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Abstract

Self-assembled (In,Ga)As quantum dots (QDs) embedded in a GaP matrix are a promis-

ing semiconductor material for possible applications in optoelectronics and nanomem-

ory cells. Even more, GaP with its particular low lattice mismatch to silicon offers the

possibility to monolithically integrate III-V semiconductor nanotechnology into silicon.

In this thesis, cross-sectional scanning tunneling microscopy (XSTM) was intensely

used to analyze the structural characteristics of differently grown (In,Ga)As/GaP QDs

and related materials on the atomic scale, investigating both samples grown by metal-

organic vapor-phase epitaxy (MOVPE) and by molecular beam epitaxy (MBE). The

XSTM data have been evaluated via the image contrast in combination with a stoi-

chiometry analysis based on the local lattice parameter.

A GaAs interlayer before the In0.25Ga0.75As deposition on GaP by using MOVPE

enables the Stranski-Krastanow growth mode leading to the formation of QDs by an

intense material redistribution. The QDs have a truncated pyramidal shape, con-

sist of phosphorus-free (In,Ga)As, and contain the total amount of deposited indium

distributed in a reversed-cone stoichiometric profile. The surrounding wetting layer

consists of inhomogeneously distributed indium-free Ga(As,P).

The duration of the growth interruption (GRI) after the growth of In0.5Ga0.5As/

GaAs QDs in GaP has an influence on the photoluminescence intensity. A structural

redistribution of the QD layer occurs during the GRI, which is characterized by an inter-

mixing of the locally concentrated indium within the layer, transforming the truncated

pyramidal shaped QDs into a more homogeneous quaternary (In,Ga)(As,P) layer.

MBE-grown In0.25Ga0.75As/GaAs/GaP QD layers show comparable structural prop-

erties as their MOVPE-grown equivalents with phosphorus-free (In,Ga)As QDs and an

indium-free Ga(As,P) wetting layer. In0.5Ga0.5As layers grown directly on GaP by

MBE have an inhomogeneous material distribution. Small agglomerations, which get

more pronounced with increasing deposited material, presumably consist of quaternary

(In,Ga)(As,P), while the surrounding layer consists of indium-reduced (In,Ga)(As,P).

Investigations on thin GaAs and (Al,Ga)P layers in GaP show that the total de-

posited material amount is located within the layers and only slight segregation occurs.

Computational calculations on In0.25Ga0.75As/GaAs/GaP QDs give a brief insight

into the electronic structure.

Initial XSTM experiments on promising MOVPE-grown In0.5Ga0.5Sb/GaAs QD

layers on GaP show the formation of nanostructures with inner agglomerations, where

the material distribution depends on the duration of an additional Sb-flush before the

In0.5Ga0.5Sb deposition. Within the nanostructures the material seems to arrange in a

quaternary or even quinary way, which desires a detailed investigation in the future.
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Zusammenfassung

Selbstorganisierte (In,Ga)As-Quantenpunkte (QDs), eingebettet in eine GaP-Matrix,
sind ein vielversprechendes Halbleitermaterial für mögliche Anwendungen in der Op-
toelektronik und für Nanospeicher-Zellen, insbesondere da GaP mit seiner besonders
geringen Gitterfehlanpassung zu Silizium die Möglichkeit zur monolithischen Integra-
tion der III-V-Halbleiter-Nanotechnologie in Silizium bietet.

In dieser Arbeit wurde die Querschnitts-Rastertunnelmikroskopie (XSTM) inten-
siv verwendet, um die Strukturmerkmale unterschiedlich gewachsener (In,Ga)As/GaP-
QDs und verwandter Materialien auf atomarer Skala zu untersuchen, wobei die Proben
sowohl mit metallorganischer Gasphasenepitaxie (MOVPE) als auch mit Molekular-
strahlepitaxie (MBE) gewachsen wurden. Die XSTM-Daten wurden über den Bild-
kontrast in Kombination mit einer Stöchiometrie-Analyse basierend auf dem lokalen
Gitterparameter ausgewertet.

Eine GaAs-Zwischenschicht vor der In0.25Ga0.75As-Abscheidung auf GaP mittels
MOVPE ermöglicht den Stranski-Krastanow-Wachstumsmodus, der durch eine inten-
sive Materialumverteilung zur Bildung von QDs führt. Die QDs haben die Form einer
abgestumpften Pyramide, bestehen aus Phosphor-freiem (In,Ga)As und enthalten die
Gesamtmenge an abgeschiedenem Indium, das in einem stöchiometrischen Profil in
Form eines umgekehrtem Kegels verteilt ist. Die umgebende Benetzungsschicht besteht
aus inhomogen verteiltem Indium-freiem Ga(As,P).

Die Dauer der Wachstumsunterbrechung (GRI) nach dem Wachstum von
In0.5Ga0.5As/GaAs-QDs in GaP beeinflusst die Intensität der Photolumineszenz. Eine
strukturelle Umverteilung der QD-Schicht tritt während der GRI auf. Diese ist durch
eine Durchmischung des lokal konzentrierten Indiums innerhalb der Schicht gekenn-
zeichnet, welche die pyramidenstumpfartigen QDs in eine homogenere quaternäre
(In,Ga)(As,P)-Schicht überführt.

MBE-gewachsene In0.25Ga0.75As/GaAs/GaP-QD-Schichten zeigen vergleichbare
strukturelle Eigenschaften wie ihre mit MOVPE gewachsenen Äquivalente, mit
Phosphor-freien (In,Ga)As-QDs und einer Indium-freien Ga(As,P)-Benetzungsschicht.
In0.5Ga0.5As-Schichten, die mittels MBE direkt auf GaP gewachsen wurden, besitzen
eine inhomogene Materialverteilung. Kleine Agglomerationen, die mit zunehmendem
abgeschiedenem Material ausgeprägter werden, bestehen vermutlich aus quaternärem
(In,Ga)(As,P), während die umgebende Schicht mehr aus Indium-reduziertem
(In,Ga)(As,P) besteht.

Untersuchungen an dünnen GaAs- und (Al,Ga)P-Schichten in GaP zeigen, dass
sich die gesamte abgeschiedene Materialmenge innerhalb der Schichten befindet und
nur eine geringe Segregation auftritt.

Computergestützte Berechnungen zu In0.25Ga0.75As/GaAs/GaP-QDs geben einen
kurzen Einblick in die elektronische Struktur.

Erste XSTM-Experimente zu vielversprechenden mittels MOVPE gewachsenen
In0.5Ga0.5Sb/GaAs-QD-Schichten auf GaP zeigen die Ausbildung von Nanostrukturen
mit inneren Agglomerationen, wobei die Materialverteilung von der Dauer eines zusätz-
lichen Sb-Flushes vor der In0.5Ga0.5Sb-Abscheidung abhängt. Innerhalb der Nano-
strukturen scheint sich das Material in einer quaternären oder sogar quinären Weise
anzuordnen, was eine detaillierte Untersuchung in der Zukunft verlangt.
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Chapter 1

Introduction

Over the last century semiconductor materials more and more infiltrated our every

day life, since they are the basis for every technology in our computerized multime-

dia society and for the ongoing development of semiconductor based devices. Having

started with the invention of the first transistor in 1947 [1] this led to today’s high-end

consumer electronics like multifunctional smartphones and others (already predicted

by G.E. Moore in 1965 [2]), which continuously change the way we live.

The basic material for common semiconductor technology is of course silicon. Al-

though naturally only present in compounds, silicon is the second most abundant

element present in the earth’s crust [3] and simply therefore has become an economi-

cally promising, i.e. low-cost, material for industrial processes. Wafers of silicon single

crystals, which are produced via the Czochralski process out of a melt of amorphous

elemental silicon gained by the reduction of naturally present silicon dioxide, are the

fundament for any silicon semiconductor application [4]. Concerning its physical prop-

erties, silicon crystallizes in the cubic diamond structure with a lattice constant of

5.431 Å [5]. Unfortunately, crystalline silicon behaves electronically as an indirect

semiconductor, which makes it a bad candidate for using it as an active medium in an

optoelectronic device [4].

Besides silicon, on the other hand a variety of compound semiconductors has been

investigated throughout the last 60 years [6, 7]. Especially the III-V compound semi-

conductors provide a highly investigated research field including applications for opto-

electronics since they show (in many cases) direct band gaps related to wavelengths in

the range from the mid infrared over visible light to the ultraviolet [5, 8].

Especially semiconductor nanostructures like quantum wells, quantum wires, and,

in particular, quantum dots came into focus. Thereby, a (III-V compound) semicon-

ductor material is embedded into a surrounding matrix of another one. For quantum

dots the dimensionality of the active material is reduced in all of the three directions of
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2 Chapter 1. Introduction

space, so that its extension is below the exciton Bohr radius of the host material. This

leads to a quantum confinement of the charge carriers within the quantum dot and a

change of the root-like electronic density of states with quasi-continuous band states for

the bulk material to a delta-function like density of states with discrete state energies.

This zero-dimensional electronic structure is comparable to the one of a single atom,

which is the reason quantum dots are called ”artificial atoms”, although quantum dots

consist of about hundreds to ten-thousands atoms and still have typically dimensions

of several nanometers. But in contrast to single atoms, the electronic properties of the

quantum dots, which are determined by their atomic structure like size, shape, and

material composition, can be controlled, offering a variety of possible applications for

multiple kinds of devices [9–11].

The most intensively studied III-V compound semiconductor material for quan-

tum dots is (In,Ga)As, which is epitaxially grown on GaAs substrates. Thus, the

(In,Ga)As/GaAs material system is the model system for III-V semiconductor quantum

dots with a broad knowledge in various fields, including studies of growth mechanisms

from self-assembly [12–16] to site-controlled quantum dot positioning [17–21], charac-

terization of electronic and optical properties [22–26], and finally applications in opto-

electronics from light emitting diodes (LEDs) [27, 28] over quantum dot lasers [29–32]

and optical amplifiers [33, 34] to single photon emitters for quantum cryptography

applications [35–37]. Regarding the fundamental research also the investigation of

the structural properties within this material system has led to revealing results, in-

cluding studies of the (In,Ga)As wetting layer evolution from the pure GaAs surface

up to quantum dot formation [38–41], high resolution microscopy of free standing

InAs/GaAs quantum dots [42, 43], and also structural characterization of overgrown

(In,Ga)As/GaAs quantum dots [44–47] and submonolayer quantum dot layers [48–50].

Apart from other III-V materials, recently (In,Ga)As embedded in a GaP matrix

was selected as a further promising material system due to several possible applica-

tions, although the exploration of suitable growth conditions in this highly strained

(In,Ga)As/GaP system proved to be very challenging [51–57].

As already demonstrated, III-V semiconductor quantum dots can serve as a basis

for a newly developed memory application, which combines benefits of both common

dynamic random-access memories (DRAM) and flash memories. These nano-memory

cells, also called QD-Flash memory, can be realized with various III-V materials [58],

but they also initially contained (In,Ga)As/GaAs quantum dots, resulting in storage

times (for holes) of 0.5 ns [59]. A change of the matrix material from GaAs to GaP was

predicted to exceed these values due to expected higher hole localization energies [60].
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First experiments with In0.25Ga0.75As/GaAs/GaP quantum dots already showed longer

storage times of 3 µs [55].

Further applications lie in the development of new optoelectronic devices, especially

in aspects of the direct integration into silicon technology. As GaP crystallizes in the

zincblende crystal structure with a lattice constant of 5.451 Å [5], it has only a slight

lattice mismatch of 0.4% to silicon which makes it an ideal candidate for combining

III-V optoelectronic technology with silicon substrates [61]. During the progress of this

thesis, already a first LED consisting of (In,Ga)As grown on a GaP/Si template has

been successfully demonstrated by Song et al. [62].

These ideas and proposed (and partly already demonstrated) applications open the

field of a new spectrum of fundamental research activities. As for the structural analysis

on the one hand the detailed characterization of the GaP/Si interface with its appearing

aspects of antiphase boundaries and domains is for itself a challenging task [61,63–68]

on the other hand the development and characterization of newly created (In,Ga)As

nanostructures in a GaP matrix is as much important and indispensable.

In this work, fundamental structural investigations of (In,Ga)As quantum dots

grown within a GaP matrix were performed on an atomic scale by using the instrument

of cross-sectional scanning tunneling microscopy (XSTM) to reveal a detailed structural

insight into this new material system [55,69].

This thesis is structured as follows: Chapter 2 gives an overview on the growth

mechanisms and techniques used for the provided samples that were investigated. Fur-

ther, an introduction on all important aspects of cross-sectional scanning tunneling

microscopy is given including the basic principle of XSTM, specialties on XSTM at

III-V cleavage surface, details on the used experimental setup, and the necessary eval-

uation techniques for the data analysis.

InChapters 3 and 4 XSTM investigations of (In,Ga)As quantum dot layers grown

on GaP by metal-organic vapor phase epitaxy (MOVPE) and molecular beam epitaxy

(MBE) are presented with a special concern on image contrast but also on stoichiometry

analysis. Chapter 5 gives analogous insight into thin GaAs/GaP and (Al,Ga)P/GaP

layers.

An excursus in Chapter 6 has a view on calculations on the electronic structure

of a specific type on (In,Ga)As/GaP quantum dots. A short outlook on Sb-containing

(In,Ga)Sb/GaAs quantum dots in GaP is given in Chapter 7, before the thesis finally

concludes the major results in Chapter 8.
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Chapter 2

Experimental methods and setup

2.1 Epitaxial growth of semiconductor Quantum Dots

Within the last 50 years epitaxial growth methods have become the ideal tool for the

fabrication of crystalline semiconductor layers and nanostructures [70]. Originating

from the Greek language the term epitaxy, consisting of ”epi - upon” and ”taxis -

order”, describes the ordered crystal growth of a material on a crystalline substrate.

While for the growth of layers on a substrate of the same material the term homoepitaxy

is used, the growth of differing materials for layer and substrate is called heteroepitaxy.

Several epitaxial techniques have been developed and continuously improved. For

the growth of semiconductor layers and nanostructures and especially quantum dots

in particular the metal-organic vapor phase epitaxy and the molecular beam epitaxy

became essential techniques not only for research but also for the industrial fabrication

of semiconductor devices.

While in the following only some necessary basics of epitaxy are discussed, for

details on epitaxy fundamentals and experimental techniques several textbooks were

published, which are referred to (Refs. [16, 70, 71]).

2.1.1 Growth mechanisms for semiconductor heteroepitaxy

The difficulty in heteroepitaxy is that the different crystalline materials have different

physical properties like their vapor pressure, their decomposition temperature, their

thermal expansion coefficient, and their bulk crystal structure, including the lattice

constant. Even for two materials with similar thermal expansion coefficients and the

same crystal structure, e.g. zinc blende, a difference in their lattice constant leads

to a pseudomorphic strained layer which is either tensile strained, when growing a

material with smaller lattice constant on a substrate with a larger lattice constant, or

5
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compressively strained in the vice versa case. This strain then has a significant impact

on the fundamental growth mode.

During heteroepitaxy three fundamental growth modes can occur [72], which are

illustrated in Fig. 2.1: In the Frank-van der Merve mode the growth occurs layer by

layer meaning a new monolayer begins to form after the previous one is completed [73].

In the Volmer-Weber mode the deposited material forms islands on the surface, which

then go on growing three-dimensionally (3D) [74]. In the Stranski-Krastanow mode the

material first forms a so-called wetting layer, which continues growing up to a critical

thickness, where the three-dimensional island growth starts [75].

Figure 2.1: Schematic diagram of the fundamental growth modes.

The kind of occurring growth mode is determined by the lattice mismatch and

the energetic situation at the interface where a state of minimized energy is favored

[16, 70, 76]: For the Frank-van der Merve mode the sum of the film (epilayer) surface

energy γf and the interface energy γi is lower than the substrate surface energy γs,

γs > γf + γi, while in the Volmer-Weber mode γs < γf + γi, which leads to the

3D island growth in order to keep as much of the substrate surfaces uncovered as

possible. In the Stranski-Krastanow mode there is a switch in the energetic behavior

at the critical thickness, where a further energetic minimization is realized by a two-

dimensional (2D) to 3D transition in order to reduce the increasing strain energy at

the interface. This energetically driven island formation process in the Volmer-Weber

and Stranski-Krastanow mode is called self organization.

For the InAs/GaAs material system with a lattice mismatch of 7% the growth occurs

in the Stranski-Krastanow mode beginning with a wetting layer formation of (In,Ga)As,

followed by a 2D to 3D transition at a critical thickness of about 1.4 monolayers (ML),

which leads to the formation of quantum dots [39, 40, 77,78].

For the growth of (In,Ga)As on a GaP substrate (with a lattice mismatch of 11%
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between InAs and GaP) the Volmer-Weber mode for direct island formation was ob-

served in early experiments [51, 79], but later also the Stranski-Krastanow mode was

found to appear for certain growth conditions [53,57,80], which will also be confirmed

in the experimental data presented in Chapters 3 and 4.

2.1.2 Metal-organic vapor phase epitaxy

Metal-organic vapor phase epitaxy (MOVPE), also called metal-organic chemical vapor

deposition (MOCVD) is one of the favored techniques for the growth of semiconductor

layers and nanostructures. The principle, illustrated in Fig. 2.2, can be summarized

shortly as follows [16,70,71]: Within a reactor a gas mixture consisting of a carrier gas,

which is usually hydrogen (H2), and metal-organic compounds, which inhibit e.g. the

III-V materials, is carried over a heated and usually rotating substrate, where these

so-called precursors decompose. The resulting elemental materials then can interact

with the substrate via surface mechanisms like adsorption, diffusion, and finally lattice

incorporation, which leads to the crystal growth, while the remaining reaction products

desorb from the surface and get transported out of the reactor by the carrier gas. The

precursor materials, usually in liquid or rarely in solid phase, are separately stored in

so-called bubblers, through which the carrier gas flows carrying a defined material flux

into the reactor.

The growth parameters in this epitaxial technique are the substrate temperature

and the choice of the partial pressures (and thereby also the V/III ratio) of the different

gases which get mixed just when they enter the reactor, both influencing growth rate

and composition of the growing layers. To be able to decompose the precursor materials

within the reactor the substrate temperature usually is in the range of 500–800 ◦C [70].

Metal-organic materials which are used as precursors for the samples investigated

within this thesis (see Chapter 3) are phosphine (PH3), tertiarybutylphosphine (TBP),

tertiarybutylarsine (TBAs), trimethylgallium (TMGa), triethylgallium (TEGa), and

trimethylindium (TMIn). For further details Ref. [57] is referred to.

2.1.3 Molecular beam epitaxy

As much important as MOVPE and also competitive for semiconductor growth in re-

search is the technique of molecular beam epitaxy (MBE). The principle, illustrated in

Fig. 2.3, is as follows [16,70,71,81]: In solid/liquid source MBE the elemental materials,

which are of high purity, are evaporated from effusion cells, and the generated molecu-

lar/atomic beams are directed onto the heated and often rotated substrate, where they

interact with the surface resulting in crystal growth. In opposite to MOVPE, for MBE
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Figure 2.2: Schematic principle of the processes in metal-organic vapor phase epitaxy.

ultra high vacuum conditions (base pressure below 1 · 10−9 mbar = 1 · 10−7 Pa) are ap-

plied to ensure the purity of the molecular beams and to prevent collision interactions

of the beam molecules with the environment. For III-V semiconductors the materials

are mostly evaporated from so-called Knudsen-cells. While the group-III metals evap-

orate as atoms, the group-V materials like phosphorus and arsenic mainly evaporate

as molecular tetramers (P4, As4) but also as dimers (P2, As2). As the dimer stage

preferentially supports the crystal incorporation, the effusion cells for these group-V

materials are often equipped with a cracker stage dissociating the tetramers into dimers.

The growth parameters that need to be chosen carefully are again the substrate

temperature but also the beam equivalent pressures (BEPs) of the individual molecu-

lar/atomic beams. By choosing the BEPs also the V/III ratio can be adjusted, which

is — apart from the substrate temperature — the critical parameter to influence the

balance between adsorption, desorption, and incorporation processes at the substrate

surface and thereby influencing growth rate and composition of the grown layers. MBE

growth can in situ be monitored by reflection high energy electron diffraction (RHEED),
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allowing to observe appearing changes in the surface reconstruction, as well as 2D-3D

transitions, and also to determine the growth rate [71].

For details on the MBE growth for the samples investigated within this thesis (see

Chapter 4) Ref. [56] is referred to.

Figure 2.3: Schematic principle of the surface processes in molecular beam epitaxy.
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2.2 Cross-sectional scanning tunneling microscopy

For the structural analysis of material surfaces on a scale going down to the nanoscopic

or even to the atomic regime, several experimental techniques have been developed

during the last century. Apart from electron microscopy techniques such as scanning

electron microscopy (SEM) and transmission electron microscopy (TEM) and their

further developments, scanning probe microscopy methods (SPM) evolved into essen-

tial methods in science and engineering. Especially for the analysis of semiconductor

surfaces on the atomic scale, SPM methods like scanning tunneling microscopy (STM)

and atomic force microscopy (AFM) became reliable allies.

2.2.1 Principle of scanning tunneling microscopy

The scanning tunneling microscope was invented by C. Binnig, H. Rohrer, Ch. Gerber,

and E. Weibel at the IBM Zürich Research Laboratory, Switzerland, and presented

in 1982 [82]. The principle of STM is that a very thin metallic tip is scanning over

an electrically conductive sample without having a physical contact (as illustrated by

Fig. 2.4 taken from Refs. [82,83]). The applied voltage between tip and sample results

in a tunneling current, which is a measure for the electronic states at the surface and

thereby the atomic structure.

Figure 2.4: Schematic principle of STM, from [82,83].

The fundament, on which this behavior is based on, is the quantum-mechanical tun-

neling of an electron through a potential barrier. While according to classical physics

an electron cannot penetrate through a potential barrier, from a quantum mechan-

ically point of view the wavefunction describing the electron shows an exponential
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decay. Hence, there is a finite probability for electron tunneling through the barrier.

The tunneling current IT in the STM operation depends on the applied voltage VT and

the distance s between tip and sample, and in a first approximation, can be expressed

with

IT ∼ VT

s
exp(−A s

√
Φ), (2.1)

where A ≈ 1.025 (eV)−
1

2 Å−1 for a vacuum gap and Φ is the average of the work

functions of tip and sample [82–84].

The scanning unit, on which the tip is mounted, is moved across the sample in all

three dimensions with piezo elements (Px, Py, Pz in Fig. 2.4). Applied voltages on the

piezo elements lead to slight deformations, which enable the scanning of the sample

(x,y) as well as the close approach (z). As for the original STM setup a simple tripod

was used, nowadays the scanner in STM setups usually has a single piezo tube which

is able to move in all three dimensions [85].

By adjusting the voltage Vz to the piezo Pz the local distance s between tip and

sample during scanning and thereby the tunneling current IT is held at a fixed value

using a feedback control unit (CU). In this so-called constant current mode the varying

height of the piezo Pz is the actually measured value. For each scanned position data

values of the type Vz(Vx, Vy) of the voltages at the piezos are measured and electronically

converted into a topographic image of the scanned sample surface [83].

