Introduction to Scanning Tunneling Microscopy” by Julian Chen [14].

Basic Tunneling

In the world of classical physics, an electron with Energy, E and momentum p in a
potential barrier, U(z), is described as:

p2

2m
+ U(z) = E, (2.1)
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where it is only possible for the electron to pass the barrier when E ≥ U(z) [14]. However,
in the world of quantum mechanics, an electron is described as a wave. This is done with
the famous time independent Schrödinger equation:

− ~2

2m

∂2ψ(z)

∂z2
+ U(z)ψ(z) = Eψ(z), (2.2)

where the ψ(z) represents the wave function (or state) of the electron as a function of
its position, z [29, 30]. The Schrödinger equation is actually quite similar to the classical
equation if you keep in mind that the momentum is equal to p = −i~ ∂

∂z
. The solution in

the classically forbidden region, E ≤ U(z), is then easily found to be:

ψ(z) = ψ(0) exp (−κz), (2.3)

where,

κ =

√
2m(U − E)

~2
. (2.4)

From the electron state, ψ(z), it is straightforward to obtain the probability, P , for an
electron to penetrate the barrier, which is equal to:

P = |ψ(0)|2 exp (−2κz). (2.5)

Equation 2.5 describes that the probability of finding an electron deeper in the barrier
decreases exponentially. A simplified case is used where the work function, φ, is constant
and equal for the tip and sample [14]. Without an applied bias voltage the electrons can
freely tunnel between the sample and tip, without giving rise to a net tunneling current.
By applying a bias voltage, V , a net tunneling current will be created. Assuming that the
bias voltage is extremely small in regards to the work function, eV � φ, we can deduce
that E ≈ −φ, which can be used in Equation 2.4 by replacing U −E = φ. The tunneling
current is proportional to the tunneling probability, so for a material like tungsten (which
has a work function of φ = 4.8 eV ) the current will decay about 9.3 times per Å.

Bardeen’s Approach

Sadly, the method explained above falls short when describing tunneling in a STM,
because it does not take into account that electrons can only tunnel into states which have
the same energy. John Bardeen created a new approach where he solves the Schrödinger
equation for each side of the junction separately to obtain the tunnel matrix, M , from the
overlap of the two wave functions [14, 31]. The transfer rate of the electron is determined
by using time dependent perturbation theory. The tunnel matrix elements are given by:

M =
~2

2m

∫
z=z0

(
ψ∗t
∂ψs
∂z
− ψs

ψ∗t
∂z

)
dS, (2.6)
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where ψs and ψt are the wave functions for the sample and tip respectively, and z0 is the
distance between the sample and tip. The total current from the Bardeen approach can
be calculated by a summation of all states written as:

I =
4πe

~

∫ ∞
−∞

[f(EF,t − eV + ε)− f(EF,s + ε)] ρs(EF,t−eV + ε)ρt(EF,s+ ε) |M |2 dε, (2.7)

in which ρ(E) is the density of states for the sample and tip, and

f(E) =
1

1 + exp (E−EF

kBT
)

(2.8)

is the Fermi-Dirac distribution, where the Fermi level, EF , is the energy to which the
electrons are filled in the ground state. Since the STM works at low temperatures (T ≈
77K for LN2 and T ≈ 4K for LHe) and low voltages, Equation 2.7 can be simplified by
changing Equation 2.8 to the Heaviside step function giving the final expression of the
tunneling current:

I =
4πe

~
V ρs(EF,s)ρt(EF,t)|M |2. (2.9)

The surface wave function can be expanded to evaluate M :

ψs =
1√
Ωs

∑
G

aG exp
(√

κ2 + |κG|2z
)

exp (iκG · z) (2.10)

Tersoff-Hamann Model

Jerry Tersoff and Donald Hamann created an improved version of the Bardeen approach
by modelling the tip of the STM as a locally spherical potential well [32]. The spherical
tip is positioned at r0 and has a local radius of R which is at a distance d above the
sample, as seen in Figure 2.2b. The wave functions of the tip will become:

ψt =
1√
Ωt

ctκR exp (κR)
exp (−κ|r − r0|)

κ|r − r0|
, (2.11)

with Ωt the probe volume, and ct a normalizable parameter. This equation is then
expanded in the same form as the surface wave function and substituted into Equation 2.6
to find the matrix element:

M =
~2

2m

4π

κ
√

Ωt

κR exp (κR)ψs(r0) (2.12)

which can, in turn, be substituted into Equation 2.7 which ultimately result in:
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(a) (b)

Figure 2.2: Bardeen’s approach (a) and the improved model of the Bardeen by
Tersoff-Hamann (b). (a) Bardeen used the overlap of the wave functions of the
sample and tip to calculate the tunneling current using time dependent perturbation
theory. The sample-tip distance is d, the applied voltage is V , the Fermi levels of
sample and tip are indicated, together with the vacuum energy level. The work func-
tion, φ is the amount of energy for the sample or tip to release an electron in vacuum.
(b) Tersoff and Hamann improved the Bardeen approach by estimating the tip as a
locally spherical potential well. The sample-tip distance is d, the position of the tip
is r0 with a radius R.

I =
32π3e2

~
V φ2ρt(EF,t)

R2 exp (2κR)

κ4
ρs(r0, EF,s). (2.13)

Since ρs(r0) ∝ exp (−2κ(R + d)) can be substituted into Equation 2.13. The tunneling
current will result into I ∝ exp (−2κd), which is in line with the expected result from the
simplified result.

2.2.2 III-V Semiconductor properties of the {110} planes

Typical III-V semiconductor materials have a zinc-blende crystal structure which makes
it feasible to obtain atomically flat surfaces for X-STM analysis. It is composed of two
face-centered-cubic (FCC) crystals which are displaced by a

4
(1, 1, 1) with respect to each

other, where a is the lattice constant. For III-V semiconductors one sublattice will be
occupied by the cations (group III), and the other sublattice will be occupied by the
anions (group V). An example of such a III-V semiconductor in the zincblende structure
is shown in Figure 2.3. It’s clear from the figure that each group III atom has four group
V nearest neighbours arranged in a tetrahedral structure and vice versa [33]. The di-
mension of the cubic unit cell is given as the lattice constant, a, which is an important
parameter as mentioned at the beginning of this chapter. The Miller indices, [001] and
[110], represent the z and xy-direction respectively [34]. The gray plane in the figure
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Figure 2.3: The zinc-blende crystal structure of III-V semiconductors. The red
indicates the cations and the blue indicates the anions. The distance of a unit cell is
the lattice constant, a. The non-polar cleavage plane (110), is indicated by the gray
plane.

represents the (110) plane, which is the natural cleavage plane because they are made
up of equal amounts of anions and cations making it charge neutral. Additionally the
(110) plane is perpendicular to the [001] direction which is the usual growth direction for
most of the III-V semiconductors. The charge neutrality of the {110} family provides
atomically flat surfaces after cleaving.

The side and top views of the aforementioned (110) plane can be seen in Figure 2.4.
In Figure 2.4a both the cleaved and non-cleaved (in transparent) condition can be seen.
On the first row, the anions will protrude outwards and the cations will recede inwards
[21]. The reason for this movement of atoms is due to the charge redistributions of the
half filled dangling bonds created during cleaving. The atoms on the second layer will of
course also move a bit, which is not shown in the figure. For a more detailed version [35]
can be read. Figure 2.4b shows the top view, which is the same perspective from which
the X-STM will measure. A clear zigzag pattern can also be observed in both images.

During X-STM measurements, the applied bias will affect which atomic rows are seen.
When a positive bias is applied the electrons will tunnel from the tip to the empty con-
duction band surface states of the sample (Figure 2.5b). In this configuration the positive
cations are imaged, which is called empty state imaging. When a negative bias is applied
the opposite will happen where the electrons will tunnel from the filled valence band sur-
face states to the tip (Figure 2.5a). In this configuration the negative anions are imaged.
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(a) (b)

Figure 2.4: The crystal structure of the side view (a) and the top view (b) of the
non-polar (110) cleavage plane. The smaller balls represent the atoms which are an
atomic row below the viewing plane. The faded out atoms in (a) represent the ideal
structure before cleavage. On the top row the anions relax outwards and the cations
relax inwards due to charge redistributions between the half filled dangling bonds. In
(b) the top view can be seen in which a clear zigzag pattern can be seen of two atoms
on the first row followed by two atoms on the second row.

(a) (b)

Figure 2.5: Schematic representation of filled (a) and empty (b) state imaging.
Both images show the relative position of the anionic and cationic surface states, and
the sample and tip’s Fermi levels. At negative voltages (a) electrons will tunnel from
the filled anionic states to the tip. At positive voltages (b) electrons will tunnel from
the tip to the empty cationic states.
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The magnitude of the applied bias also determines to which states the tunneling occurs
[35]. These states are predominantly found close to the valence and conduction band
edges, but never in the fundamental band gap. The principle states being the occupied
dangling bond (db), the occupied backbond (bb), the empty dangling bond with a pz

character (pz), and several empty resonances. The four mentioned states correspond to
the anionic and cationic A5, A4, C3, and C4 surface states respectively, which are shown
in Figure 2.5. A surface state can only contribute to the tunneling current when they
energetically lie between Fermi level of the tip, EF,t, and the Fermi level of the sample,
EF,s [36]. The occupied anionic A4 and A5 surface states can be imaged with a negative
applied bias (filled state imaging), with A5 closer to the band edge. The unoccupied
cationic C3 and C4 surface states can be imaged with a positive applied bias (empty state
imaging), with C3 closer to the band edge.

2.3 Quantum Dots for novel nonvolatile memory ap-

plications

In our everyday life we can encounter three physical classifications of data storage [25].
First, memories based on optical write and read-out processes, with some notable ex-
amples like the digital versatile disk (DVD), the compact disk (CD), and the Blu-ray
disk. Second, memories based on magnetization of rapidly rotating platters, such as the
hard-disk drive (HDD) in a computer. Third, memories based on semiconductors, which
will be the main focus of this section.