For further details on STM theory and STM applications in general several text-

books have been published which is referred to (Refs. [86–90]), while in the following

the focus is on fundamentals, experimental details, and data analysis about XSTM on

semiconductors, which was the main experimental tool performed during work on this

thesis.
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2.2.2 XSTM at III-V semiconductor cleavage surfaces

For the use of STM as a tool to investigate material surfaces, two setup geometries

are possible. The classical arrangement, as already illustrated in Fig. 2.4, is to ap-

proach the tip directly onto the surface. Concerning epitaxial grown semiconductor

surfaces and nanostructures this top-view arrangement is used to investigate the struc-

tural properties of growth surfaces and free-standing nanostructures like self-assembled

quantum dots, as shown in the left part of Fig. 2.5. In the cross-sectional or XSTM

arrangement the tip is approached to the side of the sample, which was cleaved before.

Nanostructures like quantum dots need to be covered with a cap layer in order to use

them within any device application. Furthermore, it is also already known that during

overgrowth the structural and thereby also the electronic properties of quantum dots

will change [47, 91]. Hence, the XSTM gives the chance to investigate these buried

nanostructures, as shown in the right part of Fig. 2.5. One should note that the phys-

ical principle of STM is the same in both arrangements since only the scanned surface

is different. Nevertheless, the XSTM setup and measurements are more complex and

time-consuming than standard STM measurements at surfaces, since the approached

cleavage surface is much smaller than the sample surface. Therewith also the interest-

ing layers first need to be located, which is more difficult than in top-view STM where

the surface can be approached at an arbitrary position.

Figure 2.5: Schematic comparison of (top-view) STM at the growth surface and XSTM
at the cleavage plane, adapted from [92].
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The (110) cleavage surface

In the experiments discussed within this thesis only III-V semiconductors, which crys-

tallize in the zincblende structure, were under investigation. Furthermore, the in-

vestigated samples were all epitaxially grown on (001)-oriented substrates where the

common cleavage surfaces for XSTM are the {110} surfaces. In Fig. 2.6 the structural

model for the (110) surface is shown, exemplarily for GaP. In the side view of the surface

in Fig. 2.6 (a) a buckling of the surface atoms is visible: In the cleaved (110) surface the

top group-V atoms (e.g. P, As) are shifted outwards while the top group-III atoms (e.g.

Ga, In) are shifted inwards in comparison to their bulk positions [93,94]. This surface

relaxation is caused by an electron transfer: On the unrelaxed cleaved surface, each

of the surface atoms has one dangling bond which contains one electron. But on the

relaxed surface, each surface group-V atom has a dangling bond fully filled with two

electrons while each top group-III atom has an empty dangling bond. In Fig. 2.6 (b)

it is shown that the top surface atoms are arranged in zigzag chains of alternating

group-III and group-V atoms along the [110] direction. A first XSTM image can be

found in Fig. 2.6 (c) showing a GaP(110) surface. Corresponding to the structure

model in Fig. 2.6 (b) the surface unit cell is highlighted. The surface is characterized

by a rectangular pattern with chains along the [110] and along the [001] direction. In

this highly-resolved image each protrusion of bright contrast represents a single empty

dangling bond of the corresponding Ga atom in the top layer. It should be noted that

in XSTM experiments the tip can only reach the atoms in the topmost layer which

leads to the fact that only every second monolayer of atoms (of each group) can be

imaged. As indicated in Fig. 2.6 (a) the distance between neighboring chains (along

the [110] direction) is 2 ML.
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Figure 2.6: The relaxed GaP(110) surface: Schematics of (a) the side view and (b)
the top view, both adapted from [95]. (c) Empty-state XSTM image of the GaP(110)
surface. The image was taken at a sample voltage VT = +3.0 V and a tunneling current
IT = 50 pA. The surface unit cell is marked by the green rectangle.
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Image contrast mechanisms

In XSTM several mechanisms play a significant role concerning the image contrast,

from which the important ones will be addressed briefly now.

As already implicitly mentioned in the paragraph above, only one kind of atoms

can be imaged at a time, which is related to the occupation of the dangling bonds

at the (110) surface. Depending on the polarity of the sample bias during scanning,

the electrons either tunnel from the tip into the empty states of the group-III atoms

(positive sample bias) or from the filled states of the group-V atoms into empty states

of the tip (negative sample bias) [96,97]. As shown in Fig. 2.7 (a) in filled-state images

a change in the group-V lattice (here from P to As) in the top layer leads to a significant

contrast due to the different (here longer) bond lengths. The same effect appears for a

change in the group-III surface lattice (here from Ga to In) in empty-state images, as

shown in Fig. 2.7 (b). Although in filled-state images the XSTM at the (110) surface

is only sensitive to the group-V atoms a change in the group-III also causes a contrast,

as the bonded group-V surface atom also gets shifted, as indicated for the In atom in

Fig. 2.7 (a).

The difference in bond length even more has an influence on the image contrast

when whole layers of different material or nanostructures like quantum dots are grown

into a crystal. As these materials have a different lattice constant than the substrate

and the surrounding matrix material, the embedded layer or quantum dot material

gets strained. E.g., the material of an (In,Ga)As layer or quantum dot within a GaP

matrix gets compressively strained due to the larger lattice constant. As illustrated in

Fig. 2.8 (a) a cleavage through such a quantum dot allows the material to relax outward.

This so-called strain-induced outward relaxation then gives a significant contribution

to the image contrast in XSTM, a topographic contrast.

Even more, the quantum dot layer material and the surrounding matrix do not only

differ in their lattice constants but also in their electronic properties. This difference in

the electronic band gaps leads to different tunneling probabilities for the same applied

sample bias VT, as illustrated in Fig. 2.8 (b), which results in a material dependent

electronic contrast in the XSTM image.

Of course, in XSTM imaging the discussed contrast images do appear at the same

time in combination. Due to their origin, the electronic contrast is more prominent

at suitable low absolute bias voltages while the topographic contrast dominates at

high bias voltages. Nevertheless, for the relevant III-V semiconductors, the materi-

als with larger lattice constants usually have smaller band gaps, as shown in Tab. 2.1.
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Figure 2.7: Schematic of the bias-dependent atom-selective contrast at the GaP(110)
surface: (a) filled-state mode (negative sample bias); (b) empty-state mode (positive
sample bias), adapted from [95].

So for the XSTM imaging, the topographic image contrast due to the strain-induced

outward relaxation and the electronic contrast due to the varying band gaps at least

have the same trend (adding each other up) in imaging the materials.

Table 2.1: Lattice constants and band gaps of relevant bulk semiconductors [98].

GaP GaAs InAs GaSb InSb

lattice constant [Å] 5.451 5.653 6.058 6.096 6.479

band gap (T = 300K) [eV] 2.26 1.43 0.36 0.72 0.17
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Figure 2.8: Schematics of image contrast mechanisms in XSTM: (a) topographic con-
trast (strain-induced outward relaxation for compressively strained quantum dots); (b)
electronic contrast.
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2.2.3 Experimental setup

XSTM-UHV chamber-system

The experimental setup used for the performed investigations is a multi-chamber UHV

system, which was originally built up in 1999 and since then has been steadily enhanced

and extended. As illustrated in Figs. 2.9 and 2.10, the main part consists of three

chambers, which are separated by UHV valves. These are the fast entry (load lock)

chamber, the preparation chamber, and the XSTM chamber.

The small fast entry chamber works as a load lock and enables to enter new samples

and XSTM tips into the system without breaking the UHV within the other chambers.

A magnetic UHV transfer connects the fast entry to the preparation chamber and can

be loaded with up to two sample holders and six tips at a time.

The larger preparation chamber functions as location for tip and sample storage

and also for in situ tip preparation (see also next paragraph). The tip storage shelf

can hold up to 32 tip holders. The main magnetic transfer, which is located here and

enables a quick transfer to the attached XSTM chamber, can further hold six tips at

a time and also can store up to five sample holders. Within the preparation chamber

the tip heating position gives space for a single tip holder to perform an in situ tip

treatment by electron bombardment. Opposite to the tip a heating filament can supply

electrons which then are accelerated onto the tip by applying an electrical field between

tip and filament. The installed wobble stick within the preparation chamber serves as

a tool to manipulate the positions of sample and tip holders inside the UHV chamber

from the outside, i.e. between the storage positions on the magnetic transfer, the tip

storage shelf, and the heating position.

The XSTM chamber has its own wobble stick for manipulating tip and sample

holders between the transfer and the XSTM. The chamber also has a storage unit for

up to sixteen spare tips and also one sample holder resting position. The XSTM itself

is mounted on the upper vertical flange and is a home built and customized instrument,

which is connected to and operated with an RHK Technology SPM 1000 control unit.

The XSTM chamber is further equipped with several windows to enable tip and sample

manipulation as well as the sample cleavage and the precise positioning of the tip and

sample on the XSTM table. For the latter mirrors on the XSTM flange (in situ) and

an optical microscope located at the front window (ex situ) are installed.

Within the first phase of this thesis the original XSTM flange unit has been replaced

by an identical duplicate, which was constructed to have a second XSTM unit in spare

in case of any kind of appearing future operating problems. The replacement was

necessary because the aged piezo crystals in the original XSTM unit already showed
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an asymmetric behavior, meaning that the imaging of the scanned surfaces showed a

distortion due to asymmetric piezo shearing along the x - and y-scanning directions. For

data evaluation, this required an additional distortion compensation of the measured

images, which can be difficult, as therefore high-resolution along both the x - and y-

scanning directions is needed. For further technological details on the customized

XSTM and its duplicate, Refs. [95, 99] are referred to.

The whole chamber system is equipped with several pump stages to initiate (dia-

phragm and turbomolecular pumps) and maintain (ion getter pumps) a stable UHV

with a base pressure below 1·10−10 mbar = 1·10−8 Pa, as these conditions are necessary

to preserve clean and non-oxidized cleavage surfaces and tips during XSTM measure-

ments. After venting a chamber for maintenance reasons or sample/tip exchanges, the

respective chambers are additionally baked out for several hours at a temperature of

120 ◦C to vaporize condensed water molecules, which are present due to air humidity,

in order to reestablish suitable UHV conditions.
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Figure 2.9: (a) Front and (b) back view on the XSTM-UHV chamber-system consist-
ing of (I) the XSTM chamber, (II) the preparation chamber and (III) the fast entry
chamber: (1) XSTM flange, (2) front window for optical tip-sample approach (3) light
microscope, (4) UHV valve, (5) preparation chamber windows, (6) preparation chamber
wobble stick, (7) fast-entry load-lock, (8) main magnetic transfer, (9) XSTM chamber
windows, (10) XSTM chamber wobble stick.
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Figure 2.10: Views into the different UHV chambers. (a) Fast entry chamber with
magnetic transfer: (1) tip holder in storage position, (2) two storage positions for
sample holders; (b) Preparation chamber: (3) main magnetic transfer, (4) tip storage
position, (5) sample holder storage position, (6) sample holders, (7) wobble stick, (8)
tip heating facility, (9) tip storage shelf, (10) connection tube to fast entry chamber;
(c) back and (d) side view into XSTM chamber: (11) XSTM, (12) tip storage unit,
(13) wobble stick, (14) sample holder in resting position.
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XSTM tip preparation

For the XSTM experiment the tips used were all self-manufactured, as illustrated in

Fig. 2.11. In this procedure, tungsten wire was electrochemically etched within an

NaOH solution [100]. The tips then were spot welded on a tip holder, which allows

transfer inside the UHV chamber system from the fast-entry load lock via the prepara-

tion chamber to the XSTM chamber and vice versa. Before usage in the XSTM the tips

were further cleaned in situ inside the preparation chamber by electron bombardment.

Figure 2.11: XSTM tip preparation: (a) electrochemical etching: (1) stainless steel
cathode, (2) NaOH solution, (3) tungsten wire (anode); (b-c) (4) W tip on (5) tip
holder, (d) scanning electron microscopy image of W tip; (e-f) view into the prepara-
tion chamber: (6) tip holders on tip storage shelf, (7) tip holder on heating (electron
bombardment) position, (8) heating filament for electron supply.

XSTM sample preparation and cleavage

Before the epitaxially grown samples can be investigated with the XSTM, they carefully

have to undergo a few but necessary preparation steps, as illustrated in Fig. 2.12.

All of the provided samples that have been investigated throughout this thesis were

epitaxially grown on 1/4 of a two inch GaP wafer. This wafer needs to be cut using

a precision diamond scriber into rectangular pieces where the edges are nearly exactly

aligned with the 〈110〉 directions and have dimensions of (9 × 10) mm2, which is a

good size for the available thinning stamp. Mounted on this stamp the sample piece

gets thinned from the typical wafer thicknesses of 350–500 µm down to thicknesses

of about 150 µm, being optimal for a good and sharp cleavage. Each (9 × 10) mm2

sample piece is then further cut into four smaller pieces, with typical dimensions of

(4.5 × 5) mm2, which is a proper size for the used sample holder technique. Each of

these four samples is further prepared with a slight notch extending across about 1/3 of

the sample, being aligned with the crystal direction where the sample cleavage should
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occur. To get mounted onto the sample holder a sample has to be carefully glued on a

small and thin copper plate. For the initial experiments the non-conductive Torr Seal

Low Vapor Pressure Resin Sealant (by Varian), a two-component self-hardening epoxy

resin, was used as glue which requires a further connection between the sample and

the copper plate using indium to ensure the electrical contact. In all later experiments

EPO-TEK R©H20E, a two component, electrically conductive, 100% solids silver-filled

epoxy system (by Epoxy Technology) was used, which turned out to provide a better

electrical contact of the sample. The sample on the copper plate can now be mounted

on the sample holder and entered into the UHV chamber system; where it can be easily

transferred between the chambers, analogous to the tip holders.

Figure 2.12: Stages of XSTM sample preparation: (a) epitaxially grown sample on
1/4 of a two inch GaP wafer; (b) cut sample pieces for thinning; (c) samples glued on
copper plates with Torr Seal + indium (upper left) and with electrically conductive
EPO-TEK R©H20E (lower left) as well as a cleaved sample (lower right) and a copper
plate without sample (upper right); (d) sample mounted on XSTM sample holder; (e)
schematic of the wafer and sample dimensions and the location of the cuts and notches.

The cleavage of the sample itself takes place within the XSTM chamber, immedi-

ately before the measurement series starts. For a better visualization different perspec-

tives into the XSTM chamber are shown in Fig. 2.13. The sample holder is taken by the

wobble stick (not shown here) and for cleavage the sample is carefully controlled but

resolutely rammed towards the XSTM table. Afterwards the sample holder with the

nicely cleaved sample is released on the XSTM table and a tip is positioned opposite

to the cleavage surface. The further adjustment of the sample cleavage surface towards
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the tip is performed with the piezo motor drive under observation through the opti-

cal microscope and the mounted mirrors, before the automatic sample-tip approach

can be initiated. After reaching tunneling contact, the measurements usually starts

by locating the upper edge of the sample cleavage surface. This is because, although

the sample is thinned down to about 150 µm, the epitaxial layers of interest are still

located in the upper around 2 µm of the sample. For localization of the upper edge the

tip is retracted, the sample is electronically moved sidewards and the tip is approached

again up to tunneling. This procedure is repeated until the tip cannot approach to

tunneling, indicating the position where the tip crossed the edge. From that point one

can now start the search for the layers of interest.

Figure 2.13: Different perspectives after XSTM sample cleavage: (a) View into the
XSTM chamber through the backside window: (1) front window for optical micro-
scope observation, (2) upper mirror, (3) side-view mirror, (4) XSTM table position
for cleavage, (5) sample holder, (6) cleaved sample, (7) XSTM tip; (b) view through
the light microscope onto the sample position: (8) real image, (9) mirror image, and
(c) close-view on the side-view mirror image: (10) copper plate, (11) sample cleavage
surface, (12) XSTM tip in tunneling contact.

2.2.4 XSTM data evaluation

In Chapters 3, 4, and 5 a lot of XSTM data will be presented. Although most of

the data evaluation and interpretation will be understood on the ride, some necessary

evaluation methods that will be used are so crucial that a more detailed explanation is

needed at some point. For a better understanding these essentials are presented here:
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Determination of the quantum dot density

For the analysis of nanostructures like quantum dots the areal density is an important

value, both as a pure structural information as well as in terms of potential applications,

as the quantum dot density also has an influence on the optoelectronic properties.

In general, one critical issue by analyzing XSTM data is to get 3D information out

of data which seems at first glance to be 2D. For the determination of the quantum

dot density ρQD out of the XSTM images, the following formula is used

ρQD =
4

5

NQD

L · lQD

, (2.2)

where NQD is the number of detected quantum dots on a total length L of the scanned

range along the quantum dot layer direction and lQD is the average quantum dot

base length. Here, it is assumed that the quantum dots have a symmetric structure,

meaning the base length lQD is approximately equal along both the [110] direction and

the [110] direction and that they are homogeneously and statistically distributed at

the growth surface. The correction term 4
5
comes into account as in XSTM images

not only quantum dots at the surface are observable as bright contrast. Also those

quantum dots which are buried by 25% of their lateral size underneath the cleavage

surface can still be observed due to their strain field. So the probing depth of the

(X)STM on (cleavage) surfaces for nanostructures or quantum dots is 5
4
of the lateral

size lQD of the nanostructure which needs to be taken into account when calculating

areal densities [92, 95].

Determination of the quantum dot growth surface coverage

Another important parameter in terms of a more detailed evaluation of the XSTM data

also concerning the analysis of the material distribution within a quantum dot layer

is the quantum dot growth surface coverage, which is the percentage of the growth

surface area that is covered by the quantum dots.

This growth surface coverage can be derived from the lateral extension LQD and

the areal density ρQD of the quantum dots as follows

growth surface coverage = ρQD · (LQD)
2 (2.3)

It should be noted that the lateral extension used in this calculation is a slightly

reduced quantum dot base length, which would occur when distributing the quantum

dot material homogeneously over the whole quantum dot height, i.e. by assuming the

quantum dot shape not as a typical truncated pyramid but as a square-based cuboid.
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Analysis of the local stoichiometry within quantum dot layers

XSTM data not only enable to determining structural properties of nanostructures

like size, shape, and density. Furthermore, also a detailed analysis and quantitative

evaluation of the local stoichiometry can provide a deeper insight into the material

distribution within epitaxially overgrown layers. Therefore, the so-called local lattice

parameter in growth direction, as derived from the XSTM data, is the essential func-

tion.

For this purpose, the distance of neighboring atomic chains is determined within

a selected area of a highly-resolved XSTM image. This is performed by the following

procedure, as also illustrated in Fig. 2.14: (a,b) for the selected area an averaged overall

height profile of the data is taken. As only the undulations of the curve are essential

here, the background of the curve, which is related to the strain induced outward

relaxation of the material, is fitted and subtracted to get the atomic corrugation profile.

(c) The resulting difference curve then represents the atomic chain positions and can

now be used to determine the chain-to-chain-distance, by fitting every positive peak

of the curve with a Gaussian profile followed by subtracting neighboring peak center

positions from each other. (d) The plot of these values for the local lattice parameter

finally has to be calibrated by a linear fit to the known lattice parameter of the matrix

material surrounding the strained layers, which in this work is GaP with a nominal

value of 5.451 Å. (e) In the final graph the local lattice parameter is plotted versus the

position along growth direction and can now be compared with calculated reference

values for the stoichiometric composition (see next paragraph).

This procedure was originally used to analyze XSTM data of (In,Ga)As quantum

dot layers in a GaAs matrix (e.g. Refs. [45, 101]). As such a powerful tool, this

procedure was continuously improved and modified which also led to the Mathematica

based data evaluation software tool, programmed and thankfully provided by Dr. Ernst

Lenz, formerly TU Berlin, which was used for the XSTM data analysis during this

work [102].
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Figure 2.14: Illustration of the analysis of the local stoichiometry for an (In,Ga)As
quantum dot in a GaP matrix (example taken from Section 3.3.3 Fig. 3.28). (a) Filled-
state XSTM image of a quantum dot with the evaluated region highlighted by the
colored box; (b) height profile of the evaluated region (grey) and smoothed background
(blue), (c) atomic corrugation profile, (d) resulting uncalibrated profile for the atomic
chain distance/local lattice parameter (black) with linear fit in the GaP substrate
areas (blue), (e) final calibrated graph for the local lattice parameter and the related
stoichiometric composition along growth direction.
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The local lattice parameter for (In,Ga)(As,P)/GaP and (In,Ga)(Sb,As)/GaP

For a further quantitative analysis of the local stoichiometry within the quantum dot

layers the values for the local lattice parameter determined from the XSTM data

need to be compared with reference values. These reference values were calculated

by Prof. Dr. Holger Eisele, TU Berlin, by using continuum-mechanical strain-relaxation

calculations on a biaxially strained system for Ga(As,P), (In,Ga)P, (In,Ga)As,

Ga(Sb,P), and (In,Ga)Sb layers of different composition within a GaP matrix [103],

in analogy to former simulations for the (In,Ga)As/GaAs [45, 48, 49, 95, 101, 104] and

the GaSb/GaAs systems [105–108] (and also later for the tensile-strained GaAs/GaSb

system [109]). The resulting values are listed in Tab. 2.2.

Furthermore a two-dimensional color-coded contour plot, shown in Fig. 2.15, was

created by E. Lenz and modified by the author using these calculations to map the local

lattice parameter for different material compositions of (In,Ga)(As,P) and

(In,Ga)(Sb,As) layers on a GaP substrate [110]. Therefore the deduced values as listed

in Tab. 2.2 were used as corner values and starting points to, as an approximation,

apply a two-dimensional linear fit of the local lattice parameter.

For the (In,Ga)(As,P)/GaP system only the lower half of the plot is relevant. Start-

ing from the lower left corner with the GaP bulk lattice constant of 5.451 Å the

x -axis represents the continuous change in the group-III component from gallium to

indium, i.e. InxGa1−xP/GaP with x ranging from 0 to 1, while the y-axis repre-

sents the continuous change in the group-V component from phosphorus to arsenic,

i.e. GaAsyP1−y/GaP with y ranging from 0 to 1, changing the local lattice parameter

to the calculated values of 6.241 Å for pure GaAs on GaP and 7.182 Å for pure InP

on GaP. To complete the lower half of the map the axes for InxGa1−xAs/GaP and

InAsyP1−y/GaP, both ranging up to the value of pure InAs on GaP of 7.930 Å, were

added. The resulting equidistant contour lines represent identical values for the lo-

cal lattice parameter matching different compositions of quaternary InxGa1−xAsyP1−y

material on GaP.

The upper half of the plot is arranged analogously and attached by further changing

the group-V component from arsenic to antimony, leading to a map of the local lattice

parameter for quaternary InxGa1−xSbyAs1−y material on GaP.

These maps now give the chance to allocate experimentally determined evaluated

local lattice parameters from XSTM data to possible matching material compositions

of III-V layers on GaP.
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Table 2.2: Calculated reference values for the local lattice parameter along the
[001] direction for different III-V compound semiconductor layers on a GaP sub-
strate [103] and deduced resulting values.