2.3.1 Conventional Semiconductor memories

Conventional semiconductor memories are mainly classified in to two categories: volatile
memories, and non-volatile memories [25]. The most well known devices in these classes
are DRAM, and Flash memories respectively. Here, non-volatile signifies that the charges
can be trapped for a minimum of 10 years without the need to refresh the memory.

Dynamic Random Access Memory

Dynamic random access memory (DRAM) is a volatile memory which acts as the main
storage system in a computer [25]. It is based on an array of cells consisting of one
transistor and one capacitor, as seen in Figure 2.6a and Figure 2.6b. The capacitor stores
electrical charges and the transistor is a metal oxide semiconductor field effect transistor
(MOSFET) which functions as a switch. The source of the transistor is connected to the
word-line, which is used to control the cell. The gate of the transistor is connected to
the bit-line, which is used for reading and writing the cell. Because of the array shape
of the cells, each one can be accessed by the word- and bit-line. This “random access”
gives rise to the fast read and write times and.

DRAMs have fast read and write times of below 20 ns, with a good endurance of 1015 read
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(a) (b)

(c) (d)

Figure 2.6: Schematic pictures of DRAM cells (a) & (b), and Flash memory cells (c)
& (d). Images taken from [25].

and write cycles. However, it also has some disadvantages. The capacitor can only hold
charges for a few milliseconds before it escapes so “refreshing” is needed, which makes
it a volatile memory. Each capacitor also needs many electrons (∼ 105) to store one bit,
which consumes a lot of power in addition with volatility.

Flash-EEPROM

Flash electrically erasable and programmable read-only memory (Flash-EEPROM) is a
non-volatile memory which is used in smaller devices like mobile phones and USB flash
drives. It is based on a floating gate structure as seen in Figure 2.6c and Figure 2.6d.
The charges are trapped between two silicon-oxide (SiO2) barriers. Within these barriers,
electrons can be trapped for a minimum of 10 years at room temperature. Writing can be
done by applying a small voltage between source and drain, and a large positive voltage
on the gate. Electrons can then move through the inversion channel and are accelerated
into the floating gate due to the high electric field.
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Flash memories are non-volatile and have low power consumption. They do, however,
have slow write times (in the order of µs) and a poor endurance (106 cycles). Both
of these disadvantages are due to the the injection of electrons over the oxide barriers.
Each read and write cycle damages these barriers which will result in leakage over time.
The bad write time is due to the low probability of an electron passing through the barrier.

The feature sizes of Flash memories shrink (like all transistors) following Moore’s law
[37]. Currently the mass produced commercial Flash memories have feature sizes of
approximately 15 nm [38]. It is, however, hard to realize even smaller sizes due to the
higher costs and the fact that these sizes are close to the atomic level, creating quantum
mechanical problems. For these reasons new technologies are being invented, QD-flash is
one such alternative non-volatile memory.

2.3.2 QD-Flash

QD-flash is a relatively new memory technology based on III-V self assembled quantum
dots [22, 39]. It combines the best properties of Flash and DRAM, which means that it
is both a non-volatile memory system with nanosecond read/write/erase times, and has
an endurance of 1015 read/write cycles [40, 41].

SK-grown self assembled quantum dots are placed within a p-n diode structure. The
quantum dots can confine electrons or holes in three dimensions. When these charge
carriers are captured by a quantum dot they are equal to the logic state ‘1’, and when
they are empty they are equal to the logic state ‘0’. Writing and erasing ones and zeros
can be achieved by applying a bias over the p-n diode. This erases the problem of the
regular Flash memory, where a large bias voltage is always needed to overcome the high
fixed barrier. A schematic illustration of storing, reading, and erasing of holes can be
seen in Figure 2.7.

(a) (b) (c)

Figure 2.7: Schematic illustration of hole storage (a), writing (b), and erasing
(c), process of QD-Flash memory. Images taken from: [40].
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Figure 2.8: Schematic overview of a QD based memory system. The cell is a
modulation-doped field effect tranistor (MODFET). The QDs are situated close to a
p-n junction for writing and erasing. A 2DEG/2DHG is used for reading out the
charges in the QD layer. Taken from [22].

In Figure 2.7a the quantum dot is placed within the p-n diode’s depletion region at zero
bias. A hole can only enter the quantum dot when it has an energy greater than the
capture barrier. Holes also cannot escape because of the huge localization energy barrier.
The width of the depletion region can be altered by applying a bias [40]. With a forward
bias condition, the depletion region reduces as seen in Figure 2.7b. Now, the quantum
dots are outside the depletion region and holes can freely move into the quantum dot. In
Figure 2.7c a large reverse bias creates a large electric field which will enable the holes
in the quantum dots to tunnel through the triangular barrier out of the quantum dots.
The read-out process of the quantum dots is achieved by using either a two-dimensional
electron gas (2DEG), or a two-dimensional hole gas (2DHG) depending on whether elec-
tron or hole storage is used [42]. The 2DEG/2DHG is placed 10-50 nm below the QDs,
which can be seen in Figure 2.8 [25]. Even further below a n- or p-δ-doped layer is used to
provide charge carriers to the 2DEG/2DHG. Charge carriers within the QDs will increase
the resistance between the source and drain contacts, which is used for reading.

The storage time of an electron/hole in a quantum dot is highly dependent on the local-
ization energy of the quantum dot. A higher localization energy will result in a longer
storage time. To reach a non-volatile memory system a large localization energy is needed.
Hole storage is generally preferred over electron storage in a type-II band alignment [43].
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Figure 2.9: Hole storage time at 300 K in seconds versus the hole localization
energy in electron-volts. The filled dots are the materials that have been measured
before 2018. The black lines come from Equation 2.14. Taken from [46].

The reason being that holes have a larger effective mass which makes the storage time
significantly longer for equal localization energies. Storage time, τ , of QD-Flash can be
expressed as [44]:

τ =
1

γσ∞T 2
exp

(
Eb,H
kBT

)
(2.14)

with γ =
√

3(2π)3EHm
∗
νk

2
B/h

3, energy of single hole state EH , hole localization energy
Eb,h, effective mass of bulk material valence Γ-band m∗ν , Boltzmann constant kB, Planck
constant h, capture cross-section σ∞, and temperature T . The temperature will be a
constant value because the memory systems need to work at room temperature. There-
fore, the hole localization energy is extremely important as the storage time depends
exponentially on this value. The hole storage time versus the localization energy can be
seen in Figure 2.9. A localization time of 106 years is proposed by Marent et al. but at
least 10 years is enough to reach a non-volatile system [24]. Currently, the record sits at
4 days for MBE [45], and 1 hour for MOVPE at room temperature [23]. Both records
used Sb based hole localized type-II QDs in a GaP(001) matrix. GaP is used for defect
free growth on Si, due to the low lattice mismatch.
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2.4 Submonolayer Quantum Dots for QDIPs

As mentioned in Section 2.1 the Stranski Krastanov mode is one of the most used methods
for the growth of quantum dots. Stranski-Krastanov quantum dots (SKQDs) are created
when a lattice-mismatched layer is grown epitaxially on a different layer and reach a
critical thickness where they form dots instead of layers. They can have a maximum
areal density around 1011 cm−2, often show size variations in the dots, and have a two
dimensional wetting layer connecting to the QDs. The submonolayer (SML) technique is
an alternative way of creating quantum dot-like structures [47].

These submonolayer quantum dots (SMLQDs) are created by a cycled deposition of a
fraction of a monolayer of low bandgap material (e.g. InAs), which will form monolayer
thick islands, covered by a few monolayers of high bandgap material (e.g. GaAs) [26].
The InAs has a lattice constant which is 7% larger than GaAs which will induce a strain
that, theoretically, aligns the InAs islands of the next growth cycle as seen in Figure 2.10a
[48]. This vertical stacking of low bandgap material will behave as a QD. In reality, the
growth is much different as seen in Figure 2.10b. Here, the migration of In atoms can
form In-rich agglomerates. These In rich agglomerates can confine charge carriers in three
dimensions, thus acting as a (0D) quantum dot [48, 49].

SMLQDs have many advantages over SKQDs which include: the absence of wetting layer,
a higher areal dot density, and a smaller aspect ratio (base/height). The absence of a
wetting layer in a SMQLD structure increases carrier confinement [50]. Higher dot densi-
ties are found in SMLQDs due to smaller lateral sizes and more narrow spacing between
the dots, which increases the absorption efficiency of the device [51]. Smaller aspect ra-
tios make QDs more homogeneous and therefore enhance the efficiency of the device [52].
All these advantages make SMLQDs a favourable alternative in many applications like
vertical-cavity surface-emitting lasers (VCSELs) [53, 54], diode lasers [55], quantum dot
infrared photodetectors (QDIPs) [47], and solar cells [56].

(a) (b)

Figure 2.10: Theoretical (a) versus the actual (b) growth of sub-monolayer quan-
tum dots. The SMLQDs will form agglomerations of In rich regions marked by the
red ovals.
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The SMLQDs measured in this thesis are applied to quantum dot infrared photodetec-
tors (QDIPs). QDIPs are a relatively new technology which detects infrared radiation
similar to photodetectors based on quantum wells (QWIPs) [57]. The detection of in-
frared radiation is based on intraband photo-excitation (excitation within the band due
to incoming photons) of electrons from confined states in the conduction band to the con-
tinuum [57]. With an applied bias the electrons will drift to the collector which creates
a measurable photocurrent. Compared to QWIPs, the QDIPs main advantage is their
three-dimensional confinement of carriers which makes it sensitive to normal incidence of
light, longer carrier lifetime, and lower dark currents/noise. [47]. The advantages of SM-
LQDS over SKQDS is already mentioned above. They have a wide range of applications
in scientific, medical, industrial and military areas [50].
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Chapter 3

Experimental Methods

In this chapter, the basic setup and working principles of the X-STM along with the
relevant sample and tip preparations needed to acquire images with atomic resolution are
discussed. Furthermore, a short introduction on the finite element (FE) simulation pro-
gram COMSOL for the acquisition of surface relaxation and strain calculations is given.

3.1 X-STM Setup

All the experimental results presented in this thesis were obtained by a conventional
Omicron low temperature cross-sectional scanning tunneling microscope (LT X-STM).
The schematic setup with its main components can be seen in Figure 3.1. The ultra high
vacuum (UHV) system consists of thee main chambers: a load lock, a preparation cham-
ber for in-situ sample and tip preparations, and the actual STM measurement chamber.

The load lock is a small compartment where samples and tips can be loaded and un-
loaded without having to change the pressure in the preparation chamber significantly.
The load lock can be vented to increase the pressure to atmospheric pressure (103 mbar)
to load samples and tips, and it can be pumped down to roughly 1− 4× 10−9 mbar with
a pre-vacuum pump and a turbomolecular pump.

The preparation chamber is connected to the same pre-pump and turbo pump as the
load lock, but it has the added benefit of being connected to an ion getter pump (IGP).
The IGP ionizes the remaining atoms in the vacuum and accelerates them into a chemi-
cally active titanium cathode where the ions will be penetrated into. This will decrease
the pressure in the system as low as 10−11 mbar [58]. In the preparation chamber the
samples and tips are baked by a contact resistance heater to evaporate water and other
organic remnants. Furthermore, the tips are sputtered with argon ions (Ar+) to clean
and stabilize the tips, which will be discussed in more detail later on. After preparation
the samples and tips are transferred to the STM chamber.
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Figure 3.1: The schematic setup of the UHV low temperature X-STM (LT X-STM)
on an actively damped table. The system includes a load lock, a preparation chamber,
and the STM chamber.

The STM unit is situated within a double cryostat which has an outer and inner bath
filled with either liquid nitrogen (77 K) or liquid helium (4 K). The tip is mounted on
piezo scanner and the sample is placed on the STM stage. The tip is then carefully
moved towards the sample until it makes a tunneling contact, at only a few angstroms,
thus creating a closed electronic circuit. The STM unit is very sensitive to vibrations,
because of the small tip-sample distance. To combat this, the STM makes use of vibration
multiple isolation systems. First, the whole setup is separated from the rest of the building
by placing it on top of a separate rigid (2.5×1.5×0.5) m3 concrete block on four 12 m
long legs. Second, the setup is placed within a acoustic-isolated box to minimize noise
and light pollution. Third, the X-STM has built-in active damping. Fourth and last, the
main chamber is suspended using springs. A feedback loop is used to regulate a constant
current by moving the z-piezo. The xy-piezos are used to move over the cleaved surface
of the sample. The output current is amplified by a current-voltage converter and is sent
to the electronic control unit.
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3.2 Sample Preparation

The nanostructures are grown on typical semiconductor substrate wafers, which are
roughly 350 µm thick. These wafers are then cut into multiple small samples which
have a width of approximately 4 mm and a height of 8 mm. Generally, the epitaxially
grown layers are grown on (001) substrates.

Subsequently contacts are thermally evaporated on the topside of either long end of the
sample. For n-doped substrates 20 nm germanium (Ge), followed by 10 nm nickel (Ni),
and finally 150 nm gold (Au) are evaporated on the sample. The germanium diffuses into
the capping material as an n-type dopant for better ohmic contacts, the nickel is incor-
porated to facilitate diffusion of germanium, and the gold is the primary low resistance
metal for good conductance [59, 60]. For p-doped substrates the contacts are made from
20 nm zinc (Zn), 10 nm nickel (Ni), and 150 nm gold (Au). The difference between the
contacts is that zinc acts as a p-dopant for these kinds of contacts.

To obtain an atomically flat surface, the sample’s thickness must be reduced to facilitate
cleaving under UHV within the X-STM. The thickness is therefore reduced from 350 µm
to around 150 µm. At this thickness the sample is in a perfect balance between getting
an atomically flat cleavage surface and it being accidentally cleaved prematurely when
handling it in the preparation chamber. This thickness reduction is achieved by making
use of mechanical polishing. The polishing is accomplished by adding 3 µm aluminum
oxide powder to distilled water (creating a slurry) on a polishing machine.

After the polishing step a small scratch of approximately 1 mm is manually made on
the topside of the sample along the intended cleavage direction using a diamond tipped
pen. This scratch is intended to aid cleavage by acting as a structural weakness with
a fixed starting point. The sample may only be cleaved under UHV to avoid oxidation
and other contaminations on the to be measured surface. The sample with scratch is
then clamped in a special sample holder. This is performed by placing two small pieces
of indium on either side of the sample and carefully tightening the holder. The sample
holder is subsequently heated which melts the indium and makes it possible to tighten
the holder further. The indium makes sure that the sample is in good mechanical and
electrical contact with the sample holder.

The sample holder with sample is carefully transferred into the UHV preparation cham-
ber, where it is baked for 25 minutes at 180°C using a contact resistance heater. Baking
removes contaminants like water from both the sample holder and the sample itself.
Next, the sample is transferred to the low temperature chamber of the STM. Here, it is
pre-cooled before manual cleaving. This should result in an atomically flat surface, with
only a few step edges near the initial scratch. Finally, the cleaved sample is placed in
the measuring position within the STM. The cleaved sample is now usable for at least 2
weeks with proper maintenance.
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3.3 Tip Preparation

In order to obtain atomically sharp resolution with the X-STM, the scanning tip should
have an apex with a sharpness in the order of a few nanometers. This is realized by using
electrochemical etching by drop off method. The tips are created from a 0.25 mm thick
tungsten (W) wire, which are cut into 15 mm long pieces. The etching solution is 2 M
potassium hydroxide (KOH) in deionized water. The tungsten wire is clamped or spot
welded to a tip carrier. This tip carrier is then attached to one of the two electrodes
and lowered into the etching solution until there is only 1-2 mm tungsten wire sticking
out in the air. The wire acts as the anode, and a platinum-iridium (Pt-Ir) coil acts as
the cathode which is placed on the other side of the bath with a glass plate in between.
The plate functions as a spacer so the tip is not disturbed by the release of H2 from the
reaction at the cathode. The electrochemical reaction of the tungsten wire and potassium
hydroxide is the following:

W(s) + 2 OH− + 2 H2O −→ WO2−
4 + 3 H2(g), (3.1)

and will only start when a voltage is applied over the system, hence electrochemical etch-
ing. Initially this is approximately +6.5 V with a current in the order of 40 mA. The
current will decrease until it reaches a typical value of 10 mA, where the wire below the
surface will drop off creating a sharp tip. This exceptional sharpness comes from the
fact that the reaction product, tunstate (WO2−

4 ), sinks down the wire and decreases the
reaction speed below the meniscus. A stream of OH− will replace the reacted W near the
meniscus, where the reaction speed thus increases. Therefore, the wire will break at this
point, creating our tip. All etched tips in the tip carriers are then placed into tip holders
which will be kept in isopropanol to prevent the growth of oxide layers on the tungsten tip.

Afterwards, the tips are transferred into the preparation chamber. They are baked un-
der UHV, just like the samples. This time for a minimum of 25 min at 230°C, to clean
them from contaminants. Further cleaning and oxide removal is achieved by sputtering
of 700 eV argon ions for 25 min. The tip can now be pre-cooled in the cryostat, and
is capable for the creation of high resolution images. During the measurement the tip’s
apex can sometimes be unstable or pick up undesired atoms. These problems can most
of the time be resolved by applying short voltage pulses to the tip.

3.4 Finite Element Modeling

Besides experimental measurements, simulations were performed with the finite element
method (FEM) program: COMSOL Multiphysics to model the strain profile and surface
relaxation of the QDs. COMSOL is a useful tool to simulate the outward relaxation and
the local lattice constant using the solid mechanics module. This can be applied in the
determination of the material composition within a QW or QD by comparing experimen-
tal and simulated results.
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COMSOL numerically solves differential equations from continuum elasticity theory. In
order to do this the program needs a certain geometry of the QD or QW with the
appropriate initial strain matrix. The initial strain will deform the cubic volume elements
by acting as a force on their surfaces from different directions. The initial strain is caused
by the lattice mismatch between the substrate material and the epitaxially grown layers.
This lattice mismatch is given by:

ε0 =
a− a0
a0

, (3.2)

where a0 is the original lattice constant of the epitaxial grown layers and a the lattice
constant of the substrate to which the grown layers are strained. In Figure 3.2 the four
step approach for a strained QW is shown. (a): a QW and two cladding layers are
brought close to each other. The QW’s lattice constant exceeds the lattice constant of
the cladding layers by the fraction ε0 as defined by Equation 3.2. Here z is the growth
direction, and y is the outward normal to the cleaved surface (see Figure 3.2b). (b): the
lattice constant of the QW is now matched to the lattice constant of the cladding. A
uniform stress in the x and y-direction decreases the lattice constant by ε0. Due to the
shortening in x and y, the lattice constant in the z-direction will increase as defined by
the Poisson ratio. (c): now the QW is joined with the cladding layers without additional
strains. The initial strain of a QW is defined to be:

εQW =

εxx εxy εxz
εyx εyy εyz
εzx εzy εzz

 =

−ε0 0 0
0 −ε0 0
0 0 2νε0

1−ν

 (3.3)

where ε0 is the lattice mismatch, ν is the Poisson’s ratio (which is a material property),
and z is the growth direction [61]. (d): when the material is cleaved an outward pressure
is applied to the exposed surface. This will displace the surface of both the cladding layers
and the QW, which is the relaxation that can be experimentally measured in X-STM.