Calculated values for the local lattice parameter (in Å) from [103]

GaP GaAs/GaP InP/GaP InAs/GaP GaSb/GaP InSb/GaP
50% 100% 50% 100% 50% 100% 50% 100% 50% 100%
1 ML 2 ML 1 ML 2 ML 1 ML 2 ML 1 ML 2 ML 1 ML 2 ML

5.451 5.846 6.241 6.316 7.182 6.693 7.930 6.712 7.974 7.557 9.664

Deduced resulting values for the local lattice parameter (in Å) as plotted in Fig. 2.15

GaAsyP1−y/GaP GaSbyAs1−y/GaP
y 0.0 0.5 1.0 0.0 0.5 1.0

5.451 5.846 6.241 6.241 7.108 7.974

InAsyP1−y/GaP InSbyAs1−y/GaP
y 0.0 0.5 1.0 0.0 0.5 1.0

7.182 7.556 7.930 7.930 8.797 9.664

InxGa1−xP/GaP InxGa1−xAs/GaP
x 0.0 0.5 1.0 0.0 0.5 1.0

5.451 6.316 7.182 6.241 7.085 7.930

InxGa1−xSb/GaP
x 0.0 0.5 1.0

7.974 8.819 9.664
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Figure 2.15: Two-dimensional color-coded plot of the local lattice parameter (in Å)
for InxGa1−xAsyP1−y and InxGa1−xSbyAs1−y layers on a GaP substrate, adapted from
[110].



Chapter 3

(In,Ga)As/GaP Quantum Dots

grown by MOVPE

The samples for the XSTM investigations presented in this chapter were all grown with

metal-organic vapor-phase epitaxy (MOVPE) by Gernot Stracke in the workgroup of

Prof. Dr. D. Bimberg at the TU Berlin.

3.1 First XSTM investigations on (In,Ga)As Quan-

tum Dots in a GaP matrix

3.1.1 Sample structure

Based on the results of several growth experiments on (In,Ga)As/GaP by G. Stracke

[55], the first sample containing (In,Ga)As quantum dots in a GaP matrix especially

designed for XSTM investigations was fabricated. A schematic of the structure of this

sample (TU9675) is shown in Fig. 3.1 (a). On a p-doped GaP(001) substrate a 500 nm

thick buffer layer of p-doped GaP was grown at 750 ◦C to improve crystal quality and

surface roughness, before a 50 nm thick undoped GaP layer was grown at 750 ◦C. The

quantum dot layer starts with 3.0 ML GaAs followed by 2.5 ML of In0.25Ga0.75As and

a growth interruption of 1 s, all at 490 ◦C. The GaAs interlayer deposited prior to the

In0.25Ga0.75As layer was used to induce the Stranski-Krastanow growth mode, leading

to quantum dot formation [55]. The quantum dots were capped with a 50 nm thick

undoped GaP layer, with the initial 6 nm grown at 490 ◦C and the following 44 nm

grown at 600 ◦C. A 10-fold superlattice of 2.0 ML GaAs and 10 nm GaP was grown

on top at 600 ◦C. The latter serves primarily as marker layer in the XSTM experiment

but also gives the opportunity to study the initial growth of pure GaAs layers in GaP

31
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Figure 3.1: (a) Schematic of the structure of sample TU9675 and (b) corresponding
filled-state XSTM overview image taken at a sample voltage VT = −3.2 V and a
tunneling current IT = 70 pA.

separately without the influence of further (In,Ga)As deposition. The sample then

got a final capping consisting of 20 alternately n-doped 50 nm thick GaP layers, each

grown at 600 ◦C, resulting in a total GaP cap thickness of 1 µm.

3.1.2 XSTM results

A first filled-state XSTM overview image across the (110) cleavage surface is shown

in Fig. 3.2. Although this first image is characterized by scan artifacts and adatoms

on the surface, one can already identify a 10-fold stack of parallel bright lines in the

center of the image and an even brighter appearing surface step lying below this stack.

Figure 3.1 (b) shows a closer view of this area. It is found that the thin bright lines

of the 10-fold stack are equidistant along the [001] direction with distances of around

10 nm, and therewith they have to be related to the GaAs marker layer. For details

on the GaAs layers see Chapter 5.
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Figure 3.2: Filled-state XSTM overview image. The image was taken at a sample
voltage VT = −3.3 V and a tunneling current IT = 70 pA.

Figure 3.3: Filled-state XSTM image of the In0.25Ga0.75As/GaAs layer located at a
surface step. The image was taken at a sample voltage VT = −2.8 V and a tunneling
current IT = 70 pA.
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Figure 3.4: Filled-state XSTM image of the In0.25Ga0.75As/GaAs layer, taken at a
sample voltage VT = −3.5 V and a tunneling current IT = 40 pA. (a) shows the whole
image with an intermediate contrast. (b) shows a close-up on the red box with the
contrast being adjusted to the In0.25Ga0.75As/GaAs layer to identify a quantum dot
(highlighted by the blue trapezoid).

The bright appearance of the surface step and its distance to the GaAs layers of

about 50 nm indicates that the In0.25Ga0.75As/GaAs layer is located directly at this

cleavage induced surface step. A closer high-resolved image of this area is shown

in Fig. 3.3. The atomic chains are clearly visible along the [110] direction. On

the surface step 2–3 atomic chains show a bright contrast, which would refer to

4–6 ML of (In,Ga)As material being in accordance with the nominally distributed

total material amount of 5.5 ML (3.0 ML GaAs + 2.5 ML In0.25Ga0.75As) inside the

In0.25Ga0.75As/GaAs layer. Since the surface step lies directly on the In0.25Ga0.75As/

GaAs layer across the whole scanned area and due to the fact that the step does not

appear very sharp, the inner structure of the In0.25Ga0.75As/GaAs layer could not be

revealed at this first experiment. The GaP itself shows features like adatoms and holes,

which will turn out to be typical for XSTM experiments on GaP material and are due

to the scanning process itself.

Figure 3.4 (a) again shows a high-resolution image of the In0.25Ga0.75As/GaAs layer,

this time on the (110) cleavage surface and without a surface step. Although this image

is characterized by several scanning artifacts, it shows that the In0.25Ga0.75As/GaAs

layer has an inhomogeneous structural behavior. The thickness of the layer varies so

that agglomerations inside the layer can be identified. The marked area of Fig. 3.4 (a)
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is magnified in Fig. 3.4 (b) to reveal that these agglomerations are related to the

expected Stranski-Krastanow growth mode. The islands can be supposed to have the

shape of a truncated pyramid (highlighted by the blue lines), which is typical for

quantum dots in other III-V material systems like InAs/GaAs [45, 47, 91, 101, 111].

Despite the lacking image quality over the whole scanned area, a statistical analysis of

the identified quantum dot-like islands was raised. A total number of 26 islands within

different areas could be identified where the sum of the analyzed scanned range along

the layers amounts to about 1650 nm. Here, the observed islands show dimensions

of 11–18 nm in base length and 8–10 ML in height. Using Equation (2.2) the areal

density of these quantum dots was determined to be about 7–8 × 1010 cm−2.
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3.2 In0.25Ga0.75As/GaAs Quantum Dots in GaP

3.2.1 Sample structure

Based on the first experiences with XSTM on (In,Ga)As nanostructures in GaP and

further improvements in the MOVPE growth of these structures, a new XSTM sample

setup was designed, which is shown in Fig. 3.5. This sample (TU10350) was grown on a

n-doped GaP(001) substrate starting with a 500 nm thick buffer layer of n-doped GaP

and 50 nm of undoped GaP, with both layers grown at 750 ◦C. The following stack

contains three (In,Ga)As/GaAs layers grown at 500 ◦C, each consisting of nominally

3.0 ML GaAs followed by 2.0 ML of In0.25Ga0.75As and a growth interruption of 10 s.

The GaAs layer deposited prior to the In0.25Ga0.75As layer again was used to induce

the Stranski-Krastanow growth mode, leading to quantum dot formation [55]. The

three In0.25Ga0.75As/GaAs layers are separated from each other by 50 nm undoped

GaP to prevent strain-induced alignment, where the initial 6 nm of GaP were grown

at 490 ◦C and the following 44 nm at 600 ◦C. Finally, a marker layer consisting of a

10-fold superlattice of 2.0 ML GaAs and 10 nm p-doped GaP and a final cap of 1 µm

of p-doped GaP with alternating doping concentration was grown on top at 600 ◦C.

3.2.2 XSTM results: image contrast analysis

Figure 3.6 shows a filled-state XSTM overview image across the (110) cleavage surface.

In the right half of the image four bright stripes can be identified, which lie parallel to

the (001) growth surface and are equidistantly separated by spacers of about 50 nm.

The three lower and brighter stripes can be considered as the In0.25Ga0.75As/GaAs

layers, while the slightly darker contrast of the fourth stripe refers to the first of the

ten thin GaAs layers. As already observed in the previous sample (see Section 3.1)

surface steps frequently form during the cleavage process at or near the (In,Ga)As layers

due to the higher strain inside the layers. In this cleavage two monoatomic surface steps

near the first of the three In0.25Ga0.75As/GaAs layers are present, one of them lying

directly at the layer which makes a detailed investigation of this layer again difficult.

Nevertheless, from Fig. 3.6 one can already observe that the contrast in each of the

three In0.25Ga0.75As/GaAs layers is not homogeneous along the [110] direction. Instead,

regions of brighter contrast are visible, which already indicates an island formation

during growth.

In Fig. 3.7 a closer view of one of the In0.25Ga0.75As/GaAs layers in its GaP envi-

ronment is shown. Due to the good resolution the atomic chains are visible along the

[110] direction. Here, the GaP surface is again characterized by many bright spots,
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Figure 3.5: Schematic of the structure of sample TU10350.

Figure 3.6: Filled-state XSTM overview image showing the three In0.25Ga0.75As/GaAs
layers as well as one of the GaAs layers in the GaP matrix. In addition two monoatomic
surface steps are visible, one very close to the first (In,Ga)As QD layer. The image
was taken at a sample voltage VT = −2.5 V and a tunneling current IT = 50 pA.
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Figure 3.7: Filled-state XSTM images showing one of the three In0.25Ga0.75As/GaAs
layers (layer 2) and the surrounding GaP matrix. The images were taken at a sample
voltage VT = −3.0 V and a tunneling current IT = 30 pA.
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Figure 3.8: Filled-state XSTM image showing one of the three In0.25Ga0.75As/GaAs
layers (layer 2). The image was taken at a sample voltage VT = −3.0 V and a tunneling
current IT = 30 pA.

which occur during scanning and whose number increases when repeating the scanning

across the same area. They are supposed to be due to phosphorus adatoms pulled out

of the cleavage surface during the scanning process [112]. The inhomogeneity of the

contrast in the In0.25Ga0.75As/GaAs layer clearly reveals the three-dimensional forma-

tion of nanostructures during growth, as pronounced islands of brighter contrast are

visible.

In order to investigate the kind of growth mechanism, a closer investigation of

this layer has to be performed. Figure 3.8 (a,b), again taken in filled-state mode,

reveals several different kinds of appearances within the In0.25Ga0.75As/GaAs layer.

Trapezoidal-shape like islands of bright contrast (like in regions A and B), darker

islands (C) and two closely neighboring/overlapping islands (D) can be observed. In

between all of these kinds of nanostructures, regions with an intermediate contrast,

as compared with the dark appearing GaP matrix and the bright islands, are found

(E). This intermediate contrast is related to a thin wetting layer. Also rare empty-

state images like in Fig. 3.9 show the same behavior of islands within a wetting layer.

These structural findings again indicate a Stranski-Krastanow growth mode for the

investigated (In,Ga)As/GaAs/GaP system.

For this sample a statistical analysis of the nanostructure occurrence across several

XSTM overview images leads to a determined areal density of about 2.4 × 1011 cm−2

for the nanostructures. In total 15 highly-resolved nanostructures were analyzed on a

scanned range along the layers direction of about 320 nm.
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Figure 3.9: Empty-state XSTM image showing one of the three In0.25Ga0.75As/GaAs
layers (layer 2). As rarely observed this image shows atomic resolution along both the
[110] and the [001] direction, at least on the GaP matrix material. The image was
taken at a sample voltage VT = +3.0 V and a tunneling current IT = 50 pA.

In the following the occurring nanostructures are investigated in more detail: Fig-

ure 3.10 shows high-resolution filled-state XSTM images of two different single nanos-

tructures. In Fig. 3.10 (a,c) a typical island with a trapezoidal cross section, as high-

lighted by the solid lines in Fig. 3.10 (c), is shown. Hence, these quantum dots are

considered to have a truncated pyramidal shape. Such a truncated pyramidal shape is

typical for capped quantum dots and was already found for other material systems like

InAs/GaAs [45, 47, 91, 101, 111]. In the present case of the In0.25Ga0.75As/GaAs/GaP

material system the average quantum-dot base length is found to be 12 nm, while

quantum-dot heights up to 10 ML are observed.

A closer look at Fig. 3.10 (a,c) also yields a non-uniform contrast within the quan-

tum dots. The dot center is characterized by a significantly brighter contrast than the

dot sides. Furthermore, the width of the region with bright contrast is narrowest at

the quantum dot base and broader towards its top. Thus, the area of brighter con-

trast has the shape of a reversed truncated cone as highlighted by the dashed lines

in Fig. 3.10 (c). This contrast is caused by a higher indium content at the center as

compared with the outer parts of the quantum dot. Such a stoichiometry profile has

already been observed for (In,Ga)As quantum dots in a GaAs matrix [45, 113].

Larger nanostructures as shown in Fig. 3.10 (b,d) are also observed for which two

smaller trapezoidal cross sections appear very close to each other or even overlap.

This kind of appearance was already occasionally observed in experiments growing

(In,Ga)As on GaAs [45] but more frequently for GaSb on GaAs [107]. Such a cross-

sectional shape is obtained by cleaving through so-called quantum rings [107]. Since the
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Figure 3.10: Filled-state XSTM images of (a,c) a quantum dot and (b,d) a quantum
ring. The images were taken at a sample voltage VT = −3.0 V and a tunneling current
IT = 30 pA. The contours of the nanostructures are marked by the solid lines. The
dashed line in (c) marks the indium-rich area.

cleavage through the quantum rings occurs at an arbitrary position, their appearance

in XSTM experiments may vary between a double structure for more central cleavages

and a single structure—being equivalent to the cross-section of a quantum dot—for

a cleavage near the side of the quantum ring. Here, the quantum rings show average

total base lengths of 21 nm with heights up to 9 ML. Hence, the larger quantum dots

transform into quantum rings during growth [107] or capping [45, 114]. The similar

contrast of quantum dots and rings indicates a comparable chemical composition.

The object shown in Fig. 3.11 (a,c) is characterized by a darker contrast than the

quantum dots and rings described before. Moreover, its extension along the [001] direc-

tion is much smaller, but still a trapezoidal shape can be assumed, as highlighted by the

dashed lines in Fig. 3.11 (c). Hence, this object can be assumed also to be a quantum

dot, which was cleaved very close to its side. Then, to be more precise, the quantum

dot was either almost completely cut off during cleavage or it is almost completely

buried under the cleavage surface. Here, the latter case is more likely when regarding

the brightness of the quantum dot, indicating a considerable amount of strained ma-

terial underneath the surface. A further proof that this indeed is a quantum dot will

be given in Section 3.2.3 by analyzing the local lattice parameter in this region.

In Fig. 3.11 (b,d) an XSTM filled-state image of a wetting-layer region in between

two quantum dots is shown. The wetting layer has heights between 2 and 6 ML and
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Figure 3.11: Filled-state XSTM images of (a,c) a quantum dot almost buried under the
cleavage plane and (b,d) a wetting layer region. The images were taken at a sample
voltage VT = −3.0 V and a tunneling current IT = 30 pA. The dashed line in (c)
marks the position of the almost buried quantum dot. In (d) arsenic-rich regions with
brighter contrast are marked by yellow ovals.

also shows an inhomogeneous contrast, but weaker than the one for the quantum dots.

Since the image is measured in filled-state mode, corresponding to negative sample bias,

the image contrast is mostly sensitive to the group-V sublattice with darker phosphorus

and brighter arsenic atoms. The contrast is characterized by the appearance of regions

with two different brightnesses allowing to distinguish between phosphorus-rich and

arsenic-rich regions inside the wetting layer. The latter ones are marked exemplarily

by ovals in Fig. 3.11 (d). The rather homogeneous brightness within these regions may

also indicate the absence of indium within the wetting layer.

3.2.3 XSTM results: stoichiometry analysis

For a quantitative evaluation of the XSTM data the local stoichiometry, i.e. the local

material composition and distribution, for different regions in the In0.25Ga0.75As/GaAs

layers is analyzed by evaluating the local lattice parameter (as described in Sec-

tion 2.2.4).

Wetting layer Figure 3.12 shows data for a wetting-layer region of the In0.25Ga0.75As/

GaAs layer. In Fig. 3.12 (b) the local lattice parameter for the selected wetting-layer

region is averaged perpendicular to the growth direction over about 5 nm, as high-
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lighted by the green box in Fig. 3.12 (a). The local lattice parameter underneath and

above the wetting layer is normalized to the value of the GaP bulk lattice constant

of 5.451 Å. The slight variation is of statistical origin, e.g. due to scanning artifacts

or adatoms at the surface. In the area of the wetting layer the local lattice parame-

ter increases considerably due to the change in material composition. Moreover, the

compressive strain originating from the lattice mismatch leads to a relaxation along

growth direction (biaxial strain), further increasing the local lattice parameter. The

small undershoot before the (In,Ga)As/GaAs deposition in the graph of Fig. 3.12 (b)

is characteristic for an inhomogeneity of the wetting-layer composition, as already ob-

served above in Fig. 3.11 (b,d). The local lattice parameter is found to be increased in

a 2–3 ML wide region, in good agreement with the visual appearance of the wetting

layer in the XSTM image showing local heights of 2–6 ML in growth direction.

For a quantitative analysis of the local stoichiometry, the reference values for the

local lattice parameter for Ga(As,P) layers of different composition within a GaP matrix

were taken into account (see Section 2.2.4). The resulting relation between the local

lattice parameter and the arsenic content is shown by the scale bar on the right side

in Fig. 3.12 (b). The measured local lattice parameter increases roughly up to the

calculated value for pure GaAs embedded in GaP, again supporting the assumption

that no indium is present within the wetting layer.
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Figure 3.12: (a) Filled-state XSTM image of the wetting layer region, taken at VT =
−3.0 V and IT = 30 pA. (b) Evaluation of the local lattice parameter along growth
direction within the green box in (a). The local lattice parameter is related to the
local arsenic concentration. The right scale bar and the dashed line in (b) indicate
the calculated values for the local lattice parameter for strained GaAsyP1−y layers in
a GaP matrix.
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Figure 3.13: (a,c) Filled-state XSTM image of a representative quantum dot. The
evaluated regions are highlighted by the colored boxes. The image was taken at VT =
−3.0 V and IT = 30 pA. (b,d) Corresponding evaluation of the local lattice parameter
and the related stoichiometric composition along growth direction. The graphs show
the evaluated data (b) for the quantum-dot center in red dots and for the quantum-dot
sides in blue squares and (d) averaged over the entire quantum dot region in filled green
squares and the corrected data in open green squares. For the latter the compression
around the quantum dot base is taken into account. The right scale bars and the
dashed lines in the graphs indicate the calculated values for the local lattice parameter
for strained GaAsyP1−y and InxGa1−xAs layers in a GaP matrix.
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Quantum dots Figure 3.13 shows stoichiometry profiles for the well-resolved quan-

tum dot, which was already discussed in Fig. 3.10 (a,c). This quantum dot has been

analyzed in different parts: the quantum-dot center, sides, and also the entire dot. Fig-

ure 3.13 (b) shows the two graphs of the local lattice parameter corresponding to the

data derived at the quantum-dot center and at the quantum-dot sides, as highlighted

by the red and blue boxes in the XSTM image in Fig. 3.13 (a).

The local lattice parameter at the quantum-dot center is found to be much higher

at the top of the quantum dot than at its base. This is in agreement with the already

discussed reversed-cone stoichiometry profile of the quantum dot obtained by visual

inspection of the XSTM image contrast in Fig. 3.10 (a,c). In Fig. 3.13 (d) the profile

of the local lattice parameter averaged over the entire quantum dot area is shown as

highlighted by the green box in Fig. 3.13 (c). The local lattice parameter is compressed

underneath the quantum dot and rises to comparably high values within the quantum

dot, exceeding the value of GaAs in GaP. This proves the incorporation of indium

within the quantum dots during growth. Also the undershoot below the GaP lattice

parameter is much larger as compared with the case of the wetting layer [Fig. 3.12 (b)],

indicating a stronger compression of the material directly underneath the quantum dot

as well as at the quantum dot base, as compared with the weak compression due to

the stoichiometry fluctuations within the wetting layer. Taking this compression into

account, the curve can be locally corrected as shown by the open green squares in

Fig. 3.13 (d), in order to reflect the actual material content within the quantum dot.

As already discussed, the filled-state XSTM image contrast for the quantum dots is

characterized by a much softer variation compared to the wetting layer. Therefore, one

can assume that no phosphorus is present within the quantum dots, which then consist

of pure (In,Ga)As. From the local lattice parameter now the indium content within

the (In,Ga)As quantum dots can be derived, as illustrated by the upper scale bars on

the right sides in Fig. 3.13 (b,d) and subsequent figures, where as an approximation

the value for the local lattice parameter of In0.0Ga1.0As (calculated for (In,Ga)As on

GaP) is set as the value for GaAs1.0P0.0 (see also Section 2.2.4). For the quantum dot

in Fig. 3.13 (a,c) it is found that the average indium content inside the quantum dot

reaches up to almost 50%.
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Figure 3.14: (a,c) Filled-state XSTM image of another representative quantum dot.
The evaluated regions are highlighted by the colored boxes. The image was taken at
VT = −3.0 V and IT = 30 pA. (b,d) Corresponding evaluation of the local lattice pa-
rameter and the related stoichiometric composition along growth direction. The graphs
show the evaluated data (b) for the entire quantum dot region in green squares and (d)
for separated profiles of the quantum-dot center in red dots and for the quantum-dot
sides in blue squares. For the latter only one of the quantum-dot sides was taken into
account, since for the region highlighted by the blue dotted box the substrate data
underneath the dot were not sufficient for an evaluation.
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Another highly-resolved quantum dot with its analogous data evaluation is shown in

Fig. 3.14. The analysis of the local lattice parameter averaged over the entire quantum

dot in Fig. 3.14 (b) is indicated by the green box in the XSTM image in Fig. 3.14 (a).

It shows a similar behavior compared with the one in Fig. 3.13 (a,b), i.e. a clear

peak in the local lattice parameter ranging over the whole quantum-dot position, a

pronounced undershoot at the quantum dot base, and comparable values for the local

average indium content. Figure 3.14 (c,d) even shows that the local lattice parameter

at the quantum-dot center is again higher at its top than at its base indicating a higher

indium concentration at the top.

Figure 3.15 (a) again shows the object already discussed in Fig. 3.11 (a,c) which

was assumed to be a buried quantum dot. The analysis of the local lattice parameter in

this region [Fig. 3.15 (b)] proves this assumption that this is indeed a quantum dot and

not a wetting-layer region. Even at this position of the cleavage surface the presence

of indium within this buried nanostructure leads to a significant increase in the local

lattice parameter above the value for GaAs in GaP and also again to a compression

of the material underneath the quantum dot, resulting in an undershoot that is more

pronounced than in a wetting-layer region.