For a QD the approach is slightly different, as seen in Figure 3.3. This has everything
to do with the shape of the structure. Instead of a full slab, only a small volume with
limited dimensions has to be fitted inside the cladding material. Therefore, the lattice
constant of the full QD is reduced equally in all three dimensions (x,y,z) by the lattice
mismatch to match the lattice constant of the cladding. In matrix form this is written
as:

εQD =

εxx εxy εxz
εyx εyy εyz
εzx εzy εzz

 =

−ε0 0 0
0 −ε0 0
0 0 −ε0

 . (3.4)

In this thesis the materials are assumed to be anisotropic, which means the elastic prop-
erties are different in all directions which are intermediate in the three dimensions. The
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Figure 3.2: Schematic model of a strained quantum well at a surface. The QW has
a higher lattice constant which is strained to be equal to the cladding. When cleaved
(d) the QW relaxes outwards. Modified from [61].

elastic properties are described with 3 independent values (C11, C12, and C44) in a simple
cubic-symmetric case:

D =


C11 C12 C12 0 0 0
C12 C11 C12 0 0 0
C11 C12 C12 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C44

 . (3.5)

This elasticity matrix is then used in the stress-strain relation as:

σ = Dε, (3.6)

where the stress and strain are 6×1 vectors:

σ =


σxx
σyy
σzz
σxy
σyz
σxz

 , ε =


εxx
εyy
εzz
εxy
εyz
εxz

 . (3.7)

Some critical steps need to be followed to obtain an accurate result. First, a large enough
box (of cladding material) should be placed around the simulated structure to eliminate
non-physical interactions from the boundaries. Second, the appropriate boundary condi-
tions should be applied. The front side (which will relax outwards) should be set free, the
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Figure 3.3: Schematic model of a strained quantum dot at a surface. Here, the
higher lattice constant of the QD is strained equally in all three dimensions to fit the
cladding. When cleaved (d) the QD relaxes outwards.

backside is fixed, and the other four surfaces have symmetric or periodic boundary con-
ditions: so their movement is restricted within their own plane. Third, the initial strain
matrix is applied which depend on the shape of the earlier discussed nanostructures. In
a multi-layered system with various materials, the grown layers are always strained to
the substrate material to match the lattice constants. Fourth, a fine enough mesh should
be generated. Finally, COMSOL calculates the equilibrium position and the final strain
values. The equilibrium position can be compared to the outward relaxation. The local
lattice constant acalc(z) is calculated from the final strain εzz,calc(z) and initial lattice
constant aini(z) as follows:

acalc(z) = (εzz,calc(z) + 1)× aini(z), (3.8)

which can then be compared to the local lattice constant measurements obtained from
X-STM images.

Quantum Well Check

Firstly, the model is compared with a 2002 paper from Davies et al. [61]. In this paper,
the outward relaxation and lattice constant of a strained quantum well at a cleaved sur-
face were measured with X-STM and calculated with classical elastic theory. Two InGaAs
QWs in a GaAs matrix were measured to be 10 nm apart: the first QW was 4.5±0.5 nm
wide with an In concentration of 5.0±0.5% and the second QW was 6.5±0.5 nm wide
with an In concentration of 14.4±0.6%. The measured/calculated relaxation and lattice
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(a) (b)

(c) (d)

Figure 3.4: Outward relaxation (a) and lattice constant (b) of two strained QWs from
Davies et al. and simulated outward relaxation (c) and lattice constant (d). There is a
good agreement between the calculation from Davies et al. and the simulations. Images
(a) and (b) taken from [61].

constant of the paper can be seen in Figure 3.4a and Figure 3.4b respectively. For our
model the initial strain is calculated using Equation 3.2 and Equation 3.3. The geometry
and mesh are shown in Figure A.1a. The simulated relaxation and lattice constant can
be seen in Figure 3.4c and Figure 3.4d respectively. When comparing Figure 3.4a to Fig-
ure 3.4c and Figure 3.4b to Figure 3.4d it can be seen that the simulations provide a near
identical result. The highest peaks in the outward relaxation are within a 10% range,
and the local lattice constants are even within a 0.2% range. The local lattice constant
calculation and simulation come close to the measurement. However, the measured out-
ward relaxation is found to be slightly higher than the calculation and simulation. From
this we can conclude that the simulation of the outward relaxation for a simple QW is
comparable to the measurement, and the simulation of the lattice constant is nearly exact
for the lattice constant measurement.
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Quantum Dot Check

Secondly, the model is checked for a quantum dot from a 2011 thesis by M. Bozkurt
[62]. In Chapter 3 of his thesis the outward relaxation and local lattice constant of an
ellipsoidal InGaAs QD in GaAs were measured with X-STM and simulated by Finite
Element Method. The measured QD has a height of 8 nm, a base length of 26 nm and
a 7 ML wetting layer. Indium is not distributed equally in this system: 100% is found
near the top center, 70% at the bottom center, 25% at the bottom corners, and 22.5%
in the wetting layer. In the QD the In has a linear gradient between these four points.
The measured/simulated outward relaxation and local lattice constant can be seen in
Figure 3.5a and Figure 3.5b respectively.

(a) (b)

(c) (d)

Figure 3.5: Measured/simulated outward relaxation (a) and local lattice constant (b).
In (a) blue is the center, red is the edge, green is in between blue and red, and yellow
is the wetting layer. Figures (c) and (d) are the simulated results corresponding to (a)
and (b) respectively. Images (a) and (b) taken from [62].

For our simulation’s initial strains we use Equation 3.4 for the QD, and Equation 3.3
for the wetting layer. The geometry and mesh can be seen in Figure A.1b. For this
simulation the In concentration is simplified to 3 parts: the wetting layer (22.5%), the
lower QD (45%), and the upper QD (85%). The resulting relaxation and lattice constant
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can be seen in Figure 3.5c and Figure 3.5d respectively. Our simulations of the relaxation
and lattice constant have the same shape compared to the measurements and all local
extrema are within a 3% range. In Figure 3.5d at 0 nm the lattice constant of pure GaAs
(= 0.565 nm) is found. This decreases to 0.535 nm at 20 nm due to compressive strain
which will increase the lattice constant within the dot (at 25 nm) to 0.63 nm (pure InAs
= 0.606 nm).

From these two examples it can be said with full confidence that the FEM simulations
are in good agreement with the X-STM measurements, and can therefore be used to find
the composition of QDs and QWs.
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Chapter 4

Atomic-Scale Study of
(In,Ga)(As,Sb)/GaAs/GaP(001)
Stranski-Krastanov Quantum Dots

The composition, size, and shape of self-assembled (In,Ga)(As,Sb) quantum dots (QDs)
grown on a GaP(001) substrate by metal-organic vapour phase epitaxy were studied using
cross-sectional scanning tunneling microscopy. Both size and shape of these QDs were
determined. Also, an attempt was made to find the distribution of the constituting ele-
ments (In, Ga, As, Sb) within the QDs and at the interfaces. All these QD characteristics
are important as they affect the performance of the QD-Flash device.

4.1 Introduction

QD-Flash is a novel non-volatile nanoscale memory system based on self-assembled quan-
tum dots (QDs) which has attracted a lot of attention in the last few years [22–25, 41, 42,
44, 45, 63, 64]. Due to the band alignment these type-II antimony (Sb) based quantum
dots exhibit only confinement of holes, which is useful for such a device, as it increases
storage time. The effective mass of holes is higher than those of electrons resulting in
more closely spaced energy levels of the confined holes and lower tunnel escape probabil-
ity, which both leads to a higher storage density [43]. Greater hole localization energies
will exponentially increase storage times, which is needed for non-volatile systems [24].

Alternate experimental measurements and theoretical work were performed on similar
samples measured in this chapter by Sala et al., Steindl et al., and Klenovský et al.
[23, 44, 63, 64]. From AFM and HRTEM measurements the QDs were found to have a
truncated pyramid shape with a base length of around 15 nm, a top length of 8 nm, and
a height of 2.5 nm. The areal density of these dots was approximately 1.5 × 1011 cm−2.
Deep-level transient spectroscopy (DLTS) was often used to determine the localization
energy, capture cross-section, and the storage times in the ground state of the QDs
[41, 46].
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4.2 Sample Description

The samples were fabricated by Dr. E. M. Sala and Prof. Dr. D. Bimberg at the Institute
of Solid State Physics of the TU Berlin [23, 63]. The QDs were grown in a horizontal
Aixtron 200 metal-organic vapour phase epitaxy on a p-doped GaP:Zn(001) substrate
using H2 as a carrier gas. The entire growth scheme can be seen in Figure 4.1. A 300 nm
thick buffer layer of p-doped GaP:C was grown at 620°C on top of the substrate. Then the
temperature was increased to 800°C to grow 20 nm undoped AlP layer followed by a 2 nm
GaP:un cap. The AlP barrier is used to increase the hole localization energy in the QDs,
thus increasing the retention time [23]. Hereafter, the temperature was reduced to 500°C
to grow a 5 ML thick GaAs interlayer to facilitate the SK growth of the QDs [23]. Then a
2 s Sb-flush was used to promote As-Sb exchange on the surface [46]. Sb-flushing acts as a
surfactant and will result in smaller and more homogeneous QDs [23]. After the Sb-flush
the (In,Ga)(As,Sb) QDs were grown by the Stranski-Krastanov growth mode. The QDs
were created by using only 0.51 ML of InGaSb (at a growth rate of 0.15 ML/s), which was
made possible by the strain induced by the GaAs interlayer. During the QD growth GaAs
from the interlayer was incorporated into the QD creating (In,Ga)(As,Sb) QDs [63]. The
precursor molar flows used during the dot deposition were: trimethygallium (TMGa) =
4.2 µmol/min, trimethylindium (TMIn) = 4.2 µmol/min, and triethylantimony (TESb)
= 2.5 µmol/min. After a growth interruption (GRI) of 1 s the QDs were overgrown by
an undoped GaP capping of approximately 6 nm. After the capping the temperature was
increased to 620°C. Finally 500 nm of p-doped GaP:C followed by highly n-doped GaP:Si
was grown on top. This n+p-diode is used in the final QD-Flash design for writing and
erasing as mentioned in Chapter 2.

4.3 Results

One of many filled-state images of the quantum dots is shown in Figure 4.2, taken at
Vb = −3.3 V and It = 50 pA. Four additional images can be seen in Figure A.2 in the
appendix. These topographic images were obtained by applying a high negative bias
voltage, which reveals the group V sublattice (P, As, Sb). Multiple layers can be distin-

Figure 4.1: Sample scheme of (In,Ga)(As,Sb) QDs.
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Figure 4.2: 60 × 40 nm2 filled-state image of 6 full QDs. The images were taken
with a bias voltage: Vb = −3.3 V and a tunnel current It = 50 pA. The QDs have a
truncated pyramidal shape. At the left the materials are color coded according to the
sample scheme.

guished by intensity variations resulting from the relaxation of the compressively strained
layers. At the bottom a sharp interface between the GaP:C layer and the AlP barrier can
clearly be differentiated. The AlP barrier was measured to be 15 nm in reality, instead
of the proposed 20 nm. Also, three dark spots can be seen in the AlP region. These are
actually vacancies where atoms were detached from the cleavage surface during sample
cleaving by Langmuir evaporation [65]. Following the AlP barrier a 2 nm cap is grown,
which is less visible. However, the GaAs IL is clearly visible. Instead of the 5 ML only
4 ML can be observed. This suggests that a small portion of the GaAs IL incorporates
in the QDs and thus forming a quaternary system (i.e. (In,Ga)(As,Sb)) sitting on top
of the GaAs IL. Above the IL the most prominent feature in the image are found: the
QDs. The bright yellow contrast is due to the compressively strained QD material which
relaxed outwards after cleaving the sample. This strain is caused by a lattice mismatch
between the surrounding and QD materials, which is at least 10%. The QDs appear to be
quite small and homogeneous with a distribution of shapes. Most QDs have near-pyramid
shapes with a collapsed top due to overgrowth of the capping layer. A few QDs have a
well defined top facet which make it look like a truncated pyramid. Most noticeable in the
image is the extreme high density of the QDs which is in the order of 5− 8× 1011 cm−2.
Another interesting feature can be seen above the QDs where single atoms appear to
be segregated in the GaP:un capping region. We believe these are individual antimony
atoms which were not incorporated in the QDs during the growth, or leftover antimony
from the flushing step.

The quantum dots in Figure 4.2 are tiny with a very high density compared to other QDs
[62, 66–68]. Size and density of these QDs are highly affected by the amount of deposited
strained materials [63]. The GaAs IL induces a small strain due to the 3.5% lattice mis-
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match, which maintains 2D layer by layer growth (Frank van der Merwe growth). This
GaAs IL accumulates enough strain for SK growth of the QDs when In, Ga, and Sb were
supplied. However, due to the very high dot density, the bottom 1-2 MLs of the dots
seem to be connected forming a quasi-wetting layer. There are also a few areas where the
dots are more isolated from each other. The QD material has a high lattice mismatch
above 10% which is difficult to grow without defects. However, QDs can be grown with
as little as 3 ML of GaAs and 0.21 ML of InGaSb [63]. The maximum density was found
for 6 ML of GaAs and 0.6 ML of InGaSb. For increased GaAs thickness the QDs merge
together, thus lowering the density; and for InGaSb depositions over 1 ML defects would
form, also lowering the density. Another factor which assists in the high density and small
size is the antimony from the Sb-flush [69]. Here, Sb acts as a surfactant and increases
the strain by exchanging surface As for Sb atoms.

4.3.1 QD Shape and Size

To find the actual size and shape of the QDs, 261 unique QD’s base lengths and heights
were measured and plotted in Figure 4.3a. Different sized QDs are seen because the
QDs have a small variation in size and the cleavage plane is not necessarily through the
middle of every dot. This means that information can be obtained on the shape from
the cross-section of the QDs similar to what Bruls et al. have done in [9] and [66]. In
Figure 4.3b four models of full and truncated pyramidal quantum dots with different
orientations can be seen. Their cross sections will create distinct height-base length dis-
tributions as seen in the figure. When comparing Figure 4.3a to Figure 4.3b it can easily
be concluded that the measured QDs match model 2 the best. Model 3 and 4 are not
realistic since there is no fixed base length for different QD heights. Model 1 is less likely
because triangular shapes are not observed as frequently. The average base length at
maximum height is 12.0±0.8 nm which is the diagonal of the square base of model 2.
The actual base length is therefore a factor of

√
2 smaller, so 8.5±0.6 nm. The maximum

measured height is 10 MLs which is around 3±0.3 nm. This results in an aspect ratio
of 0.25-0.35 nm. Bigger QDs will enlarge the localization potential at the expense of a
larger capture cross-section [46]. This affects the storage time in a positive and negative
way respectively as seen in Equation 2.14 [41]. Therefore, this means there is a fine line
between a large enough localization potential and a small enough capture cross-section
to obtain the desired device properties.

Another key issue is to determine the facets of the QDs. Information on these facets can
be found by measuring the inclination angles between the (001) substrate plane and the
cleaved facets from our (110) field of view. Larger QDs have angles around 35° which
could correspond to a (112) or (203) facet. Because model 2 from Figure 4.3b seems to
agree with the data, the (203)/(023) facets are most probable. When assuming the QDs
are pyramidal shaped in the linear part of Figure 4.3a the facet angles will have angles
of 30°. Therefore the (203)/(023) facets – which makes an angle of 33.7° with the growth
direction – are most likely the side facets as they are between the measured and the
pyramidal assumption. However, many QDs do not have a well defined side facet, and
we can therefore not conclude with certainty if the proposed facets are correct. It would
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require a surface STM or AFM measurement to have a better insight into the facets of
the QDs.

(a) (b)

Figure 4.3: Height versus base length distribution of 261 individual QDs (a), and
the expected height versus base length distribution for four QD models with different
shapes and orientations (b) (taken from [9]). Here, (a) clearly corresponds to model
2 in (b).

4.3.2 Capping Layer

In Figure 4.2 individual atoms can be seen on top of the QDs in the 6 nm GaP:un cap.
The measured diameter of these features is 0.45 ± 0.05 nm with an outward relaxation
of 84± 7 pm. A full distribution of the segregated atoms can be seen in Figure 4.4. The
maximum concentration of these atoms is found at the 6th bilayer (∼ 3.3 nm) from the
wetting layer, where the concentration is 4%. The furthest these atoms segregate to is 11-
12 bilayers (∼ 6.0 nm) from the wetting layer, which corresponds exactly to the position
where the temperature was increased during growth to remove the segregated atoms from
the surface. The segregated atoms are assumed to be Sb, which were not incorporated
during the QD growth and segregated into the capping layer. This is supported by the
fact that Sb is the only deposited anionic material next to P and As, which would not
create such significant relaxations.

Initially the atoms were identified as sole Sb atoms, but comparing both filled and empty
state images gives a slightly different perspective, since group V is imaged in filled state
and group III in empty state. Figure 4.5 shows both filled and empty state images of
the same area. Comparing the locations of the individual atoms between the two images
shows that not all atoms are seen on the same position. This means that the bright
spots in the filled state images are different atoms than the bright spots in the empty
state images. The atoms seen in the empty state images can therefore only be In atoms
which were not incorporated into the QD. In Figure 4.5 four simulated X-STM images
taken from Tilley et al. can be seen [70]. Indium in empty state and antimony in filled
state are round atomically sized features with a high intensity, which are easily detected
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Figure 4.4: Sb concentration as a function of the distance from the wetting layer
in bilayers. The Sb atoms were counted over a lateral distance of 1 µm.

in the experimental images. Sb features in empty state are less intense, but still visible
when taking both the positions of the Sb in the filled state (black arrows), and the shape
of the simulated Sb in empty state into account. Sub-surface Sb atoms (white squares)
can only be found in the filled state image. In atoms (green squares) are not visible in
filled state imaging which becomes clear when taking the simulated empty state data
into account, where the In atoms are also not visible. Within the red circle in the empty
state image three star-like features can be seen which are not visible in filled state. These
are probably sub-surface In atoms. From this we can conclude that both In and Sb are
present in the capping layer with a similar concentrations of approximately 2.5%.
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Figure 4.5: Empty (top) and filled (bottom) state X-STM images. The four images
on the left are simulated X-STM images using the local density of states (LDOS) from
density functional theory (DFT) data, image taken from Tilley et al. [70]. The two
images on the right are 40 × 10 nm2 experimental X-STM images on the same
position. The top and bottom images were taken with a bias voltage: Vb = +3 V
and Vb = −3.65 V respectively and a tunnel current: It = 90 pA for both. The black
arrows indicate the Sb in both images, the white triangles indicate some of the sub-
surface Sb in the filled state, the green squares indicate some of the surface In atoms
in empty state, and the red circle indicates some sub-surface In atoms in empty state.

4.3.3 QD Composition

Lattice Constant

Determination of the local lattice constant provides a good approximation of the consti-
tuting elements within the QDs. This can be achieved by measuring the distance between
each corrugation line in the growth direction in our X-STM images. A good approach is
by subtracting the filtered background profile line from the original profile line (seen later
in Figure 4.8) to obtain the atomic corrugation, which are seen as oscillations around zero.
The distance between two peaks or two valleys is equal to the lattice constant at that
position. An example can be seen in Figure 4.6. In this figure, the local lattice constant
along a line taken through the center of the second full QD (from the left) of Figure 4.2 in
the growth direction is plotted. The lattice constant of the AlP and GaP layers above and
below the QD respectively were calibrated to match the nominal lattice constant within
the error range. At 15 nm a small increase to ∼0.58 nm can be seen because of the GaAs
IL (0.565 nm). Hereafter, the lattice constant increases due to the QD material and has
a maximum lattice constant of 0.70 nm at the bottom and 0.65 nm at the top of the QD.
The values of the QDs are extremely large compared to the bulk values – note that pure
InSb only has a lattice constant of 0.65 nm. Such a high lattice constant most definitely
comes from the strain field at the cleaved surface [5]. The lattice constant plummets to
0.51 nm above the QD (at 20 nm) due to compressive strain. Further above the QD the
lattice constant varies locally due to the segregated atoms, but with an average value
similar to the AlP below the dot. Finally, the GaP:C (0.545 nm) layer is constant with
a similar lattice constant as the AlP (0.546 nm).
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Figure 4.6: Local lattice constant from the center of the second full QD in Fig-
ure 4.2.