Figure 3.15: (a) Filled-state XSTM image of a buried quantum dot. The evaluated
region is highlighted by the colored box. The image was taken at VT = −3.0 V and
IT = 30 pA. (b) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction.
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Material distribution The total material content in the wetting layer and in the

quantum dots (including the quantum rings) can be derived from the stoichiometry

profiles shown in Figs. 3.12 (b), 3.13 (d), and 3.14 (b) [48]. The results of the evaluation

are summarized in Table 3.1. From an integration of the curves a local amount of

3.1 ML GaAs is found for the wetting layer. On the other hand the total indium

content inside the quantum dots is calculated to be about 1.9 ML assuming that no

phosphorus is present within the quantum dots. Since about 24% of the growth surface

is covered with quantum dots or rings, as derived from their lateral extension and their

density, it results that about 2.4 ML of the deposited arsenic is located inside the

wetting layer, and a total amount of about 0.5 ML indium is located in the quantum

dots. The latter value nicely agrees with the nominally deposited amount of 0.5 ML

indium. As there is no amount of indium left for the wetting layer, this confirms

the above assumption that the deposited amount of indium is only located inside the

nanostructures.

These material compositions of the wetting layer and the quantum dots are further

supported by the graphs in Figs. 3.13 (d) and 3.14 (b). If phosphorus was inside

the quantum dots, the scale bar for the indium content would shift to lower lattice

parameters, resulting in an indium content within the quantum dots even higher than

the nominal amount of deposited indium material of 0.5 ML. These quantitative results

additionally confirm that no phosphorus can be present within the quantum dots. The

lack of indium material inside the wetting layer for this material system again shows

the occurrence of an intense lateral material transport from the wetting layer into the

quantum dots during Stranski-Krastanow growth, which is already well-known for the

(In,Ga)As/GaAs [39,45,91] and also for the GaSb/GaAs material system [115].

Since the remaining group-III material in the quantum dots can only be gallium,

the total GaAs material within the quantum dots is derived using average quantum dot

heights of 9–10 ML, resulting in 7–8 ML GaAs inside the quantum dots and therewith

a GaAs content corresponding to an area averaged amount of about 1.8 ML. Together

with the area averaged GaAs amount within the wetting layer of 2.4 ML, a total GaAs

incorporation of about 4.2 ML can be derived, which is in good agreement with the

nominally deposited amount of 4.5 ML.
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Table 3.1: Stoichiometry data of the In0.25Ga0.75As/GaAs quantum dot layer.

Wetting Layer Quantum Dots

Local approximated arsenic content 3.1 ML -
from stoichiometry profile
Local approximated indium content - 1.9 ML
from stoichiometry profile
Remaining gallium content - 7–8 ML
from quantum dot height
Growth surface coverage 76% 24%
Area averaged arsenic amount 2.4 ML -
Area averaged indium amount - 0.5 ML
Area averaged gallium amount - 1.8 ML

Total material amount 4.2 ML GaAs + 0.5 ML InAs
Nominal material amount 4.5 ML GaAs + 0.5 ML InAs
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3.3 In0.5Ga0.5As/GaAs Quantum Dots in GaP

A next step in the detailed analysis of the quantum dot growth behavior was to

change the nominal deposited indium supply to a higher indium-to-gallium ratio, i.e.

In0.5Ga0.5, which was reported the better ratio for light emitting quantum dots at least

in MBE experiments (see Chapter 4 and Refs. [53, 56, 62]).

Preliminary MOVPE experiments were then performed with a nominally higher

indium supply, also regarding the influence of further growth parameters [57, 116].

One aspect was the effect of the growth interruption (GRI) after the In0.5Ga0.5As

deposition and the resulting photoluminescence (PL) intensity. Figure 3.16 (a) shows

room temperature PL spectra of buried quantum dot layers with varying GRI after

In0.5Ga0.5As deposition, while (b) shows the integrated PL intensity over the duration

of the GRI. For low GRI up to 10 s no significant PL intensity is measurable, while at

a GRI of 20 s a first PL signal could be detected. The PL intensity rises fast in the

range up to a GRI of 30 s, while further on it increases less rapidly with its maximum

at a GRI of 200 s before it decreases again. A change in the PL intensity for different

GRI must be related to the structural properties of the quantum dot layers, which will

be investigated in the following.

Figure 3.16: (a) Room temperature PL spectra of buried In0.5Ga0.5As/GaAs QDs
on GaP(001) with varying GRI after the In0.5Ga0.5As deposition. (b) Integrated PL
intensity versus the duration of the GRI [116,117]. The blue boxes in (b) highlight the
chosen GRI values for the layers in the sample TU10815 for XSTM investigations.
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3.3.1 Sample structure

Concerning the preliminary growth experiments and the PL results mentioned above,

the resulting design for the corresponding XSTM sample setup is shown in Fig. 3.17.

This sample (TU10815) was grown on a p-doped GaP(001) substrate starting with a

500 nm thick buffer layer of p-doped GaP and 50 nm of undoped GaP, both layers grown

at 750 ◦C. In the following, several layers with different materials were deposited: First,

a primary GaAs marker layer was grown consisting of a 3-fold superlattice of 1.0 ML

GaAs and 6 nm undoped GaP grown at 500 ◦C and a spacer of 50 nm GaP grown at

620 ◦C. The following stack contains six (In,Ga)As/GaAs layers grown at 500 ◦C, each

consisting of nominally 2.2 ML GaAs followed by 0.8 ML of In0.5Ga0.5As and a growth

interruption, covered by 56 nm undoped GaP with the initial 6 nm of GaP grown

at 500 ◦C and the following 50 nm at 620 ◦C. The growth interruption (without any

precursor supply) after the In0.5Ga0.5As growth was varied, being 20 s for the first two

layers, 200 s for the following two and 400 s for the latter ones. The durations of the GRI

were chosen to values which represent three significant phases in the effect of the GRI

on the PL intensity, i.e. a first significant PL signal (20 s), the PL maximum (200 s)

and the PL decrease (400 s) [as highlighted by the blue boxes in Fig. 3.16 (b)]. Then

a secondary GaAs marker layer was grown on top consisting of a 3-fold superlattice of

2.0 ML GaAs and 6 nm undoped GaP and a 3-fold superlattice of 3.0 ML GaAs and

6 nm undoped GaP, all grown at 500 ◦C. After a spacer of 100 nm of GaP an additional

marker layer was inserted, consisting of a 3-fold superlattice of 2 nm Al0.23Ga0.77P

and 2 nm undoped GaP, all grown at 620 ◦C. The final capping includes a spacer of

50 nm undoped GaP, 600 nm of n-doped GaP, an n-doped Al0.23Ga0.77P barrier of

200 nm, and finally again 200 nm of n-doped GaP, again all grown at 620 ◦C. The

aluminium-containing barrier was introduced for attracting migrating surface adatoms

and therewith getting a cleaner cleavage surface around the relevant layers for the

XSTM experiments.
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Figure 3.17: Schematic of the structure of sample TU10815.
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Figure 3.18: Filled-state XSTM overview image showing all six In0.5Ga0.5As/GaAs
layers (indicated with 1–6) as well as the GaAs marker layers above and below. The
image was taken at a sample voltage VT = −6.0 V and a tunneling current IT = 30 pA.

3.3.2 XSTM results: image contrast analysis

Figure 3.18 shows a filled-state XSTM overview image across the (110) cleavage surface.

The surface in this image is characterized by large terraces divided by monoatomic

surface steps. The bright stripes of weak contrast that appear perpendicular to the

growth direction can again be identified due to their number and their equal distance

of about 50 nm to each other. The six In0.5Ga0.5As/GaAs layers as well as the GaAs

marker layers below and above are indicated by the yellow lines in Fig. 3.18. Although

the layers can be identified, the weakness of the contrast in this overview image does

not give closer information on their structural properties, such as their similarities or

differences or a confirmation of the expected Stranski-Krastanow growth mode.

Therefore, a detailed analysis of the different In0.5Ga0.5As/GaAs layers will be given

in the following.

Layers 1 and 2: GRI of 20 s

Figure 3.19 shows a closer overview of layers 1 and 2 and the surrounding GaP matrix.

The XSTM image of the surface is well resolved as the atomic chains parallel to the

[110] direction are again clearly visible. Scan-induced adatoms, which, as mentioned

before, are typical for XSTM on GaP{110} cleavage surfaces, are again present as well

as surface steps. Being nominally identically grown, both of the In0.5Ga0.5As/GaAs

layers with a GRI of 20 s also exhibit a similar appearance in the XSTM measure-

ments. Both layers show an inhomogeneous contrast along the [110] direction. Thus,

pronounced islands of brighter contrast are clearly visible, indicating the formation of

three-dimensional nanostructures during growth.
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Figure 3.19: Filled-state XSTM overview image showing layers 1 and 2 (GRI 20 s). The
image was taken at a sample voltage VT = −7.5 V and a tunneling current IT = 20 pA.

A closer view on layer 2, again taken in filled-state imaging mode, can be found

in Fig. 3.20, which highlights the different appearances within the layer. This layer

again features, similar to the sample discussed in Section 3.2, trapezoidal-shape like

islands of bright contrast (like in regions A, B, D, and E). Also darker islands (C) can

be observed as well as regions in between these nanostructures with an intermediate

contrast (F). This intermediate contrast in comparison to the dark GaP matrix and

the bright islands is again related to a thin wetting layer. Thus, these findings again

indicate a Stranski-Krastanow growth mode for this material system.

In the following a more detailed investigation of the appearing nanostructures and

the wetting layer will be given. Therefore, high-resolution XSTM filled-state images

are shown in Figs. 3.21 and 3.22.



56 Chapter 3. (In,Ga)As/GaP Quantum Dots grown by MOVPE

As an example, in Fig. 3.21 (a,c) a typical single nanostructure is shown, which ex-

hibits the trapezoidal cross-section, as highlighted by the yellow lines in Fig. 3.21 (c).

Such a shape appears for all nanostructures in these layers 1 and 2. Hence, also these

quantum dots are considered to have a truncated pyramidal shape. In Fig. 3.21 (b,d)

a smaller nanostructure with darker contrast is shown, which refers to an almost com-

pletely buried quantum dot which was cleaved very closely to its side. Again a trape-

zoidal shape can be assumed, as highlighted by the dashed lines in Fig. 3.21 (d).

For these two layers, a statistical analysis of 24 identified quantum dots on a scanned

range of about 1280 nm along the layers reveals values of 10.1 nm for the average base

length and 8.0 ML for the average quantum dot height, while the observed maximum

height is 11 ML. The areal density for the quantum dots can be determined to about

1.5× 1011 cm−2 in these layers.

Despite the good image quality no inner structure like a reversed-cone like stoi-

chiometry distribution of the quantum-dot center is visible, in contrast to the formerly

investigated In0.25Ga0.75As/GaAs/GaP quantum dots discussed in Section 3.2.

And even though the scanned range is larger, there is no clear observation regarding

the formation of quantum rings. The base length of the quantum dots lies in the range

of 7.0–12.4 nm and there is not a single position within the scanned two layers with

two smaller structures neighboring or even overlapping. In XSTM experiments the

cleavage of the nanostructures always occurs at random positions. So, if quantum

rings had formed here, all of them would have been cleaved through their center as a

more side-like cleave would have led to overlapping objects or objects with wider base

lengths, which was not observed here. Although the experimental observations make

the formation of quantum rings in these layers rather improbable, it cannot be fully

excluded.

In Fig. 3.22 a filled-state XSTM image of a wetting-layer region between quantum

dots is shown. These regions have different thicknesses throughout the layer, which

vary in the range between 2 and 8 ML. The wetting layer looks inhomogeneous along

the [110] direction and thereby has a similar appearing contrast as compared with

the one discussed in Section 3.2. Different brightnesses appear where the brightest

contrast is connected to the scan-induced adatoms which are randomly present on the

surface both besides and at the wetting layer, as indicated by the green arrows in

Fig. 3.22 (b). Apart from these adatoms two different brightnesses are present within

the wetting layer in filled-state images, where the image contrast is mostly sensitive to

the group-V sublattice. As shown in Fig. 3.22 one may distinguish between brighter

arsenic-rich regions, as marked by ovals in Fig. 3.22 (b), and darker phosphorus-rich

regions inside the wetting layer. These observations and their similarity to those for
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the wetting layer discussed in Section 3.2 may again indicate the absence of indium

within the wetting layer regions here.

Figure 3.20: Filled-state XSTM images showing layer 2 (GRI 20 s). The images were
taken at a sample voltage VT = −7.5 V and a tunneling current IT = 20 pA.

Figure 3.21: Filled-state XSTM images of (a,c) a centrally cleaved quantum dot and
(b,d) an almost completely buried quantum dot, both within layer 2 (GRI 20 s). The
images were taken at a sample voltage VT = −7.5 V and a tunneling current IT =
20 pA. The contour of the quantum dot is marked by the solid line in (c), while the
dashed line in (d) marks the position of the buried quantum dot.
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Figure 3.22: Filled-state XSTM image of a wetting layer region within layer 2
(GRI 20 s). The image was taken at a sample voltage VT = −7.5 V and a tunnel-
ing current IT = 20 pA. In (b) arsenic-rich regions with brighter contrast are marked
by yellow ovals, while adatoms on the surface are indicated by green arrows.

Layers 3 and 4: GRI of 200 s

Figure 3.23 shows an overview image comparing layers 2 and 3. At first sight layer 3

with a GRI of 200 s is structurally clearly different from layer 2 (GRI 20 s). It is

characterized by a much darker contrast, which already shows a remarkable influence

of the duration of the growth interruption after the In0.5Ga0.5As deposition regarding

the structural properties of the layer and the material distribution. In comparison to

layer 2, no pronounced (bright) islands can be detected in layer 3, which may indicate

the absence of indium-rich quantum dots, but definitely shows a material redistribution

during the longer growth interruption.

A closer look at layer 3 is shown in Fig. 3.24 (a,b). In general, the layer appears to

be inhomogeneous along the [110] direction. While the layer shows a sharp borderline

at its bottom, the thickness along the [001] direction varies between values of 2 and

10 ML. Because of the weak contrast in the image of this layer, there is no clear hint of

remaining 3D islands or quantum dots after the growth interruption and the following

overgrowth. In the best case, one may consider the presence of small indium-rich ma-

terial agglomerations within the layer, as indicated by the dashed line in Fig. 3.24 (a).

But the weak contrast and disturbing adatoms on the surface (as indicated exemplarily

by the green arrows) prevent clear statements at this point.

Typical regions of layer 4 are shown in Fig. 3.25 (a,b). As expected from the iden-

tical growth parameters compared with layer 3, the image contrast indicates identical

structural properties for both layers.
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Figure 3.23: Filled-state XSTM overview image showing layer 2 (GRI 20 s) and layer 3
(GRI 200 s). The image was taken at a sample voltage VT = −7.5 V and a tunneling
current IT = 20 pA.
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Figure 3.24: Filled-state XSTM images of layer 3 (GRI 200 s). The images were taken
at a sample voltage VT = −7.8 V and a tunneling current IT = 20 pA. In (a) a possible
agglomeration indicated by a slightly brighter contrast is marked by a yellow dashed
line, while adatoms on the surface are indicated by green arrows.

Figure 3.25: Filled-state XSTM images of layer 4 (GRI 200 s). The images were taken
at a sample voltage VT = −7.8 V and a tunneling current IT = 20 pA.
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Layers 5 and 6: GRI of 400 s

Figure 3.26 shows an overview image of layers 4–6. Although this image is characterized

by many scan artifacts and scan-induced adatoms and holes, a difference regarding the

contrast between layer 4 on the one hand and layers 5 and 6 on the other hand is

still observable. With the contrast in this image being adapted to the layers, here,

the layers 5 and 6 (GRI 400 s) still appear much darker than layer 4 (GRI 200 s).

Also indium-rich material agglomerations, which again may be guessed in layer 4, as

indicated by the dashed lines in Fig. 3.26, seem to be at least less or even not existent

in layers 5 and 6. Thus, an effect of the growth interruption on the layers’ structure

becomes evident again.

A closer image of layer 5 can be found in Fig. 3.27. The layer also appears inho-

mogeneous along the [110] and along the [001] direction, again with a sharp borderline

at its bottom. From the few data with high resolution it seems that the layer is even

thinner than the ones with shorter growth interruptions. Observed thicknesses here are

2–8 ML. A closer discussion about indium-rich material agglomerations in this layer

seems very difficult. Although a general statement is hard to make, the image data

give the visual impression that layer 5 (GRI 400 s) is even less ordered or, in other

words, laterally more intermixed than layers 3 and 4 (GRI 200 s).
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Figure 3.26: Filled-state XSTM overview image showing layer 4 (GRI 200 s) and
layers 5 and 6 (GRI 400 s). Possible agglomerations within layer 4 are marked by
yellow dashed lines. The image was taken at a sample voltage VT = −7.8 V and a
tunneling current IT = 20 pA.
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Figure 3.27: Filled-state XSTM image of layer 5 (GRI 400 s). The image was taken at
a sample voltage VT = −5.4 V and a tunneling current IT = 20 pA.
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3.3.3 XSTM results: stoichiometry analysis

For a quantitative evaluation of the XSTM data, again the local stoichiometry is an-

alyzed by evaluating the local lattice parameter (analogous to Section 3.2.3). In this

Section various regions of the In0.5Ga0.5As/GaAs layers with differing growth interrup-

tions were under investigation.

Layers 1 and 2: GRI of 20 s

Quantum dots Figure 3.28 shows stoichiometry profiles of a well-resolved quan-

tum dot within layer 2. The quantum dot has been analyzed in different parts: the

entire quantum dot region, the quantum-dot sides, and the quantum-dot center. In

Fig. 3.28 (b) the profile of the local lattice parameter averaged over the entire quantum

dot area is shown, as highlighted by the green box in in Fig. 3.28 (a). From the graphs

in both figures it results that a change in the local lattice parameter is observed at

the position of the quantum dot, which occurs for about 4 data points. This is in

accordance with the average quantum dot height of 8 ML determined from the image

contrast. Here, the local lattice parameter reaches values, which are higher than the

value for pure GaAs in GaP. This again proves the incorporation of indium within these

quantum dots. Regarding the different parts of the quantum dot, a higher indium con-

tent at the quantum dot base decreasing to the top can be observed, similarly for the

quantum-dot center and sides. The typical small undershoot at the base, indicating

a strong but significant compression of the material underneath the quantum dot, is

again present as well as a not so typical undershoot at the top of the quantum-dot cen-

ter [red curve in Fig. 3.28 (d)], also indicating a material compression at this position.

Following the scale bars on the right side of Fig. 3.28 (b,d), which are based on the

assumption of phosphorus free quantum dots, as found in Section 3.2, here again local

indium contents of up to 50% are present. One should keep in mind that a change in

the group-V element from arsenic to phosphorus would lower the local lattice param-

eter. So for the same value of the local lattice parameter an intermixing within the

group-V lattice between arsenic and phosphorus would even shift this value to higher

indium contents.
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Figure 3.28: (a,c) Filled-state XSTM image of a quantum dot within layer 2. The
evaluated regions are highlighted by the colored boxes. The image was taken at VT =
−7.5 V and IT = 20 pA. (b,d) Corresponding evaluation of the local lattice parameter
and the related stoichiometric composition along growth direction. The graphs show
the evaluated data (b) for the entire quantum dot region in green squares and (d) for
separated profiles of the quantum-dot center in red dots and for the quantum-dot sides
in blue squares.
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Wetting layer Figure 3.29 shows the evaluation of the local lattice parameter of

the wetting layer in regions directly surrounding a quantum dot (the same one as

in Fig. 3.28). Here, the local lattice parameter is found to increase in a 4 ML wide

region, which is in good agreement with the visual appearance of the wetting layer.

Surprisingly, in these regions the local lattice parameter rises to values higher than for

pure GaAs in GaP, implying that indium must be definitely present here. From the

curves in Fig. 3.29 (b) local indium contents of 25-50% can be approximated in the

case that no phosphorus is present here (otherwise the indium content would be even

higher).

Figure 3.30 shows data for wetting layer regions located further away from such

pronounced quantum dots. In these cases again the local lattice parameter is found to

increase in a 4 ML wide region in accordance with the visual layer height. However,

here the local lattice parameter reaches only values in the range of the ones for pure

GaAs on GaP (considering the higher noise level for the green curve WL1), which

indicates the absence of indium here, in agreement with the assumptions made on

basis of the image contrast where rather homogenous bright regions are observed that

can be attributed to pure GaAs.

Figure 3.29: (a) Filled-state XSTM image of a quantum dot and the surrounding
wetting layer within layer 2. The evaluated regions are highlighted by the colored
boxes. The image was taken at VT = −7.5 V and IT = 20 pA. (b) Corresponding
evaluation of the local lattice parameter and the related stoichiometric composition
along growth direction. The graphs show the evaluated data for two wetting layer
regions in separated profiles for region one (WL1) in green squares and for region two
(WL2) in light blue dots.
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Figure 3.30: (a) Filled-state XSTM image of the wetting layer away from the quantum
dots within layer 2. The evaluated regions are highlighted by the colored boxes. The
image was taken at VT = −7.5 V and IT = 20 pA. (b) Corresponding evaluation of the
local lattice parameter and the related stoichiometric composition along growth direc-
tion. The graphs show the evaluated data for two wetting layer regions in separated
profiles for region one (WL1) in green squares and for region two (WL2) in light blue
dots.
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Table 3.2: Stoichiometry data of layers 1 and 2 (GRI 20 s).

Quantum Dots Wetting Layer Wetting Layer
around QDs away from QDs

Local approx. indium content 1.6 ML 0.8 ML -
from stoichiometry profile
Growth surface coverage 7% 42% 51%

Area averaged indium amount 0.1 ML 0.3 ML -

Total indium amount 0.4 ML
Nominal indium amount 0.4 ML

Material content The results of the quantitative evaluation of the stoichiometry

profiles are summarized in Table 3.2. The total indium content inside the quantum

dots is calculated to be about 1.6 ML. Since about 7% of the growth surface is covered

with quantum dots, as derived from their lateral extension and their density (the latter

being slightly smaller than in the quantum dots discussed in Section 3.2), it results that

a total amount of only about 0.1 ML indium is located within the quantum dots, which

is a lower value than the nominally deposited amount of 0.4 ML indium, supporting

the above conclusion of a presence of indium within the wetting layer.

The calculated indium content within the wetting layer around the quantum dots

(Fig. 3.29) amounts to about 0.8 ML. Considering that each region covers an area

being about 6 times larger than the surrounded quantum dot leads to an estimated

coverage of 42% of the growth surface and therewith a laterally averaged amount of

about 0.3 ML indium within these regions. As the calculated amount of indium within

the quantum dots is 0.1 ML, the total indium amount (quantum dots + surrounding

wetting layer) is 0.4 ML, which is in accordance with the nominal deposited value of

0.4 ML. This shows that within the remaining 51% of the layer, i.e. within the rest

of the wetting layer, no significant amounts of indium can be present, since this would

exceed the nominal deposited amount.

As the previous discussion is only valid under the assumption that no phosphorus

is present within quantum dots and the surrounding wetting layer, this even more

proves the absence of indium within the rest of the wetting layer because phosphorus

within quantum dots and the surrounding wetting layer would shift the values of the

local lattice parameter. In other words, in the case of phosphorus within quantum

dots and the surrounding wetting layer, the amount of indium in these regions would

be even higher than discussed above, which would contradict the nominally available

amount of indium during growth. Therefore one may conclude that the quantum dots
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Table 3.3: Approximation of arsenic content within layers 1 and 2 (GRI 20 s).