Figure 4.7: Local lattice constant map of Figure 4.2. The red line in indicates the
position of the profile line in Figure 4.6.

A 2D map of the lattice constant of Figure 4.2 can be seen in Figure 4.7. In this figure
many vertical profile lines (like Figure 4.6) are repeated line by line in the horizontal
direction to obtain a map of the local lattice constant. The red line indicates the position
of Figure 4.6. From the local lattice constant map the high and low strained areas can be
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seen. At the edges of each QD the lattice constant goes to values close to 0.7 nm, which
is due to the sharp interface of the QD and the surrounding material [71]. However, at
the topsides of each QD the lattice constant drops to values close to 0.5 nm, which is
due to the compressive strain. The segregated Sb atoms in the GaP capping creates local
variations in the lattice constant map.

Outward Relaxation

When the sample is cleaved the QD material relaxes outward due to compressive strain
from the large lattice mismatch of the QD material and the surrounding GaP. From the
relaxation profile, information can be gathered about the composition of the constituent
elements in the QD: In, Ga, As, and Sb. Elements which increase the lattice constants
(In, Sb) will cause more strain and thus enlarge the outward relaxation of the dots. A
high negative bias is used to only obtain the real topographic relaxation and so neglect
apparent differences in height due to electronic effects. A relaxation profile of the sec-
ond full QD from Figure 4.2 can be seen in Figure 4.8. This QD was one of the largest
ones found during the measurement, which indicates that it is most likely cleaved di-
rectly through the center of the dot. In Figure 4.8, the blue line represents the original
measured X-STM height profile. Clear oscillations can be seen in this profile line, which
indicates the atomic corrugation of the surface. A Gaussian filter on the whole image
is used to filter out the corrugation creating the orange profile line. From this profile
line the maximum relaxation is found to be 210 pm. This value is relatively low for a
cleaved QD [9, 67, 68]. However, QD size highly impacts the outward relaxation, so the
low relaxation is probably due to the small sizes of these structures. Another reason for
the small outward relaxation could be the low concentration of elements which increase
the lattice constants (In, Sb). Nevertheless, no real conclusion on the fraction of elements
within the QDs can be made by only observing the relaxation. Therefore, finite element
modeling of the QDs to match experimental and simulated results were performed.
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Figure 4.8: STM height profile of the second full QD from Figure 4.2. In blue the
original profile is plotted, where the atomic corrugation can clearly be seen. In orange
the filtered background profile due to surface relaxation is plotted. The maximum
relaxation is approximately 210 pm.

Finite Element Simulations

Low outward relaxations and high local lattice constants seem to be counterintuitive re-
sults compared to other SK grown QDs [62, 66–68]. However, the reason might be due to
the small dimensions and high strain fields of these QDs. To find a concrete solution on
the concentrations of the elements, a finite element simulation was performed to try to
match both the relaxation and the lattice constant of the QDs to the experimental results.

In Section 3.4 the steps for creating a FEM simulation on a cleaved QW/QD are pre-
sented. These are in short: create a geometry, apply the correct boundary conditions,
input the initial strain conditions, and render the mesh. The geometry and mesh can be
seen in Figure A.3. Three quantum dots are used to simulate the high density. These
QDs have a truncated pyramid shape with orientation 2 from Figure 4.3b. Next to the
QDs there is a 2 bilayer high (∼ 1.2 nm) wetting layer of the same material. This wetting
layer is, together with the QDs, highlighted in Figure A.3. The materials above and
below the QDs are the same as mentioned earlier in this chapter (GaP, 15 nm AlP, 2 nm
GaP, 4 ML GaAs, 3 nm QDs, 6 nm GaP:Sb, GaP) for a total geometry height of 100 nm.
The depth (y-direction) is large enough to avoid boundary effects (50 nm). The width
(x-direction) is only 7 nm wide, which is shorter than the QD base length of 10 nm. The
reason being that the two planes in the x-direction have symmetric boundary conditions
which makes the system act as if it were repeated infinitely along the x-direction. This
was done to simulate the extreme high density of these QDs. The top and bottom planes
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(z-direction) are also symmetric boundary conditions to negate boundary effects. The
backside (negative y-direction) is fixed, and the front side (positive y-direction) is free
so the surface can relax outward in that direction when “cleaved”. For the relaxation to
take place an initial strain is needed. All the grown layers have the QW initial strain
condition (Equation 3.3) except the top volume of the QD which has a QD initial strain
condition (Equation 3.4). The program can now calculate the equilibrium positions for
the relaxation and final strain values for the lattice constant.

Figure 4.9: Experimental lattice constant (blue) with simulated lattice constant
(orange) for InAs0.8Sb0.2.

The unstrained bulk lattice constant of the QD is the most important input in this qua-
ternary system (In, Ga, As, Sb), as it affects the initial strain. Variations in the initial
strain create more significant differences on the final lattice constant than the changes
in elastic constants when the concentrations are altered. Therefore, good fits can be
obtained for a single lattice constant value for a range of different compositions. Veg-
ard’s law is used to estimate the lattice constant of the quartenary QD material [72],
which are indicated in green in Figure 4.10. A high In or Sb content will increase the
lattice constant, whereas a high Ga and As content will decrease the lattice constant. For
this reason multiple lattice constant calculations were performed. Initially, four fixed Sb
concentrations (0.2, 0.5, 0.8, 1.0) were chosen. The In content was subsequently altered
to obtain the composition which matches the X-STM lattice constant profiles (1.0, 0.7,
0.35, 0.15) respectively. In Figure 4.10 we show the four successful fits (indicated in blue)
that have a different composition, but all fit very well. The red line through the points
represents a line where the lattice constant is the same for different (In,Ga)(As,Sb) com-
positions. An example of one of the simulated fits (orange) can be seen together with the
experimental curve (blue) in Figure 4.9. This figure shows that the simulation follows
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the measurement quite nicely: it increases in the GaAs layer at 15 nm, the shape within
the QD is the same (which indeed means the QD is relatively homogeneous), and the
compressive strain at the top of the QD (20 nm) can be seen.

Figure 4.10: Four simulated compositions which successfully fit the experimental
result (blue) with a linear fit (red) which represents a line of equal lattice constant
on a Ga-In versus As-Sb scale. Other lines connecting lattice constants for different
compositions (green) are parallel to the fitted value of 0.615 nm. The GaAs inter-
layer can stoichiometric intermix (B) with the QD material (In0.5Ga0.5Sb) grown on
top which decreases the lattice constant (black). Pure As (A) or pure Ga (C) inter-
mixing is also possible which will shift the lattice constant horizontally or vertically
respectively.

The linear fit (red) of Figure 4.10 indicates every composition which will fit to the ex-
perimental lattice constant. According to the red line, the initial lattice constant of the
uncleaved quantum dot is equal to approximately 0.615 nm. Several lines (green) repre-
senting other lattice constants (0.575 nm, 0.600 nm, 0.625 nm) are drawn for visualization
purposes. The QDs in Figure 4.2 and Figure A.2 are all quite homogeneous, which would
mean our dots are most likely InAs0.8Sb0.2 or In0.15Ga0.85Sb. The filled state images show
little internal alloy fluctuations indicating our dots are close to “Sb pure”. However, there
is also another way of looking at this problem. Keeping in mind the QD material (when
initially grown) was In0.5Ga0.5Sb deposited on top of a GaAs interlayer (both indicated
with the black circles in Figure 4.10), and assuming it will stoichiometrically intermix
(B in the figure), the correct composition will be between these points (indicated with
the black line). The simulated line that fits to the experiment (red) and the assumed
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intermixing of QD and IL (black) intersect at In0.39Ga0.61As0.22Sb0.78. It is also possible
that intermixing is not stoichiometric and either As or Ga will intermix more than the
other. In Figure 4.10 the direction of the composition of pure As (A) and pure Ga (C)
intermixing is indicated, this is in the horizontal and vertical direction respectively. Ga
intermixing is more likely than As, because As is more volatile and can escape easier
from the surface. Sb atoms, for example, are bigger and thus harder to desorp from the
surface. From this we believe the composition of the grown QDs lies on the red line
between In0.39Ga0.61As0.22Sb0.78 and In0.15Ga0.85Sb.

Besides the lattice constant, an attempt was made to simulate the outward relaxation
of the same quantum dot. However, in this case the simulation does not fit adequately
to the measurement. In Figure 4.11 the simulated result can be seen together with the
measurement. The maximum of the simulated curve is more than twice the size com-
pared to the measurement. Only when applying lattice constants close to GaAs for the
dot material will exhibit the same shape and maximum value. This is, of course, not a
realistic outcome when taking the growth parameters into account. Even when using the
initial strain for a QW the simulation still overestimates around 1.8 times. Many other
parameters were altered within the scope of this work to modify the simulated result, but
no realistic result was found for the fitting of the outward relaxation.

Figure 4.11: Experimental outward relaxation (blue) with simulated (orange) for
InAs0.8Sb0.2. The simulated result does not come close to the measurement from the
X-STM.

In Section 3.4 the QD-example was simulated in the exact same way as the QDs in this
section. For the example and other simulations performed in the past, there was always

44



good agreement between simulation and measurement [62, 67]. However, the result here
is far from correct. Sill, many reasons could lie in this big discrepancy between simulation
and measurement. First, the QD-Flash sample consists of many layers of different mate-
rials (GaP:C,AlP,GaP:un,GaAs,(In,Ga)(As,Sb),GaP:Sb,GaP:C), compared to the more
simple QD-example (GaAs,InGaAs,GaAs). The multiple layers of materials with differ-
ent lattice constants could possibly act different for the simulation creating more room
for error. For example the continuum elasticity approximation might not apply in this
case due to the very high strain. This is, however, highly unlikely as the simulated re-
laxation height is twice the size compared to the experimental relaxation. Second, the
QD-Flash sample has an extreme high density which was replicated in the simulation
by adding two full QD behind the cleaved QD and periodic boundary conditions at the
sides of the cleaved QD, compared to the free-standing QD in the QD-example. Because
the QDs are so close to each other they overlap sometimes, causing 1 to 2 BLs to be
shared at the base of the QD. This can change the initial strain and strain distribution
quite significantly. Third, electronic effects could influence the outward relaxation of the
quantum dots. High bias voltages were used during the measurement to suppress these
effects. However, the tunnel conditions of the X-STM might be altered when the tip
scans from the indirect band gap material of the cladding (GaP) to the direct band gap
material of the QD ((In,Ga)(As,Sb)).

4.4 Conclusions and Outlook

In this chapter, we have analyzed the shape, size, and composition of high density SKQDs
with atomic resolution by cross-sectional scanning tunneling microscopy. We found that
these QDs are truncated pyramids of 3 nm in height with a square base of 8.5 nm which is
oriented in the [100] and the [010] direction. The dots are composed of an (In,Ga)(As,Sb)
alloy which seems to be distributed homogeneously throughout the dot. However, the
precise composition is still up for debate. Even when comparing it to simulations which
showed success on other measurements in the past (see Section 3.4), no definite con-
clusion can be drawn. The simulated lattice constant appears to fit acceptable with a
composition with a lattice constant of 0.615 nm. When keeping in mind that the dots
look uniform in filled-state imaging, the most likely composition is 15% In and 100% Sb.
However, when assuming stoichiometric intermixing of the initial grown QD material and
the interlayer below the QD the most likely composition is 39% In and 78% Sb. Because
Ga is more probable to intermix, the result will most likely lie between the last two men-
tioned compositions. Nevertheless, all the attempted compositions come nowhere near
the experimental outward relaxation. Further work is needed to fit both simulations of
lattice constant and outward relaxation to the experimental result for complete certainty
on the composition. Atom probe tomography (APT) can also be used to exactly deter-
mine the composition in the dots. With this technique the atomic mass can be measured
at resolutions close to the atomic level. All things considered, we believe we have demon-
strated a better understanding of the morphology of these quantum dots.
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Chapter 5

Probing InAs/GaAs(001)
Submonolayer Quantum Dots with
X-STM

In this chapter cross-sectional scanning tunneling microscopy was employed to probe
the structure and indium concentration of submonolayer quantum dots (SMLQDs). The
measured SMLQDs were grown by Molecular Beam Epitaxy (MBE). Multiple layers of
SMLQDs were grown with different growth parameters to investigate the various property
changes. Both filled and empty-state imaging was used to determine the structure and
the In concentration in all SMLQDs layers. We also investigated the interface fluctuations
of the InGaAs layer and compared it with the lateral compositional fluctuations.

5.1 Introduction

Submonolayer quantum dots are of great interest due to the fact that they can be used as
an alternative to Stranski-Krastanov quantum dots (SKQDs) with, possibly, more bene-
fits [47]. The submonolayer growth technique results in indium rich agglomerations which
act like QDs, but lack the disadvantage of a wetting layer [48, 53]. Another improvement
over SKQDs is that the SMLQDs generally have a higher dot density and a smaller aspect
ratio (base to height) [26]. The idea behind SMLQDs is that multiple cycles of a few
monolayers of low band-gap material is alternated by a few monolayers of high band-gap
material. The low band-gap material will stack as small islands on top of each other,
because of the local strain field from the lattice mismatch. These stacked islands can trap
charge carriers in three dimensions and thus act as a QD. Varying the number of cycles
will change the height of the SMLQDs and therefore change its properties. Another way
to tune the properties is by increasing or decreasing the thickness of the spacer layer, this
will alter the composition within the SMLQDs.

Bell et al. propose that only a (2×4) surface reconstruction of GaAs is needed during
growth to obtain stable 2D InAs islands. However, SMLQDS are generally grown in
similar conditions to SKQDs, which have a high As flux and a low substrate temperature
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which results in a c(4×4) reconstruction [73]. Indium atoms will therefore not form stable
2D InAs islands, but instead randomly incorporate into the surface [74]. It is therefore
important to modify the growth parameters to obtain the size, geometry, and composition
for the optimal optoelectronic properties.

5.2 Sample Description

The sample was fabricated by A. Alzeidan, T.F. Cantalice, and A. A. Quivy at the In-
stitute of Physics of the University of São Paulo. Figure 5.1 shows the sample scheme of
the measured submonolayer quantum dots. It was grown on a silicon-doped GaAs(001)
substrate (n = 1× 1018 cm−3) by MBE, and has five different layers. Each layer consists
of a repeated cycle of 0.5 ML InAs and 2.5 MLs GaAs. Layers one and two have the
same arsenic fluxes, but have six and ten repetitions respectively. Layers three, four, and
five have the same number of cycles as layer 1, but with an increasing As flux, with layer
five also having higher In and Ga fluxes. The low As flux and InAs/GaAs growth rate in
layer 1 and 2 results in a (2×4) surface reconstruction, whereas the higher As fluxes in
the other layers result in a c(4×4) surface reconstruction. Every main layer is sandwiched
between two 40 nm undoped GaAs layers and are separated by 120 nm of silicon-doped
GaAs, so the layers cannot influence one another.

The samples were prepared by the same procedure mentioned in Chapter 3. They were
first baked and later cleaved under ultra-high vacuum at 77K to reveal one of the {110}
surfaces. When measuring, either the As sublattice (group V) or the Ga and In sublattice
(group III) is imaged by using filled-state (negative bias voltage) or empty-state (positive
bias voltage) imaging respectively.

5.3 Results

In Figure 5.2 filled state X-STM images of the SMLQD layers from Figure 5.1 can be
seen. The images were taken at a negative sample bias of −2.1 V, which reveals the
anionic As sites (group V). Here, filled state imaging is used to measure the relaxation,
because As is the only group V atom in this system which means electronic contrast is
kept to a minimum. Clear corrugation can be seen in the [001] direction where the dis-
tance between two light blue or dark blue sites is approximately 0.55 nm—which is, just
like in the theoretical case (Figure 2.4b), the lattice constant of GaAs (0.565 nm). The
bright strip in each of the images is caused by an outward relaxation of the compressively
strained InAs after cleavage. InAs is strained because its lattice constant (0.606 nm)
is 7.2% higher than the surrounding GaAs, thus creating a lattice mismatched system.
It seems that there is no separation of submonolayer InAs and GaAs from the growth
cycles, indicating that indium has segregated in the growth direction. Within the layers
some variation in brightness can be seen in the lateral direction along the [110], which
indicates the lateral fluctuations in In concentration. Even though the In concentration
fluctuations in layer 1 (grown in (2×4) surface reconstruction) are more recognizable, the
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Figure 5.1: SMLQD sample scheme. The sample consists of five layers grown on
a silicon doped GaAs(001) substrate. All layers consist of a repetition of 0.5 ML of
InAs followed by 2.5 MLs of GaAs. Layers one, three, four, and five are repeated six
times, but have different As fluxes. Layer two has the same flux As layer one, but
it is repeated ten times instead of six. Each layer is separated with Si doped GaAs
layer.
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Figure 5.2: 23×80 nm2 (110)-surface filled state topography images of the SMLQDs
from Figure 5.1. Layers one to five are shown from bottom to top. The height scales
from 20 pm (black) to 140 pm (white), with an arrow indicating the growth direction
[001]. The images were taken with a bias voltage: Vb = −2.1 V and tunnel current
It = 50 pA. There are clear indium rich clusters in each of the layers.

49



formation and stacking of individual 2D InAs islands was never found during the whole
measurement. However, In-rich clusters which behaves like SMLQDs can be seen when
the As flux is increased to get c(4×4) surface reconstruction in layers 3, 4, and 5. The
density of these In-rich clusters seem to be increasing from layer 3 to layer 5. Layer 5,
grown at high In, Ga, As flux has the highest density of 5− 6× 1011 cm−2 with a typical
base length of 4-6 nm and a height of 3-3.5 nm.

Figure 5.3: 23 × 80 nm2 (110)-surface empty state images of the SMLQDs from
Figure 5.1. Layers one to four are shown from bottom to top. The height scales
from 20 pm (black) to 140 pm (white), with an arrow indicating the growth direction
[001]. The images were taken with a bias voltage: Vb = +2.5 V and tunnel current
It = 50 pA. There individual indium atoms are clearly visible

Empty-state imaging was performed for further comprehension of the growth parameters
on the composition of the SMLQDs. Empty-state images of layers 1 to 4 are seen in
Figure 5.3 which is achieved by applying a positive sample bias. This will image the
group III sublattice which includes In and Ga in this case. Unfortunately, layer 5 could
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not be imaged because the tip dropped off the sample edge during the measurement.
Individual In atoms, imaged in empty-state, are identified as bright spots. These features
can be counted for each corrugation line to obtain the local indium concentration. The
segregation coefficient – which is the fraction at which each indium atom will segregate
to the next monolayer – can be determined by fitting the local indium concentration
profile with the Muraki segregation model from Muraki et al. [75]. The Muraki model
was created for quantum wells, but it also works for the quantum well-like SMLQDs
structure seen here. In this model the indium concentration at the nth monolayer, xIn, is
defined to be

xIn(n) =


0 n ≤ N1

x0 × (1−Rn−N1) N1 ≤ n ≤ N2

x0 × (RN2−N1)× (1−Rn−N2) n ≥ N1

(5.1)