Quantum Dots Wetting Layer Wetting Layer
around QDs away from QDs

Height 8 ML 4 ML 4 ML
Growth surface coverage 7% 42% 51%
Local arsenic concentration 100% ≤ 100% ≈ 82%

Area averaged arsenic amount 0.6 ML ≤ 1.7 ML ≈ 1.7 ML

Total arsenic amount ≤ 3.9 ML
Nominal arsenic amount 3.0 ML

and the surrounding wetting layer consist of (In,Ga)As (without phosphorus) while the

remaining wetting layer regions consist of Ga(As,P) (without indium).

Finally, with these finding one can try to estimate the local arsenic amount in

the different areas of the layer, as summarized in Table 3.3. For the phosphorus-

free quantum dots with their average height of 8 ML it results that they contain about

0.6 ML of arsenic. According to the stoichiometry profiles of the wetting layer, a height

of 4 ML is assumed for further considerations. The wetting layer parts surrounding the

quantum dots (assumed to be almost phosphorus-free) hence contain up to 1.7 ML of

arsenic. For the wetting layer away from the quantum dots a local arsenic concentration

of 82 % can be approximated by averaging the light blue curve (with low noise (WL2))

in Fig. 3.30 (b) in the 4 ML wide region of the wetting layer (to a value of about

6.1 Å), which leads to an area averaged arsenic amount of about 1.7 ML. Thus, the

total arsenic amount can be estimated to less than 3.9 ML. Compared to the nominal

value of 3.0 ML this at least indicates that the total deposited amount of arsenic is

found within the quantum dot layer and no further segregation effects occur during

growth or the following GRI.
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Layers 3 and 4: GRI of 200 s

Figure 3.31 shows evaluated data for layer 3. The evaluated regions as highlighted by

the colored boxes have been selected because of their relatively bright contrast within

the layer and the larger height. A change in the local lattice parameter is indeed visible

at the position of the layer in a range of up to 6 ML. Nevertheless, the local lattice

parameter lies below the value for pure GaAs on GaP which could indicate the absence

of indium within this layer. According to the visual observation it is also possible and

probably more likely due to the longer GRI that a material intermixing occurs so that

an alloy of quaternary (In,Ga)(As,P) forms within the layer. In any case, because the

local lattice parameter stays below the value for pure GaAs on GaP there must be both

phosphorus and arsenic present within the layer.

Figure 3.31: (a) Filled-state XSTM image of layer 3. The evaluated regions are high-
lighted by the colored boxes. The image was taken at VT = −7.8 V and IT = 20 pA.
(b) Corresponding evaluation of the local lattice parameter and the related stoichio-
metric composition along growth direction. The graphs show the evaluated data for
two regions in separated profiles for region 1 in green squares and for region 2 in light
blue dots.

Considering a layer with a quaternary (In,Ga)(As,P) alloy one can try to approx-

imate the material composition within. Starting with the deposited material amount

of 2.2 ML GaAs and 0.8 ML In0.5Ga0.5As this would equal 3.0 ML In0.13Ga0.87As. By

distributing this material homogeneously over a layer thickness of 6.0 ML this would

correspond to 6.0 ML of quaternary In0.07Ga0.93As0.5P0.5. According to Fig. 2.15, the

local lattice parameter for these layers on GaP can be extrapolated to about 5.96 Å.

Now for layer 3 the local lattice parameter for both curves in Fig. 3.31 (b) in the 6 ML
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wide region of the layer can be averaged to a value of about 5.9 Å. This match gives a

further indication of a quaternary arrangement of the material within the layer.

The evaluation of analyzable data for layer 4, which has the same growth conditions

as layer 3, is shown in Fig. 3.32. As expected, it provides similar results, while the higher

noise level in the data almost hides the local increase of the local lattice parameter.

Hence, no definite signs of indium are found but leaving again the possibility of a rather

quaternary intermixing of (In,Ga)(As,P).

Figure 3.32: (a) Filled-state XSTM image of layer 4. The evaluated region is high-
lighted by the colored box. The image was taken at VT = −7.8 V and IT = 20 pA. (b)
Corresponding evaluation of the local lattice parameter and the related stoichiometric
composition along growth direction. The graph shows the evaluated data in green
squares.
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Layers 5 and 6: GRI of 400 s

Figure 3.33 shows the evaluation of one of the few analyzable images of layer 5. In a

range of more than 4 ML a notable rise in the local lattice parameter compared with

the GaP lattice constant can be observed in the analyzable region, which is comparable

with the visual impression of the layer height. Unfortunately, due to the lack of image

quality the noise level for the local lattice parameter is even higher than before. Thus,

the one data point above the GaAs1.0P0.0 line in Fig. 3.33 (b) is not a sufficiently strong

evidence for a local indium concentration within the layer. A clear interpretation of

the data cannot easily be made but a further quaternary intermixing of the layer

to (In,Ga)(As,P) alloy or even a further dissolution may be possible. Nevertheless,

in the quaternary case the local lattice parameter for a homogeneous (In,Ga)(As,P)

layer in GaP containing all deposited InAs material would be in the range between

5.96 Å (extrapolated value for 6.0 ML In0.07Ga0.93As0.5P0.5) and 6.21 Å (extrapolated

value for 4.0 ML In0.1Ga0.9As0.75P0.25). In Fig. 3.33 (b) the local lattice parameter in

the region of the layer can be averaged to 6.1 Å for a layer thickness of 6 ML or to

6.3 Å for a thickness of 4 ML, being in rough agreement with the theoretical values,

considering the high noise level of the data here. This match to the predicted values

at least gives the possibility of a quaternary arrangement within this layer.

Figure 3.33: (a) Filled-state XSTM image of layer 5. The evaluated region is high-
lighted by the colored box. The image was taken at VT = −5.4 V and IT = 20 pA. (b)
Corresponding evaluation of the local lattice parameter and the related stoichiometric
composition along growth direction. The graph shows the evaluated data (region 1) in
green squares.



3.3. In0.5Ga0.5As/GaAs Quantum Dots in GaP 73

3.3.4 Quantum Dot layer transformation with longer GRI

The previous results confirmed that the duration of the GRI after the (In,Ga)As depo-

sition has a significant effect on the structural properties of the quantum dot layer. The

deposited amount of nominally 2.2 ML GaAs followed by 0.8 ML of In0.5Ga0.5As leads to

indium-rich quantum dots with a supposed pyramidal shape. For short GRI durations

the overgrown layer then consists of indium-rich truncated-pyramidal shaped quantum

dots with a small indium containing wetting layer environment and an indium-free

Ga(As,P) wetting layer. Higher GRI durations before the capping with GaP then lead

to a transfer of the indium material into the wetting layer. Thereby, a dissolution of

the quantum dots into agglomerations and a further intermixing of the quantum dot

with the wetting layer material occurs. With longer duration of the GRI the ongoing

material intermixing seems to form a more homogeneous quaternary (In,Ga)(As,P)

layer.



74 Chapter 3. (In,Ga)As/GaP Quantum Dots grown by MOVPE



Chapter 4

(In,Ga)As/GaP Quantum Dots

grown by MBE

The sample for the XSTM investigations presented in this chapter was grown using

molecular beam epitaxy (MBE) by Yuncheng Song in the workgroup of Prof. M.L. Lee,

formerly at Yale University.

4.1 Sample overview

4.1.1 Sample structure

The setup of the sample was designed to combine several aspects also to be able to

investigate many of them during one experimental session. This sample (Yale20130725)

was grown on a p-doped GaP(001) substrate starting with a 200 nm thick buffer layer of

p-doped GaP and 100 nm of undoped GaP, both layers grown at 620 ◦C. The following

stack contains six (In,Ga)As or (In,Ga)As/GaAs layers grown at 480 ◦C, each followed

by 50 nm undoped GaP, where the initial 10 nm of GaP were grown at 480 ◦C and the

following 40 nm at 580 ◦C. The first (In,Ga)As layers were chosen in accordance with

the ones for the previously studied LED structure [62]. They contain 2.0 ML (layer 1),

3.0 ML (layers 2 and 3), and 4.0 ML (layer 4) In0.5Ga0.5As. Layers 5 and 6 were grown

using exactly the same nominal material amount which was used for the MOVPE-grown

(In,Ga)As/GaAs quantum dot sample from TU Berlin (see Section 3.2), consisting of a

3.0 ML GaAs interlayer followed by 2.0 ML of In0.25Ga0.75As. Prior to each In0.5Ga0.5As

or In0.25Ga0.75As/GaAs layer there is a growth interruption of 20 s followed by 4 s of

arsenic flux while after each (In,Ga)As layer a growth interruption of 20 s is followed

by 2 s of phosphorus flux. The final In0.25Ga0.75As/GaAs layer was followed by 50 nm

undoped GaP grown at 480 ◦C and a marker layer consisting of a 5-fold superlattice of

75
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2.0 ML GaAs and 6 nm GaP. After a spacer of 100 nm of GaP an additional marker

layer was inserted, consisting of a 3-fold superlattice of 2 nm Al0.25Ga0.75P and 2 nm

undoped GaP, all grown at 580 ◦C. The final capping includes a spacer of 100 nm

undoped GaP, 500 nm of n-doped GaP, an n-doped Al0.25Ga0.75P barrier of 50 nm,

and finally again 10 nm of n-doped GaP. The aluminium-containing barrier was again

introduced for attracting migrating surface adatoms and therewith getting a cleaner

cleavage surface around the relevant layers in the XSTM experiment.

4.1.2 XSTM results: overview

Figure 4.2 shows an empty-state XSTM overview image across the (110) cleavage sur-

face. Although the image is characterized by weak resolution and scan artifacts, five

stripes of bright contrast lying perpendicular to the growth direction and with a dis-

tance of about 50 nm between each other can be identified as the first five (In,Ga)As

layers (indicated by the yellow lines). Despite the lack of image quality, all of the five

layers already appear inhomogeneous along the [110] direction.

Figure 4.3 (a-c) shows a series of empty-state XSTM overview images across the

(110) cleavage surface. Again, some (In,Ga)As layers (indicated with 3–6) could be

identified as well as the 5-fold GaAs marker layer (indicated with M1) and the 3-fold

(Al,Ga)P marker layer (indicated with M2). From Fig. 4.3 (a) layers 3 and 4 appear

with a darker contrast compared to layers 5 and 6. Especially those In0.25Ga0.75As/GaAs

layers 5 and 6 also already show an indication of the formation of islands during growth

at these overview images sizes [Fig. 4.3 (a,b)].

A closer investigation of the different layers and their structural properties will

be given in the following, while the marker layers will be discussed separately (see

Chapter 5).
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Figure 4.1: Schematic of the structure of sample Yale20130725.
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Figure 4.2: Empty-state XSTM overview image showing five of the (In,Ga)As layers
(indicated with 1–5). The image was taken at a sample voltage VT = +4.3 V and a
tunneling current IT = 40 pA.
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Figure 4.3: Empty-state XSTM overview images showing (a) (In,Ga)As layers 3–6,
(b) layers 4–6 and the GaAs marker layer (M1) and (c) layer 6, marker M1, and
the (Al,Ga)P marker layer (M2). The images were all taken at a sample voltage
VT = +4.0 V and a tunneling current IT = 40 pA.
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4.2 In0.25Ga0.75As/GaAs Quantum Dots in GaP

4.2.1 XSTM results: image contrast analysis

Figure 4.4 shows a closer overview of the In0.25Ga0.75As/GaAs layers (layers 5 and 6) in

filled-state mode. The presence of islands within both layers is clearly visible, but due

to the image quality in between those islands an intermediate contrast (compared to

the bright islands and the dark GaP matrix) is only slightly observable, thus already

indicating a wetting layer formation and therewith the expected Stranski-Krastanow

growth mode. Figure 4.5 (a) shows an empty-state XSTM image of layer 6 where the

region highlighted by the dotted lines is investigated in more detail in Fig. 4.5 (b). In

both images of Fig. 4.5 the islands of bright contrast are again clearly visible, while in

Fig. 4.5 (b) the image gives also atomic resolution along the [001] direction.

Figure 4.4: Filled-state XSTM image showing (In,Ga)As layers 5 and 6. The yellow
arrows exemplarily point to the slightly visible wetting layer. The image was taken at
a sample voltage VT = −3.9 V and a tunneling current IT = 30 pA.

For a closer investigation of these nanostructures and the regions in between, high-

resolution XSTM empty-state images are shown in Figs. 4.6 and 4.7. As expected

from the nominally identical growth parameters both layers (5 and 6) show the same

growth behavior. In Fig. 4.6 (a,c) a typical single quantum dot within layer 6 is

shown, which exhibits a trapezoidal cross-section, as highlighted by the yellow lines

in Fig. 4.6 (c). These findings are also identical to the nanostructures within layer 5,
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Figure 4.5: Empty-state XSTM images showing layer 6. The dotted lines in (a) high-
light the region which has been further investigated with higher resolution in (b).
Both images were taken at a sample voltage VT = +4.0 V and a tunneling current
IT = 40 pA.

exemplarily shown by the two neighboring nanostructures in Fig. 4.6 (b,d). Hence,

also these quantum dots are considered to have a truncated pyramidal shape.

For this sample (layers 5 and 6), a statistical analysis of 40 identified quantum dots

on a total scanned range of about 870 nm along the layers results in values of 9.2 nm

for the average base length and 13.6 ML for the average quantum dot height, while the

observed maximum height is 20 ML. Using Equation (2.2), the areal density for the

quantum dots can be determined to about 4.2×1011 cm−2 in these layers. Compared to

the nominally identically In0.25Ga0.75As/GaAs layers grown with MOVPE (see Section

3.2) the quantum dots show a similar areal density and sizes of the same magnitude.

A further comparison will be given in Section 4.2.3. A structuring within the quantum

dots like the observed reversed-cone geometry for the MOVPE quantum dots cannot be

fully supported here, at least not from the visual impression of the presented images.

A slightly brighter appearance within the quantum dot center in Fig. 4.6 (a,b) may

only be guessed by the expert eye.

A conclusion about the formation of quantum rings is also difficult as there are no

images with an overlapping of two neighboring small structures. But this might not
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necessarily be due to the absence of quantum rings. Most of the images were taken

in empty-state mode where the group-III atoms (indium, gallium) are directly imaged.

Thus, such thin overlapping areas, which should be imaged when a quantum dot is

cleaved close to its center may also appear with less contrast in the STM image due

to a low indium content. Together with the moderate image quality as compared with

the experiments on the MOVPE samples (see Sections 3.2 and 3.3.2), this could hinder

the visual observation of quantum rings in the present case.

Figure 4.6: Empty-state XSTM images of (a,c) a quantum dot (layer 6) and (b,d)
two neighboring quantum dots (layer 5). The images were taken at a sample voltage
VT = +3.5 V for (a,c) and at VT = +2.9 V for (b,d), but both at a tunneling current
IT = 40 pA. The contours of the nanostructures are marked by the solid lines.

Figure 4.7: Empty-state XSTM image showing quantum dots in layer 5. The dotted
lines highlight regions in between the quantum dots where a wetting layer is supposed
to be located. The image was taken at a sample voltage VT = +3.4 V and a tunneling
current IT = 40 pA.
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Figure 4.7 shows an empty-state high-resolution XSTM image of a quantum dot

region in layer 5. Here, the dotted lines highlight regions in between the quantum dots,

where in a Stranski-Krastanow growth a wetting layer is supposed to be located. As

already also visible in Fig. 4.5 (a,b), there is no direct observation of a wetting layer in

empty-state images, where the group-III atoms (indium, gallium) are directly imaged,

but a slight indication of a wetting layer is found in the rare filled-state images (as

shown in Fig. 4.4), where the group-V atoms (arsenic, phosphorus) are imaged. These

findings from the visual impression of the (In,Ga)As layer already give the hint that no

indium is present within the wetting layer and it therefore would consist of Ga(As,P),

which would be also in accordance to the comparable MOVPE-grown layers.

4.2.2 XSTM results: stoichiometry analysis

For a quantitative evaluation of the XSTM data, again the local stoichiometry is ana-

lyzed by evaluating the local lattice parameter (analogous to Section 3.2.3).

Quantum dots Figure 4.8 shows stoichiometry profiles of a well-resolved quantum

dot within layer 6. The quantum dot has been analyzed in different parts: the en-

tire quantum dot region, the quantum-dot sides, and the quantum-dot center. In

Fig. 4.8 (b) the profile of the local lattice parameter averaged over the entire quantum

dot area is shown, as highlighted by the green box in Fig. 4.8 (a). In accordance with

the image contrast in Fig. 4.8 (a,c), where the quantum dot shows a maximum height

of about 12 ML, the local lattice parameter in all the graphs in Fig. 4.8 (b,d) rises

to higher values (as compared to the GaP lattice parameter) in the same extension.

The local lattice parameter reaches values being higher than the one for pure GaAs

in GaP, which again proves the incorporation of indium within the quantum dots. At

the quantum-dot center, the local lattice parameter is found to be a little higher at

the quantum dot top than at its base, which indicates a slight material concentration

of indium at the top. But as such a behavior appears as well at the quantum-dot

sides, this contradicts a reversed-cone stoichiometry profile, which was present in the

comparable MOVPE quantum dots. Obviously, there is a significant undershoot of the

local lattice parameter indicating a strong compression of the material underneath the

quantum dot. Taking the scale bar for a complete group-V exchange to arsenic within

the quantum dots into account, as discussed in Section 3.2, here the local indium con-

tent reaches up to 30% (even when not including the strong compression underneath,

which shifts the indium content to even higher values).
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Figure 4.8: (a,c) Empty-state XSTM image of a quantum dot. The evaluated regions
are highlighted by the colored boxes. The images were taken at VT = +3.5 V and IT =
40 pA. (b,d) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graphs show the evaluated
data (b) for the entire quantum dot region in green squares and (d) for separated
profiles of the quantum-dot center in red dots and for the quantum-dot sides in blue
squares. The corrected data for which the compression around the quantum dot base
is taken into account is represented by the green open squares in (b).
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Wetting layer Figure 4.9 (a) shows an image of a quantum dot region in layer 5.

Here, the stoichiometry profile is taken for the region in between the two quantum dots

as highlighted by the green box. Figure 4.9 (b) shows the resulting profile for the local

lattice parameter. Although the noise level of these data is high, the graph shows that

the local lattice parameter is increased in a 2–4 ML wide region located at the center

of the green box. This indicates the formation of a wetting layer during growth, as

expected for the Stranski-Krastanow growth mode. Within the wetting layer region

the local lattice parameter rises to values below the one for pure GaAs on GaP. This

further confirms the absence of indium here in accordance with the visual appearance

in the XSTM images.

Material content The total indium content inside the quantum dots amounts to

about 1.7 ML, as it can be approximated from the corrected curve for the quantum

dot average in Fig. 4.8 (a) taking the undershoot into account. Since about 21% of the

growth surface is covered with quantum dots, as derived from their lateral extension

and their density, it results that a total amount of about 0.4 ML indium is located

within the quantum dots, which is in the range of the nominally deposited amount of

0.5 ML indium. This also indicates that the total deposited amount of indium is only

located within the quantum dots.

The material content within the (assumed indium free) wetting layer can only be

carefully approximated due to the high noise level. The local GaAs amount extracted

from the curve in Fig. 4.9 (b) should lie below 3.0 ML, which then would result in a

laterally averaged value below 2.4 ML of GaAs within the wetting layer covering about

79% of the growth surface.

Considering the average quantum-dot height one can carefully approximate the

gallium content within the quantum dots, as summarized in Table 4.1, to a laterally

averaged value of about 2.5 ML. This would result in an overall material content of

4.9 ML GaAs and 0.4 ML InAs within the layer. Thus, the value for the found material

amount of GaAs is slightly higher than the nominally deposited amount of 4.5 ML.

This may originate from a too high approximated local material value for the GaAs

within the wetting layer due to the high noise level.
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Figure 4.9: (a) Empty-state XSTM image of the wetting layer (layer 5). The evaluated
region is highlighted by the colored box. The image was taken at VT = +3.4 V and
IT = 40 pA. (b) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graph shows the evaluated data
in green squares.

Table 4.1: Stoichiometry data of the In0.25Ga0.75As/GaAs quantum dot layer.

Wetting Layer Quantum Dots

Local approximated arsenic content ≤3.0 ML -
from stoichiometry profile
Local approximated indium content - 1.7 ML
from stoichiometry profile
Remaining gallium content - 11.9 ML
from quantum dot height
Growth surface coverage 79% 21%
Area averaged arsenic amount ≤2.4 ML -
Area averaged indium amount - 0.4 ML
Area averaged gallium amount - 2.5 ML

Total material amount 4.9 ML GaAs + 0.4 ML InAs
Nominal material amount 4.5 ML GaAs + 0.5 ML InAs
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4.2.3 Comparison between MBE and MOVPE Quantum Dots

In the following the results for the quantum dot layers prepared by the same nominally

deposited material amount of 3.0 ML GaAs followed by 2.0 ML In0.25Ga0.75As, but

being grown with different epitaxial methods, will be compared. Table 4.2 lists the

XSTM results of the comparable quantum-dot layers grown with MOVPE (as presented

in Section 3.2) and with MBE (as presented in Section 4.2).

Table 4.2: Results of comparable MOVPE and MBE quantum dots.

MOVPE MBE
TU10350 Yale20130725

Nominal material amount 3.0 ML GaAs + 2.0 ML In0.25Ga0.75As

Results from XSTM image contrast
Quantum dots

shape truncated pyramid truncated pyramid
average base length 11.5 ML 9.2 nm
average height ≈ 9 ML 13.6 ML
areal density 2.4× 1011 cm−2 4.2× 1011 cm−2

Wetting layer
height 2–5 ML not observable

Results from XSTM data stoichiometry analysis
Quantum dots

material (In,Ga)As (In,Ga)As
indium localization higher in QD center higher in QD center
local indium content up to 50% up to 30%

total indium total indium

Wetting layer
height 2–3 ML 2–4 ML
material Ga(As,P) Ga(As,P)

no indium no indium

From the visual inspection of the XSTM images the quantum dots show a similar

appearance independent from the growth method. In both cases the quantum dots

have the shape of a truncated pyramid. Also their average dimensions and their areal

density are in the same range. In detail, in the MBE case the quantum dots are laterally

a little smaller but higher than in the MOVPE case. The wetting-layer appearance

cannot be compared by the image contrast as it was not observable in the MBE case

due to the image quality and sample polarity. But a comparison of the stoichiometry

data shows that both wetting layers have a similar height and both consist of Ga(As,P)
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without any indium. On the other hand the evaluation of the data for the quantum

dots shows that the indium is only located within the quantum dots, with its maximum

concentration in the quantum dot center. In both cases the quantum dots consist of

(In,Ga)As where the total supplied indium is located. In conclusion, both methods,

MOVPE and MBE with nominally the same material supply, lead to self-assembled

growth of quantum dot layers with very similar structural properties.
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4.3 In0.5Ga0.5As Quantum Dots in GaP

In the following the In0.5Ga0.5As layers grown without a GaAs interlayer will be investi-

gated in detail, again with respect to the XSTM image contrast and their stoichiometry.

4.3.1 XSTM results: image contrast analysis

Layer 1: 2.0 ML In0.5Ga0.5As

As already mentioned above, all the grown In0.5Ga0.5As layers appear much darker

in the XSTM images as compared with the In0.25Ga0.75As/GaAs layers. Figure 4.10

shows an overview image, in empty-state mode, of layer 1 containing the lowest amount

(only 2.0 ML) of In0.5Ga0.5As. Among all the layers within this sample layer 1 shows

the weakest contrast. Although the contrast is adjusted to the layer it is only slightly

visible. A closer view can be found in Fig. 4.11, with the image again taken in empty-

state mode. The atomic chains along the [110] direction are clearly visible. The area

of the layer is highlighted by the dotted lines and appears inhomogeneous along both

the [110] and the [001] direction. Images with higher resolution, as shown in Fig. 4.12,

reveal that the layer shows no clear borderline to the GaP matrix material underneath.

Instead the (In,Ga)As material is distributed over several ML along growth direction.

Regarding the expected quantum dot formation, from the image contrast one may only

consider the presence of small material agglomerations within this layer.

Figure 4.10: Empty-state XSTM image showing layer 1. The image was taken at a
sample voltage VT = +2.9 V and a tunneling current IT = 40 pA.



90 Chapter 4. (In,Ga)As/GaP Quantum Dots grown by MBE

Figure 4.11: Empty-state XSTM images showing layer 1. The area of the layer is
highlighted by the dotted lines. The image was taken at a sample voltage VT = +3.1 V
and at a tunneling current IT = 40 pA.
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Figure 4.12: Empty-state XSTM images showing layer 1. The images were taken at a
sample voltage (a) VT = +2.9 V and (b) VT = +3.0 V and both at a tunneling current
IT = 40 pA.
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Layers 2 and 3: 3.0 ML In0.5Ga0.5As

Figures 4.13 and 4.14 show overview images of layers 2 and 3 taken in filled-state

and empty-state imaging mode, respectively. Although both images are character-

ized by many scan-induced artifacts and adatoms/holes on the surface, the layers are

clearly visible here. This can be attributed to the higher amount of deposited ma-

terial, i.e. 3.0 ML In0.5Ga0.5As, in comparison with layer 1, so that layers 2 and 3

appear brighter and thicker. Furthermore, more pronounced agglomerations seem to

be already observable. As expected, both layers show a similar appearance due to the

identical growth parameters.

Figure 4.13: Filled-state XSTM overview image showing layers 2 and 3. The image
was taken at a sample voltage VT = −3.7 V and a tunneling current IT = 30 pA.
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Figure 4.14: Empty-state XSTM overview image showing layers 2 and 3. The image
was taken at a sample voltage VT = +4.3 V and a tunneling current IT = 40 pA.
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A closer investigation of layer 2 can be found in Fig. 4.15. Again the surface

quality makes a clear inspection of the layer difficult. Nevertheless, at the clean and

hole-free parts of the surface the atomic chains are resolved and the images indicate

the formation of agglomerations within the layer. One of the rarely observed more

pronounced agglomerations is shown in Fig. 4.16. As highlighted by the dashed line in

Fig. 4.16 (b) one could assume a trapezoidal cross-section of the agglomeration being

typical for quantum dots. In this case it has a base length of about 12 nm and a height

of 10 ML. Unfortunately, a statistical analysis on these quantum-dot like structures

is not possible due to the lack of sufficient data, where these quantum dots were only

rarely observed.

Figure 4.17 shows a filled-state image of layer 3 confirming, as expected, a similar

appearance in comparison to layer 2, since both were grown identically.

Figure 4.15: Filled-state XSTM images showing layer 2. The images were taken at a
sample voltage (a) VT = −3.9 V and (b) VT = −3.8 V and both at a tunneling current
IT = 30 pA.
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Figure 4.16: Filled-state XSTM image showing a quantum dot within layer 2. The
contours of the quantum dot is marked by the dashed line in (b). The image was taken
at a sample voltage VT = −3.7 V and a tunneling current IT = 30 pA.

Figure 4.17: Filled-state XSTM image showing layer 3. The image was taken at a
sample voltage VT = −3.7 V and a tunneling current IT = 30 pA.
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Layer 4: 4.0 ML In0.5Ga0.5As

Figure 4.18 shows again an empty-state overview image of layers 3–5. The different

appearances in contrast and brightness of the layers are clearly visible. Layer 4 is more

pronounced than layer 3. But in comparison, layer 5 shows a much brighter appearance

with a clear quantum-dot formation as already described before in Section 4.2.

Figure 4.18: Empty-state XSTM overview image showing layers 3–5. The image was
taken at a sample voltage VT = +4.3 V and a tunneling current IT = 40 pA.
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The surface in overview images of layers 3 and 4 (Fig. 4.19), respectively lay-

ers 4 and 5 (Fig. 4.20), taken in filled-state mode, is again characterized by many

adatoms and occasional atomic resolution underneath. Concerning layer 4, similar

observations as in the image taken in empty-state mode can be made, i.e. that it ap-

pears more pronounced than layer 3 but not as bright as layer 5 which shows clear

quantum-dot formation.

Figure 4.19: Filled-state XSTM overview image showing layers 3 and 4. The image
was taken at a sample voltage VT = −4.0 V and a tunneling current IT = 30 pA.
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Figure 4.20: Filled-state XSTM overview image showing layers 4 and 5. The image
was taken at a sample voltage VT = −4.1 V and a tunneling current IT = 30 pA.
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A more detailed view of layer 4 can be found in Fig. 4.21, with the image again

taken in filled-state mode. The image quality again makes general statements on layer 4

difficult, e.g. on the layer thickness. Nevertheless, layer 4 appears inhomogeneous and

has no sharp borderline to the GaP substrate underneath. Even more, it seems at least

from the highly-resolved image in Fig. 4.21 (b) that the layer consists of presumably

InAs-rich agglomerations of bright contrast separated by parts of darker contrast at-

tributed to more GaP-rich material. This observation is further supported by the few

analyzable images taken in empty-state mode shown in Fig. 4.22.

Figure 4.21: Filled-state XSTM images showing layer 4. The images were taken at a
sample voltage VT = −3.7 V and a tunneling current IT = 30 pA.
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Figure 4.22: Empty-state XSTM images showing layer 4. The images were taken at a
sample voltage (a) VT = −3.1 V and (b) VT = −3.0 V and both at a tunneling current
IT = 40 pA.
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4.3.2 XSTM results: stoichiometry analysis

A further quantitative analysis of the different contrasted regions of the layers will be

given in the following. However, the data quality here results in much higher noise

levels, making a quantitative evaluation of the local stoichiometry more difficult than

for the samples in the previous Sections 3.2.3, 3.3.3, and 4.2.2.

Layer 1: 2.0 ML In0.5Ga0.5As

Figure 4.23 shows the evaluation of the local lattice parameter for analyzable regions

in layer 1. For these regions [as highlighted by the colored boxes in Fig. 4.23 (a)] the

local lattice parameter shows a strong variation along growth direction.

For the more extended region 1 there is a significant rise of the local lattice param-

eter for about 6 ML at the position of the layer corresponding to the bright contrast in

Fig. 4.23 (a). For one data point the local lattice parameter rises to a value being even

a little higher than the one for pure GaAs in GaP which could indicate the presence

of indium here. As already discussed in Section 3.3.3 such a behavior is not a strong

evidence for local indium concentration within the layer, as it could also be due to a

possible noise-related shift of the data point. Nevertheless, there is also only 1 ML of

indium (and 2 ML of arsenic) deposited. In case of a more homogeneous distribution

of the indium material, no significant signal in the local lattice parameter would be

expected. In the smaller region 2 with a much cleaner surface there is not such an

indium signal which would mean that for this local region there is a more indium-free

intermixing of Ga(As,P) or a quaternary intermixing of an (In,Ga)(As,P) alloy.

Another evaluated area of layer 1 is shown in Fig. 4.24. Here, the curve for the

local lattice parameter for the total region 1 is characterized by less noise. Only in the

region where the layer is visible in the image of Fig. 4.24 (a) a significant rise compared

to the GaP local lattice parameters occurs for a 6 ML wide region, but lying still below

the value for 100% GaAs in GaP. For the center region 2 in Fig. 4.24 (a) containing

the brighter part of the layer the curve is characterized by more noise but shows a rise

of the local lattice parameter at the layer’s position which could indicate the presence

of indium. This may indicate the formation of a more local agglomeration of indium

within a surrounding Ga(As,P) layer or quaternary (In,Ga)(As,P) layer.

However, a clear interpretation on basis of these few data cannot be easily made.
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Figure 4.23: (a) Empty-state XSTM image of layer 1. The evaluated regions are
highlighted by the colored boxes. The image was taken at VT = +2.7 V and IT =
40 pA. (b) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graphs show the evaluated
data for two regions in separated profiles for region 1 in green squares and for region 2
in light blue dots.

Figure 4.24: (a) Empty-state XSTM image of layer 1. The evaluated regions are
highlighted by the colored boxes. The image was taken at VT = +3.1 V and IT =
40 pA. (b) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graphs show the evaluated
data for two regions in separated profiles for region 1 in green squares and for region 2
in light blue dots.
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Layers 2 and 3: 3.0 ML In0.5Ga0.5As

Figure 4.25 shows rare data of layer 2, which can be used for stoichiometry analysis.

In the image the surface is disturbed by scan-induced adatoms and holes, making

the analysis difficult. For the analyzed region the local lattice parameter is again

characterized by a noisy behavior, meaning there is a strong variation from the GaP

lattice parameter along growth direction. At the expected position of the layer (bright

contrast in Fig. 4.25 (a)) one could only guess that there is a slight rise of the local

lattice parameter (at one data point) and a slight undershoot underneath the layer.

Analyzable data for layer 3, as shown in Fig. 4.26, make a clear interpretation even

more difficult. The analyzed image in Fig. 4.26 (a) is characterized by an even higher

surface contamination. Here, the noise is again higher especially in the right part of

the curve representing the material at and on top of the expected position of the layer.

Anyway, the local lattice parameter in the analyzed regions of both nominally identical

layers stays below the value for pure GaAs in GaP.

Figure 4.25: (a) Filled-state XSTM image of layer 2. The evaluated region is high-
lighted by the colored box. The image was taken at VT = −3.9 V and IT = 30 pA. (b)
Corresponding evaluation of the local lattice parameter and the related stoichiometric
composition along growth direction. The graph shows the evaluated data (region 1) in
green squares.
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From these findings one could only suggest that for the analyzable regions a Ga(As,P)

layer or a quaternary (In,Ga)(As,P) layer has formed, where according to the image

contrast the deposited InAs material (nominally 1.5 ML indium and 3 ML of arsenic) is

located. Unfortunately, there is no analyzable data for the observed islands within the

layer, as discussed in Section 4.3.1, to reveal whether there is a locally higher indium

concentration within these quantum dots.

Figure 4.26: (a) Filled-state XSTM image of layer 3. The evaluated region is high-
lighted by the colored box. The image was taken at VT = −3.7 V and IT = 30 pA. (b)
Corresponding evaluation of the local lattice parameter and the related stoichiometric
composition along growth direction. The graph shows the evaluated data (region 1) in
green squares.
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Layer 4: 4.0 ML In0.5Ga0.5As

Figure 4.27 shows the evaluation of the local lattice parameter for layer 4, in this case

for XSTM data with high resolution in filled-state mode. In Fig. 4.27 (b) the green

graph represents the local lattice parameter for the whole evaluated area (region 1), as

highlighted by the green box in (a). It is characterized by a very smooth progression

around the value for the GaP lattice parameter. Only at the center of the curve,

corresponding to the expected position of the layer in Fig. 4.27 (a), there is a small rise

for 7 data points representing a layer thickness of about 14 ML. In Fig. 4.27 (c,d) the

evaluated region has been separated into two parts. The red one (region 2) contains a

bright contrasted agglomeration at the layer’s position, while for the area highlighted

in blue (region 3) the layer is hardly, respectively almost not, visible in the XSTM

image. Both curves show a low noise level due to the high image and surface quality in

the evaluated areas. For the area of the agglomeration (region 2) there is a significant

rise of the local lattice parameter in an around 12 ML wide region reaching almost

the value for pure GaAs in GaP. Concerning the material distribution, it again seems

that these agglomerations consist of a quaternary (In,Ga)(As,P) alloy or otherwise of

Ga(As,P). For the latter case the location of the nominally deposited 2 ML indium

within the layer would remain unclear.

For the darker region 3 there is also a significant but much smaller rise of the local

lattice parameter at the same position along growth direction as for region 2. This

indicates that though there is no bright contrast in the XSTM image at this position

there indeed is a slight material change at least in the group-V (from phosphorus to

arsenic) by forming a Ga(As,P) (wetting) layer.

Figure 4.28 shows evaluated data of layer 4 for an empty-state XSTM image. Here,

the surface again is characterized by more adatoms and holes leading to a noisier

behavior of the local lattice parameter, especially in the right part of the curve for

material on top of the nominal position of the layer. At the position of the layer

itself a significant rise is visible which proves again the formation of a Ga(As,P) or an

(In,Ga)(As,P) layer, in accordance with the evaluated filled-state image in Fig. 4.28.

Nevertheless, for this graph a detailed analysis of the material amount and composition

is difficult as the layer signal only slightly exceeds the noise level.
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Figure 4.27: (a,c) Filled-state XSTM images of layer 4. The evaluated regions are
highlighted by the colored boxes. The images were taken at VT = −3.7 V and IT =
30 pA. (b,d) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graphs show the evaluated
data (b) for the entire region 1 in green squares and (d) for separated profiles of the
region 2 with brighter contrast in red dots and for the darker appearing region 3 in
blue squares.
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Figure 4.28: (a) Empty-state XSTM image of layer 4. The evaluated region is high-
lighted by the colored box. The image was taken at VT = +3.0 V and IT = 40 pA. (b)
Corresponding evaluation of the local lattice parameter and the related stoichiometric
composition along growth direction. The graph shows the evaluated data (region 1) in
green squares.
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4.3.3 Quantum Dot layer evolution with increasing material

amount

An influence of the deposited In0.5Ga0.5As material amount on the quantum dot layer

evolution is ascertained, although the lack of data quality in the previous subsec-

tions prevents from a detailed quantitative analysis of the structural properties of the

quantum dot layers. Concerning the XSTM image contrast, the In0.5Ga0.5As layer

gets more pronounced with increasing deposited material amount. During growth the

In0.5Ga0.5As material also redistributes into small agglomerations. This may already

be considered from the image contrast for 2.0 ML, but is definitely indicated for 3.0 ML

(with an assumed trapezoidal cross-section for the agglomerations), and also for 4.0 ML

of deposited In0.5Ga0.5As material. From the stoichiometry data in combination with

the image contrast one can assume that the In0.5Ga0.5As material intermixes with the

GaP matrix to forming a more quaternary but inhomogeneous (In,Ga)(As,P) layer.

Thus, the formation of the agglomerations occurs, which is favored or at least getting

more pronounced with increasing deposited In0.5Ga0.5As amount. This is probably

caused by a localization of indium-rich material. It indeed seems that the agglom-

erations contain more indium material in a quaternary (In,Ga)(As,P) arrangement,

compared to there surrounding parts where less indium seems to be present. For the

higher material amount, definitely in the case of 4.0 ML, this redistribution effect is

even more pronounced, indicating a material transformation, that leads to a presum-

ably more ternary Ga(As,P) (wetting) layer surrounding the (In,Ga)(As,P) agglomer-

ations.



Chapter 5

Thin GaAs and (Al,Ga)P layers in

GaP

In this chapter a closer look is taken on the thin GaAs and (Al,Ga)P layers that were

included as marker layers in the samples discussed previously in Chapters 3 and 4.

5.1 GaAs/GaP layers grown by MOVPE

5.1.1 10-fold superlattices of GaAs/GaP

10x (2.0 ML GaAs and 10 nm GaP) (Sample TU9675)

The GaAs marker layer in the sample for first XSTM investigations on a GaP substrate

(TU9675) consists of a 10-fold superlattice of 2.0 ML GaAs and 10 nm GaP grown at

600 ◦C (see also Fig. 3.1).

Figure 5.1 (a) shows again an overview image in filled-state mode of this marker

layer confirming the equidistance of about 10 nm between the single GaAs layers. A

closer view in Fig. 5.1 (b) reveals the structure of these layers due to the high resolution

along the [001] direction identifying the atomic chains, as highlighted by the colored

arrows. Regarding the contrast, each layer part of the 10-fold superlattice consists of an

atomic chain with a more homogeneous brightness (indicated by the green arrows) and

a second atomic chain with a more inhomogeneous brightness (indicated by the dashed

green/yellow arrows) revealing a weak segregation of the nominally deposited GaAs

material along growth direction. The distance between the bright contrasted GaAs

layers can be determined to 18 atomic chains, which is 36 ML and equals 9.81 nm for

pure GaP, being in accordance with the nominal distance or the deposited material

amount of 10 nm GaP.

109
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Figure 5.1: (a) Filled-state XSTM image of the GaAs marker layer (a 10-fold superlat-
tice of 2.0 ML GaAs and 10 nm GaP). (b) Magnified section marked by the highlighted
box in (a) where the atomic chains are marked by arrows (yellow for GaP, green for
GaAs, dashed green/yellow for Ga(As,P)). The image was taken at a sample voltage
VT = −3.2 V and a tunneling current IT = 70 pA.
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Stoichiometry analysis

To evaluate the layer material content quantitatively, again the local lattice parameter

was analyzed, as shown in Fig. 5.2. The analysis for one of the individual GaAs layer

parts shows that the local lattice parameter notably rises for a 6 ML wide area, in

correspondence to the bright contrast at this position with a local material amount of

up to 50% per layer. The total material content could be determined to 1.8 ML GaAs

which is again comparable to the nominally deposited material amount of 2 ML for an

individual layer part.

Figure 5.2: (a) Filled-state XSTM image of a layer part of the GaAs marker layer.
The evaluated region is highlighted by the colored box. The image was taken at
VT = −2.6 V and IT = 40 pA. (b) Corresponding evaluation of the local lattice
parameter and the related stoichiometric composition along growth direction. The
graph shows the evaluated data (region 1) in green squares.
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Figure 5.3: (a-b) Filled-state XSTM images of the GaAs marker layer (a 10-fold su-
perlattice of 2.0 ML GaAs and 10 nm GaP). (c) Magnified section marked by the
highlighted box in (b) where the atomic chains are marked by arrows (yellow for GaP,
green for GaAs, dashed green/yellow for Ga(As,P)). The images were taken at a sample
voltage VT = −2.5 V and a tunneling current IT = 50 pA.
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10x (2.0 ML GaAs and 10 nm GaP) (Sample TU10350)

In the subsequent sample for XSTM investigations (TU10350) the GaAs marker layer

consists again of a 10-fold superlattice of 2.0 ML GaAs and 10 nm GaP grown at 600 ◦C

(see also Fig. 3.5).

Figures 5.3 (a-b) show some rare valuable XSTM data locating these layers which

despite the lack of high resolution at least confirm the equidistance of 10 nm between the

bright contrasted GaAs containing layer parts. The closer view in Fig. 5.3 (c) reveals a

slight atomic resolution along the [001] direction. It shows in analogy to the previous

sample that the GaAs material is only slightly distributed over a height of 2–6 ML

indicated by the atomic chains highlighted by the green and dashed green/yellow ar-

rows. The distance between the bright contrasted GaAs layers can be determined to

19–21 atomic chains which equals a layer height of about 10–11 nm which is again in

accordance with the nominally deposited material amount of 10 nm GaP.

Stoichiometry analysis

The analysis of the local lattice parameter is shown in Fig. 5.4. The few analyzable

data at least shows a significant rise of the local lattice parameter at the position of the

two GaAs layer parts in the evaluated area in Fig. 5.4 (a). The rise exceeds the value

for pure GaAs in GaP a little which may be caused by the noise of the data based on

the lack of atomic high-resolution.

Therefore, the material content for the evaluated area can be approximated to about

3.7 ML GaAs which is in the range of the nominal deposited 2×2 ML GaAs material

for the two layer parts.



114 Chapter 5. Thin GaAs and (Al,Ga)P layers in GaP

Figure 5.4: (a) Filled-state XSTM a layer part of the GaAs marker layer. The evaluated
region is highlighted by the colored box. The image was taken at VT = −2.5 V and
IT = 50 pA. (b) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graph shows the evaluated data
(region 1) in green squares.
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5.1.2 3-fold layers of GaAs/GaP with varying material amount

In the following sample for XSTM investigations grown by MOVPE (Sample TU10815)

GaAs layers with varying thickness were embedded, as shown in Fig. 3.17. The primary

GaAs marker layer consists of a 3-fold superlattice of 1.0 ML GaAs and 6 nm undoped

GaP grown at 500 ◦C while the secondary GaAs marker layer consists of a 3-fold

superlattice of 2.0 ML GaAs and 6 nm undoped GaP followed by a 3-fold superlattice

of 3.0 ML GaAs and 6 nm undoped GaP, also all grown at 500 ◦C.

Figure 5.5: Filled-state XSTM image of the primary GaAs marker layer (a 3-fold
superlattice of 1.0 ML GaAs and 6 nm GaP). The image was taken at a sample voltage
VT = −5.8 V and a tunneling current IT = 20 pA.
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3x (1.0 ML GaAs and 6 nm GaP) (Sample TU10815)

Figure 5.5 shows an overview image of the primary GaAs marker layer and the sur-

rounding GaP matrix. As for the other investigated layers in this sample, described

in Section 3.3, the image of the surface is well-resolved as the atomic chains paral-

lel to the [110] direction are again clearly visible. Surface steps are also present as

well as scan-induced adatoms and holes. The three GaAs containing layer parts of

the primary marker layer can be clearly identified due to their bright contrast and

their equidistance. A closer view is taken in Fig. 5.6 which shows that for each layer

part of the 3-fold superlattice only one atomic chain appears with a bright contrast

which is partly interrupted (indicated by the dashed green/yellow arrows). Hence, the

nominally deposited GaAs material of 1 ML (per layer part) can be found here and it

is located within a layer thickness (for each layer part) of 2 ML without any hint of

further material segregation. The distance between the layer parts can be counted to

11 atomic chains or 22 ML which equals a distance of 6.0 nm for GaP which is exactly

the nominal value, confirming a precise layer control in the MOVPE growth process.

Figure 5.6: Filled-state XSTM image of the primary GaAs marker layer (a 3-fold
superlattice of 1.0 ML GaAs and 6 nm GaP) where the atomic chains are marked by
arrows (yellow for GaP, dashed green/yellow for Ga(As,P)). The image was taken at a
sample voltage VT = −5.8 V and a tunneling current IT = 20 pA.
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3x (2.0 ML GaAs and 6 nm GaP) + 3x (3.0 ML GaAs and 6 nm GaP)

(Sample TU10815)

An overview of the secondary GaAs marker layer can be found in Fig. 5.7, where again

the surface is characterized by steps. Six bright lines with identical distances between

each other and with a higher thickness compared with the primary GaAs marker layer

parts can be seen. In Fig. 5.8 the expected difference in the GaAs material content

of the six equidistant bright contrasted layer parts can be revealed as the lower three

layer parts appear thinner than the upper three layer parts. The closer view in Fig. 5.9

even confirms these findings. The lower three layer parts show a homogeneous bright

contrast for one atomic chain (indicated by the green arrows), while the upper three

layer parts show a bright contrast for one complete and one non-complete or interrupted

chain (the latter indicated by the dashed green/yellow arrows). For the material content

in the bright contrasted GaAs layers this means that there is low segregation of the

GaAs material and that material amounts of about 2 ML GaAs are located in each

of the lower three layer parts and amounts of between 2 and 4 ML GaAs are located

in each of the upper three layer parts. This again fits the nominal deposited material

amount.