Figure 5.4: Indium concentration as a function of position in the growth direction
[001] in number of monolayers from layer 1 (a), layer 2 (b), layer 3 (c), and layer
4 (d). Each indium concentration profile is fitted with the Muraki segregation model
(red). From this fit the values for the nominal indium concentration (x0), segregation
coefficient (R), and well-width (N) can be determined.

where x0 is the nominal indium concentration, R is the segregation coefficient of indium,
N1 is the start of the well in monolayers, and N2 is the end of the well in monolayers.
In Figure 5.4 the indium concentration is plotted as a function of the number of mono-
layers in the growth direction. These values were fitted with Equation 5.1 to acquire
the nominal indium concentration, segregation coefficient of indium, and the well width
N = N2 − N1. The segregation coefficient and nominal indium concentration of layer
1 and 2 are the same, which is to be expected, because they were grown under identical
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growth conditions. The only difference between the two layers is the number of cycles
of deposited material, which is 6 for layer 1 and 10 for layer 2. This corresponds to the
measured well width where layer 2 is 10/6 larger than layer 1. All the well widths of
the layers are also consistent with the number of monolayers deposited for the formation
of SMLQDs, which is 30 MLs for layer 2 and 18 MLs for the rest. Layers 3 and 4 were
grown similar to layer 1 with the exception of a higher arsenic flux and a different surface
reconstruction. Higher arsenic fluxes increase the incorporation of indium which increases
the indium concentration of layers 3 and 4. A second effect of the higher As flux and
growth rates is that they decrease segregation which is seen in Figure 5.4 [76]. In-situ
reflection high-energy electron diffraction (RHEED) measurements performed on similar
samples produced near identical results for the segregation coefficient, R [77].

Figure 5.5: The X-STM image with the well-width contour in red (a), the well-
width fluctuations on every y-position (b), and the histogram of every observed well-
width in the image (c).
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Figure 5.6: The combined histograms of 5 separate 80 nm images (400 nm total
per image) of layers 1 (a), 2 (b), 3 (c), 4 (d), and 5 (e).

Even though the expected InAs stacks were not observed, 3D confinement is still viable
due to InAs clustering in the InGaAs QW. InAs clustering is a compositional fluctuation
which can confine charge carriers. However, another form of confinement can be created
from structural fluctuations. For example, the interfaces of the surrounding quantum
well are rough which can hinder charge carrier movement and thus negatively affect the
recombination rate of the device [78]. Therefore, the fluctuations in the well-width were
measured for each layer. The well-width fluctuations were calculated by measuring the
thickness of the quantum well at each pixel (= 0.1 nm) perpendicular to the quantum well.
Figure 5.5 shows an example of the well-width calculations on a single image (80 nm)
of layer 1 (layer 2-5 can be found in the appendix in Figure A.4). In this image the
well-width varies between 3.5 nm and 5.8 nm. This measurement is repeated four extra
times for a total measuring distance of 400 nm for every single layer, where each image
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has the same tunneling conditions. The resulting histograms can be seen in Figure 5.6.
The histograms have a shape close to a normal distribution, and can be fitted accord-
ingly. From the fits it can be seen that the all well-widths are rather close and the most
probable well-width (averaged over layers 1, 3, 4, and 5) is (5.15±0.05) nm. This value
corresponds to the calculated fits from Figure 5.4 and the theoretical value (5.15 nm).
Layer 2 has 10 repetitions instead of 6, so it is of course a bit wider. The full width at
half maxima (FWHM) of all the layers are within (1±0.2) nm. The similarity in FWHM
suggests that the well-width fluctuations do not vary with different growth conditions.
Considering the small FWHM values in all layers, it can be concluded that they have
an insignificant effect on charge carrier confinement. Therefore we think virtually all 3D
charge carrier confinement stems from In-rich clusters formed due to lateral composition
fluctuations.

5.4 Conclusions and Outlook

In this chapter multiple InAs/GaAs submonolayer quantum dot layers with different
growth conditions were investigated with filled-state and empty-state X-STM imagin
at the atomic scale. The indium composition and morphology of the SMLQDs were
examined. (2×4) surface reconstruction formed by a low As flux did not form distinct
2D InAs islands. c(4×4) surface reconstruction by high As flux and increased InAs and
GaAs growth rates formed SMLQDs with a high density (5 − 6 × 1011 cm−2). These
SMLQDS can confine charge carriers in three dimensions similar to regular QDs. Arsenic
flux is thus of high importance in the formation of SMLQDs. Well-width fluctuations
caused by interface roughness of the InGaAs well was also investigated. It was found that
the confinement due to the well-width fluctuations was not significant compared to the
composition fluctuations. All things considered, this work shows how growth parameters
affect the formation of SMLQDs which is important for further optimization of devices
based on these SMLQDs.
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Chapter 6

Conclusions and Outlook

In this thesis cross-sectional scanning tunneling microscopy measurements at the atomic
scale were performed on two different quantum dot structures. First, (In,Ga)(As,Sb)
/GaAs/GaP(001) Stranski-Krastanov quantum dots for novel nonvolatile memory appli-
cations called QD-Flash were analyzed. Second, InAs/GaAs(001) submonolayer quantum
dots for infrared photodetector applications were investigated.

For the QD-Flash measurement the shape, size, and composition of the dots were de-
termined with X-STM. The QDs were found to have a 8.5 nm square base oriented in
the [100] and [010] directions, with a maximum measured height around 3.0±0.3 nm.
Most of the QDs are near-pyramids with a collapsed top and only a few QDs have a
well defined top facet. This indicates that the QDs were full pyramids which collapsed
after the growth of the capping layer due to intermixing. In the 6 nm undoped capping
layer the In and Sb are present with similar concentrations (2-4%). To determine the
composition of the QDs the local lattice constant and outward relaxation were measured
and compared to finite element simulations. From the lattice constant measurement
and simulation a linear relation of compositions was found ranging from InAs0.80.2 to
In0.15Ga0.85Sb. Judging from the X-STM images, the QDs show little alloy fluctuations
which indicates that the QDs are close to pure GaSb with very little In and As present in
and around the QDs. However, when assuming GaAs will intermix in the QDs (with Ga
being more probable) the result will most likely lie between In0.39Ga0.61As0.22Sb0.78 and
In0.15Ga0.85Sb. Nevertheless, the outward relaxation simulations did not show reliable
results. More work is needed to fit the simulation to the experimental data for certainty
in the composition. Another technique called Atom probe tomography (APT) can also
be considered to obtain the exact composition of these QDs.

For the SMLQDs measurement five layers of InAs/GaAs submonolayer quantum dots
with distinct growth conditions were analyzed by filled and empty-state X-STM imaging.
With low As flux for (2×4) surface reconstruction no distinct vertical stacking of 2D
islands for SMLQD formation could be observed. Higher As fluxes for c(4×4) surface
reconstruction did show SMLQDs with a maximum density of 5− 6 × 1011 cm−2. Well-
width fluctuations of the InGaAs well surrounding the SMLQDs were also investigated.
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It was found that the well-width fluctuations are insignificant in confinement compared to
the compositional fluctuations. This work provides a better insight in the understanding
of the growth and formation of SMLQDs. This is important for further optimization of
devices with better optoelectronic properties. New samples have already been prepared
to obtain additional information on SMLQDs.
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Appendix A

Additional Figures

(a) (b)

Figure A.1: Geometry and mesh of the COMSOL script for the double quantum
well (a) and the single ellipsoidal quantum dot (b). Here, z is the growth direction
and the positive y direction is in the cleavage direction.
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(a) (b)

(c) (d)

Figure A.2: Four more 58×37.5 nm2 filled-state images. All images were taken at Vb =
−3.3 V and It = 50 pA. The height difference from dark to light contrast is approximately
225 pm for all images.
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Figure A.3: Geometry and mesh of the COMSOL script for the QD Flash calcu-
lation of Chapter 4. Here, z is the growth direction and the positive y direction is in
the cleavage direction. Only the interesting 25 nm of the 100 nm in the z-direction
is shown.
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Figure A.4: Well-width fluctuations over 80 nm of layers 2-5.

60



Bibliography

[1] J. P. Bird. Semiconductors: An Introduction. In K. H. J. Buschow, R. W. Cahn,
M. C. Flemings, B. Ilschner, E. J. Kramer, S. Mahajan, P. B. T. Encyclopedia of
Materials: Science Veyssière, and Technology, editors, Encyclopedia of Materials:
Science and Technology, pages 1–16. Elsevier, Oxford, 2002.

[2] T. F. Kuech. III-V compound semiconductors: Growth and structures. Progress in
Crystal Growth and Characterization of Materials, 62(2):352–370, 2016.

[3] D. Bimberg, M. Grundmann, and N. N. Ledentsov. Quantum Dot Heterostructures.
John Wiley & Sons, 1999.
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Speck, and S. Marcinkevičius. Influence of well width fluctuations on recombination
properties in semipolar InGaN quantum wells studied by time- and spatially-resolved
near-field photoluminescence. Optical Materials Express, 7(9):3116, 9 2017.

66


	Introduction
	Theory
	Semiconductor Heterostructures
	Quantum Wells
	Quantum Dots

	Cross-Sectional Scanning Tunneling Microscopy
	Quantum Tunneling in the STM
	III-V Semiconductor properties of the {110} planes

	Quantum Dots for novel nonvolatile memory applications
	Conventional Semiconductor memories
	QD-Flash

	Submonolayer Quantum Dots for QDIPs

	Experimental Methods
	X-STM Setup
	Sample Preparation
	Tip Preparation
	Finite Element Modeling

	Atomic-Scale Study of (In,Ga)(As,Sb)/GaAs/GaP(001) Stranski-Krastanov Quantum Dots
	Introduction
	Sample Description
	Results
	QD Shape and Size
	Capping Layer
	QD Composition

	Conclusions and Outlook

	Probing InAs/GaAs(001) Submonolayer Quantum Dots with X-STM
	Introduction
	Sample Description
	Results
	Conclusions and Outlook

	Conclusions and Outlook
	Additional Figures
	Bibliography