The distance between the layer parts can be counted here again to 11 atomic chains

corresponding to a distance of 6.0 nm for GaP and therewith being in accordance with

the nominal value.

Figure 5.7: Filled-state XSTM overview image of the secondary GaAs marker layer (a
3-fold superlattice of 2.0 ML GaAs and 6 nm GaP followed by a 3-fold superlattice of
3.0 ML GaAs and 6 nm GaP). The image was taken at a sample voltage VT = −4.1 V
and a tunneling current IT = 20 pA.
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Figure 5.8: Filled-state XSTM image of the secondary GaAs marker layer (a 3-fold
superlattice of 2.0 ML GaAs and 6 nm GaP followed by a 3-fold superlattice of 3.0 ML
GaAs and 6 nm GaP). The image was taken at a sample voltage VT = −4.1 V and a
tunneling current IT = 20 pA.
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Figure 5.9: Filled-state XSTM image of the secondary GaAs marker layer (a 3-fold
superlattice of 2.0 ML GaAs and 6 nm GaP followed by a 3-fold superlattice of 3.0 ML
GaAs and 6 nm GaP) where the atomic chains are marked by arrows (yellow for GaP,
green for GaAs, dashed green/yellow for Ga(As,P)). The image was taken at a sample
voltage VT = −4.1 V and a tunneling current IT = 20 pA.
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Stoichiometry analysis

In Fig. 5.10 the evaluation of the local lattice parameter for the primary GaAs marker

layer is shown. As expected, the local lattice parameter in Fig. 5.10 (b) rises sig-

nificantly at the positions of the corresponding three bright contrasted layer parts in

Fig. 5.10 (a). These sharp rises exceed the value for pure GaAs, which is unexpected

since no other material than GaAs should be present in the GaP matrix here. Even if

data noise is taken into account, still the material amount would be approximated to

about 2 ML per each of the three layer parts. This is in contradiction to the nominally

deposited amount of 1 ML per layer part and also to the observed material contrast in

the XSTM images discussed earlier, which indicates also a lower GaAs amount.

Figure 5.10: (a) Filled-state XSTM of the primary GaAs marker layer. The evaluated
region is highlighted by the colored box. The image was taken at VT = −5.8 V and
IT = 20 pA. (b) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graph shows the evaluated data
(region 1) in green squares.

The evaluated data for the secondary GaAs marker layer shown in Figs. 5.11 and 5.12

continues to show this behavior even more. In these cases there are extremely high

rises of the local lattice parameter which again correspond to the positions of the

GaAs layer parts of the marker layer in the XSTM images. For the lower three layer

parts with nominally 2 ML GaAs each the local lattice parameter rises for a width of

2–4 ML with peak maxima up to 7.4 Å. For the upper three layer parts with nominal

3 ML GaAs per layer part the local lattice parameter rise for a higher width of 4 ML

and peak maxima up to 7.9 Å. The difference of the local lattice parameters between

lower and upper layer parts reflect the expected higher GaAs material amount in the

upper layer parts. Nevertheless, the absolute values of the local lattice parameter here
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cannot be explained that easily. These high values for the local lattice parameter defi-

nitely cannot be caused by noise, even not when regarding the fact of the present high

resolution of the XSTM data here.

Figure 5.11: (a) Filled-state XSTM of the secondary GaAs marker layer. The evaluated
region is highlighted by the colored box. The image was taken at VT = −4.1 V and
IT = 20 pA. (b) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graph shows the evaluated data
(region 1) in green squares.

The here found behavior of a local overshoot of the local lattice parameter for both

the primary and the secondary GaAs marker layer is guessed to be caused by some

effect which is based on the specific structural properties of these marker layers. In

comparison to the previously presented ones (Section 5.1.1) the GaAs layer parts of

the marker layer have a lower distance of nominally 6 nm instead of 10 nm and show

a high localization of the GaAs material, clearly visible in the XSTM image contrast.

This strong localization of the GaAs material perhaps causes a strain effect leading to

a strong extension of the GaAs layer parts or/and a strong compression of the GaP

material in between influencing the local lattice parameter. To clarify this effect, some

ideas will be discussed in the following.

Firstly, further reference values of the local lattice parameter for the GaAs/GaP

system have been calculated by H. Eisele [118], taking the specific nominal structure

of these layer stacks [(3x (1.0 ML GaAs and 6 nm GaP) and (3x (2.0 ML GaAs and

6 nm GaP) + 3x (3.0 ML GaAs and 6 nm GaP))] into account. The resulting values

for these two specific cases unfortunately do not significantly differ from the previously

calculated values discussed in Section 2.2.4. So this gives no explanation to the data

in Figs. 5.10-5.12.
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Figure 5.12: (a) Filled-state XSTM of the secondary GaAs marker layer. The evaluated
region is highlighted by the colored box. The image was taken at VT = −4.1 V and
IT = 20 pA. (b) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graph shows the evaluated data
(region 1) in green squares.

Secondly, for comparison high-resolution TEM data of the secondary GaAs marker

layer in Sample TU10815 were taken [119]. The analysis is shown in Fig. 5.13. The high

resolution, as shown in the inset of Fig. 5.13 (a), allows an analogous data evaluation

as for the XSTM data. The only difference is that in the TEM image every atomic

layer is visible compared to every second layer in the XSTM image so that instead

of the local lattice parameter the local ML distance is evaluated here. (Therefore the

reference values for the GaP lattice and the value for pure GaAs in GaP within the

XSTM analysis need to be divided by a factor of two.) The data of the evaluated

region in the TEM image in Fig. 5.13 (a) are shown in Fig. 5.13 (b). They reveal that

at the positions of the individual marker layer parts, especially for the left two ones, a

notable rise of the local ML distance is observable. Taking the noise in the data into

account the local ML distance rises only (as compared to the XSTM data) to values

equivalent to about and even less than 100% GaAs in GaP for the individual layer

parts. For the marker layer parts at the position between 50 and 135 ML the material

seems more segregated. But even when regarding the noise, the local ML distance still

has values equivalent to material compositions of up to 30% GaAs in GaP. The total

GaAs material amount then can be approximated to 14.9 ML which is in accordance to

the nominal sum of deposited GaAs material in the total secondary GaAs marker layer

of 15.0 ML, whereas for the comparable XSTM data in Figs. 5.11-5.12 a non-realistic

average value of about 24 ML GaAs was calculated.
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Figure 5.13: (a) High-resolution TEM image of the secondary GaAs marker layer. The
image was taken with a FEI TITAN TEM instrument with an electron beam acceler-
ation voltage of 300 kV [119]. The inset shows a magnification to highlight the high
resolution. The evaluated region is highlighted by the colored box. (b) Corresponding
evaluation of the local ML distance and the related stoichiometric composition along
growth direction. The graph shows the evaluated data (region 1) in green squares.

The results of the local lattice parameter calculations for the specific marker layer

structures and the TEM data evaluation give the hint that the observed effect might

not be dominated by the bulk structure of the marker layers. Instead it may be some

kind of surface effect that is observed in the XSTM measurements.

Thirdly, in Fig. 5.14 a schematic of the side view of the relaxed (110) zincblende

surface is shown to indicate the shifts of the atomic positions ∆ in the upper lay-

ers compared to the unrelaxed atomic (bulk) positions and the related tilt angle ω.

Figure 5.14: Schematics of the side view of the relaxed (110) zincblende surface showing
the tilt angle ω and the atomic displacements ∆ of anions and cations in the first and
second atomic layer, adapted from [93,94,120]: (a) GaP, (b) GaAs.
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Table 5.1: Structural parameters as defined in Fig. 5.14 [93, 94,120].

GaP GaAs difference values

ω [◦] 27.5 27.3–31.1 -0.2–3.6
∆1

a⊥ [Å] 0.09 0.14–0.19 0.05–0.10
∆1

a‖ [Å] 0.32 0.18–0.33 0.01–0.14

∆1
c⊥ [Å] 0.54 0.51–0.53 0.01–0.03

∆1
c‖ [Å] 0.47 0.34–0.51 0.04–0.13

∆2
a⊥ [Å] 0 0.02–0.06 0.02–0.06

∆2
a‖ [Å] 0 0 0

∆2
c⊥ [Å] 0 0.02–0.06 0.02–0.06

∆2
c‖ [Å] 0 0 0

The literature values for these parameters for the GaP and GaAs (110) surfaces are

listed in Table 5.1, taken from [93, 94, 120]. These values show that for the two mate-

rials there are only slight differences in the atomic displacements and the tilt angles.

Definitely these values do not explain the measured high local lattice parameters in

XSTM for the GaAs marker layers in GaP.

Thus, a final explanation of this singular behavior of the local lattice parameter in

these specific cases of GaAs/GaP layer stacks then still has to be determined up to

now, but a more derailed investigation is beyond the scope of this thesis.
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5.2 GaAs/GaP layers grown by MBE

5x (2.0 ML GaAs and 6 nm GaP) (Sample Yale20130725)

The GaAs marker layer in the MBE-grown sample for XSTM investigations (Sample

Yale20130725) consists of a 5-fold superlattice of 2.0 ML GaAs and 6 nm GaP grown

at 480 ◦C, as shown in Fig. 4.1.

Figure 5.15 shows an overview image of the MBE-grown GaAs marker layer. The

five individual GaAs layer parts of the marker layer can be again identified as bright

contrasted and equidistant stripes. These stripes appear thicker along the [001] direc-

tion and with a more inhomogeneous contrast compared with the previously presented

MOVPE-grown GaAs layers (see Section 5.1.1). The closer view shown in Fig. 5.16

reveals that the GaAs material for each layer part is distributed over a thickness of

4–5 atomic chains or 8–10 ML (as indicated by the dashed green/yellow arrows) which

equals 2.2–2.7 nm for GaP. In between GaP material can be found with thicknesses

of 6–8 atomic chains or 12–16 ML (as indicated by the yellow arrows) which equals

3.3–4.4 nm. Hence, the distance of the individual layer parts is 5.5–7.1 ML, which is

in accordance with the nominal layer thickness. Together with the less pronounced

contrast and the inhomogeneity of the GaAs layer parts along the [110] direction these

findings indicate a segregation of the nominally deposited material of 2 ML GaAs per

layer part along the [001] direction.

Stoichiometry analysis

The analysis of the local stoichiometry is shown in Figs. 5.17-5.18. Data of the local

lattice parameter for two different regions are presented here, where those in Fig. 5.18

show less noise than those in Fig. 5.17. In both cases there is a significant rise of the

local lattice parameter for each of the five layer parts of the GaAs layer in accordance

to the position of the bright contrast in the corresponding XSTM-image. Furthermore,

the local lattice parameter for each layer part rises in approx. 8 ML wide regions,

which also fits the contrast analysis. Here, the local GaAs content rises to values of

up to 70%. The material amount in each layer part can be evaluated to 1.9–2.5 ML,

where the total GaAs material amount is summed up to 11.0 ML. Compared to the

nominally deposited material amount of 5x 2.0 ML GaAs this shows that the total

GaAs material is located here and is indeed slightly segregated, i.e. over the observed

layer part thicknesses.
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Figure 5.15: Filled-state XSTM image of the GaAs marker layer (a 5-fold superlattice
of 2.0 ML GaAs and 6 nm GaP). The image was taken at a sample voltage VT = −2.8 V
and a tunneling current IT = 30 pA.
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Figure 5.16: Filled-state XSTM image of the GaAs marker layer (a 5-fold superlattice
of 2.0 ML GaAs and 6 nm GaP) where the atomic chains are marked by arrows (yellow
for GaP, dashed green/yellow for Ga(As,P)). The image was taken at a sample voltage
VT = −2.8 V and a tunneling current IT = 30 pA.
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Figure 5.17: (a) Filled-state XSTM of the primary GaAs marker layer. The evaluated
region is highlighted by the colored box. The image was taken at VT = −2.8 V and
IT = 30 pA. (b) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graph shows the evaluated data
(region 1) in green squares.

Figure 5.18: (a) Filled-state XSTM of the primary GaAs marker layer. The evaluated
region is highlighted by the colored box. The image was taken at VT = −2.8 V and
IT = 30 pA. (b) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graph shows the evaluated data
(region 1) in green squares.
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5.3 (Al,Ga)P/GaP layers grown by MOVPE

3x (2 nm Al0.23Ga0.77P and 2 nm GaP) (Sample TU10815)

The additional (Al,Ga)P marker layer inserted in Sample TU10815 grown for XSTM

investigations by MOVPE consists of a 3-fold superlattice of 2 nm Al0.23Ga0.77P and

2 nm undoped GaP, all grown at 620 ◦C, as shown in Fig. 3.17.

Figure 5.19 again shows an overview image of Sample TU10815. The surface here is

characterized by many terraces divided by surface steps. The secondary GaAs marker

layer with its 6-fold structure can again be clearly identified, whereas at a distance of

100 nm along the [001] direction a 3-fold layer structure that should be related to the

(Al,Ga)P material can be guessed, as indicated by the yellow lines in Fig. 5.19.

Figure 5.19: Filled-state XSTM overview image showing the secondary GaAs marker
layer as well as the (Al,Ga)P marker layer (a 3-fold superlattice of 2 nm Al0.23Ga0.77P
and 2 nm GaP). The image was taken at a sample voltage VT = −3.0 V and a tunneling
current IT = 20 pA.

A closer view at this (Al,Ga)P marker layer is shown in Fig. 5.20. The three layer

parts of the (Al,Ga)P marker layer cannot be identified by a difference of contrast

compared to the surrounding GaP material. Instead the 3-fold structure as indicated

by the yellow lines in Fig. 5.20 gets visible due to the location of the adatoms located

on the surface. This behavior could be expected as aluminium-containing layers are

known to attract adatoms on surfaces.

The image in Fig. 5.21 shows higher resolution slightly enabling to distinguish

between atomic chains parallel to the [110] direction, as indicated by the yellow and

orange arrows. The center positions of the three (Al,Ga)P layer parts of the (Al,Ga)P

marker layer are approximated due to the adatom arrangement and are highlighted

by the yellow lines/orange arrows. The distance between these atomic layers can be

approximated to 8–9 atomic chains, which equals 16–18 ML or a distance of 4.4–4.9 nm

for GaP, which is in accordance with the nominally expected value of 4 nm.
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Figure 5.20: Filled-state XSTM image of the (Al,Ga)P marker layer (a 3-fold superlat-
tice of 2 nm Al0.23Ga0.77P and 2 nm GaP). The image was taken at a sample voltage
VT = −4.3 V and a tunneling current IT ≈ 20 pA.



5.3. (Al,Ga)P/GaP layers grown by MOVPE 131

Figure 5.21: Filled-state XSTM image of the (Al,Ga)P marker layer (a 3-fold super-
lattice of 2 nm Al0.23Ga0.77P and 2 nm GaP) where the atomic chains are marked
by yellow arrows (orange for the approximated center position of the (Al,Ga)P layer
parts). The image was taken at a sample voltage VT = −4.3 V and a tunneling current
IT ≈ 20 pA.
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5.4 (Al,Ga)P/GaP layers grown by MBE

3x (2 nm Al0.25Ga0.75P and 2 nm GaP) (Sample Yale20130725)

The (Al,Ga)P marker layer in the MBE-grown sample for XSTM investigations (Sample

Yale20130725) consists of a 3-fold superlattice of 2 nm Al0.25Ga0.75P and 2 nm undoped

GaP, all grown at 580 ◦C, as shown in Fig. 4.1.

In the overview image shown in Fig. 4.3 (c) the expected 3-fold structure of the

(Al,Ga)P marker layer was already visible and is further confirmed in the image in

Fig. 5.22. In the empty-state images here, the marker layer parts are characterized not

only by adatoms but also by holes in the surface.

Figure 5.22: Empty-state XSTM image of the (Al,Ga)P marker layer (a 3-fold super-
lattice of 2 nm Al0.25Ga0.75P and 2 nm GaP). The image was taken at a sample voltage
VT = +5.2 V and a tunneling current IT = 40 pA.
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The close view image in Fig. 5.23 indeed reveals the atomic chains on the sur-

face. Although in these empty-state images one is sensitive to the group-III atoms

a differentiation in contrast between Al-rich or Ga-rich regions is beyond the image

or respectively the surface quality here also preventing a further investigation of the

hole structures. Nevertheless, again the resolution enables to approximate the center

positions of the (Al,Ga)P layer parts as indicated by the yellow lines/orange arrows

and therewith to measure their distances. Here, values of 7 atomic chains which equals

14 ML or a distance of 3.8 nm for GaP, which is again in accordance with the nominal

expected value of 4 nm.

Figure 5.23: Empty-state XSTM image of the (Al,Ga)P marker layer (a 3-fold su-
perlattice of 2 nm Al0.25Ga0.75P and 2 nm GaP) where the atomic chains are marked
by yellow arrows (orange for the approximated center position of the (Al,Ga)P layer
parts). The image was taken at a sample voltage VT = +5.2 V and a tunneling current
IT = 40 pA.
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5.5 Growth behavior of thin GaAs and (Al,Ga)P

layers in GaP

The presented XSTM investigations on thin GaAs and (Al,Ga)P layers in GaP show

similarities in the growth behavior for MOVPE- and MBE-grown layers.

GaAs layers in GaP show only a slight segregation of the GaAs material along

growth direction, which is a little stronger in MBE-grown samples than in the MOVPE-

grown ones. Hence, in the MOVPE-growth a stronger localization of the deposited

GaAs material occurs. For both growth methods, the total nominally deposited GaAs

material amount is located inside the layers, which quantitatively supports the obser-

vations of low segregation effects in the GaAs/GaP system.

For thin (Al,Ga)P in GaP also no significant segregation effects of the (Al,Ga)P

material along growth direction are indicated by the XSTM investigations. A difference

between growth behavior in MOVPE compared to MBE cannot be observed. In both

cases, the XSTM data reveals the nominal 3-fold structure of the grown layers. As

the Al-containing layers attract adatoms on the cleavage surface in the XSTM, a more

detailed analysis on the atomic scale is not possible here.
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Excursus: Calculations on the

electronic structure

Using the presented experimental results on the structure of In0.25Ga0.75As/GaAs/GaP

quantum dots (Section 3.2) as input parameters for a quantum-dot model, a set of

calculations was performed by Prof. Jacky Even at INSA Rennes/CNRS, France, in

order to get a brief insight into the electronic and optoelectronic properties of these

nanostructures.

6.1 The Quantum-Dot model

The experimental results on the quantum dots in Section 3.2 serve as a basis for the

used model in the following calculations. The input parameters are the dimensions of

the quantum dots with a height of 10 ML and a base length of 12 nm, and furthermore

the determined material composition of an (In,Ga)As alloy without any phosphorus,

but an indium-rich center with a reversed-cone stoichiometry profile and a total indium

content of 2 ML inside a single quantum dot.

For the performed simulations, a cylindrical symmetry of the quantum dot is

used for simplicity reasons. Following the dimension parameters above, the resulting

quantum-dot model is shown in Fig. 6.1.

For comparison, five different configurations of the indium distribution within the

quantum dot were taken into account, as shown in Fig. 6.2. All of them fulfill the

required content of 2 ML indium. Cases A-C show a linear increase of the indium

content from the quantum-dot base to its top, also including the reversed cone stoi-

chiometry profile of the quantum-dot center. Case D assumes a homogeneous material

distribution of 40 % indium, while case E again assumes a linear increase of the indium

content but without an additional inner structure.

135
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Figure 6.1: Schematics of the quantum dot model with cylindrical symmetry used for
the simulations, which is based on the XSTM data.
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Figure 6.2: Schematics of the indium distribution within the quantum-dot model:
(A-C) different profiles with increasing indium content from base to top including a
reversed-cone center; (D) homogeneous material distribution, (E) profile with increas-
ing indium content but without a reversed-cone center.
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6.2 Performed calculations and results

The computational model used by J. Even is the eight-band k·p model with a cylin-

drical symmetry including the strain field. The numerical solution is obtained by the

finite element method, and the Hamiltonian and elasticity equations are implemented

in femlab/comsol. Details on the computational method can be found in Refs. [80,121].

Table 6.1 shows the energy parameters used for the different materials where EV,av

is the average valence-band energy, delta is the spin-orbit splitting energy, and Egap

the direct electronic band-gap energy. The related equations are EV = EV,av +
delta
3

for

the valence-band energy and EC = EV + Egap for the conduction-band energy.

The crystallographic meshes for the cylindrical symmetric quantum dots and its

surrounding used in the calculations are shown in Fig. 6.3 for cases A-C and cases D-E

respectively.

Table 6.1: Used parameters within the calculations [122].

GaP GaAs InAs

EV,av [eV] -1.27 -0.8 -0.59

delta [eV] 0.08 0.34 0.39

Egap (T = 0K) [eV] 2.886 1.519 0.418

A-C D-E
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Figure 6.3: Schematic of the used meshes in the calculations.
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6.3 Results and discussion about the electronic prop-

erties

Figure 6.4 shows a mapping of the norm of the wave function of the valence-band

and conduction-band ground state in the different cases A-E. The images show that

the probability density is at its maximum in the quantum-dot center in all cases and

decreases almost radially to its minimum outside the quantum dot. In the conduction-

band case the maximum region generally appears a little wider than the corresponding

region for the valence-band ground state. The respective maps for the different cases

look very similar, especially in cases A-C. For cases D-E the probability density de-

creases a little less from the center to the quantum-dot sides as compared with cases

A-C, which could be expected for the lack of an indium-rich center.

The strain mapping in the homogeneous case D is shown in Fig. 6.5. In this case,

the biaxial strain is tensile above and below the quantum dot, whereas the quantum-

dot inside is compressively strained, as expected. The biaxial strain also has local

extrema at the quantum-dot edges. The hydrostatic strain, on the other hand, is

negligible almost everywhere outside the quantum dot but has a pronounced minimum

at the inside with an almost homogeneous compression across the entire quantum dot.

The shear strain component has a pronounced maximum within the quantum dot at

its upper edge where quantum-dot top and side merge. Its minimum lies outside the

quantum dot at its flanks.

The computational results for the ground-state and direct band-gap energies for

the different cases A-E are listed in Table 6.2. The calculated values show only minor

differences. They just show a variation of 19 meV for EC,GS and 8 meV for EV,GS

and a variation of the direct band gap Egap of only 24 meV. The homogeneous case

D shows the highest shifts of the valence-band and conduction-band energies and also

the largest band gap. Excluding case D the spread of the values gets even lower.

A schematic electronic band structure, deduced from the literature values for GaP

(Table 6.1) and the averaged calculated values for the (In,Ga)As quantum dot (Ta-

ble 6.2), is shown in Fig. 6.6. From this sketch it is clear that the conduction-band

energy of the ground state at the Γ-Point in the quantum dot lies in between the

corresponding values of the Γ-Point and X-Point of the GaP matrix. The position of

X- and L-Point for the (In,Ga)As quantum dot however remains unclear. Regarding

the electronic and optical properties it is of high interest whether for the (In,Ga)As

quantum dot the X- and/or the L-Point is below the Γ-Point, as indicated (but not

being a result) by the dashed orange lines in Fig. 6.6, or not. So from this data it

is not clear whether the quantum dot has a direct or an indirect band gap and also
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Figure 6.4: Mapping of the norm of the wave function for the valence band (left) and
conduction band ground state (right) in cases A-E.
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Figure 6.5: Mapping of the strain components for the homogeneous indium distribution
(case D).
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whether the band alignment is type I or type II. Another question that arises is the

influence of a wetting layer which is definitely present since these quantum dots grow

in the Stranski-Krastanow growth mode.

Table 6.2: Resulting ground-state and direct band-gap energies for the cases A-E and
the average.

A B C D E average

EC,GS [eV] 1.3331 1.3285 1.3333 1.3478 1.3381 1.336

EV,GS [eV] -0.6417 -0.6359 -0.6336 -0.6402 -0.6370 -0.638

Egap [eV] 1.9748 1.9644 1.9669 1.9880 1.9751 1.974

Figure 6.6: Schematic electronic band structure of GaP bulk material and the
(In,Ga)As quantum dot deduced from the results in Tables 6.1-6.2 (average of cases
A-E).

In order to solve these open questions, additional computations have been made

by J. Even. The chosen approach here was to take the theoretical formula for a bulk

material in a biaxially strained state, but using the relative volume variation and biaxial

strain components resulting from the inhomogeneous strain tensor for a quantum dot

with 40 % indium (Case D). This then results in an approximate mapping of the

Xxy, Xz and L potentials inside and outside the quantum dot. Fig. 6.7 shows this

mapping for the Xxy and Xz potentials. The average Xxy potential is not below the

former calculated conduction-band ground state EC,GS (1.34 eV) but slightly above

(1.4-1.45 eV). Moreover, the Xxy potential around the quantum dot is slightly higher

(1.2-1.25 eV) than the value (1.13 eV) for bulk GaP, but still lower than the value
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Figure 6.7: Mapping of the Xxy and Xz potentials for the (In,Ga)As quantum dot
(case D).

Table 6.3: Resulting ground-state and band-gap energies for an (In,Ga)As quantum
dot (case D), an (In,Ga)As quantum dot with a 3 ML GaAs wetting layer underneath
and a separate quantum well of 3 ML GaAs.

(In,Ga)As QD (In,Ga)As QD + 3 ML WL 3 ML GaAs QW

EC,GS [eV] 1.3478 1.300 1.392

EV,GS [eV] -0.6402 -0.609 -0.999

Egap [eV] 1.9880 1.909 2.391

inside the quantum dot. The average Xz potential inside the quantum dot is even

higher (about 1.8 eV) than the Xxy potential, and the Xz potential around the quantum

dot has values (1.1-1.25 eV) which are around the value (1.13 eV) for bulk GaP. In

conclusion, there are no Xxy- or Xz-like states confined inside the quantum dot, but

there might be some confined X-like states in the barrier close to the quantum dot.

The results of calculations concerning the influence of an additional 3 ML GaAs

wetting layer as well as results for a quantum well consisting of 3 ML thick GaAs are

listed in Table 6.3 and are also included in an extended sketch for the band structure

(Fig. 6.8). It shows that a wetting layer only leads to slight shifts of the valence- and

conduction-band energies by about 40 meV, leading to a decrease of about 80 meV of

the band gap. The separate GaAs quantum well in GaP has a much higher band gap

of 2.39 eV and a valence-band energy, which is much closer to the valence-band energy

of the GaP matrix than the valence-band energies of the (In,Ga)As quantum dot or

the structure with quantum dot and wetting layer.

In conclusion, the results of the performed calculations show that a clear statement

on the electronic properties, e.g. if the band gap is direct or indirect and if there
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Figure 6.8: Schematic of the electronic bandstructure of GaP bulk material, an
(In,Ga)As quantum dot (average of cases A-E), an (In,Ga)As quantum dot with a
3 ML GaAs wetting layer underneath and a quantum well of 3 ML GaAs. All values
are deduced from the results in Tables 6.1-6.3.

is a type I or type II alignment, cannot be made easily. On the other hand, one

could conclude that the material distribution inside an (In,Ga)As quantum dot with

an indium content of 2 ML (cases A-E) only has a marginal effect on the energy level

positions (for the ground state) and that also a GaAs wetting layer underneath has

only a slight influence.
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Outlook: (In,Ga)Sb/GaAs

Quantum Dots in GaP

Regarding possible applications of the investigated (In,Ga)As/GaP quantum dots, their

use in QD-Flash memories already showed hole storage times of 3 µs in experiments

with In0.25Ga0.75As/GaAs/GaP quantum dots [55] and 230 s for In0.5Ga0.5As/GaAs/

GaP quantum dots (with an additional AlP barrier) [123]. For a further increase of the

storage times a change to antimony-containing quantum dot materials is a possible step,

as larger hole localization energies and therewith larger storage times of up to years

were predicted [58, 124], and already promising experiments for GaSb/GaAs quantum

dots resulting in storage times of 3.9 days were reported [125].

Predictions for In0.5Ga0.5Sb quantum dots in a GaP matrix yield storage times of

more than 10 years [126], which make them a worthwhile material for fundamental

investigations. Growth experiments on this material system using MOVPE have been

performed by Elisa Sala in the workgroup of Prof. Dr. D. Bimberg at the TU Berlin

[126]. It turned out that the introduction of a GaAs interlayer on the GaP substrate

before the In0.5Ga0.5Sb deposition again favors the quantum dot formation.

XSTM experiments on In0.5Ga0.5Sb/GaAs Quantum Dots in GaP

Initial structural characterization experiments on these In0.5Ga0.5Sb/GaAs/GaP quan-

tum dot layers (performed under my guidance by Stavros Rybank [127]) using XSTM

already gave a brief insight.

The designed XSTM sample (TU11263) grown by MOVPE is shown in Fig. 7.1

and contained four In0.5Ga0.5Sb/GaAs/GaP layers, each consisting of 5.0 ML GaAs,

followed by an antimony flush, 0.42 ML In0.5Ga0.5Sb and a GRI of 1 s before the

initial capping with 6 nm GaP, all grown at 500 ◦C. The duration of the Sb-flush was

145
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Figure 7.1: Schematic of the structure of sample TU11263.
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Figure 7.2: (a) Filled-state XSTM images of layer 1 (Sb-flush: 0 s) and (b-c) empty-
state XSTM images of layers 2–4 (Sb-flush: 1 s, 2 s, 3 s), where the nanostructures
are marked by the dashed yellow lines and the inner agglomerations are marked by
dashed blue/red ovals. The images were taken at sample voltages VT = −3.5 V (a),
VT = +2.3/2.5 V (b), and VT = +2.4 V (c-d), and tunneling currents IT = 25 pA (a)
and IT = 30 pA (b-d).

varied between the layers, as preliminary AFM experiments showed an influence on the

growth of the layers [128], using values of 0 s, 1 s, 2 s, and 3 s. The sample design also

included typical features for XSTM experiments which were already discussed in the

previous chapters: a 500 nm thick buffer layer of n-doped GaP and 30 nm of undoped

GaP on a n-doped GaP(001) substrate, both layers grown at 750 ◦C, a marker layer

consisting of a 3-fold superlattice of 2.0 ML GaAs and 15 nm undoped GaP, grown at

500 ◦C, and a p-doped Al0.23Ga0.77P barrier of 200 nm for attracting migrating surface

adatoms, before the final capping of 200 nm of p-doped GaP, all grown at 620 ◦C. The

GaP spacers in between the layers of interest were partly n-doped in order to increase

the conductivity of the sample, with all GaP spacers grown at 620 ◦C.

Preliminary results of the structural properties

Initial XSTM images of the different In0.5Ga0.5Sb/GaAs/GaP layers are shown in

Fig. 7.2 (a-d). The XSTM contrast analysis showed that all of the layers consist



148 Chapter 7. Outlook: (In,Ga)Sb/GaAs Quantum Dots in GaP

of bright contrasted nanostructures, which are separated by areas of darker contrast.

These nanostructures are indicated by the dashed yellow lines in Fig. 7.2 (a-d) (which

highlight the dimensions of the nanostructure but not their actual shape). For the

layers with the Sb-flush of 0 s, 1 s, and 2 s, inside these nanostructures material ag-

glomerations are proposed, which have an even brighter contrast, as indicated by the

dashed blue ovals in Fig. 7.2 (a-c). For the longest Sb-flush of 3 s also agglomerations

inside the nanostructures appear, which have a different arrangement, as indicated

by the dashed red ovals in Fig. 7.2 (d). Concerning a quantitative evaluation of these

nanostructures in all four layers, a preliminary statistics was made [127], which is based

on only very few data but which provides already some average values of their base

lengths (12–24 nm), heights (13.0–18.0 ML), and areal density [(2.3–8.5)× 1011 cm−2].

As a general observation from the XSTM contrast, all layers have a sharp borderline

underneath but their top shows varying heights. Also the observed heights are much

higher than the deposited amount of 5.0 ML GaAs and 0.42 ML In0.5Ga0.5Sb. These

results already again indicate a material intermixing during growth and/or capping of

the layer. From the different contrasts in the XSTM images in comparison with the

deposited material amounts (nominal 5.0 ML arsenic but only 0.21 ML indium and

0.42 ML antimony + additional flush) one could guess that the nanostructures then

probably mainly consist of Ga(As,P). The brighter contrast of the inner agglomerations

could be related to Ga(As,P) with higher arsenic concentrations—and possibly also to

the presence of indium and/or antimony. The results also show that the duration of

the additional Sb-flush has an effect on the material distribution, leading to different

nanostructures dimensions/densities, and for the longer investigated duration of 3 s

even to a different material arrangement, shown by the non-uniform contrast along the

[001]-direction in Fig. 7.2 (d).

First evaluation of the stoichiometry

An initial stoichiometry profile (exemplarily for a region in layer 4) is shown in

Fig. 7.3 (b). The profile shows a significant rise of the local lattice parameter at

the position of the bright contrast in the evaluated region in the XSTM image in

Fig. 7.3 (a). A characteristic undershoot of the local lattice parameter shows that

also in this material system there is a compression of the material underneath the

layer. The primary peak consists of 5 data points, which equals an extension of

10 ML. Considering a layer mainly consisting of Ga(As,P) the local lattice parame-

ter rises to the value of pure GaAs, with concentrations of 50–100%, and slightly also

exceeds this value. The latter already gives the hint of additional incorporated mate-

rial, which compared to the deposited material species can be indium and/or antimony.
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Figure 7.3: (a) Empty-state XSTM image of layer 4 (Sb-flush: 3 s). The evaluated
region is highlighted by the colored box. The image was taken at VT = +2.7 V and
IT = 30 pA. (b) Corresponding evaluation of the local lattice parameter and the related
stoichiometric composition along growth direction. The graph shows the evaluated data
(region 1) in green squares.

According to Fig. 2.15 now two scale bars have been included in Fig. 7.3 (b) represent-

ing a change in the group-III (from GaAs to InxGa1−xAs) but also in the group-V (from

GaAs to GaSbyAs1−y). In both cases, as the scales are similar, only a marginal amount

of indium and/or antimony would be present according to the local lattice parameter.

But, as the material inside the nanostructured layer is distributed over a height of at

least 10 ML (due to the 5 data points of the peak), but only 5 ML of GaAs were de-

posited, additional indium and/or antimony material must be incorporated within the

layer. This can be only realized by a further intermixing during growth and capping,

leading to a quaternary arrangement of (In,Ga)(As,P) or Ga(Sb,As,P), or even to a

quinary material composition of (In,Ga)(Sb,As,P).

A specialty of the shown profile which only appeared (according to the obtained

data up to now) for layer 4 is that after a decline to the GaP lattice parameter a second

rise of the local lattice parameter appears that can be attributed to the change in the

contrast inside the nanostructure along the [001]-direction, which is only characteristic

for this layer having the longest Sb-flush (3 s).

For a detailed structural investigation of these highly interesting quinary

In0.5Ga0.5Sb/GaAs/GaP quantum dot layers, where a material redistribution during

growth occurs leading to a nanostructured layer with quaternary or even quinary mate-

rial agglomerations, further XSTM data are needed. High-resolution XSTM images of

each layer in both polarities could help to distinguish between individual atoms of the
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different material species [50]. The combination with a stoichiometry analysis of the

different contrasted parts of the layers and the nanostructures (as presented in Chap-

ters 3-4 for the (In,Ga)As/GaP quantum dot system) by evaluating the local lattice

parameter would give a deeper insight of the indium and antimony incorporation and

the effect of the duration of the additional Sb-flush. For comparison of the resulting

local lattice parameters the table and map in Section 2.2.4 need to be extended to qua-

ternary and quinary material combinations. With these requirements fulfilled XSTM

will again be a powerful tool to reveal the special structural characteristics even of this

challenging material system.
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Conclusions

The scientific work within the presented thesis reveals the structural characteristics of

different (In,Ga)As quantum dot layers as well as of GaAs and (Al,Ga)P layers, all

embedded within a GaP matrix, being investigated by using cross-sectional scanning

tunneling microscopy.

Initial XSTM investigations on (In,Ga)As grown on a GaP(001) substrate with

MOVPE showed that a GaAs interlayer before the In0.25Ga0.75As deposition enables

a Stranski-Krastanow growth mode. This leads to the formation of quantum-dot like

islands with a supposed truncated pyramidal shape, with dimensions of 11–18 nm in

base length, 8–10 ML in height, and an areal density of about 7–8 × 1010 cm−2.

Further XSTM experiments on MOVPE-grown In0.25Ga0.75As/GaAs on GaP re-

sulted in atomically resolved data revealing that intense material-redistribution ef-

fects occur during growth. The subsequently deposited GaAs and In0.25Ga0.75As layers

are not found to be incorporated separately, but they do intermix, which leads to a

Stranski-Krastanow growth mode. The resulting quantum dots have a truncated pyra-

midal shape with an average base length of 12 nm and heights of up to 10 ML. An

evaluation of both the XSTM image contrast and the local stoichiometry showed that

the quantum dots consist of (In,Ga)As and contain the whole amount of deposited in-

dium material, indicating a lateral indium material transfer into the forming quantum

dots during the Stranski-Krastanow growth. Also a vertical back segregation of the in-

dium material during capping of the quantum dots is probable, i.e. from the apex into

the remaining quantum dot, as the entire indium material is found here. The capped

quantum dots then exhibit a so-called reversed-cone stoichiometric profile of (In,Ga)As.

The surrounding wetting layer consists of inhomogeneously distributed Ga(As,P) with-

out any indium. This shows that, in contrast to observations for In0.5Ga0.5As quantum

dots in GaAs [91], there is no lateral back-segregation of indium material into the

wetting layer during overgrowth. Nevertheless, here the wetting layer laterally decom-
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poses into areas which are more GaAs-rich and more GaP-rich. The resulting larger

quantum dots transform into quantum rings with average total base lengths of 21 nm

and heights of up to 9 ML, and both quantum dots and quantum rings together have

a relatively high density of 2.4× 1011 cm−2.

Experiments on MOVPE-grown In0.5Ga0.5As/GaAs on GaP showed that the du-

ration of the growth interruption after the In0.5Ga0.5As deposition has a significant

influence on the photoluminescence emission of these layers, i.e. a rise of the PL inten-

sity with increasing GRI up to a duration of 200 s and an intensity decrease for even

longer GRI. Atomically resolved data from XSTM experiments on In0.5Ga0.5As/GaAs

layers with three different GRI revealed that this is caused by a change of the structural

properties of the layers that occurs during the GRI.

For a low GRI duration (20 s) Stranski-Krastanow quantum dots form, which have

again a truncated pyramidal shape with an average base length of 10.1 nm, an average

quantum dot height of 8.0 ML, and maximum heights of 11 ML. In comparison to

the formerly investigated In0.25Ga0.75As/GaAs on GaP the quantum dots here show a

similar appearance but a smaller size. The areal density of the quantum dots is slightly

lower but in the same magnitude, amounting to about 1.5×1011 cm−2. This difference

is also due to the lower nominally deposited material amount here of 0.4 ML InAs and

2.6 ML GaAs, in contrast to the nominal material amount of 0.5 ML InAs and 4.5 ML

GaAs for the In0.25Ga0.75As/GaAs quantum dots. Evaluating the image contrast and

the local stoichiometry shows that material redistribution effects again occur during

the Stranski-Krastanow growth. The quantum dots and the closely surrounding parts

of the wetting layer consist of (In,Ga)As, containing the total deposited amount of

indium material. This again indicates a lateral indium material transfer during the

quantum dot formation as well as a probable back segregation during capping from

the former apex into the remaining truncated pyramidal shaped quantum dots and

their surrounding. An inner structure of the quantum dots or a further transformation

into quantum rings could not be observed here. The parts of the wetting layer away

from the quantum dots are free of indium material, consisting of Ga(As,P), and in

analogy to former observations decompose inhomogeneously into more GaAs-rich and

more GaP-rich areas.

A longer GRI duration (200 s) results in a dissolution of the quantum dots into

material agglomerations. A lateral back transfer of the indium material from the

quantum dots into the former indium free areas of the wetting layer occurs but also a

phosphorus transfer from the former Ga(As,P) wetting layer areas into the phosphorus

free quantum dot areas. Both together lead to a material intermixing into a more

quaternary (In,Ga)(As,P) alloyed layer.
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The even longer GRI duration (400 s) seems to reduce the number of agglomerations

and a further lateral material transfer takes place. This intense material intermixing

then leads to the formation of a more homogeneous quaternary (In,Ga)(As,P) layer.

Regarding the PL emission characteristics, the results of the structural analysis

show that for the In0.5Ga0.5As/GaAs/GaP quantum dot system investigated the fol-

lowing observations can be made: Quantum dots with a classical atomic structure

consisting of (In,Ga)As have a weak emission intensity. In contrast the highest emis-

sion intensity is found for the phase, in which the quantum dots have transformed into

agglomerations in a more quaternary environment. A decrease of the emission intensity

is then related to the ongoing material intermixing with the longer GRI duration into

a homogenous quaternary (In,Ga)(As,P) layer.

XSTM investigations on (In,Ga)As quantum dot layers in GaP grown with MBE

confirmed the influence of the GaAs interlayer on the structural characteristics of those

layers.

Layers with the same nominal amount of In0.25Ga0.75As/GaAs material on GaP, as

compared with previous MOVPE-grown layers, resulted in quantum dots with com-

parable structural properties. The MBE-grown In0.25Ga0.75As/GaAs/GaP quantum

dots also have a truncated pyramidal shape with an average base length of 9.2 nm,

an average quantum dot height of 13.6 ML, and maximum heights of 20 ML, while

the areal density of the quantum dots is 4.2× 1011 cm−2. Compared to their MOVPE

equivalents the quantum dots grown here are laterally a little smaller but higher with

the areal density being in the same range. The evaluation of the image contrast and

the local stoichiometry also reveals the similar material distribution inside these layers.

The quantum dots consist of phosphorus-free (In,Ga)As containing the total deposited

amount of indium, again with a high indium localization in the quantum-dot center,

whereas the surrounding wetting layer consists of indium-free Ga(As,P).

Layers with a varying In0.5Ga0.5As material amount grown directly on GaP, without

a GaAs interlayer underneath, show an inhomogeneous distribution of the (In,Ga)As

material within the layer. Small agglomerations are observed which get more pro-

nounced in the image contrast when increasing the nominally deposited In0.5Ga0.5As

material amount (in the investigated regimes from 2.0–4.0 ML). Interpreting the few

stoichiometry data in combination with the image contrast, it seems that these ag-

glomerations contain indium but in a quaternary (In,Ga)(As,P) arrangement. Besides,

the surrounding (wetting) layer parts have less indium embedded and may consist of

(In,Ga)(As,P), where at least in the case of a nominally deposited amount of 4.0 ML

In0.5Ga0.5As the material redistribution during growth led to a presumably ternary

Ga(As,P) arrangement.
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In comparison, in the MBE-grown In0.25Ga0.75As layers on GaP with a GaAs inter-

layer the quantum dots show a much brighter contrast than the agglomerations in the

In0.5Ga0.5As layers grown without a GaAs interlayer, which goes along with a higher

and phosphorus-free indium material localization within the quantum dots. Hence

also in MBE, again a GaAs interlayer can significantly affect the material arrangement

inside (In,Ga)As layers grown on GaP.

Investigations by XSTM contrast on thin GaAs layers in GaP, which were grown

by MOVPE, revealed that there is only a slight segregation of the GaAs material

along growth direction. The stoichiometry analysis shows that the nominally deposited

GaAs material amount is located inside the layers. In one case, where the contrast

analysis shows a strong localization of the presumably total nominal deposited GaAs

material, the local lattice parameter, which is a measure of the local material content,

sharply rises to unexpectedly high values. The origin of this unusual behavior is still

open though reasonable attempts for an explanation were performed by using further

calculations and TEM data, which both favor an up-to-now unknown effect that occurs

at the cleavage surface. Thin GaAs layers in GaP grown by MBE, here, show a little

stronger segregation along growth direction compared to the MOVPE-grown layers.

But also here the layers contain the total GaAs material which is only located at the

observed position of the layers extracted from the XSTM image contrast.

Thin layers of (Al,Ga)P in GaP show a behavior that is independent from the per-

formed growth method (MOVPE or MBE). In XSTM experiments, as expected, these

Al-containing layers attractor adatoms on the cleavage surface, what makes an analy-

sis on the atomic scale almost impossible. The nominal structure of the grown layers,

i.e. the 3-fold structure nevertheless could be identified and therewith the distance

between the individual layer parts, which is in accordance with the nominal values,

which then at least indicates indirectly that there is no significant segregation of the

(Al,Ga)P material along growth direction.

Calculations on the electronic structure of In0.25Ga0.75As/GaAs/GaP quantum dots

show that for the model of a cylindrical symmetric quantum dot the distribution of the

incorporated 2 ML of indium material within the quantum dot and also the existence

of a wetting layer underneath have only a marginal effect on the electronic structure.

The computational results for the energy level positions of the valence band and the

conduction band ground states as well as the mapping of the Xxy and Xz potentials,

the latter in the case of a homogeneous indium distribution within the quantum dot,

give initial information on the electronic structure, but prevent from clear statements

e.g. about the band alignment.
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Initial XSTM experiments on In0.5Ga0.5Sb/GaAs quantum dot layers on GaP grown

by MOVPE, which are promising for future QD-Flash memories, show that again the

deposited material intermixes and gets redistributed during growth, leading to the for-

mation of nanostructures, which, according to the XSTM image contrast, also contain

differing material agglomerations inside. The duration of an additional antimony flush

after the GaAs and before the In0.5Ga0.5Sb deposition has an influence on the dimen-

sions and densities of the nanostructures, with the longest investigated duration of

3 s even leading to a different material distribution and therewith differing agglom-

erations inside the nanostructures. According to a first stoichiometry analysis, the

nanostructures must consist mainly of a quaternary or even a quinary arrangement of

the deposited (In,Ga)(As,Sb,P) material with differing compositions. A detailed in-

vestigation of the specific material arrangement inside these In0.5Ga0.5Sb/GaAs/GaP

quantum dot layers as well as a better statistics on their dimensional properties is still

open for future experiments.

In conclusion, the investigations presented within this thesis show that cross-

sectional scanning tunneling microscopy is a powerful and worthwhile tool to reveal

the structural characteristics of (In,Ga)As/GaP quantum dots and related materials

on the atomic scale and to get a deeper insight into material redistribution effects

occurring during growth of these material systems and many others, which are highly

interesting for technological applications, but also in order to generally understand their

fundamental properties. XSTM as the method of choice will continuously be a reliable

ally for further structural investigations in the field of semiconductor nanostructures

in the near future.
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